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Chapter 1

Disaster Management:  
A State-of-the-Art Review
Jared Bly, Louis Hugo Francescutti and Danielle Weiss

Abstract

Disaster management involves the pillars of emergency management: planning 
and preparation, mitigation, response, and recovery. Emergencies are serious 
events that threaten health, life, and property and can be managed within the 
capabilities of the affected organization. Disasters, on the other hand, are hyper-
complex emergencies, requiring resources not immediately available. Disaster 
management follows the principles of emergency management, and emphasizes 
flexibility, collaboration, and teamwork. Lack of resources will challenge people 
and organizations both in effects of disasters and the ability to manage them. 
Poverty, climate change, governance, and education are foundations to improve 
capacity. Hospitals play an important role in disaster response and can prepare 
accordingly. Plans, to be effective, must be implemented through appropriately-
targeted exercises. Building on an all-hazards approach, to more hazard-specific 
considerations can improve disaster preparedness as well as day-to-day efficiency. 
Disaster management is complex and crucial. These principles are explored 
through the fictional tale of Tucci1, a coastal city in the worst flood anyone can 
remember. Well, almost anyone…

Keywords: natural disasters, emergency management, disaster management,  
disaster training

1. Introduction

Sunday:

“Well, this is a disaster” said Jojo, the 19 year old apprentice to his mentor, Raj. 
They were pulling in the fishing nets near the usually beautiful seaside village of 
Tucci, now dull and grey and partly under water. The nets were heavy with debris 
from the churning sea. Raj grunted a mirthless laugh. “No. This is just a hard day 
of work. Tomorrow will be the disaster.”

1 I went with a fictional disaster to demonstrate the principles of disaster management for a number of 
reasons. 1. Any current disaster would soon be overshadowed by one more recent. 2. There are many people 
that would have a much greater understanding than me of any historical event. 3. Any real event risks being 
‘foreign’ to people in other places. The story of Tucci belongs to no one, and so applies to anyone. I agree with 
Robert Fulghum who wrote” …myth is more potent than history” (The storyteller’s creed in All I needed to know 
I learned in kindergarten). JB
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Then the old man added, “unless it stops raining, the bridge stays above water, the 
power line’s fixed, and we have enough sandbags for everyone to keep their houses 
from washing away.”

It wasn’t totally exaggerated. The rain had been the worst in decades. Many homes 
in the low-lying village were already flooded. Those that were a little higher than 
the rest were already overcrowded with friends and relatives who’s houses were in a 
foot or two of water. And the bridge, the only land access to the village, was visible 
only as rail posts marking a dotted line through the sea between the village and the 
green foothills.

Disasters require both a potentially harmful event and a component of vulner-
ability [1]. If an event overwhelms local response capacity, whether by insufficient 
material resources or by inadequate social systems or structure, outside help is 
needed. This is a disaster. Thus the magnitude of an event that causes a disaster will 
vary by organizational capacity. Many of the natural events described elsewhere 
in this textbook (earthquakes, tsunamis, etc.) create disasters. An earthquake in 
a remote, uninhabited area might be called a natural disaster, but it is not truly 
a disaster if people are not severely impacted. Disasters occur at the interface of 
nature and civilization [2].

Emergency management is usually described in terms of planning, mitigation, 
response, and recovery. As we move along the spectrum of severity, from emer-
gency to disaster, the same principles apply, with an emphasis on adaptability and 
collaboration. Specific to hospital disaster management, contextual issues such as 
triage, decontamination, and patient care are built upon a general and pervasive 
approach to disaster readiness. In resource-poor environments, the challenge is 
magnified as the impacts of natural disasters are greater, and the ability to respond 
and recover less. Education and training will be most effective if methods match 
the objectives. With all the uncertainty therein, training for disaster must include 
establishing relationships between organizations and allowing for flexibility in the 
face of events that can be predicted but never fully anticipated.

Not every windstorm, earth-tremor, or rush of water is a catastrophe…So long as 
the ship rides out the storm, so long as the city resists the earth-shocks, so long as 
the levees hold, there is no disaster. It is the collapse of the cultural protections that 
constitutes the disaster proper. ([3], p. 211)

2. Definitions

From crisis to catastrophe, emergency to disaster, there is a spectrum of events 
that may threaten people and organizations. Not just the event, but the character-
istics of the affected population define disaster. Risk and resilience are opposing 
forces that must be considered with disaster management.

2.1 Emergencies

Disasters and emergencies differ in quality and magnitude but are often and 
inaccurately used synonymously. “Disasters are not just ‘big emergencies’” ([4],  
p. 293). Emergencies are time-sensitive, potentially harmful events that put life and 
well-being at risk. Resources are available at the local level to prevent, mitigate, or 
minimize the harm, and a single responding organization is responsible [5, 6]. Local 
resources, as a variable in the equation, can affect what constitutes an emergency, 
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and what goes beyond. An event of the same magnitude, in locations or situations 
with different capabilities and resources, may be managed within the organization 
(emergency) or need outside help (disaster). An example in a health care context 
might be a car crash involving one or two seriously injured people requiring prompt 
medical investigations and treatment, assuming the facility is equipped to deal with 
such an event.

2.2 Disasters

Disasters are sometimes considered “hypercomplex emergencies” or “major 
emergencies” involving multiple people at risk of harm, multiple jurisdictions 
responding, and resources that are not immediately available locally ([5], p. 8; [7]). 
Coordination between agencies, many of whom have no prior relationships, 
becomes a challenge [5]. Plans for resource utilization must change when those 
resources are overwhelmed [8]. Preparations, planning, and training at the local 
level, within the abilities and available resources of a single agency, do little to 
prepare for disaster.

2.3 Crisis

Crisis is a more generic description. A crisis is a “critical event or point of 
 decision which, if not handled in an appropriate and timely manner (or if not 
handled at all), may turn into a disaster or catastrophe” [9]. We use the word crisis, 
then, nonspecifically, as an emergency event that has potential to evolve; emergency 
as time-sensitive event with potential harm; and disaster as an event larger and more 
harmful than an emergency, with many people at risk, and where management 
requires resources outside of the responding organization or department.

2.4 Catastrophe

The word catastrophe, more severe than a disaster, completes the spectrum [5]. 
Many variations of the definition exist, but all suggest a magnitude of harm and 
inadequacy of response capabilities beyond what would be considered disaster [1] 
(Figure 1).

Figure 1. 
Spectrum of crises.
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Monday:

The school gymnasium was packed with wet bodies. A kind of bored panic filled 
the air. After all, what more could they do but wait for the worst the storm threw at 
them and then pick up the pieces when it blew itself out?

“Thanks for being here, I know it’s been hard for everyone. And there’s still lots of 
work to do to clean up after yesterday’s catastrophe” said Ros, the town’s mayor, 
referring to the wind that had blown off parts of a few roofs, and torn off a main 
limb of the biggest cedar in town, crushing a corner of J. Z.’s corner store.

Ian spoke up, “we can’t worry about yesterday’s fiasco. We gotta think about the 
crisis we’re gonna be in tomorrow if the power’s not back. Then it will be a real 
emergency!”

2.5 Hazard

Our first thought when we think of a hazard will often be an event—earthquake, 
flood, or fire. But only thinking in terms of characteristics of the event — wind-
speed, the size of tsunami wave, the magnitude of an earthquake, etc. — is to 
neglect a critical component. To become relevant to disaster management, nature 
must collide with human activity [10]. Hazards can be quantified simplistically as 
the probability of an event occurring, causing harm [11]. And there is no separating 
hazard from risk and resilience [12]. So the hazard is the oncoming storm and the 
potential for harm to the village it approaches (Figure 2).

2.6 Risk

Risk is connected choice and probability [11]. Choice by the decisions we make. 
We build in flood zones, we develop seaside resorts, and we ignore all but the 

Figure 2. 
Hazard, risk, and vulnerability illustrated.
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most active fault lines when looking at real estate. We buy fire insurance or not. 
We upgrade the old building to comply with seismic billing codes or not. We run 
disaster drills or not.

Probability is the other face of risk. Risk is an abstract concept, forever in the 
future, always uncertain.

Risk is a complex and, at the same time, curious concept. It represents something 
unreal, related to random chance and possibility, with something that still has not 
happened. It is imaginary, difficult to grasp and can never exist in the present, only 
in the future. ([11], p. 47).

2.7 Vulnerability

Vulnerability will create harm from the hazard. A predisposition to be 
harmed, intrinsic to the organization or organism is its vulnerability [11]. Poverty, 
age, gender, racial identification, geography, and many social, economic, and 
political factors are all parts. The vulnerability can accumulate until recovery is 
complete [12].

2.8 Resilience

The ability to adapt is central to an organization’s ability to resist and rebound 
from disaster [13]. Resilience is woven through all aspects of disaster manage-
ment—from preparation through mitigation, response, and recovery [12, 14]. 
Resilience alters the disaster threshold. The more resilient a system, the more harm 
can be absorbed before the system is overcome [13]. More resilience means less 
susceptibility to disaster.

3. Emergency management

Preparation and planning, mitigation, response, and recovery are the basic 
principles of emergency management [15]. It is called emergency management, but 
should really be called disaster management. Necessarily limited to first respond-
ers, the title emergency management gives an illusion of control that makes it both 
“a misnomer and an oxymoron” ([16], p. 5). Regardless of the size of the event’s 
magnitude, management includes all those efforts before, during, and after to 
minimize physical, social, and economic damages. Both planned and improvised 
actions should be included [16].

Preparation occurs before the disaster and includes preventative measures [17]. 
Disaster preparation, then, can also raise the disaster threshold if the disaster is thus 
avoided. At least, effects are minimized through planned measures. In our example 
settlement, prevention of a storm may not have been possible, but prevention of 
harm was through city planning, weather warning systems, and flood-resistant 
housing and infrastructure. Food and fuel stores could only be built up before the 
flooding.

Mitigation also includes a component of prevention but is closer to the event 
than planning. Anything to minimize harms that are not prevented could be con-
sidered mitigation. This can be through the reduction of the effects of the hazard, 
vulnerability of those affected in harm’s way. In Tucci, they could build up walls 
of sandbags to protect their homes. They could moor their boats securely. They 
could evacuate, or they may have been able to if they had made adequate plans and 
preparations. Clearly, all these components are intricately connected.
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2.6 Risk
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The response may be what we typically think of when we envision a disaster. 
This is the responders—firefighters, paramedics, police, military, municipal forces, 
and volunteers—dousing the flames, treating the wounded, rescuing the stranded, 
and searching for victims.

Recovery entails returning, rebuilding, restoring. It is regaining a sense of 
normalcy, if not returning exactly to the pre-disaster state. Tucci will never be the 
same. The coastline will be altered. Attitudes may change forever. Lives may be lost. 
Houses will have to be repaired or rebuilt. Few residents will rebuild their houses 
exactly as they were before the storm. Recovery should focus on learning from the 
disaster and improving those liabilities made apparent by the wind and waves. This 
applies not only to the repairs to physical structures but to emotional health and 
economic stability.

3.1 From emergency management to disaster management

Preparation, planning, mitigation, and recovery are all important management 
principles for crises of any magnitude. As complexity increases towards disasters, 
we focus on the response at the front lines. This is because this phase sees the most 
variation and inconsistency [18]. On the front and back ends, in planning and 
recovery, the skies are clear. There is time to think. Not so in response. The response 
is the result of planning and facilitates recovery. To be prepared for an emergency 
should be routine. Preparedness for a disaster does not automatically follow.

By definition, local resources are sufficient to respond to an emergency. When 
these resources are overwhelmed, either by supply (nature of the event) or demand 
(response capabilities), the situation is a disaster ([19], Ch1). Outside help is 
needed. Intra-agency communication and coordination are required, usually with-
out the benefit of established relationships and protocols. As complexity increases, 
more emphasis must be placed on flexibility and coordination between teams.

When the crisis moves from emergency to disaster, flexibility becomes increas-
ingly important in planning, preparation, and response. In disaster planning, people 
should be prepared not to respond to specific circumstances, but to be able to adapt 
to the unanticipated. Training for disaster, then, ideally trains flexibility, commu-
nication, and the ability to work across organizational boundaries [20, 21]. Some 
structure is necessary to create the ability to adapt the structure to the situation. 
Brandrud’s [22] description of their successful system is excellent: “…[the] written 
preparedness and response plan was structured just enough to remind the health 
professional of their role and task, yet flexible enough to enable them to release 
their creativity to improvise solutions” (p. 811).

Tuesday:

“Anyone got a charger?” The question was becoming a little repetitive. At first, the 
people that asked this were given sympathetic smiles and apologies. Now, if anyone 
dared ask, it was only met with grunts and grumbles. Part of ‘the plan’ involved 
keeping in touch with people by cell phone. There were only a handful of people 
who still had any battery life left on their phones, and no one had reception.

All but a few of the townspeople were crammed into the school for the night. It was 
loud. Fifty quiet conversations, a few crying babies, the howling wind, and the 
incessant rain added up. And the air was thick with sweat and sewer (the toilets 
had all overflowed). A dozen people were standing in a circle in the middle of the 
gym, sorting through a pile of walky-talkies.
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The side door flew open with the outside coming inside, and a group of bodies in 
rain gear, dripping from head to toe. It was a crew from Uah, an even smaller town 
down the coast. They had got their whole village out last week and came here on a 
few all-terrain vehicles to lend a hand. Apparently, there was a team coming from 
the city to take everyone out. If the rain ever stopped…

Crisis standards of care are a reflection of the flexibility needed to respond when 
resources are lacking for the situation’s need [23]. The same standards employed 
in day to day operations, or even in an emergency (when an organization has the 
capability to manage it), will consume valuable assets (time, supplies, personnel, 
cognition) when the system is asked to perform beyond capacity. Awareness of the 
difference between disaster standards and the standards applied to usual operations 
will facilitate effective disaster planning and response (Figure 3).

3.2 Disaster management: resource poor environment

Natural hazards alone do not result in disaster, but rather the vulnerability of 
the populations of countries impacted [24]. The complexity and chaos of disasters 
make management challenging in many ways. Even the best plans will be unable to 
address each difficulty encountered in a disaster [25].

Figure 3. 
Principles in management when emergency becomes disaster.
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Resources are defined as the organization’s fundamental financial, physical, 
individual and organizational capital attributes [26, 27]. In resource-poor environ-
ments, the challenge is greatly magnified. The environments most often impacted 
by a lack of resources are those of a lower socioeconomic status. Poverty and 
disasters are strongly associated [19]. Developing countries are repeatedly subject to 
disasters resulting in reduced or negative development [19].

Wednesday:

There was a lot of talk about fixing houses, repairing roads, upgrading the bridge. 
People didn’t want to talk about the deeper issues. Most would never be able to 
afford anything more than patching the holes. Someone brought up the idea of 
building up on the hillside where the waves couldn’t reach. But that was so utterly 
inconceivable. How would they build a new town if they couldn’t even build new 
houses? Some would have to leave. Hard to live in a fishing village if your boat got 
washed away and you got no other way to make a living.

More impoverished communities are more vulnerable to natural disasters due to 
a mixture of social, political, cultural and economic factors [28]. Residents within 
these poorer communities tend to live in environments more prone to hazards such 
as rural areas with limited access to resources. The reduction in resources results in a 
more extended reconstruction period and can further delay developmental lag [19]. 
For example, in 2001, both El Salvador and the United States were hit by earthquakes, 
resulting in $2 billion in damages [19]. Although the same monetary value, the impact 
on each country’s economy varied drastically. This $2 billion in damages had minimal 
impact on the U. S. economy, whereas, in El Salvador it resulted in 15% of the coun-
tries GDP [19]. These financial setbacks to developing countries can create a cyclical 
impact of further delayed development lag and economic growth.

Beyond the economic impacts, developing countries also face higher casualty 
rates. Over 96% of disaster-related deaths in recent years have taken place in devel-
oping countries [29]. Disasters may bring about harm to poor, developing countries 
in many ways beyond death, injury and destruction [19]. Some of the numerous 
examples include an increase in crime due to poverty and desperation, damage 
to schools leading to longterm impacts on education and further employment, 
destruction to hospitals which increase the vulnerability of disease, and the impact 
to vital infrastructure such as roads, bridges and airports, which may take years to 
rebuild and further impact resource access [19].

For meaningful disaster preparedness, the focus must be on improving availabil-
ity and access to resources. This improvement should be a continual improvement 
effort to implement these resources to the area permanently. This implementation 
will help to support improvement to the quality of life to those impacted and 
decrease the inequity of resources and support when faced by disasters. Improved 
governance, combined approaches on all government levels, empowering commu-
nities, assessing vulnerability, ensuring access to quality information, and increas-
ing the resilience of livelihood and infrastructure within these environments will 
reduce poverty and increase the quality of life [29].

Climate change and sustainable development both also influence the frequency and 
severity of disasters, particularly in resource-poor countries. Climate change, and irre-
sponsible use of natural resources such as deforestation, make the environment more 
susceptible to hazards and disaster [30]. Disasters related to natural hazards, such as 
floods, storms and earthquakes, have significantly risen over recent years [30]. Such an 
increase in disasters is likely to further the frequency and severity of the impacts on the 
resource poor countries. Sustainable development is crucial to help reduce this burden.
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3.3 Hospital disaster management

Disasters are easily forgotten. The unfortunate truth is that the longer the 
distance in time and space from disasters, the less influence they have on prepared-
ness and planning [31]. This is especially relevant to hospitals because of a number 
of other interactions. Perception of disaster preparedness is often quite different 
between planners and frontline workers, the latter decidedly less optimistic about 
the facility’s state of readiness [31]. And the pressures and problems of everyday 
operations can easily push aside concerns for an unforeseeable event. The attitude 
of disaster preparedness needs to pervade all aspects of the organization in the face 
of so many unseen but real hazards [32].

Specific hospital management principles include, but are definitely not limited to, 
vulnerability analysis, communications, triage, surge capacity, psychosocial effects, 
and medicolegal issues [31]. Hospitals must consider the disaster and its effects not only 
on a massive influx of patients but on existing patients, as well as health care workers in 
and out of hospital [33]. Patient care may be complicated and compromised by issues of 
security, chemical or biological exposure, and capacity for definitive care [29, 34].

Typically, an ‘all-hazards’ approach is employed as a basis of preparation for 
crises of any nature. More advanced preparedness will be tailored to specific 
hazards [30, 35]. We cannot plan for every possibility, especially not every extreme 
and infrequent event covered in this textbook. Plans must be broad enough to allow 
adaptation as needed [22]. If plans are too narrowly focused the preparation may be 
ineffective. Flexibility is key.

Thursday:

Good thing we made it out when we did, although, an hour earlier would have 
been ideal. The leak that had been dripping constantly in the west corner of the 
gym turned into a stream, then a river, then the storm outside as the tiles gave 
way. The sick and the injured were evacuated first, down to Mayor Ros. Raj and 
me came on the last load. The hospital at Alec wasn’t used to a hundred people at 
all, much less all within a couple hours. It was hard to tell who was who - doctors, 
nurses, housekeepers — might have been the president of the hospital — who were 
finding blankets, mopping up the incessant streams of muddy water, handing out 
bottles of clean water, looking at cuts and bruises and sore throats.

Hospital disaster planning has important ramifications for capacity-building. 
That is, the threshold for disaster, an event that overwhelms local abilities, is 
intricately connected to capacity. “If a disaster is defined as an event that outstrips 
the organization’s ability to deliver healthcare, preparedness is a method of “vacci-
nation,” raising the threshold not only in disaster periods but also in normal day-to-
day function” ([31], p. xi). Disaster preparation is capacity-building.

Disaster preparedness is also about building networks. Again it comes back 
to the definition of disaster that requires help outside the immediately-affected 
organization. Coordination and communication between agencies are important in 
the success or deficiency of disaster response [23, 31, 36]. Establishing and enhanc-
ing relationships between organizations cannot be done in the moment of need. 
This should be a high priority for any organization in this time of global connected-
ness. Whether for a hospital, a nation, or a single-family, Alexander’s [32] words for 
current and future emergency managers applies here: “Nothing can substitute for 
personal relationships” ([32, 37], p. 10).

The worst possible outcome of preparedness activities is to engender com-
placency. A “paper plan syndrome” refers to passively placing confidence in a 
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document detailing a facility’s readiness ([35], p. 3). Written plans do not obviate 
problems [33, 38]. To be effective, training needs to be continuous, team-centred, 
and at least as far as disasters go, focused on the non-technical aspects of working 
in teams [22]. They have to use existing resources and include the possibility of 
the loss of these resources. The loss of electrical power is particularly important to 
consider. Our increasing reliance on technology is a modern blessing in times of 
peace and a serious susceptibility when things are bad [12].

4. Training

Plans are only ‘fantasy documents’ if they have no real implementation through 
training ([39], p. 2). Exercises also may only be preparation in fantasy if not 
implemented conscientiously. When planning disaster training exercises, we should 
consider our purposes. Is the intent to expose participants to the disaster response 
plan or their roles in the organizational structure? Is it to test the implantation 
of the response plan, to expose its weaknesses and oversights? This is often the 
objective, intended or not ([40], p. 277). Evaluation and improvement of disas-
ter plans may be a useful objective if that is the need [31]. But simply observing 
shortcomings does not itself remedy them. Lessons “identified” does not mean 
lessons “learned” ([40], p. 280) Is the intent to learn from or improve collaboration 
with other agencies? Is the intent to improve decision-making and specific skills? 
These are all valid objectives and need to be determined to meet the organization’s 
needs, lest any coincidental success be wrongly attributed to ineffective plans [41]. 
Disaster training should focus on adaptability. “Exercises and training on how to 
be creative and imaginative under such circumstances would be more useful than 
detailed disaster plans” ([25], p. 376).

A month later…

“We just need to stick to the plan next time,” Jan said, the last part sounding like a 
question. The storm was a memory like a bad dream. The town meeting, those who 
were left, was about getting ready for the next one.

The plan was new to almost everyone. Ros dug up some dusty old binder a few 
days ago. Too bad it made it, untouched, through the storm. It was full of detailed 
instructions about houses reporting to block leaders, block leaders reporting to 
councillors, councillors to the mayor, the mayor to the assistance team that was 
supposed to come from Alec, the capital city. Only thing was, households were all 
rearranged, trying to find somewhere dry to sleep. The block leaders didn’t even 
know who they were, the mayor didn’t have any councillors, and the team, well, not 
sure there ever was one.

4.1 Barriers to effective exercises

Disaster exercises may not accomplish what is intended during their design [20]. 
Excessive complexity, targeting the wrong audience, and unforeseen social psy-
chological effects are some of the problems that can impair the efficacy of disaster 
education.

Complexity. More complex does not mean better when it comes to training 
exercises [21]. Thinking that testing more skills will improve more skills, stressing 
more processes will improve more processes, and designing more complex scenarios 
will enhance a greater repertoire of individual and systemic responses is flawed. 
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The opposite can occur. Complexity can obscure the purpose of the exercise, lead to 
passivity among participants, and decrease collaboration [42]. Complexity can also 
interfere with learning [20]. Complex responses may be better trained by simple 
exercises. The goal is internal complexity with external simplicity (Loveluck cited 
in [21], p. 423).

Leaders versus participants. Many exercises benefit the designers and facilita-
tors more than the participants [20, 21]. This may be effective when that is the goal. 
Some exercises explicitly target leaders and not participants [43]. But often, the 
intent is to train participants. Even when that is the stated objective, participants 
may not see it that way [44]. Facilities and educators may not be training who they 
hope to train. It is important to consider who the exercise is for, and who is actually 
benefitting.

Social psychological. Recognizing that crisis simulations are meant to evoke 
some stress in individuals and organizations, some researchers have examined the 
adverse social and psychological effects of exercises [20, 43]. Sometimes “unin-
tended consequences” of these effects can appear as a failure to participate when 
trainees fear evaluation from superiors ([20], p. 422). Supervisors giving feedback 
can reinforce incorrect behaviors if hierarchical relationships are ignored [20].

4.2 Benefits

There is no doubt that planning and training is key to disaster preparedness 
[41]. Disaster exercises are beneficial when objectives are clear, and debriefing is 
effective. When objectives are appropriate and align with needs, response capacities 
improve. Debriefing helps with this and with all aspects of learning and growth. 
The debrief is one of the most important parts of effective exercise.

Clearly defined objectives. Objectives should identify whether the purpose 
of the exercise is evaluation or training, individual skills or collaboration, crisis or 
emergency response. Experts commonly identify the need for objectives to guide 
disaster exercises [20, 45]. Yet hospital exercises often do not include specific 
objectives [46] or have not clearly defined them [47]. Objectives help operationalize 
disaster training. That means we can identify what we wish to improve, measure 
to see if we have improved, and actually improve in the desired area [20, 21, 
43, 46]. In many cases, the method of training and objectives of an exercise is not 
complementary and do not create the conditions for improvement in operational 
capacities [46, 48].

Disaster vs emergency, stability vs flexibility, training vs drills. Disasters and 
emergencies are different events and require different responses [21]. Training for 
emergencies requires drills, practicing being able to perform planned responses to 
anticipated events [20, 42, 51]. In a disaster, responses outside an organization’s poli-
cies and protocols are required [20, 44]. Training for disaster ideally trains flexibility, 
communication, and the ability to work across organizational boundaries [20, 21].

Collaboration. Disasters require interactions across and within organizations 
that is outside of usual lines of communication [20]. Collaboration, then, is key. 
Collaborative communication can help organizations recognize crises in the first 
place [49] and throughout the event. If there are barriers to effective communica-
tion across organizational boundaries, the response will be less timely, flexible, 
and effective [51]. We should prepare for the need to collaborate through practice 
working within new relationships and organizational structures [25].

Debriefing. “… the only reason for running a simulation is so that an exercise can 
be debriefed” (Thiagarjan cited in [20], p. 421). Debriefing is essential in order for 
learning to occur [20, 49]. Debriefing helps accomplish objectives, be they develop-
ing plans, training existing skills, or learning new things [50]. Learning from an 
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exercise increases with reflection individually and collectively [21, 44, 51]. The 
utility of an effective and adequate debrief cannot be underemphasized (Table 1).

Seems like a dream. A dream I’d like to forget. I said as much to Raj, adding “won’t 
see another one like that for a hundred years.”

He was just shaking his head. “Forget this dream and it might as well be three 
days till the next one. Be the same dream all over again unless you keep this one in 
mind.”

5. Conclusion

Disaster management is challenged by the difficulty we have as people and 
organizations to think about future, uncertain events. The complexity and chaos of 
disasters further complicate the tasks of planning, preparing, and responding. The 
more complex the event, the more an organization must adapt and collaborate with 
other organizations. This frameworks of resource management in disasters will 
guide organizations in their disaster preparedness activities. We have touched on 
some applications of these principles to hospitals and resource-poor environments. 
From an accurate understanding of what constitutes a disaster, education and train-
ing will more likely be effective — directed to the right people, developing the right 
skills in the right places.

• Is the exercise overly complex?

• Who is the exercise intended to benefit?

• Is the possibility of psychological effects addressed?

• Are there clear objectives?

• Is training for emergency or disaster?

• Is collaboration being trained in disaster exercises?

• Is there an adequate and effective debriefing?

Table 1. 
Questions to ask to make disaster training effective.
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Chapter 2

Flood Disaster Hazards; Causes, 
Impacts and Management: A 
State-of-the-Art Review
Frank Jerome Glago

Abstract

Floods are among disasters that cause widespread destruction to human lives, 
properties and the environment every year and occur at different places with varied 
scales across the globe. Flood disasters are caused by natural phenomena, but 
their occurrences and impacts have been intensified through human actions and 
inactions. The practice of flood disaster management have evolved over the years 
from traditional approaches of ad-hoc response measures to integrated approaches 
involving technologically advanced tools in flood disaster awareness, preparedness 
and response measures. This chapter proffers understanding into flood disaster 
awareness, preparedness and management, mitigation and adaptation strategies. 
Most importantly, the chapter presents a review on the relevance of modern techno-
logical tools namely Geographic Information System, Remote Sensing, Internet of 
Things and Big Data, that are available to flood managers, in the creation of effi-
cient early warnings and Flood decision support systems that elevates the resilience 
of societies to flood disasters.

Keywords: flood disaster, disaster risk awareness, disaster risk preparedness, disaster 
management, early warning system, resilience, technology

1. Introduction

Disasters can result from forces of nature which may be aided by human actions. 
Some disasters build up slowly while others may happen suddenly and unexpect-
edly. Flood disasters can be classified among the quick and sudden disaster types, 
but are among few in this category that can be well predicted, anticipated and 
controlled to a great extent.

Floods, like other disasters, do not qualify to be labelled ‘disasters’ by the mere 
virtue of their happenstances. They do become disasters when they cause damage 
or adverse effects to human lives, livelihoods and/or properties. Floods are probably 
the widest spread among the various disaster events that occurs in most countries 
and causes the most deaths [1]. Floods, like other disasters, have the ability to cause 
widespread disturbances in communities, and alter the way of life of people in the 
affected areas.

The word flood originated from the old English word ‘flod’ akin to the German 
word ‘flut’ and the Dutch word ‘vloed’ seen as inflow and float of water [2, 3]. The 
Oxford Reference Dictionary (ORD) defines flood as an overflowing or influx of 
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water beyond its normal confines. Floods usually happen when the volume of water 
within a water body, say, a river or a lake, exceeds its total carrying capacity and as 
a result, some of the water flow outside the normal perimeter of the water body. 
Floods occur in almost every part of the world with different intensities and effects. 
Some of the most notable floods that have occurred include the 1981, 1991 and 2002 
floods along the Chiang Jiang (Yangtze) river in China, the Mozambican floods in 
2000, the 1983 and 1993 floods on the Mississippi river [2].

In the summer of 2005, the remarkable flooding brought by Hurricane Katrina 
which caused more than $ 108 billion in damages, constitute the costliest natural 
disaster in U.S. history [4, 5]. Identified different types of floods namely riverine 
floods, localized and urban floods, normal flood (e.g. 1-year flood), medium flood 
(e.g. 5-year flood), severe floods, and catastrophic floods. It is indicated that floods 
can also be distinguished by their style of occurrence [2]. Flash floods occur when 
water quickly sweeps over an area which is difficult to deal with and it is not easy to 
predict the amount of rain expected within the spatial area over a short period of 
time [2].

Regional floods occur when rain falls over a large area for days or weeks causing 
river levels to rise quickly and fall slowly usually inundating large areas and causing 
widespread economic losses [6]. Flash floods are also referred to as upstream floods 
and regional floods, downstream floods [7].

There are varied effects of floods. The primary effects of flooding include 
physical damage to buildings and weakening of structures [2]. There are instances 
of loss of human lives and livestock, and the outbreak of disease epidemics. Other 
effects include instant losses of entire harvest as in the Mozambique flood in 
2000 and northern Ghana floods of 2007. Whilst the effects of floods have come 
to be highly perceived in the negative, it is also true that floods are not entirely of 
damaging impact on human beings. Flooding can be beneficial such as making the 
soil more fertile and providing nutrients. Periodic flooding was essential to the 
development of some of the ancient civilizations especially those along the Tigris-
Euphrates rivers, the Nile river, Indus river among others [2].

2. Causes and impacts of flood disasters

2.1 Cause of floods

Floods happen when soil and vegetation cannot absorb water from downpours. 
Floods also occur when a river outbursts its banks and the water spills onto the 
floodplain. Natural processes such as hurricanes, weather systems and snowmelt 
can cause floods. Other floods following tsunamis and coastal surges have natural 
causes like earthquakes in the seabed and high tides attributed to the pull of the 
moon [2]. There are many human-induced causes of flooding.

Urbanization has also become a major cause of flooding in cities [8], such that, a 
river is more likely to flood when its drainage basin is in an urban area. Inadequate 
drainage in some urban areas is a major cause of flooding [3], while in others, it is 
the lack of proper management of the drainage systems. Unplanned urban living 
has been identified as a significant contributor to flooding events in many devel-
oping countries. In a study into causes of flooding in Asamankese in the Eastern 
region of Ghana by [9] for instance, a resident succinctly summarises the problems 
as below;

[T]he main problem in Old Zongo and Abaase areas is the gutters. The gutters 
are not enough to carry the water when it rains heavily, and secondly, they pour 
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so much rubbish in the gutters, so some of the gutters are also full of rubbish. So, 
when it rains heavily, where will the water go, it must flood the area. ….the way we 
build in this area too is a problem. I even think government is not hard on people 
so we just build anyhow in the waterways. We in this area also experience floods 
but it is not serious like in Old Zongo areas, that is why we are always trying to tell 
people here not to build in the waterway, because of what is going on in Old Zongo 
and Abaase.

This summarises the major contributions of improper managed urbanisation to 
flooding, a phenomena which characterises many developing countries. In Ghana, 
for example, perhaps the most devastating flood in the history of the country 
occurred in its capital, Accra, on 3rd June, 2015 where 159 people lost their lives 
and several people rendered homeless [10]. NADMO [11], suggests that although 
Ghana is vulnerable to certain disasters, flooding has become the major disaster the 
country has suffered in recent years especially in its urban areas due to improper 
management of these spaces [12].

Figure 1 shows the nature of some gutters in the urban areas of Ghana. 
Figure 1 shows a partially completed drainage in the flood prone zone of 
Asamankese, in the Eastern region of Ghana. Most of the gutters in the commu-
nity, like Figure 1, are left open and easily gets silted by inflow of sand and other 
waste materials. The situation of improper management of urban spaces is worse 
in the major Central Business Districts in many developing countries. Plastic 
wastes and other debris have been left to clog urban drainage which results in 
flood disaster when heavy rains are experienced.

2.2 Impacts of flood disasters

What flood events share in common, is their ability to cause widespread com-
munity disruption, displacement, economic loss, property damage, deaths, injury 
as well as profound emotional suffering. Infrastructure and property, agricultural 
endeavours as well as historical and cultural sites may also be affected in flood 
disasters.

According to the United Nations Regional Coordinator in Dakar (October 2007) 
the worst flooding in 30 years that battered West Africa from July 2007 caused more 
than 210 death and affected more than 785,000 people [12].

The aftermaths of flood disasters in Ghana are the large-scale destruction of 
infrastructure, displacement of people from their dwellings, the loss of human 
lives, outbreak of diseases and water-borne infections, chemical exposure due to 
toxic pollutants being released into flood waters, huge loss of investments among 
other things.

Africa, which is one of the poorest continents in the world (in terms of GDP 
growth and income) has seen an increase in flood disasters in recent times [9]. For 
instance, torrential rains and flooding affected 600,000 people in 16 West African 
nations in September 2009 [13]. Countries with most devastating impacts were 
Burkina Faso, Senegal, and Niger. Another instance include the 2007 floods that 
displaced more than a million people in Uganda, Ethiopia, Sudan, Burkina Faso, 
Togo, Mali, and Nigeria, which claimed over 500 lives, and the 2008 floods in 
Mozambique which killed seven people and displaced tens of thousands residence 
[14]. Heavy seasonal rainfall starting in December 2014 also caused flooding in 
southern Africa [15]. As of January 2015, 135,000 people were affected by flood 
hazard in Malawi, Mozambique, Madagascar and Zimbabwe [15].

The impact of flooding varies both spatially and temporally. It could also be 
direct or indirect. Rahman [16] indicated that the direct impacts of floods are 
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Figure 1 shows a partially completed drainage in the flood prone zone of 
Asamankese, in the Eastern region of Ghana. Most of the gutters in the commu-
nity, like Figure 1, are left open and easily gets silted by inflow of sand and other 
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closely related to the depth of inundation of floods water. The extent of a flood 
has a direct relationship for the recovery time of crops, pastures and the social and 
economic dislocation impact to populations. The impact of floods is considered 
far reaching with the aftermath effects such as flood-induced disease epidem-
ics. Disease outbreak is common, especially in less developed countries. Malaria, 
Typhoid and Cholera outbreaks after floods in tropical countries are also common 
[17]. [9] further stated that physical damage to property is one of the major causes 
for tangible loss in floods. This includes the cost of damage to goods and posses-
sions, loss of income or services in the floods aftermath and clean-up costs. Some 
impacts of floods, on the other hand, are intangible and are hard to place a mon-
etary figure on. Intangible losses also include increased levels of physical, emotional 
and psychological health problems suffered by flood-affected people.

According to [15] the cumulative number of people affected by rains and floods 
in 2007 in Southern Africa was more than 194,103 persons. This included 60,995 
in Malawi (Mostly damage to property and crops), 94,760 people in Mozambique 
(all were evacuated into resettlement camps); more than 16,680 in Zambia (1890 
persons had temporary accommodation, the rest were taken in by host families); 
and 15,168 in Zimbabwe. An estimated additional 4000 people had been affected in 
Lesotho and another 2500 persons in Swaziland.

Extreme events affect both the formal and informal economies, making it dif-
ficult to assess impacts which include direct and indirect ones. Depending on how 
well they are constructed and the severity of the event, buildings may be partially or 
totally destroyed by flooding. A look at Figure 2 will explain the partial damage that 
often happens to buildings as a result of flooding.

Flood destructions also hit roads and cause delays to infrastructure development 
initiatives and political processes [18, 19] observed that the economic impact of 
natural disasters shows a marked upward trend over the last decades. The hazards 

Figure 1. 
Showing a partially completed drain in the Asamankese community, Eastern region of Ghana. Source: Author.
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tend to hit communities in developing and least developed countries more. Flood 
disasters have led to the loss of human life, destruction of social and economic 
infrastructure and degradation of already fragile ecosystems [20]. It follows 
therefore that social impacts include changes in people’s ways of life, their culture, 
community, political systems, environment, health and wellbeing, their personal 
and property rights and their fears and aspirations.

Rahman [21], established that social impacts of floods cause significant prob-
lems for the long term functioning of specific types of households and businesses in 
affected communities. The type of construction influenced the extent of flood dam-
aged (e.g. thatched homes versus concrete high rise buildings will experience differ-
ent degrees of impact). It follows that vulnerability is a key element in assessing the 
impact of floods. Different population segments are exposed to varied relative risks 
because of their socioeconomic conditions of vulnerability. Because of this, disaster 
reduction has become increasingly associated with practices that define efforts to 
achieve sustainable development. The links between flood disaster and economic 
systems, have become another pillar of consideration for sustainable development. 
Floods, however, cannot be totally prevented but their devastating impacts can 
surely be significantly minimized if advance warning of the event is available.

3. Flood disaster risk awareness

Disaster risk awareness is the extent of common knowledge of a person or group 
of persons about disaster risks, the factors that lead to disasters and the actions that 
can be taken individually or collectively to reduce vulnerabilities to hazards. It also 
includes the need to build and increase the knowledge and understanding of the 
many issues about disaster risk reduction, to build the capacity of the people who 
learn and teach others about the disaster [9]. Changes in patterns of human behaviour 
and decision-making at all levels of government and society could, therefore, lead 
to a substantial reduction in disaster risk [22]. In this respect, recent experience has 
shown that public awareness of natural hazards and disaster risk reduction education 
constitutes a foundation and pre-requisite for effective catastrophic risk management 

Figure 2. 
Depicting the impact of flood events o residents’ household in Asamankese, Eastern region of Ghana. Source: 
Author.
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strategies at country and regional levels. More importantly, by influencing human 
actions and perceptions through societal behaviour and behavioural adaptation, 
information and education can increase flood risk awareness and play a more effective 
role in reducing the costs of catastrophes associated with natural perils [22].

To proffer an understanding on the flood risk awareness of residents in the 
Asamankese Municipality of Ghana, [9] surveyed some residents and sought to 
know how likely the area was susceptible to flood through the major rainy season 
from March to July. Figure 3, which summarises the respondents result, pointed 
out that an overwhelming proportion of respondents (70.0% and 77.5% within the 
flood prone and Non-flood prone zones respectfully) indicated that flooding has 
become a regular phenomenon, and the community was likely to be flooded every 
time it rained.

Awareness is a very crucial element for a society to effectively adapt to a flood 
risk. As stated by [23] awareness is diminished when the provision of an appropri-
ate information is minimal or when memories of past experiences or events are 
diminished. Awareness can generally be uplifted through efforts that are centred on 
local issues, contain the simple solution to reduce the flood risk and are repeated on 
a regular basis [24].

Scholars like [25] posit that worry is an important risk characteristic that 
serves as a normative value for awareness. Society can be aware of a flood risk, 
however, if it is not afraid of the risk, it will not take any action to prepare for it. 
A higher level of worry is more likely to result in a higher level of awareness and 
preparedness. There is a positive correlation between these two variables. This 
was reinforced by [26] with their assertion that most people become aware and 
prepared for disasters based on their previous personal experiences with flood 
disasters. Early warning information can, therefore, allow the disaster managers to 
be pre-informed and take steps which may significantly reduce the loss of life and 
damage to property.

4. Flood disaster preparedness and resilience strategies and practices

The argument now is that adequate preparation can make it possible to signifi-
cantly reduce the impacts of flood disasters through a good understanding of pre-
ventive action as well as knowledge of some life-saving techniques during disasters 
[27]. Nowhere has the issue of floods become a developmental issue than in poor 
and developing countries where systemic problems and institutional constraints 

Figure 3. 
Showing respondents awareness to flood disaster risk at Asamankese, Eastern region, Ghana. Source: Author.
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have increased vulnerability (social, economic and physical) to flood risk and thus, 
reducing resilience to flood disasters.

Disaster preparedness is defined as the state of taking measures to reduce to 
the minimum level possible, the loss of human lives and other damages from flood 
disasters through prompt and efficient actions of response and rehabilitation. That 
is, preparedness is to put in place the necessary measures for effective and timely 
response to an event. The objectives of preparedness are to ensure that appropriate 
mechanisms and resources are in place to assist those afflicted by the disaster and 
enable them to help themselves [9].

Flood disaster preparedness consists of a wide range of activities and protective 
measures that might be instigated from the physically or procedurally. Preparedness 
is very important in the disaster management process, and includes the knowl-
edge, capacities, activities and measures carried out in advance by governments, 
professional response and recovery organizations, communities and individuals 
to effectively anticipate, respond to and recover from the impacts of imminent or 
current disaster situations or conditions.

The [26], conceives preparedness as a medium-term plan that involves the 
development and the implementation of disaster management plans. It involves the 
development and implementation of early warning systems, resource inventory 
and stockpiling of resources, coordinating of agencies and ensuring evacuation 
plans work. Preparedness is seen as tools for ensuring the effective coordination and 
enhancement of capacities to prevent, to protect, to respond to, recover from and 
mitigate the devastating effects of natural and man- made disasters [9].

Apart from personal experiences informing residents’ awareness and prepared-
ness towards flood disasters, external factors such as occupation, level of education 
of an individual, radio programs and community meetings serve as conduits for 
disseminating flood information. Hence, these factors may act to increase aware-
ness and preparedness levels to flood disasters.

Studies show that residents’ awareness of flood disaster is usually high. 
For instance, in [9]’s study of residents’ level of flood disaster awareness in 
Asamankese, in Ghana, showed that more than 65 percent of residents in both the 
Flood prone and Non-flood prone settlements ranked themselves to be at a high risk 
of flood disasters. Furthermore, the study showed that, the awareness of human 
factors that exacerbate their risk to flood was also high. However, preparedness of 
residents’ in most cases were poor, and in Asamankese, like in other developing 
countries, victims of flood had to usually depend on extended social networks, and 
government institutions for support to regain their livelihoods after being hit by 
flood events, a situation which results from their ill preparedness to flood disasters 
especially financially.

5. Strategies and technologies for improved flood disaster management

5.1 Flood disaster management strategies

Flood Disaster Management Strategies refer to a bundle of processes and activi-
ties that are aimed at reducing the overall impacts of floods on societies. Flood man-
agement needs to be considered within the overall national development planning 
strategy of every country and must involve strategic institutional arrangements and 
collaborations for a sustainable flood management.

The management of floods as problems in isolation almost necessarily results 
in a piecemeal, localized approach (World Meteorological Organization [28]). The 
flood disaster management process should also be coordinated with efforts made 



Natural Hazards - Impacts, Adjustments and Resilience

26
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have increased vulnerability (social, economic and physical) to flood risk and thus, 
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the minimum level possible, the loss of human lives and other damages from flood 
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is, preparedness is to put in place the necessary measures for effective and timely 
response to an event. The objectives of preparedness are to ensure that appropriate 
mechanisms and resources are in place to assist those afflicted by the disaster and 
enable them to help themselves [9].

Flood disaster preparedness consists of a wide range of activities and protective 
measures that might be instigated from the physically or procedurally. Preparedness 
is very important in the disaster management process, and includes the knowl-
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plans work. Preparedness is seen as tools for ensuring the effective coordination and 
enhancement of capacities to prevent, to protect, to respond to, recover from and 
mitigate the devastating effects of natural and man- made disasters [9].

Apart from personal experiences informing residents’ awareness and prepared-
ness towards flood disasters, external factors such as occupation, level of education 
of an individual, radio programs and community meetings serve as conduits for 
disseminating flood information. Hence, these factors may act to increase aware-
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in closely related fields. For example, the disaster mitigation process should con-
sider human health impacts during flooding (e.g. cholera, malaria), thereby more 
effectively address a health issue that arises during and after flooding [28].

The management of floods takes several approaches ranging from traditional 
approaches to integrated approaches. The traditional management response to a 
severe flood was typically an ad- hoc reaction, the quick implementation of a proj-
ect that considered both the problem and its solution to be distinct and self-evident. 
Traditional approaches usually gives no thought to the consequences for upstream 
and downstream flood risks [28]. Thus, flood management practices have largely 
focused on reducing flooding and reducing the susceptibility to flood damage. 
Traditional flood management has employed structural and non-structural inter-
ventions, as well as physical and institutional interventions. These interventions 
have occurred before, during and after flooding, and have often overlapped.

There has been a paradigm shift in flood management. Traditionally, controlling 
floods has always been the main focus of flood management, with the emphasis on 
draining flood water as quickly as possible, or storing it temporarily, and separat-
ing the river from the population through structural measures such as dams and 
levees [28].

The concept of integrated flood management has led to a paradigm shift: 
absolute protection from floods is a myth, and focus should aim at maximizing net 
benefits from the use of flood plains, rather than trying to fully control floods [28].

A proactive approach towards the management of floods over a traditionally 
reactive approach is rapidly gaining recognition among flood managers. The proac-
tive approach does not treat floods only as an emergency or an engineering prob-
lem, but as an issue with social, economic, environmental, legal and institutional 
aspects. The proactive approach is not limited to a post-event reaction but includes 
preparedness (including flood risk awareness) and response measures to flood 
management at different stakeholders’ levels [28].

Recent calls in flood management are geared at taking a transboundary approach 
since floods do not respect borders; neither national nor regional or institutional 
[29]. The great advantages of transboundary cooperation are that it broadens the 
knowledge/information base, enlarges the set of available strategies and enables 
better and more cost-effective solution. Furthermore, widening the geographical 
area considered by basin planning enables measures to be located where they create 
the optimum effect [29].

5.2 Early warning systems

The term ‘early warning’ is used in many fields to describe the provision of infor-
mation on an emerging perilous circumstance where that information can enable 
action in advance to reduce the risks involved. The early warning system comprise 
the set of capacities needed to generate and disseminate timely and meaningful 
warning information to enable individuals, communities and organizations that are 
threatened by hazards to take necessary preparedness measures and act appropri-
ately in sufficient time to reduce the possibility of harms or losses [30].

Early warning systems exist for natural geophysical and biological hazards, 
complex socio-political emergencies, industrial hazards, personal health risks and 
many other related hazards. Studies have demonstrated that disaster prevention 
can pay high dividends and found that for every Euro invested in risk management, 
broadly 2 to 4 Euros are returned in terms of avoided or reduced impacts on life, 
property, the economy and the environment [31]. Early warning systems can be 
set up to avoid or reduce the impact of flood hazards and other disasters such as, 
landslides, storms and forest fires and volcanic eruptions. The significance of an 
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effective early warning system lies in the recognition of its benefits by the members 
of the general public.

Early warning is a major element of flood disaster risk reduction. It saves life and 
reduces economic and material losses from flood disasters. To be effective, commu-
nity-based early warning systems need the active involvement of the community 
people, a strong public education on and awareness of risks, an effective communi-
cation system ensuring a constant state of preparedness [31]. Early warning systems 
contribute with other Disaster Risk Reduction (DRR) interventions to protect and 
support sustainable economic development and early detection of undesirable situ-
ations. The society benefits from early warning systems if they are in place. Many 
governments have failed to take early warning into account while formulating their 
development and disaster risk reduction policies. Subsequently, it results in heavy 
losses to human lives and economic entities when disasters strike [31].

A people-centered early warning system necessarily comprises four key ele-
ments: (I) knowledge of the risks; (II) monitoring, analysis, and forecasting of the 
hazards; (III) communication or dissemination of alerts and warnings, and (IV) 
local capacities to respond to the warnings received. The expression “end-to-end 
warning system” emphasizes that early warning systems need to span all steps from 
hazard detection to community response. It is essential to link downstream com-
munities and upstream communities for the effective operation of an early warning 
system [31]. There are several instances where early warning systems have helped to 
mitigate the impact of disasters. As an example, the Bangladesh cyclone prepared-
ness program has successfully warned, evacuated and sheltered millions of people 
from cyclones since its inception in the early 1970s by the International Federation, 
the Bangladesh Red Crescent Society and the government of Bangladesh. In the 
Caribbean, during 2004’s hurricane season, most countries successfully alerted 
their populations to approaching storms and saved many lives as a result. The key to 
their success was putting people, not just technology, at the centre of their warning 
systems. As a result of early warning systems, there were no deaths reported in La 
Independencia, Guatemala during the hurricane season in October 2005 [26].

The importance of early warning has been underlined in various UN General 
Assembly resolutions as a critical element of disaster reduction. Early warning 
received very high attention after the 26 December 2004 tsunami, when it became 
clear that a tsunami warning system and associated public education could have 
saved thousands of lives. The UN Secretary-General in his report; In Larger 
Freedom: Towards development, security and human rights for all, proposed that the 
United Nations system should take a leadership role in developing comprehensive 
global capacities for systematic people-centered early warning systems, which 
would cover all hazards for all countries and communities. Subsequently, he 
requested that a global survey is undertaken, with a view to advance the develop-
ment of a Global Early Warning System (GEWS) for all natural hazards [32]. Thus 
early warning systems are very important for disaster management and should be a 
priority at global, national and local levels.

5.3 Flood disaster mitigation strategies

Flood Disaster Mitigation measures tend to be potentially more efficient long 
term sustainable solutions to water-related problems and should be enhanced, in 
particular, to reduce the vulnerability of human beings and goods exposed to flood 
risk. Flood forecasting and warning is a prerequisite for successful mitigation of 
flood damage. In the field of environmental engineering, flood mitigation involves 
the managing and control of flood water movement, such as redirecting flood 
run-off through the use of floodwalls and flood gates, rather than trying to prevent 
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the set of capacities needed to generate and disseminate timely and meaningful 
warning information to enable individuals, communities and organizations that are 
threatened by hazards to take necessary preparedness measures and act appropri-
ately in sufficient time to reduce the possibility of harms or losses [30].

Early warning systems exist for natural geophysical and biological hazards, 
complex socio-political emergencies, industrial hazards, personal health risks and 
many other related hazards. Studies have demonstrated that disaster prevention 
can pay high dividends and found that for every Euro invested in risk management, 
broadly 2 to 4 Euros are returned in terms of avoided or reduced impacts on life, 
property, the economy and the environment [31]. Early warning systems can be 
set up to avoid or reduce the impact of flood hazards and other disasters such as, 
landslides, storms and forest fires and volcanic eruptions. The significance of an 
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effective early warning system lies in the recognition of its benefits by the members 
of the general public.

Early warning is a major element of flood disaster risk reduction. It saves life and 
reduces economic and material losses from flood disasters. To be effective, commu-
nity-based early warning systems need the active involvement of the community 
people, a strong public education on and awareness of risks, an effective communi-
cation system ensuring a constant state of preparedness [31]. Early warning systems 
contribute with other Disaster Risk Reduction (DRR) interventions to protect and 
support sustainable economic development and early detection of undesirable situ-
ations. The society benefits from early warning systems if they are in place. Many 
governments have failed to take early warning into account while formulating their 
development and disaster risk reduction policies. Subsequently, it results in heavy 
losses to human lives and economic entities when disasters strike [31].

A people-centered early warning system necessarily comprises four key ele-
ments: (I) knowledge of the risks; (II) monitoring, analysis, and forecasting of the 
hazards; (III) communication or dissemination of alerts and warnings, and (IV) 
local capacities to respond to the warnings received. The expression “end-to-end 
warning system” emphasizes that early warning systems need to span all steps from 
hazard detection to community response. It is essential to link downstream com-
munities and upstream communities for the effective operation of an early warning 
system [31]. There are several instances where early warning systems have helped to 
mitigate the impact of disasters. As an example, the Bangladesh cyclone prepared-
ness program has successfully warned, evacuated and sheltered millions of people 
from cyclones since its inception in the early 1970s by the International Federation, 
the Bangladesh Red Crescent Society and the government of Bangladesh. In the 
Caribbean, during 2004’s hurricane season, most countries successfully alerted 
their populations to approaching storms and saved many lives as a result. The key to 
their success was putting people, not just technology, at the centre of their warning 
systems. As a result of early warning systems, there were no deaths reported in La 
Independencia, Guatemala during the hurricane season in October 2005 [26].

The importance of early warning has been underlined in various UN General 
Assembly resolutions as a critical element of disaster reduction. Early warning 
received very high attention after the 26 December 2004 tsunami, when it became 
clear that a tsunami warning system and associated public education could have 
saved thousands of lives. The UN Secretary-General in his report; In Larger 
Freedom: Towards development, security and human rights for all, proposed that the 
United Nations system should take a leadership role in developing comprehensive 
global capacities for systematic people-centered early warning systems, which 
would cover all hazards for all countries and communities. Subsequently, he 
requested that a global survey is undertaken, with a view to advance the develop-
ment of a Global Early Warning System (GEWS) for all natural hazards [32]. Thus 
early warning systems are very important for disaster management and should be a 
priority at global, national and local levels.

5.3 Flood disaster mitigation strategies

Flood Disaster Mitigation measures tend to be potentially more efficient long 
term sustainable solutions to water-related problems and should be enhanced, in 
particular, to reduce the vulnerability of human beings and goods exposed to flood 
risk. Flood forecasting and warning is a prerequisite for successful mitigation of 
flood damage. In the field of environmental engineering, flood mitigation involves 
the managing and control of flood water movement, such as redirecting flood 
run-off through the use of floodwalls and flood gates, rather than trying to prevent 
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floods altogether. It also involves the management of people, through measures 
such as evacuation and dry/wet proofing properties for example. The mitigation of 
flooding can be done on an individual, community and at city authority or national 
levels.

5.4 Flood disaster adaptation strategies

Flood disaster adaptation refers to actual adjustments made that are geared 
towards mitigating the severity of flood disasters. Flood disaster adaptation strate-
gies vary from before flood adaptation, during flood adaptation, to post flood 
adaptation strategies. It also ranges from individual, community, to citywide 
adaptation strategies. Discussions on flood adaptation strategies pointed out 
that embankments, for instance, either concrete or sandy may be constructed 
to prevent water from entering residential houses [33]. Adaptation options that 
would be effective for flood disaster in developing nations include Environmental 
policy reforms, changes in urban and housing design, removal of laws that can 
inadvertently increase flood vulnerability [34]. Capacity building is also required to 
integrate climate change and its impact on urban development planning, engaging 
local communities, raising public awareness and education on climate change and 
enabling wider representation at stakeholder meetings. Planting of vegetative cover 
to reduce runoff speed, terracing hillsides to slow flow down hills as well as control 
of man-made channels to divert flood water among others, serve as adaptation 
strategies. Generally, adaptation strategies adopted in flood disasters range from 
structural to non-structural [35].

5.5 Monitoring, evaluation and mainstreaming of flood disaster management

Being able to count on institutionalized capacities to mobilize and coordinate 
resources when and where they are needed is crucial in all phases of the disaster 
cycle, sometimes with very little room for delay or errors of judgment. Coordination 
among agencies and stakeholder groups is important for flood mitigation, in 
particular, the design and execution of programmes and policies to help address 
underlying causes of extreme vulnerability [36]. Monitoring of activities is neces-
sary because there is often the need to link responsibilities and budgets for pro-
grammes over time. The performance of institutions and organisations responsible 
for disaster management should be monitored and evaluated on a regular bases. The 
relevance of monitoring and evaluation as a means of reducing flood disaster events 
cannot be overemphasised.

The capacity to monitor and evaluate flood prevention, mitigation, relief and 
recovery operations and institutional arrangements would create opportunities 
for learning and improve the accountability of authorities [36]. Monitoring is a 
key element in pre-flooding, flooding and post flooding stages of flood disaster 
management. Evaluation goes hand in hand with monitoring to assess the impact 
of flooding and the effects of key interventions engaged in mitigating the impact of 
flooding on people, infrastructure, and the environment in general. In a study on 
the environmental aspects of integrated flood management, [28], noted that adap-
tive management requires continuous monitoring of the state of the environment 
and evaluation at regular intervals.

The importance of monitoring has been recognized from various perspectives 
[28] Pre-plan monitoring of various natural processes provides the basic input for 
assessment of resource, risks and development options. Monitoring at a develop-
ment planning level is based on actions taken in line with selected plan and factors 
of environmental impacts indicated in environmental assessment at the strategic 
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level [28]. In the context of awareness of flood hazards, monitoring encapsulates 
awareness of causes and how these causes change over time, knowledge of interven-
tions and how these interventions are shaping the frequency and nature of flood 
events in an area. Monitoring is essential in flood management from a first-hand 
point of providing timely and efficient early warning information. Immediate and 
post-implementation monitoring is important in order to assess whether the flood 
management measure has succeeded [28].

Mainstreaming of disaster risk reduction into development planning, policy, and 
implementation should be at the heart of every sustainable Development Planning 
agenda. Disasters, such as floods, have an enormous impact on development. 
There is, therefore, the need for mainstreaming disaster planning into develop-
ment planning. The importance of mainstreaming is also recognized by the Hyogo 
Framework for Action (HFA) adopted at the World Conference for Disaster Risk 
Reduction (WCDRR), where integration of disaster risk reduction into the develop-
ment programmes is a priority [5]. There has been increasing recognition by both 
governments and donors for the need to mainstream disaster risk reduction into 
development planning [37]. Mainstreaming disaster planning into development 
planning considers risks emanating from natural hazards in medium-term strategic 
development frameworks, in legislations and institutional structures, in sectoral 
strategies and policies, in budgetary processes, in the design and implementation of 
individual projects and in monitoring and evaluating all of the above [37].

5.6 Sustainable flood management

The concept of sustainable development is firmly rooted in all flood management. 
Sustainable flood management involves: ensuring quality of life by reducing flood 
damages but being prepared for floods, mitigating the impact of risk management 
measures on ecological systems at a variety of spatial and temporal scales, the wise 
use of resources in providing, maintaining and operating infrastructure and risk 
management measures, maintaining appropriate economic activity [38]. Sustainable 
flood management as a concept is not new, its methods have been practiced on many 
continents for years [39]. With increasing scrutiny of traditional engineering solu-
tions, there is a growing realisation throughout the world that there is a huge and 
urgent need for pro-active and sustainable flood management solutions.

The notion of sustainability in the context of flood management is still rather 
ambiguous but generally embraces economic, environmental and social objectives. 
Sustainable flood management therefore refers to the provision of possible social 
and economic resilience against flooding, by protecting and working with the 
environment, in a way which is fair and affordable both now and in the future [40]. 
In practice a sustainable approach should integrate a range of flood management 
requirements using best practices and involving the economics of a scheme, good 
planning, understanding flood generation processes, protecting natural environ-
ments and working with communities [39]. Sustainable flood management is, 
therefore, an integrated set of procedures linked into a physical catchment.

6. Technological advancements in flood disaster management

Advanced technologies have been developed and integrated into higher institu-
tional level decision support systems to aid the prediction, monitoring and manage-
ment of flood disasters in some countries. These advanced flood decision support 
systems’ architecture include technologies such as Geographic Information Systems, 
remote sensing and photogrammetry, and hydrologic models.
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floods altogether. It also involves the management of people, through measures 
such as evacuation and dry/wet proofing properties for example. The mitigation of 
flooding can be done on an individual, community and at city authority or national 
levels.
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Flood disaster adaptation refers to actual adjustments made that are geared 
towards mitigating the severity of flood disasters. Flood disaster adaptation strate-
gies vary from before flood adaptation, during flood adaptation, to post flood 
adaptation strategies. It also ranges from individual, community, to citywide 
adaptation strategies. Discussions on flood adaptation strategies pointed out 
that embankments, for instance, either concrete or sandy may be constructed 
to prevent water from entering residential houses [33]. Adaptation options that 
would be effective for flood disaster in developing nations include Environmental 
policy reforms, changes in urban and housing design, removal of laws that can 
inadvertently increase flood vulnerability [34]. Capacity building is also required to 
integrate climate change and its impact on urban development planning, engaging 
local communities, raising public awareness and education on climate change and 
enabling wider representation at stakeholder meetings. Planting of vegetative cover 
to reduce runoff speed, terracing hillsides to slow flow down hills as well as control 
of man-made channels to divert flood water among others, serve as adaptation 
strategies. Generally, adaptation strategies adopted in flood disasters range from 
structural to non-structural [35].

5.5 Monitoring, evaluation and mainstreaming of flood disaster management

Being able to count on institutionalized capacities to mobilize and coordinate 
resources when and where they are needed is crucial in all phases of the disaster 
cycle, sometimes with very little room for delay or errors of judgment. Coordination 
among agencies and stakeholder groups is important for flood mitigation, in 
particular, the design and execution of programmes and policies to help address 
underlying causes of extreme vulnerability [36]. Monitoring of activities is neces-
sary because there is often the need to link responsibilities and budgets for pro-
grammes over time. The performance of institutions and organisations responsible 
for disaster management should be monitored and evaluated on a regular bases. The 
relevance of monitoring and evaluation as a means of reducing flood disaster events 
cannot be overemphasised.

The capacity to monitor and evaluate flood prevention, mitigation, relief and 
recovery operations and institutional arrangements would create opportunities 
for learning and improve the accountability of authorities [36]. Monitoring is a 
key element in pre-flooding, flooding and post flooding stages of flood disaster 
management. Evaluation goes hand in hand with monitoring to assess the impact 
of flooding and the effects of key interventions engaged in mitigating the impact of 
flooding on people, infrastructure, and the environment in general. In a study on 
the environmental aspects of integrated flood management, [28], noted that adap-
tive management requires continuous monitoring of the state of the environment 
and evaluation at regular intervals.

The importance of monitoring has been recognized from various perspectives 
[28] Pre-plan monitoring of various natural processes provides the basic input for 
assessment of resource, risks and development options. Monitoring at a develop-
ment planning level is based on actions taken in line with selected plan and factors 
of environmental impacts indicated in environmental assessment at the strategic 
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level [28]. In the context of awareness of flood hazards, monitoring encapsulates 
awareness of causes and how these causes change over time, knowledge of interven-
tions and how these interventions are shaping the frequency and nature of flood 
events in an area. Monitoring is essential in flood management from a first-hand 
point of providing timely and efficient early warning information. Immediate and 
post-implementation monitoring is important in order to assess whether the flood 
management measure has succeeded [28].

Mainstreaming of disaster risk reduction into development planning, policy, and 
implementation should be at the heart of every sustainable Development Planning 
agenda. Disasters, such as floods, have an enormous impact on development. 
There is, therefore, the need for mainstreaming disaster planning into develop-
ment planning. The importance of mainstreaming is also recognized by the Hyogo 
Framework for Action (HFA) adopted at the World Conference for Disaster Risk 
Reduction (WCDRR), where integration of disaster risk reduction into the develop-
ment programmes is a priority [5]. There has been increasing recognition by both 
governments and donors for the need to mainstream disaster risk reduction into 
development planning [37]. Mainstreaming disaster planning into development 
planning considers risks emanating from natural hazards in medium-term strategic 
development frameworks, in legislations and institutional structures, in sectoral 
strategies and policies, in budgetary processes, in the design and implementation of 
individual projects and in monitoring and evaluating all of the above [37].

5.6 Sustainable flood management

The concept of sustainable development is firmly rooted in all flood management. 
Sustainable flood management involves: ensuring quality of life by reducing flood 
damages but being prepared for floods, mitigating the impact of risk management 
measures on ecological systems at a variety of spatial and temporal scales, the wise 
use of resources in providing, maintaining and operating infrastructure and risk 
management measures, maintaining appropriate economic activity [38]. Sustainable 
flood management as a concept is not new, its methods have been practiced on many 
continents for years [39]. With increasing scrutiny of traditional engineering solu-
tions, there is a growing realisation throughout the world that there is a huge and 
urgent need for pro-active and sustainable flood management solutions.

The notion of sustainability in the context of flood management is still rather 
ambiguous but generally embraces economic, environmental and social objectives. 
Sustainable flood management therefore refers to the provision of possible social 
and economic resilience against flooding, by protecting and working with the 
environment, in a way which is fair and affordable both now and in the future [40]. 
In practice a sustainable approach should integrate a range of flood management 
requirements using best practices and involving the economics of a scheme, good 
planning, understanding flood generation processes, protecting natural environ-
ments and working with communities [39]. Sustainable flood management is, 
therefore, an integrated set of procedures linked into a physical catchment.

6. Technological advancements in flood disaster management

Advanced technologies have been developed and integrated into higher institu-
tional level decision support systems to aid the prediction, monitoring and manage-
ment of flood disasters in some countries. These advanced flood decision support 
systems’ architecture include technologies such as Geographic Information Systems, 
remote sensing and photogrammetry, and hydrologic models.
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The Flood Decision Support System (FDSS) refers to interactive computing 
environment designed for specific contexts which include interlinked models/
analytical tools, databases, graphical user interfaces and other systems. The FDSSs 
according to [41] have the potential to improve flood disaster assessment and 
mitigation through improved data collection and rapid dissemination of flood 
information to affected areas. For an effective FDSS on the technology aspect of 
disaster management, analysts have to ensure effective interoperability of the 
technologies. This will ensure that, all aspects of the technology that singularly may 
be responsible for data capture, storage, manipulation, analysis, retrieval or display 
of information, work in a smooth interwoven network and relay information to 
other parts of the system without technical hindrances to ensure the overall goal is 
achieved.

There are three main components to the Flood Disaster Support System. These 
include the Database component, the Modelling component, and the Display 
component also known as the Graphical User Interface (GUI) component. The 
Database component of the FDSS comprises the data used in the modelling func-
tions. This component uses to tools to capture and store flood related data. Some 
data stored include historical rainfall data, geological data, soil and ecological data, 
population data, boundary and administrative data. Tools used in data capture for 
the Database varies depending on the data to be captured. For example, Remote 
sensing techniques are used to capture satellite data on flood zones, flood buffer 
zone monitoring. Sensors are also deployed to monitor flow, volume and carrying 
capacities of rivers while rain gauges capture precipitation volumes. These data may 
be complemented with census data on population and livelihoods of residents. All 
these various data are kept in the Database component of the DSS.

The second component of the FDSS are functions of analytics and modelling. 
Various analysis are carried out and the data in the database taking through several 
processes of manipulation. These processes of data manipulation and analysis differ 
in approach and are tailored to meet various goals in the decision making process. 
Prominent among the tools used at this stage is Geographic Information Systems 
(GIS) tools. Regarding flood modelling, advanced tools available to flood managers 
include advanced technological tools in soft computing, for instance, evolutionary 
computing, as well as probabilistic predictions techniques of inundation recurrence 
intervals [41]. These tools afford flood managers varieties of techniques that can be 
applied in simulation, modelling, analysis and management of flood.

The User Interface component of the FDSS provides flood decision makers 
an interactive graphical interface, enabling users to query the data stored in the 
system. It again enable users to display and visualise the models and reports from 
the manipulations of the data. This component of the advanced FDSS enables users 
to prepare and appreciate maps and animations of the hydrologic phenomena being 
studied.

6.1  Remote sensing and geographic information systems in disaster 
management

Advances in remote sensing tools and techniques over the past few years have 
provided disaster managers, especially flood disaster managers with powerful tools 
in the acquisition of flood sense data, in forecasting and monitoring of flood occur-
rences and in the management of watersheds, rivers and wetland areas.

Remote sensing refers to the Science of obtaining information about objects, 
areas or phenomena from a distance [42]. Typically, these information are collected 
through sensors that are planted on aircrafts or satellites. In flood disaster manage-
ment, remote sensing can be applied to monitor and map events such as changes 
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in river volume, changes in coastline, map wetlands and flood prone zones and 
boundaries of inundation.

A Geographic Information System(s) (GISs) refers to a framework for gathering, 
managing and analysing location-based data. This framework is used to analyse and 
organize several distinct layers of location-based information into concise visualiza-
tions through maps and 3D scenes. Ultimately, GISs present powerful capabilities 
that proffer deeper insights into data, which may include revelation of patterns and 
relationships for smarter decision making [43].

Reliable flood maps are therefore produced using GIS techniques and remotely 
sensed data to manage floods. GIS tools aid in the preparations to Digital Elevation 
Models (DEMs) for high level hydrological modelling using sensors such as The 
Light Detecting and Ranging (LiDAR) sensors.

With the help of data interpretation techniques of GIS, remotely-sensed imager-
ies are interpreted to create suitable flood risk mitigation frameworks and FDSSs. 
Although flood disasters have increased in scale and frequency in recent years, there 
has been a commensurate improvement in flood data capturing and analyses tech-
niques, that when applied in time, can significantly mitigate the risks and impacts 
of floods. As summarised in Table 1, GIS and RS are of great importance in the pre 
and post disaster management processes.

6.2 Internet of Things (IoT) and Big Data in flood disaster management

The Internet of Things (IoT) refers to a network of devices connected over the 
internet to sense, track and respond to issues. Patel and Patel [45] defines the IoT 
as “a type of network to connect anything with the internet based on stipulated protocols 
through information sensing equipment to conduct information exchange and com-
munications in order to achieve smart recognitions, positioning, tracing, monitoring and 
administration.”

The network of physical objects are able collect data on a regular bases and in a 
structured form, perform high level analysis and predict changes, as well as initiate 
actions based on results from the analyses. IoT is hence a powerful technological 
tool that can provide a wealth of high level intelligence which is needed in planning 
and management.

There are three levels of IoT. The first is people to people interconnectivity, 
the second is people to machine interconnectivity and the third being machine to 

Phases in Flood Disaster 
Management

Relevance of GIS and RS

Flood Prevention Capturing imageries for hazards and risks assessment.
Preparation of flood prone maps. Management of large volume of flood 
sense data.

Flood preparedness As tools for planning evacuation routes. Designing centers for emergency 
operations.
Integrating and Simulating live satellite data with other dataset to inform 
early warning systems.

Flood relief Planning and execution of search and rescue operations.
Planning distribution of relief items to flood victims

Flood rehabilitation Flood impact assessment.
Rehabilitation planning.

Table 1. 
Showing GIS and Remote Sensing Application in flood disaster management. Source: Authors’ Construct with 
reference to [44].
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The Flood Decision Support System (FDSS) refers to interactive computing 
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information to affected areas. For an effective FDSS on the technology aspect of 
disaster management, analysts have to ensure effective interoperability of the 
technologies. This will ensure that, all aspects of the technology that singularly may 
be responsible for data capture, storage, manipulation, analysis, retrieval or display 
of information, work in a smooth interwoven network and relay information to 
other parts of the system without technical hindrances to ensure the overall goal is 
achieved.

There are three main components to the Flood Disaster Support System. These 
include the Database component, the Modelling component, and the Display 
component also known as the Graphical User Interface (GUI) component. The 
Database component of the FDSS comprises the data used in the modelling func-
tions. This component uses to tools to capture and store flood related data. Some 
data stored include historical rainfall data, geological data, soil and ecological data, 
population data, boundary and administrative data. Tools used in data capture for 
the Database varies depending on the data to be captured. For example, Remote 
sensing techniques are used to capture satellite data on flood zones, flood buffer 
zone monitoring. Sensors are also deployed to monitor flow, volume and carrying 
capacities of rivers while rain gauges capture precipitation volumes. These data may 
be complemented with census data on population and livelihoods of residents. All 
these various data are kept in the Database component of the DSS.

The second component of the FDSS are functions of analytics and modelling. 
Various analysis are carried out and the data in the database taking through several 
processes of manipulation. These processes of data manipulation and analysis differ 
in approach and are tailored to meet various goals in the decision making process. 
Prominent among the tools used at this stage is Geographic Information Systems 
(GIS) tools. Regarding flood modelling, advanced tools available to flood managers 
include advanced technological tools in soft computing, for instance, evolutionary 
computing, as well as probabilistic predictions techniques of inundation recurrence 
intervals [41]. These tools afford flood managers varieties of techniques that can be 
applied in simulation, modelling, analysis and management of flood.

The User Interface component of the FDSS provides flood decision makers 
an interactive graphical interface, enabling users to query the data stored in the 
system. It again enable users to display and visualise the models and reports from 
the manipulations of the data. This component of the advanced FDSS enables users 
to prepare and appreciate maps and animations of the hydrologic phenomena being 
studied.

6.1  Remote sensing and geographic information systems in disaster 
management

Advances in remote sensing tools and techniques over the past few years have 
provided disaster managers, especially flood disaster managers with powerful tools 
in the acquisition of flood sense data, in forecasting and monitoring of flood occur-
rences and in the management of watersheds, rivers and wetland areas.

Remote sensing refers to the Science of obtaining information about objects, 
areas or phenomena from a distance [42]. Typically, these information are collected 
through sensors that are planted on aircrafts or satellites. In flood disaster manage-
ment, remote sensing can be applied to monitor and map events such as changes 
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in river volume, changes in coastline, map wetlands and flood prone zones and 
boundaries of inundation.

A Geographic Information System(s) (GISs) refers to a framework for gathering, 
managing and analysing location-based data. This framework is used to analyse and 
organize several distinct layers of location-based information into concise visualiza-
tions through maps and 3D scenes. Ultimately, GISs present powerful capabilities 
that proffer deeper insights into data, which may include revelation of patterns and 
relationships for smarter decision making [43].

Reliable flood maps are therefore produced using GIS techniques and remotely 
sensed data to manage floods. GIS tools aid in the preparations to Digital Elevation 
Models (DEMs) for high level hydrological modelling using sensors such as The 
Light Detecting and Ranging (LiDAR) sensors.

With the help of data interpretation techniques of GIS, remotely-sensed imager-
ies are interpreted to create suitable flood risk mitigation frameworks and FDSSs. 
Although flood disasters have increased in scale and frequency in recent years, there 
has been a commensurate improvement in flood data capturing and analyses tech-
niques, that when applied in time, can significantly mitigate the risks and impacts 
of floods. As summarised in Table 1, GIS and RS are of great importance in the pre 
and post disaster management processes.

6.2 Internet of Things (IoT) and Big Data in flood disaster management

The Internet of Things (IoT) refers to a network of devices connected over the 
internet to sense, track and respond to issues. Patel and Patel [45] defines the IoT 
as “a type of network to connect anything with the internet based on stipulated protocols 
through information sensing equipment to conduct information exchange and com-
munications in order to achieve smart recognitions, positioning, tracing, monitoring and 
administration.”

The network of physical objects are able collect data on a regular bases and in a 
structured form, perform high level analysis and predict changes, as well as initiate 
actions based on results from the analyses. IoT is hence a powerful technological 
tool that can provide a wealth of high level intelligence which is needed in planning 
and management.

There are three levels of IoT. The first is people to people interconnectivity, 
the second is people to machine interconnectivity and the third being machine to 
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machine or things to things interconnectivity [45]. In all interconnectivity of things 
and people, the internet remains the main driver. This interconnectivity of Things, 
enables the swift transmission of meteorological, hydrological and geological data 
pertaining to flood events.

In flood disaster management, providing a quick feedback on the occurrence 
of floods can be a great step in preventing and mitigating flood disasters and their 
impact on livelihoods in society. Deploying IoT in flood management puts disaster 
managers at a position to create enhanced early warning systems that do not only 
measure the water levels and the speed of inundation, but early warning systems 
that could also send alerts to residents and flood managers through mobile phones 
and other personal electronic devices, and additionally, prescribe the best preven-
tion and mitigation strategies based on data such as direction of runoff, speed of 
rise of water levels and the time at the disposal of residents to take necessary action.

Big Data on the other hand, refers to “the evolution and use of technologies that 
provide the right user at the right time with the right information from a mass of 
data that has been growing exponentially for a long time in our society” [46]. Digital 
data collection has not only seen growth in volume but also in variety in storage 
formats, hence Big Data is often described as high-volume, high-velocity and/or 
high variety information assets that demand cost-effective, innovative forms of 
information processing to enable enhanced insight, decision making and process 
automation [47].

Big data typically defines data that exceeds the storage, processing and comput-
ing capacity of conventional database [46]. Hence Big Data analytics typically 
involves automated software that assist in the collection, organisation and analysis 
of the data being generated to discover trends, correlations and other useful results 
to prompt necessary action.

Through Big data process automation, precipitation data, soil moisture data, 
temperature data, water content data of water bodies, data on evapotranspiration, 
ground water data, etc., are collected and processed in real-time without human 
supervision to make predictions and early warnings about flood disasters’ occur-
rence [47].

7. Conclusion

Flood disasters have had very devastating impacts on societies and have 
destroyed livelihoods and investments of staggering monetary value and impor-
tance to development. However, adequate involvement of technology are leading 
to the creation of people-centered early warning systems that enhances residents’ 
awareness and preparedness to flood events to significantly reduce the adverse 
impacts of these disasters on people. This chapter discussed various aspects of flood 
disaster management including early warning systems, flood mitigation and adap-
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Chapter 3

Disaster Resilient Rescue of 
Coastal Community on Cyclone 
Warning
Md. Shahin, Sanjida Akter, Prome Debnath  
and A.K.M. Mostafa Zaman

Abstract

Bangladesh is in the front line of battlefield of disasters due to geographical 
location and global warming faced over 200 natural disasters in past 40 years 
and most of the disasters were cyclones. People need to be evacuated and rescued 
before a cyclone landfall. In current practice, multipurpose cyclone shelter (MPCS) 
provides short-term safety for the disaster victims in Bangladesh, where people 
are rescued after disasters which cannot ensure survival of lives. This study aims 
to develop a method for efficient evacuation and rescue to reduce death tolls in the 
events of disasters. This study used Wi-Fi scanner and smartphones to detect people. 
An inbuilt index that includes name, address, mobile number, photo, service set 
identifier (SSID), and media access control (MAC) of smartphone was developed 
for 90 registered participants. In this controlled experiment, few new participants 
turned on hotspot in every five minutes. A new index of people with MAC/SSID was 
developed in MPCS simulating an emergency. Missing people were detected by com-
paring inbuilt index and new index, and ordered them self-evacuation. This method 
captured 100% evacuees. Most importantly, the proposed method will reduce death 
tools because the people are rescued earlier to a disaster hits a specific area.

Keywords: Wi-Fi scanner, MAC/SSID, cyclone, disaster, hotspot, rescue, evacuation

1. Introduction

Bangladesh is one of the topper rank disaster prone countries due to its geo-
graphical location and global climate change. It is one of the largest delta areas and 
comprises three major rivers including Ganges, Brahmaputra and Meghna [1, 2]. 
Climate change accelerates catastrophic tropical cyclones and storm surges during 
the period of pre-monsoon (April–May) and post-monsoon (October–November) 
in Bangladesh [3]. In recent decades, devastating cyclones with storm surges, e.g., 
Amphan (2020), Fani (2019), Bulbul (2019) landfall almost every year that make 
the coastal area of Bangladesh more vulnerable [4]. During the period of 1969–1990 
on an average annually thirteen depressions were formed in the Bay of Bengal and 
adjacent Indian ocean where nearly 4.6 was altered on to cyclones and almost in 
all the causations were resulted into disasters [3]. In 21st century, 13-cyclones have 
already hit Bangladesh [4]. So, cyclone is a common phenomenon in the coastal 
zone of Bangladesh. Furthermore, flood is a regular event in Bangladesh, which 
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Abstract

Bangladesh is in the front line of battlefield of disasters due to geographical 
location and global warming faced over 200 natural disasters in past 40 years 
and most of the disasters were cyclones. People need to be evacuated and rescued 
before a cyclone landfall. In current practice, multipurpose cyclone shelter (MPCS) 
provides short-term safety for the disaster victims in Bangladesh, where people 
are rescued after disasters which cannot ensure survival of lives. This study aims 
to develop a method for efficient evacuation and rescue to reduce death tolls in the 
events of disasters. This study used Wi-Fi scanner and smartphones to detect people. 
An inbuilt index that includes name, address, mobile number, photo, service set 
identifier (SSID), and media access control (MAC) of smartphone was developed 
for 90 registered participants. In this controlled experiment, few new participants 
turned on hotspot in every five minutes. A new index of people with MAC/SSID was 
developed in MPCS simulating an emergency. Missing people were detected by com-
paring inbuilt index and new index, and ordered them self-evacuation. This method 
captured 100% evacuees. Most importantly, the proposed method will reduce death 
tools because the people are rescued earlier to a disaster hits a specific area.

Keywords: Wi-Fi scanner, MAC/SSID, cyclone, disaster, hotspot, rescue, evacuation

1. Introduction

Bangladesh is one of the topper rank disaster prone countries due to its geo-
graphical location and global climate change. It is one of the largest delta areas and 
comprises three major rivers including Ganges, Brahmaputra and Meghna [1, 2]. 
Climate change accelerates catastrophic tropical cyclones and storm surges during 
the period of pre-monsoon (April–May) and post-monsoon (October–November) 
in Bangladesh [3]. In recent decades, devastating cyclones with storm surges, e.g., 
Amphan (2020), Fani (2019), Bulbul (2019) landfall almost every year that make 
the coastal area of Bangladesh more vulnerable [4]. During the period of 1969–1990 
on an average annually thirteen depressions were formed in the Bay of Bengal and 
adjacent Indian ocean where nearly 4.6 was altered on to cyclones and almost in 
all the causations were resulted into disasters [3]. In 21st century, 13-cyclones have 
already hit Bangladesh [4]. So, cyclone is a common phenomenon in the coastal 
zone of Bangladesh. Furthermore, flood is a regular event in Bangladesh, which 
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causes extensive damage to properties and seasonal crops [2]. Following the great 
Bhola cyclone (1970) and cyclone Gorky (1991) caused death toll of 500,000 and 
138,000 people, respectively [3]. The huge death tolls in 1970 is attributed to the 
inefficient cyclone tracking system, improper early warning and issuance of evacu-
ation order.

In order to increase the awareness and reduce the death tolls, GoB developed 
early warning system and cyclone preparedness program (CPP). Bangladesh 
Meteorological Department (BMD) and Storm Warning Centre (SWC) are 
involved in weather forecasting and warning. Warning is passed as special weather 
bulletin via fax, teleprinter, telephone etc. to radio, television, press media/news 
agency, CPP, disaster preparedness programme (DPP) for necessary action and 
messages to the prime minister’s office, ministry of disaster management and 
relief (MoDMR), directorate of relief, concern ministries, airport, seaport, naval 
base etc. Fishermen get messages from the seaport at least one/two days advance 
[5]. CPP volunteers circulate warning via hand siren, megaphone (e.g., miking), 
signal light and flags [5], while local stakeholders claimed that siren and flag do not 
remain active in maximum cases. Besides, most of the poor coastal residents do not 
have access to online newspapers, radio, television and they do not get the warning 
in proper time and this miscommunication of information makes them vulnerable 
and discourage to evacuate [1, 3, 6].

As a part of preparedness, GoB, NGOs and development partners constructed 
more than 2500 MPCSs in 19 coastal districts of Bangladesh including the study 
area Barguna [7, 8]. Few shelters have been extended with the killas as a shelter 
for livestock. Approximately 200 raised earthen platforms called killa have been 
constructed in the cyclone prone areas and one killa can accommodate 300–400 
livestock. Most of the killas have been found are full of bushes and become a habitat 
for snakes and harmful insects due to lack of maintenance [9]. The CPP was estab-
lished in 1972 was collaborated with Bangladesh Ministry of Disaster Management 
and Relief (MoDMR) and the Bangladesh Red Crescent Society (BDRCS) with 
49,365 trained volunteers and 16,455 of those are women [9]. Those volunteers are 
dedicatedly involved to disseminate cyclone warning signal, assist people to move in 
MPCSs, rescue distressed people and provide first aid to the injured people [1].

The capacity of MPCSs varies from 400 to 1600 people [8]. Sometimes small 
capacity and inadequate facilities for women discourage the people to be evacuated 
there. Community people are encouraged to be evacuated in MPCSs as safer places 
before a cyclone landfalls.

The conventional evacuation systems include early warning, notice for evacua-
tion, miking by volunteers, and cyclone shelters preparedness. Emergency medical 
and food supply are ensured by the local authority with the support of central 
authorities. When early warning about devastating cyclones is disseminated, the 
community people need to be evacuated in MPCSs. Generally, rescue operation 
is conducted after disasters which cannot save some lives from disasters. Current 
system cannot ensure evacuation of all vulnerable community people because the 
evacuation is a volunteer/self-evacuation process. During cyclone SIDR 90% of 
vulnerable people were warned but only 10% people evacuated [1]. Therefore, 
community people should be rescued before a disaster occurs.

While evacuation order is issued, most vulnerable people should evacuate to 
MPCSs. Many people stay in their houses to protect their properties, e.g., domestic 
animals. In MPCSs, maintaining a manual register to confirm the name and number 
of people is very difficult during disasters. Therefore, the shelter authority cannot 
immediately identify the missing people in the community before the disaster. 
Therefore, a system should be developed to ensure rescue of all people before a 
disaster hits a specific area in the era of information and technology. Recently, 
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Wi-Fi scanner, a cheap and available technology, has received much attention to 
detect the human mobility. The Wi-Fi scanner makes an active scan by using the 
probe requests. A probe request is a special frame sent by a client station request-
ing information from either a specific access point, specified by SSID, or all access 
points in the area, specified with the broadcast SSID [10].

This research aims to develop a more disaster resilient evacuation system where 
authority can easily identify the missing people and rescue them before a cyclone 
landfalls. The smart-phone and Wi-Fi scanner can contribute for the identification 
of the missing people. The Wi-Fi scanner can detect all the people within the shelter 
with turned on Wi-Fi in their smartphones. Therefore, it will be very easy to index-
ing the missing people to be rescued before cyclone landfalls using Wi-Fi scanners 
and smart-phones. This method helps to rescue the people earlier to a cyclone hits 
the area. In the proposed method, the people will be rescued earlier to the cyclone. 
As a result, all the stakeholders will be safe in the event of a cyclone.

1.1 Related works

As discussed above evacuation and rescue response depends on different factors. 
Manual evacuation through warning messages cannot be assured successfully. In 
the era of information and technology, technological interventions are noticed for 
disaster mitigation and evacuation responses. Global Positioning System (GPS) 
and Global Service for Mobile Communication (GSM) web services are together 
referred as Smart Life Tracking and Rescuing (SLTR) system are being used for the 
disaster management in India. This GPS and GSM web services are effective to iden-
tify the affected areas and possible routes to reach the location [11]. Wireless sensor 
networks are also used for detecting disaster, providing alert signals and completing 
rescue operations immediately [12, 13].

Sensor using internet of things (IoT) is being used in vehicular tunnels, and it 
detects the vehicle where an accident occurs [14]. A server that receives location of 
mobile phone user in the affected area with their environmental condition is also 
provided. After that automated voice inquiries store their responses and forward to 
emergency assistance agencies, are also displayed in electronic map and involved 
in rescue operation [15]. Requesting rescue by a user terminal is controlled by an 
informing server and a rescue centre through mobile communication network. When 
informing, server provides signal to rescue centre and they become able to detect 
the position of user terminal and evacuation can be maintained successfully [16]. 
Twitter can also be used for rescue operation considering some disadvantages [17].

During disaster and/or rush hour, traffic congestion can be created in the road 
for evacuation and this problem can be managed through contraflow evacuation 
method. This type of technology helps to evacuate the distress people safely without 
making any congestion in the road [18]. Using of Doppler Radar for cyclone wind 
field monitoring and identifying location of tornadoes is prescribed in some cases 
[19]. For effective and reliable network management in disaster prone area collab-
orative rescue robots are used [20].

Now-a-days, smart devices are being used for the detection of the mobility 
of vehicles and people by identifying the Media Access Control (MAC) of such 
devices, e.g., smartphones, Wi-Fi scanners. Abbott-Jard et al. [21] studied the travel 
time using Bluetooth scanners by detecting MAC of smartphones within its com-
munication range and the vehicle is detected while it passes through the range of 
a detector. Wi-Fi Scanners are also being used for the detection of vehicles using 
smart devices [22–26]. Shiravi et al. [26] used Wi-Fi scanners for travel time estima-
tion with combination of Bluetooth and Bluetooth increases the reliability of data. 
Similar applications are noticed in different existing studies [22, 25].
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Despite the application of GPS and GSM for disaster management in differ-
ent parts of the world, Wi-Fi scanners are not still being used for the detection of 
people in MPCSs in order to promote the early rescuing of people to reduce death 
tolls. From this point of view this research focused on developing disaster resilient 
method for successful disaster evacuation and reducing death toll by detecting 
human mobility in the cyclone shelters.

2. Methodology

The study proposes a disaster resilient evacuation and rescue method in case of a 
disaster, e.g., cyclone, flood, and storm surge. This research develops a very simple 
method of detecting the missing people in the catchment area of a cyclone shelter 
in order to rescue them before a cyclone landfalls. There are several techniques for 
the detection of human mobility, e.g., Wi-Fi scanner, Bluetooth scanner, global 
positing system (GPS) and call record data (CDR). This study proposes a method 
for detecting human mobility and rescuing them earlier to disasters by using Wi-Fi 
scanner and smartphones. Wi-Fi probe request identifies the MAC of a smartphone 
while Wi-Fi is turned on. Wi-Fi probe request identifies the SSID of a smartphone 
when the hotspot is turned on. By observing MAC/SSID, it observes the mobility of 
people.

A field experiment was conducted in a MPCS at Patharghata in Barguna district 
of Bangladesh. Total 90 people participated in the experiment who were com-
munity people. The index of the participants was made by name, address, mobile 
number, SSID and MAC. A MacBook Pro was used as a host computer and Wi-Fi 
scanner. The host computer used Wi-Fi probe request. All participant used their 
smartphones. They turned on the hotspot of their smartphones on request. The 
turned-on Wi-Fi scanner detected the preregistered participants who turned on 
hotspot of their smartphone in every five minutes of time interval. The index of 
the preregistered participants was compared with the new index during the experi-
ment, that gave the index of missing people. The index of missing is required to 
be updated continuously. If some people go to different shelter other than host 
shelter, the inter-shelter data processing will identify the actual missing people. The 
proposed method includes: a) inbuilt index of people, b) indexing of people in the 
shelter, and c) updating of index and determining the missing people continuously. 
Due to the privacy reason, we cannot present all information of participant, e.g., 
photos, mobile number etc.

2.1 Inbuilt index of people

An index of the registered participants (resembling community people in the 
catchment area) of a multipurpose cyclone shelter (MPCS) was prepared earlier to 
the events of an emergency. The registration of people was facilitated by the authors 
as imaginary shelter authority. The registration included the name, address, photos, 
mobile phone number, and MAC and SSID of smartphone. This inbuilt index was 
used for the search and rescue of the people. Each MPCS is concerned of people 
who have already registered. Figure 1 shows the process of developing inbuilt index.

2.2 Identification of missing people

The administrative staff of the MPCS is to prepare the control room and neces-
sary instruments while hoisting the danger signal of cyclone or flood. The people 
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are suggested to move to the shelters while the evacuation order is issued by the 
authorities of disaster management (DM). The participants were divided in some 
groups to facilitate the experiment. The few groups of participants in the shelter 
were requested to turn on the Wi-Fi/hotspot of their smartphones at a time. The 
inbuilt Wi-Fi scanners detected them by the MAC/SSID and made a new index of 
people in MPCS. The new index of people in the shelter comprises the MAC and 
SSID. The inbuilt index and new index were compared which gave the index of 
missing people. The procedure of detecting the missing people in the shelter is 
shown in Figure 2.

2.3 Updating the index of the people in the shelter

The index of the missing people is required to be updated continuously. This 
study considered five minutes interval for updating the index of missing people. 
In every five minutes, the newly arrived people were observed in the shelter. A 
preinstalled software is to develop that has to proceed data and develop the index 
of arrived people in the shelter. The inbuilt index and new index have to be cross 

Figure 1. 
Inbuilt index of the stakeholders in the catchment area of a MPCS.

Figure 2. 
Indexing of the people in the cyclone shelter and detection of missing people.
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Figure 4. 
Conceptual observation curve of the missing people in the shelter.

matched that may produce the index of missing people in the shelter. The updating 
of index notified the list of the missing people to all refuges in the shelter. Figure 3 
shows the process of updating the index of missing people.

The evacuation of the missing people needs to be confirmed by the shelter’s 
authorities as shown in Figure 4. The administrative staff of MPCS will call the 
missing people and request to join the shelter. The local elected bodies have to con-
tribute to bring the community people into the shelter. Mobile network operators 
will be given the mobile phone number and they have to send message and call for 
evacuation. Some people may go out and move to those shelters in emergency situ-
ations. Few people may visit their relatives and stay in the neighbouring shelters. 

Figure 3. 
Updating the index of the missing people in the shelter.
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The dataset of a MPCSs will be shared with the surrounding shelters to ensure the 
presence of missing people in those shelters. Figure 4 shows a conceptual graphical 
observation curve to facilitate the search and rescue operation.

3. Empirical analysis

The smart devices are being used for the mobility detection of the car and 
people, but for the rescuing of people during cyclone that had very limited applica-
tion. This research proposes a very simple method of detecting the missing people in 
the catchment area of a MPCS by using Wi-Fi scanner in order to rescue death tolls 
before a cyclone landfalls. The proposed method includes indexing of the commu-
nity people in the catchment area, indexing of people in the shelter, determining the 
missing people, and updating the index of missing people.

This study used smartphones and a Wi-Fi scanner. A MacBook Pro laptop was 
used as a Wi-Fi scanner. Experiment was conducted on 11/12/2020, 8/01/2020 and 
9/01/2020. The data obtained on 9th January 2020 was used for this analysis. Total 
90 participants joined in the experiment. The experiment was a control experi-
ment to simulate the field conditions. All participants were requested to turn off 
their hotspot of smartphone. Few participants were asked to turn-on the hotspot of 
their smartphones and Wi-Fi scanner detected the MAC address with SSID of the 
participants. This process was continued till all participants were detected with a 
time interval of five minutes. The penetration rate was 100% for this experiment 
that means all participants were detected during the experiment. The MACs and 
SSIDs are not disclosed for the privacy reason. Only number of people detected and 
participated are being used for this study.

3.1 Inbuilt index

An inbuilt index was prepared for this investigation for all participants which 
comprised the name, address, MAC, SSID, picture and mobile number. There were 
total 90 registered participants. So, inbuilt index included 90 participants for this 
experiment. An example of the inbuilt index is shown in Table 1. The name was 
used to identify the people by which he/she is familiar in the community. MAC and 
SSID were be used to build-up the new index in the MPCS for the comparison and 
detection of missing people. The missing people could be communicated using their 
mobile number during the search and rescue operation.

3.2 Detection of people

Manual counting of people takes long time to identify and to rescue them. To 
facilitate the identification of people in MPCS, this study proposes the application 
of Wi-Fi scanners and smartphones for automatic detection of people. According 
to the Bangladesh Telecommunication Regulatory Commission (BTRC), 156 
million people subscribed mobile phone at the beginning in 2019 in Bangladesh 
where penetration rate of smartphone is satisfactory. For detecting people in 
MPCS, all participants turned on Wi-Fi/hotspot of their smartphones. Wi-Fi 
has a total inquiry time of as little as 8 ms. This allows detection of devices every 
second, allowing people with using Wi-Fi who stays in the range of a detector at 
a much quicker rate. In this controlled experiment, the number of participants 
was captured for each 5-minutes. There were 90 participants who joined the 
experiment. At the beginning of the experiment, all participants turned-off 
Wi-Fi/hotspot of their smartphones. In each five minutes, few new participants 



Natural Hazards - Impacts, Adjustments and Resilience

44

Figure 4. 
Conceptual observation curve of the missing people in the shelter.
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Figure 3. 
Updating the index of the missing people in the shelter.
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turned-on Wi-Fi/hotspot of their smartphones and were detected. For each 
time interval, the number of detected people was increased with the increase 
of active devices as observed. Figure 5 shows the detection of people during the 
experiment.

3.3 Index of missing people

Wi-Fi scanners can identify the MAC address of the smartphones that has 
turned on Wi-Fi [22]. People come to the shelters while evacuation order is issued 
by the disaster management authority. The people who were in the shelter turned on 
Wi-Fi/hotspot and detected. In every five minutes, few new people were detected. 
A new index of people was developed with SSID/MAC. A SSID is simply a wireless 
network name to distinguish it from other networks in neighbourhood [27]. MAC 
addresses are unique identifiers defined by IEEE as a communication protocol for 
wireless Wi-Fi connection [26]. The inbuilt index (Table 1) and new index were 
compared that produced an index of missing people. An example of index of miss-
ing people is shown in Table 2.

In inbuilt index, there were 90 registered participants. While evacuation order was 
issued, participants started to come into the shelter and Wi-Fi scanner detected people 
by MAC/SSID and developed a new index. After that the inbuilt index and new index 
were compared that produced the index of missing people as shown in Table 2. The 
number of missing people was decreased with time as shown in Figure 6. At the begin-
ning of the experiment more than 50 participants were detected as missing people. For 
every five minutes, few new people were detected and missing people were decreased. 
At a certain time, there were no missing people that meant all participants were 
detected and rescued. The search and rescue operation will be stopped at red line. The 
index of the missing people is required to be updated continuously in order to observe 
the newly arrived people in the shelter. The updating of index notifies the list of the 
missing people. The index of missing people should be displayed in a bigger screen. 
The family members can easily identify the missing people and contact with them. The 
evacuation and rescue team of the MPCS can rescue the missing people.

From the index of missing people, phone calls could be made to confirm the 
location of people and they would be requested to take shelter in MPCS. From 
phone call, we could identify the current status such as age, disability, and other 
burdens that prevent themselves from evacuation. Beside more information could 
be provided about the MPCSs to him/her for taking shelter there.

Name Address SSID MAC Mobile No.

X House # 32, BRTC Road, 
Patharghata, Barguna-8720.

Y 11:3A:09:3B:8D:22 017xxxxxxxx

A House#1, BRTC Road, 
Patharghata, Barguna-8720

A 7c:a1:77:1e:39:9a 017xxxxxxxx

B House#2, BRTC Road, 
Patharghata, Barguna-8720

B a4:50:46:16:51:ed 017xxxxxxxx

C House#3, BRTC Road, 
Patharghata, Barguna-8720

C 40:D3:AE:73:01:88 017xxxxxxxx

D House#4, BRTC Road, 
Patharghata, Barguna-8720

D 94:B1:0A:92:33:EB 017xxxxxxxx

Table 1. 
An example of inbuilt index of the community people.
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Figure 6 shows the number of missing people in different time stamp. There 
were 90 registered participants. In the very beginning of experiment, 52 partici-
pants were detected as missing people. Later, missing people were recorded as 39, 
38, 25, 19, 15, and 0 with elapsing of time and increasing the participants. While 
reaching zero, all community people were rescued in the MPCS. The proposed 
method of detecting the missing people is an efficient method as it can detect 100% 
of participants. In Figure 6, the red line was drawn as the demarcation of search 
and rescue operation. This is the end point of rescue operation.

The evacuation decision and destination are influenced by many factors, e.g., 
distance of MPCS, facilities in MPCS, access road, weather condition, crowdedness, 
socioeconomic condition, psychological, physical, cultural and personal factors 
etc. Level of education and household income affect the access to radio, television 
and online newspapers. However, the ownership of radio and television, listening 
to cyclone warning, improper understanding of signals, late warnings, sudden 
change in signals, and issuance of premature evacuation order are the obstacles to 
successful evacuation [3, 28]. Signals are hoisted for seaports and people cannot 
understand the signals outside the port areas and evacuation becomes uncertain in 
that cases [5]. Past experience on the failure of warning known as false alarm effect, 
disbelief on existing warning signals, hampering income earning activity with 
pro-active evacuation responses, missing the target position and weaker condition 
of cyclone demotivated people for evacuation [5, 6, 29].

Lack of killas and public transport discourage community people to evacuate. In 
some cases, people avoid evacuation due to over age, perceived level of risk, fear of 

Name Address SSID MAC Mobile No.

X House # 32, BRTC 
Road, Patharghata, 
Barguna-8720.

Y 11:3A:09:3B:8D:22 017xxxxxxxx

Table 2. 
An example of index of missing people in MPCS at a certain time.

Figure 5. 
Detection of people in the MPCS.
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robbery, belief on fate, false sense of secured house and embankment. Some people 
believe cyclones come as punishment from god and stay home is safe by praying to 
god. In conservative societies women cannot leave their houses without husbands’ 
permission, and putting men and women under the same roof affects women’s 
status in their family and society. This fatalistic attitude makes the people in great 
danger. Women also desire separate facilities and sufficient water supply as they 
hold more dependent members like children and adults [1, 9].

Super cyclone SIDR (2007) caused 3460 death tolls [1, 9]. Strong disaster manage-
ment committees, construction of MPCSs, and monitoring cells decrease death tolls in 
recent cyclones, e.g., eight death tolls in cyclone Fani. Reduced death tolls do not indi-
cate successful evacuation of all vulnerable people. Despite the dynamic efforts of GoB, 
evacuation of people has become difficult and most of the respondents did not evacuate 
in some cases of cyclones, e.g., Amphan. Successful evacuation depends on evacuation 
preparation, order and timing, and rescue operation before cyclones landfall. If the 
warning become location specific and order is given within 2–3 hours before cyclone 
landfalls then evacuation will be effective [9]. The evacuation prior to cyclone landfall 
is considered as one of the best practices to minimise death tolls from a catastrophe by 
moving people from exposed areas to the safer places and MPCSs, temporarily.

Though there are several man-made and natural factors that discourages self-
evacuation of community people, disaster management authorities are responsible 
to encourage and rescue them into MPCSs. This study developed an easier search 
and rescue operation that could be implemented in the coastal zone of disaster-
prone countries like Bangladesh. This investigation emphasises on the evacuation 
and rescuing of vulnerable community people earlier a cyclone hits an area to 
reduce death tolls to zero.

4. Conclusion

This study was conducted to reduce the death tolls in disasters. The current 
existing practice is to rescue the local people after cyclone landfalls that cannot 

Figure 6. 
Detection of missing people in the MPCS.

49

Disaster Resilient Rescue of Coastal Community on Cyclone Warning
DOI: http://dx.doi.org/10.5772/intechopen.94315

ensure survival of people in the affected area. To save lives, people should be identi-
fied and rescued before the occurrence of extreme events. Manual detection of 
people is time consuming that is not available during an extreme event but it could 
be easy by adopting technological intervention. The smartphone can contribute to 
this issue for the identification of the people in the shelter. The Wi-Fi scanner can 
detect all the people within the shelter with turned on Wi-Fi in their smartphones. 
The proposed method recommends the application of Wi-Fi scanners and smart-
phones for the detection of human mobility in MPCSs. The results showed that the 
proposed method can detect 100% people in the shelter area and this method will 
accelerate the evacuation and rescue operation.

To identify missing people, it had only 4 easy steps: 1) developing inbuilt 
index, 2) developing new index of people in MPCS, 3) producing index of missing 
people by comparing inbuilt index and new index, and 4) evacuation and rescu-
ing of missing people. Therefore, it is very easy to indexing the missing people 
to be rescued before cyclone landfalls and efficient to reduce death tools. Thus, 
this proposed method maximises the safety of stakeholder and minimises life risk 
against disasters.

The proposed method is utmost important to reduce the death tolls because all 
vulnerable people will be rescued before a cyclone landfall. This study is to ensure 
the evacuation of all community people in the catchment area of a MPCS. Forced 
evacuation is suggested when we have enough information about their location and 
family burdens. People will be safe in the MPCS. We expect “zero death tolls” that 
could be a dream in case of a disaster. Though this investigation has some important 
implications, it requires improvement in future research. This study investigated for 
small number of participants. This study should be extended for 400 to 2500 people 
to simulate the capacity of the MPCS. The penetration rate of smartphone does not 
reach 100%. Several MPCSs and community people could be included in the experi-
ment for successful implementation.
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Chapter 4

Medical Provision of the 
Population within an Outbreak of 
a Traumatic Defeat an Earthquake: 
A Fundamental Tool of the Staged 
Health Risk Management
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Abstract

The most destructive and unpredictable disasters around the world are deter-
mined earthquakes. Various consequences are reported as possible negative effects 
and therewithal health-related of them. The identification and classification of 
the different types of health risk factors is an initial goal in an uncomplicated 
earthquake setting and a fundamental tool to a good understanding and effective 
organization of the health care system (HCS) in case of complicated medical situ-
ation. The health care system works at high tension with considerable difficulties 
due to the calamity of a large magnitude outbreak of a traumatic defeat such as an 
earthquake. In conditions of the worst-case earthquake scenario with the subse-
quent provoked multi-secondary disasters and with multi-secondary risk factors 
possibilities to take accurate solutions is a real challenge for the health risk manager. 
They are available critically low resource constraints. Two main critical points are 
formed. On the one hand the description of a structure of mass victim and achieve-
ment high quality medical triage in complicated setting due to earthquakes is a 
conceptual medical stage of health risk management. On the other hand it is a main 
step of medical provision of the population and a step of risk reduction strategy.

Keywords: earthquake, mass victim structure, medical triage, medical provision 
of the population, health risk management, risk reduction, prevention measures, 
emergency and disaster medicine, good medical practices

1. Introduction

The medical provision of the injured population (MPIP) is a key task in the activ-
ity plan of the health system (HS) in case of emergencies and disastrous situations 
(EDS) [1–3]. This is regulated and specified for each level of government and for 
each type of structural unit within the HS of the country [2]. The timely and correct 
updating of the action plan of EDS by the healthcare leaders and health risk manag-
ers is a consistent, up-to-date annual task in order to maintain a highly optimal 
readiness for rapid response [2–4]. According to the type of EDS for each individual 
critical care potion the availability of action protocols guarantees not only confident 
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the different types of health risk factors is an initial goal in an uncomplicated 
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organization of the health care system (HCS) in case of complicated medical situ-
ation. The health care system works at high tension with considerable difficulties 
due to the calamity of a large magnitude outbreak of a traumatic defeat such as an 
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possibilities to take accurate solutions is a real challenge for the health risk manager. 
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1. Introduction

The medical provision of the injured population (MPIP) is a key task in the activ-
ity plan of the health system (HS) in case of emergencies and disastrous situations 
(EDS) [1–3]. This is regulated and specified for each level of government and for 
each type of structural unit within the HS of the country [2]. The timely and correct 
updating of the action plan of EDS by the healthcare leaders and health risk manag-
ers is a consistent, up-to-date annual task in order to maintain a highly optimal 
readiness for rapid response [2–4]. According to the type of EDS for each individual 
critical care potion the availability of action protocols guarantees not only confident 
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firmness but also readiness for effective operational response and good medical 
practices. The productive operational activities at each stage of the MPIP with 
responsible and expert risk health management in a dynamically changing environ-
ment at the EDS require mobile flexibility and maneuverability in the development 
of the plan and its implementation [2, 5–7]. The provision with sufficient resources 
and their maneuver contextually according to the specific EDS is the basis for a good 
organizational culture [7, 8] Essential step for rescuing and providing successful 
medical care to the affected population is a practical interaction with other emer-
gency systems and organization [8, 9]. Coordination of the EDS activities on a large 
scale is a solid fundament principle for the correct direction of the actions [7–9]. 
In case of the destructive EDS with a serious territorial scope and severely affected 

Region Probability (low, 
moderate, high)

Power (low, 
moderate, 
high)

Expected losses (low, moderate, high)

People Finance Ecology

Blagoevgrad High High Moderate Moderate High

Burgas Low Low Low Moderate Moderate

Varna Moderate Moderate Moderate High High

Veliko Tarnovo High High Moderate Moderate Moderate

Vidin Low Low Low Low Low

Vratsa Low Moderate Low Moderate Moderate

Gabrovo Moderate Moderate Low Moderate Low

Dobrich High High Moderate Moderate Moderate

Kardzhali Moderate Low Low Moderate Moderate

Kyustendil Moderate Moderate Low Low Moderate

Lovech Low Moderate Low Low Low

Montana Low Low Low Low Low

Pazardzhik High High Moderate Moderate Moderate

Pernik Moderate Moderate Moderate High High

Pleven Moderate Moderate Moderate Moderate High

Plovdiv High High Moderate High High

Razgrad Moderate Moderate Low Low Low

Ruse High High Moderate High High

Silistra High High Moderate Low Moderate

Sliven Moderate Moderate Moderate Moderate Moderate

Smolyan Moderate Moderate Low Low Low

Sofia-city High High High High High

Sofia Moderate Moderate Low Moderate Low

Stara Zagora High High Moderate High Moderate

Targovishte High Moderate Low Low Low

Haskovo High High Moderate High High

Shumen Moderate Moderate Low Moderate Moderate

Yambol High Moderate Moderate Moderate Low

Table 1. 
The earthquake risk assessment in Bulgaria by regions (sources: BAS).
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available resources the participation of international organizations, rescue teams 
and means of medical specialist is a possible option [10].

As a particular type of EDS, large magnitude earthquakes are characterized not 
only with mass casualty but also with the diversity of damage among the population 
of any natural community [2, 7–9].

According to the World Health Organization (WHO) evidence-based databases, 
around the world more than million earthshakings annually are occured, of which 
about 100,000 have a magnitude of 3–8 Richter and are felt by humans. Some of 
the strongest earthquakes in the world are: the Assam (June 12, 1897) in Northeast 
India; The Japanese (September 1923), in which the cities of Tokyo and Yokohama 
were destroyed; Gobi - Altai (December 4, 1957); Chilean (May 29, 1960); the 
Alaska Earthquake (March 28, 1964); the Armenian Earthquake (December 7, 
1988); the earthquake of December 26, 2004 after which almost 230,000 missing 
and presumed dead [11]; the earthquake in Haiti (January 12, 2010) that killed 
more than 230,000 people and another 300,000 were injured [12]; the earthquake 
in Japan (March 11, 2011), which killed more than 15,800 people, injured more 
than 6000 and disappeared more than 2500 people [13]. The earthquake risk 
assessment in Bulgaria is made by regions. The number of regions in Bulgaria is 28 
in total (Table 1).

The data indicate that the probability is low in only five regions in Bulgaria 
(almost 18%). In contrast, the probability is high in 12 regions (almost 43%) and 
moderate level in 11 regions (around 39%). It is interesting to note that in 12 regions 
the risk of a strong earthquake is rated as high and only in 4 is indicated as low. 
According to prognostic data, human losses are assessed as high only in Sofia-city 
region. On the one hand only in Sofia-city region is reported high values prognosis 
for each of the indicators. On the other hand in two of them (Montana and Vidin) a 
low risk assessment is given.

2. Medical provision of the population - goals, principles and tasks

The medical provision of the population (MPP) is an element of activity of the 
health system especially due to EDS. In case of emergencies it is based as much 
as possible on the existing health care system and only with an organizational 
approach moves to a new mode of work with available staff and sources. MPP 
according to real practice, results of an epidemiological survey and documentary 
research is defined as a complex of interconnected organizational, medical and 
hygienic-anti-epidemic measures [7–10, 14].

It seems that the Aim of MPP is organized in a few groups of actions:

1. Preservation of the health and strengthening of the physical condition and 
working capacity of the population.

2. Saving the lives of the affected people and reducing mortality and disability and 
the fastest recovery of health and work ability.

3. Prevention of long-term and infection diseases.

The occurrence of different types of traumatic defeat due to huge EDS, which 
are characterized by diverse in nature injuries and mass effect determine the main 
principles of MPP [1, 2, 7–10, 14, 15].

The main Principles of MPP due to contemporary scientific knowledge are 
collected in some main key points [1, 2, 7–10, 14–16]:
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firmness but also readiness for effective operational response and good medical 
practices. The productive operational activities at each stage of the MPIP with 
responsible and expert risk health management in a dynamically changing environ-
ment at the EDS require mobile flexibility and maneuverability in the development 
of the plan and its implementation [2, 5–7]. The provision with sufficient resources 
and their maneuver contextually according to the specific EDS is the basis for a good 
organizational culture [7, 8] Essential step for rescuing and providing successful 
medical care to the affected population is a practical interaction with other emer-
gency systems and organization [8, 9]. Coordination of the EDS activities on a large 
scale is a solid fundament principle for the correct direction of the actions [7–9]. 
In case of the destructive EDS with a serious territorial scope and severely affected 
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moderate, 
high)

Expected losses (low, moderate, high)
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The earthquake risk assessment in Bulgaria by regions (sources: BAS).
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available resources the participation of international organizations, rescue teams 
and means of medical specialist is a possible option [10].

As a particular type of EDS, large magnitude earthquakes are characterized not 
only with mass casualty but also with the diversity of damage among the population 
of any natural community [2, 7–9].

According to the World Health Organization (WHO) evidence-based databases, 
around the world more than million earthshakings annually are occured, of which 
about 100,000 have a magnitude of 3–8 Richter and are felt by humans. Some of 
the strongest earthquakes in the world are: the Assam (June 12, 1897) in Northeast 
India; The Japanese (September 1923), in which the cities of Tokyo and Yokohama 
were destroyed; Gobi - Altai (December 4, 1957); Chilean (May 29, 1960); the 
Alaska Earthquake (March 28, 1964); the Armenian Earthquake (December 7, 
1988); the earthquake of December 26, 2004 after which almost 230,000 missing 
and presumed dead [11]; the earthquake in Haiti (January 12, 2010) that killed 
more than 230,000 people and another 300,000 were injured [12]; the earthquake 
in Japan (March 11, 2011), which killed more than 15,800 people, injured more 
than 6000 and disappeared more than 2500 people [13]. The earthquake risk 
assessment in Bulgaria is made by regions. The number of regions in Bulgaria is 28 
in total (Table 1).

The data indicate that the probability is low in only five regions in Bulgaria 
(almost 18%). In contrast, the probability is high in 12 regions (almost 43%) and 
moderate level in 11 regions (around 39%). It is interesting to note that in 12 regions 
the risk of a strong earthquake is rated as high and only in 4 is indicated as low. 
According to prognostic data, human losses are assessed as high only in Sofia-city 
region. On the one hand only in Sofia-city region is reported high values prognosis 
for each of the indicators. On the other hand in two of them (Montana and Vidin) a 
low risk assessment is given.

2. Medical provision of the population - goals, principles and tasks

The medical provision of the population (MPP) is an element of activity of the 
health system especially due to EDS. In case of emergencies it is based as much 
as possible on the existing health care system and only with an organizational 
approach moves to a new mode of work with available staff and sources. MPP 
according to real practice, results of an epidemiological survey and documentary 
research is defined as a complex of interconnected organizational, medical and 
hygienic-anti-epidemic measures [7–10, 14].

It seems that the Aim of MPP is organized in a few groups of actions:

1. Preservation of the health and strengthening of the physical condition and 
working capacity of the population.

2. Saving the lives of the affected people and reducing mortality and disability and 
the fastest recovery of health and work ability.

3. Prevention of long-term and infection diseases.

The occurrence of different types of traumatic defeat due to huge EDS, which 
are characterized by diverse in nature injuries and mass effect determine the main 
principles of MPP [1, 2, 7–10, 14, 15].

The main Principles of MPP due to contemporary scientific knowledge are 
collected in some main key points [1, 2, 7–10, 14–16]:
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1. Universality of using of medical resources.

2. Maximum allowable economy of using of available resources.

3. Implementation of the medical evacuation into a MPP activity.

4. To use correctly Unified rescue system with unified emergency number for 
providing MPP.

5. To use unified doctrine for rendering medical aid and treatment from the 
epicenter of defeat to the ends in the multi-profile and specialized medical 
establishments until the final outcome.

For the correct understanding and optimization of the activities connected 
with EDS the tasks of the MPP are divided into three groups depending on the 
time for their implementation – before, during and after disaster strike [1, 2, 
7–10, 14–18]:

1. Before a disaster occurs:

• Study of the devastating effect of various factors in EDS and the means for 
prevention, diagnosis and treatment.

• Planning the activities of the health system for MPP.

• Construction and maintenance of formations and resources of the MPP.

• Creation of the medical and sanitary property.

• Training, drills, workshops for preparing medical staff to react as better as 
possible.

• Constant and regular current hygienic control.

2. In case of threatening and an ongoing EDS:

• Deployment of the medical formations according to the operational plan, 
keeping them ready for work and protection.

• Bringing the health risk management system into readiness.

• Strengthening the medical provision (MP) system and teams and start MP 
of the evacuated population from epicenter, during transport to emergency 
room.

• Strengthening and targeting the operational and special preparation of 
medical staff to starting and working into epicenter.

• Strengthening the epidemiological surveillance of the territory.

3. After a disaster occurs:

• Medical reconnaissance.
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• Introduction of the formations in the center of defeat.

• Organization and rendering of timely first medical aid in the center of 
defeat.

• Removal and evacuation of the victims for appropriate medical care and 
subsequent treatment.

• Provision of complex of hygienic and anti-epidemic measures.

• Continuous management and maneuver for the most appropriate use of the 
medical forces and means.

• Conducting a forensic medical examination of the victims and their 
identification.

Proper performance of these tasks is a prerequisite for providing in the shortest 
possible time the optimal amount of medical care to the largest possible number of 
victims [2, 7–11, 14, 16–18]. The good success of medical provision of the effected 
population is guaranteed with a clear goal, streamlined tasks and by following the 
basic principles (Figure 1).

3.  Earthquakes as an outbreak of traumatic damage: risks and 
consequences

3.1 Mass destruction after earthquakes

Affecting large areas with mass destruction and mass loss is a typical effect after 
hug magnitude earthquakes. A typical example of possible consequences in large-
magnitude earthquakes is presented in Figure 2 as number of victims and financial 
losses due to some of the most destructive earthquakes in XX century (Figure 2) 
[2–6]. Industrial sites, homes, hospitals, public buildings, utilities, underground 
and aboveground technical facilities, transport hubs, etc., are damaged or destroyed 
[2, 7–10, 13, 19–22]. This significantly impedes rescue operations, effective enough 
immediately after the earthquake occurs.

Figure 1. 
Main interconnected components of successful medical provision of the population.



Natural Hazards - Impacts, Adjustments and Resilience

56

1. Universality of using of medical resources.

2. Maximum allowable economy of using of available resources.

3. Implementation of the medical evacuation into a MPP activity.

4. To use correctly Unified rescue system with unified emergency number for 
providing MPP.

5. To use unified doctrine for rendering medical aid and treatment from the 
epicenter of defeat to the ends in the multi-profile and specialized medical 
establishments until the final outcome.

For the correct understanding and optimization of the activities connected 
with EDS the tasks of the MPP are divided into three groups depending on the 
time for their implementation – before, during and after disaster strike [1, 2, 
7–10, 14–18]:

1. Before a disaster occurs:

• Study of the devastating effect of various factors in EDS and the means for 
prevention, diagnosis and treatment.

• Planning the activities of the health system for MPP.

• Construction and maintenance of formations and resources of the MPP.

• Creation of the medical and sanitary property.

• Training, drills, workshops for preparing medical staff to react as better as 
possible.

• Constant and regular current hygienic control.

2. In case of threatening and an ongoing EDS:

• Deployment of the medical formations according to the operational plan, 
keeping them ready for work and protection.

• Bringing the health risk management system into readiness.

• Strengthening the medical provision (MP) system and teams and start MP 
of the evacuated population from epicenter, during transport to emergency 
room.

• Strengthening and targeting the operational and special preparation of 
medical staff to starting and working into epicenter.

• Strengthening the epidemiological surveillance of the territory.

3. After a disaster occurs:

• Medical reconnaissance.

57

Medical Provision of the Population within an Outbreak of a Traumatic Defeat an Earthquake…
DOI: http://dx.doi.org/10.5772/intechopen.94259

• Introduction of the formations in the center of defeat.

• Organization and rendering of timely first medical aid in the center of 
defeat.

• Removal and evacuation of the victims for appropriate medical care and 
subsequent treatment.

• Provision of complex of hygienic and anti-epidemic measures.

• Continuous management and maneuver for the most appropriate use of the 
medical forces and means.

• Conducting a forensic medical examination of the victims and their 
identification.

Proper performance of these tasks is a prerequisite for providing in the shortest 
possible time the optimal amount of medical care to the largest possible number of 
victims [2, 7–11, 14, 16–18]. The good success of medical provision of the effected 
population is guaranteed with a clear goal, streamlined tasks and by following the 
basic principles (Figure 1).

3.  Earthquakes as an outbreak of traumatic damage: risks and 
consequences

3.1 Mass destruction after earthquakes

Affecting large areas with mass destruction and mass loss is a typical effect after 
hug magnitude earthquakes. A typical example of possible consequences in large-
magnitude earthquakes is presented in Figure 2 as number of victims and financial 
losses due to some of the most destructive earthquakes in XX century (Figure 2) 
[2–6]. Industrial sites, homes, hospitals, public buildings, utilities, underground 
and aboveground technical facilities, transport hubs, etc., are damaged or destroyed 
[2, 7–10, 13, 19–22]. This significantly impedes rescue operations, effective enough 
immediately after the earthquake occurs.

Figure 1. 
Main interconnected components of successful medical provision of the population.



Natural Hazards - Impacts, Adjustments and Resilience

58

3.2 Secondary disasters due to earthquakes

Analysis of primary and secondary statistical data shows that occurrence 
of secondary defeats after an earthquake is a common effect. This increases 
number of risks factors and character of injuries among the affected population. 
According to analysis some of possible secondary disasters after earthquakes are 
[2, 7–10, 13, 19–21, 23–26]:

1. An outbreak of chemical contamination by industrial poisons. Observed in the 
area of the incident due to the destruction of chemical enterprises, ware-
houses with agricultural or industrial poisons. The chemicals produce not 
only acute intoxication but also long-term heath effect and cancer diseases as 
well [7, 10, 19].

2. Occurrence of explosions and fires due to destruction of flammable or explosive 
objects as petrol station after large magnitude earthquakes. They can develop 
dangerous additional consequences as fire burn, chemical burn, traumas, toxi-
cological injuries etc [7, 10].

3. Destruction of buildings and severe air pollution with fine dust particles in 
large enough areas because of an earthquake leading to casualties, poisoning 
and suffocation [7, 10, 13, 19, 23–26].

4. An outbreak of nuclear damage such as Fukushima Daiichi nuclear accident, 
2011 due to the large earthquake and tsunami is a real possible consequenc-
es. Radiation as danger risk factor produce some particular health prob-
lems, which can be acute, or chronic, somatic or genetic, stochastic and 
non-stochastic diseases, and long-term effects [7, 10, 13, 23–26].

5. A tsunami is generated when undersea earthquakes occurs. Fukushima 2011 
and Haiti 2010 are significant examples and it is shows that many health prob-
lems influence not only primary effected county, but also much more people 
around the world for many years [1, 7–13].

Figure 2. 
Victims and financial losses (USD) due to some of the most destructive earthquakes in XX century (resources: 
Primary data from USGS, 2005 г.)
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6. Occurrence of catastrophic floods [1, 7–9, 11–13] after earthquakes can increase 
number of traumas due to new risk factors with leading place and role for the 
speed and depth of the water flow. On the other hand can cause hypothermia 
[7, 10, 27] especially for infants, adults, for the chronically ill and for people 
with special needs like people with compromised vision or limbs. Can be 
formed a new defeat of waterborne disease such as Cholera as well (like Haiti, 
2010) [1, 7–12].

7. An outbreak of biological contamination and infectious diseases can be created 
after a destructive earthquake within or without a tsunami wave (Like Haiti, 
2010; like Nepal, 2015) [1, 7–12, 21, 22].

8. Occurrence of landslides and avalanches (like Nepal, 2015) [1, 7–12, 21, 22].

9. An ecological disaster and even local environment can be changed totally (like 
Kresna, Bulgaria, April, 1904, with 7,8 M) [7–9].

10. A volcano generated by an earthquake. It is believed that mixed of danger toxic 
substances after that can affect society due to discarded volcanic ash into the 
environment [7–9].

11. Traffic accidents due to earthquakes [7–10].

12. Social related and financial crisis due to earthquakes [1, 7–10, 13, 17].

3.3 Victims: main structure and frequency of traumatic health related effects

It seems that after huge earthquakes, a large number of victims and injuries 
are occurred. According to experts, many numbers of victims need emergency 
medical care at the same time [7–10]. Nature and structure of the injuries can 
be very diverse [7, 13]. Injuries to the musculoskeletal system, extensive burns, 
prolonged compression syndrome due to prolonged compression of individual 
limbs or parts of the body, injuries to large blood vessels predominate [7–10]. 
Significant percentage of victims may be in a state of shock [7, 10, 27], with 
acute respiratory and cardiovascular insufficiency, in need of urgent respiratory 
and cardiovascular resuscitation [7, 10], neuropsychiatric disorder due to the 
experienced mental stress and others. According to scientific research [7, 10], 
by severity, medical losses are divided into the following groups: lightly injured 
(40%), moderately severely and severely injured (60%), of which 20% need 
specialized medical care.

3.4 Pollution from different origin as health risk factor

Creating a severe hygienic-epidemiological situation on the territory of the 
outbreak of traumatic defeat is defined as a big health risk factor. Prerequisite 
for this is the pollution of the territory from the destruction of water supply and 
sewerage systems, difficulties in finding the corpses of dead people and animals, 
the appearance of rodents, insects etc. The appearance of diseases of infectious 
and non-infectious origin is possible, as well as the appearance of epidemics - 
typhoid fever, paratyphoid fever A and B, salmonellosis, hepatitis, cholera  
etc [7–10].
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4. Health risk management: essential principles

4.1 Role and place of the medical forces and resources for MPIP

4.1.1 Emergency care system (ECS)

Usually the signals for victims of an accident or disaster are received by the 
medical director (manager) of the emergency room and emergency hospitals as 
medical institution from ECS. Firstly, emergency medical care center (EMCC) as 
a front line of health system is informed by Unified rescue and emergency number 
112. The teams of EMCC are the first to go to the place and take place of the scene of 
the EDS as event [7–10, 14, 16–18, 27].

In large-scale disasters, the EMCC teams are not enough to provide the neces-
sary amount of medical care to those in need. This requires in advance formation, 
preparation and equipment additional teams of staff of medical institutions for 
their inclusion in the provision of medical care. In addition to these medical teams 
for the population, especially in earthquake-prone areas or areas with chemical 
sites in anticipation of numerous medical losses, emergency hospital medical teams 
and emergency military teams can be used. These are medical formations built on a 
functional principle with opportunities to provide emergency qualified therapeutic 
and surgical care for vital indications [7, 14, 16–18, 27].

4.1.2 Hospitals

The main tasks of the hospitals in EDS are the provision of medical care and 
treatment of the victims and hygienic and anti-epidemic provision of the affected 
regions, and by order of the chairman of the respective commission (district, 
municipal) and neighboring regions [7].

The network of health facilities and their infrastructure must be ready to pro-
vide timely emergency and specialized medical care to the population in emergency 
and disaster situations [2, 7–9, 16–18, 27].

Knowledge of the factors that can lead to damage to health or endanger the lives 
of people in EDS allows them to predict the medical consequences, to clarify ways 
to combat them, to take the necessary preventive measures to limit the medical 
consequences, to organizing emergency medical measures and eliminating the 
consequences of emergencies [7, 8].

The hospitals provide the necessary human and material-technical resources, 
create an effective organization and keep in constant readiness the forces for imme-
diate action in EDS [2, 8].

Before the occurrence of the disaster, the head of the medical institution – hospital 
must make a comprehensive assessment of the condition and the ability of the health 
institution to work in such a situation. During this period, the action plan for the EDS 
and the work of the medical institution for the medical provision of the population of 
the respective territorial unit must be developed, in accordance with the plan of the 
Ministry of Health [2, 8, 16–18, 27].

The plan is developed in different variants depending on the expected nature 
and severity of the medical losses and includes the following [7, 8]:

1. Creation and maintenance of a system for notification of the employees of the 
hospital.

2. Calculation of the medical losses and of the necessary forces and means for 
rendering medical aid to the victims.
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3. Necessary medical teams and formations for rendering emergency and urgent 
medical aid, as well as inpatient medical care.

4. Creation of an appropriate structure (restructuring) of the bed base of the 
medical institution if necessary.

5. Organizational scheme for providing medical care at the site of the lesion, 
during transportation and in the medical institution.

4.1.3 Regional health inspectorates (RHI)

The Regional Health Inspectorates (RHI) are developing a work plan for the 
Hygiene and Epidemiological Provision and Inspectorate in the disaster area. It 
must be in accordance with the plan for conducting rescue and other urgent works 
of the regional and municipal commission [7, 8].

In case of disasters, the director of RHI clarifies the place and nature of the 
event, then organizes and conducts research and control of environmental hygiene 
parameters in the affected areas, in industrial and other sites in terms of toxic sub-
stances, dust, noise, vibration, microclimate, radiation and other harmful factors. 
This activity is carried out by pre-formed and trained anti-epidemic teams of RHI 
on the territory of the disaster [7, 16–18, 27].

The main task of the RHI is the organization and implementation of disinfec-
tion, disinsection, deratization and control of the degassing and decontamination 
activities in the affected areas after the normalization of the situation [8].

The number and nature of foodstuffs affected by the disaster, the type and 
quantity and the nature of the damage must be clarified, and enhanced sanitary 
control must be organized over all foodstuffs in the disaster area. This requires 
organizing and conducting intensive laboratory control over the affected catering 
establishments and food industry establishments.

Based on the conclusions of the analysis, the RHI prescribes measures for 
compliance with hygiene standards and requirements for all factors of the working 
environment. After conducting a control for hygienic efficiency of the conducted 
measures, a conclusion is given for safe working conditions with a view to resuming 
regular operation of the affected sites [7].

4.2 Organization of MPIP

4.2.1 Surgical and trauma care

The relevant clinics from the Multidisciplinary Hospital for Active Treatment 
(MPHAT) and Hospital for Emergency Medicine, as well as the clinical depart-
ments of surgery, orthopedics and traumatology, resuscitation and anesthesiology 
in the district, regional and municipal hospitals are used as a base. If necessary, 
the bed capacity of the same hospitals is used. In some cases, staff and facilities 
from other surgical units (ophthalmology, maxillofacial surgery, etc.) of hospitals 
can be used. This allows in EDS for a short time and without significant difficul-
ties to be included in the organizational scheme of medical care. About 60% of 
the inpatients can be discharged and a specialized bed stock can be released for 
the needs of the victims. For work in a trauma center, if necessary, medical teams 
(trauma, surgical, etc.) are formed on a functional principle, without seriously 
violating the readiness of these wards for admission and treatment of victims. 
These teams must arrive at the scene no later than one hour after the emergency 
medical teams. At this time, the medical situation, the scope of work and the 
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possible number of required specialized surgical teams should be clarified. If 
necessary, they can be strengthened with teams from medical institutions in 
neighboring regions [7, 8].

4.2.2 Radiological care

In case of accidents at the NPP, in case of incidents with sources of ionizing 
radiation, in case of cross-border transfer of radioactive substances in the thera-
peutic wards of the MPHAT, an opportunity must be created to provide radiological 
assistance to the victims. All therapeutic wards of the medical establishments, in 
the vicinity of the NPP, must be ready for possible admission of radiation patients 
and those with combined radiation injuries. For this purpose, it is necessary for 
physicians-therapists to have radiobiological training and in case of radiation 
conditions to organize the work of the ward in radiological terms and to conduct 
radio protective measures in the medical institution. The existing departments of 
radiotherapy and isotope diagnostics, based most often in oncology dispensaries, 
oncology hospitals, etc., have a corresponding place in this functional radiological 
system. The medical staff from these radiology departments are involved in provid-
ing radiological assistance to the victims [7, 20–26].

The duty and responsibilities according to the International Atomic Energy 
Agency (IAEA) require doctors to have the relevant knowledge of radiation protec-
tion, which enables them to initiate preliminary treatment and provide assistance 
to specialized units in the event of a radiation accident. Another task of health 
care in the section of radiological care is the control of the radiation parameters 
of the working and living environment, which directly affect the person [22]. The 
radiation control department must organize and conduct the necessary radiation-
hygienic measures on the given territory.

The organization of the radiological assistance is related to the plan for radia-
tion protection of the country in case of an accident at the NPP, which ensures the 
implementation of the plan in its medical section [7, 20–26].

4.2.3 Toxicological care

The organization of toxicological care uses a mixed approach, including the estab-
lishment of staff and functional units. The expanding chemical pathology necessitated 
the establishment of full-time clinics and toxicology departments in the settlements 
with large sites of the chemical industry. These units, in addition to providing toxico-
logical assistance to the population, also serve to train medical personnel in this field. 
In the other hospitals, the therapeutic wards are re-profiled into toxico-therapeutic 
ones for admission of toxicologically ill patients for emergency toxicological care. 
Good interaction should be ensured with the intensive care unit of the hospital [7, 10].

On the basis of the staff clinics and toxicology departments, specialized medical 
teams are established, provided with medical and sanitary equipment and trans-
port. These teams must be constantly prepared to work in a chemical outbreak or to 
strengthen the therapeutic wards of neighboring hospitals where toxicologically ill 
patients are hospitalized [7–10].

4.2.4 In outbreak of biological contamination (OBC)

When creating an outbreak of biological infection all types of medical care 
(first medical, first medical, qualified and specialized) are within the area of the 
outbreak. For this purpose, the medical and prophylactic establishments on the 
territory in the OBC mainly are used [7–10].
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4.2.5 In the outbreak of combined defeat

The first medical and qualified medical care for vital indications is provided at 
the medical center according to various schemes. Most often, two groups of medical 
forces are created for rescue operations in the center of a combined defeat: in the 
biologically infected area and outside it [2, 7–10].

5. Medical triage in an OTD

Medical sorting is performed in the OTD. According to the severity of the OTD, 
the distribution of the victims by sorting groups allows for homogeneous treatment 
and prevention measures [7–10, 16–18, 27].

Depending on the severity of the injuries the victims are sorted into two main 
groups in Bulgaria [7, 10]:

a. Slightly injured (40%). This group includes victims of soft tissue injuries who 
do not need hospital treatment;

b. Moderately and severely injured (60%). These are victims who need urgent 
medical attention and inpatient treatment. This group can be divided into four 
subgroups (Figure 3):

• Group T4. Dying and agonizing;

• Group T3. Injured with some slightly graded cranio-cerebral injuries or some 
insignificant spinal cord injuries and others slightly injured (20–40%). These 
are persons with injuries of the small bones of the frontal part of the skull 
(mandible, nose), medium and small soft tissue injuries, etc.;

• Group T 2. Persons to whom medical care can be postponed for 6–8 hours 
(20%). These victims have an advantage of transportation, but do not need 
extreme treatment. These include victims with some surface thoracic or 

Figure 3. 
Triage groups in an OTD. (the worst prognostic option).
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abdominal injuries, or some not penetrating injuries to the uro-genital tract, 
or some negligible blood vessels rupture, burns less than 20% of the body 
surface in people of active age, but without other injuries;

• Group T 1. Persons whose trauma is defined by immediate vital disorders 
(20–40%). This group includes victims with respiratory failure, cardiac 
arrest, ventricular fibrillation, huge bleeding, shock, increased intracranial 
pressure, burns of the face and respiratory tract, or extensive burns occupy-
ing more than 20% of the body surface; poly-trauma, etc. The victims of this 
group receive emergency first aid in order to stabilize the basic vital functions 
and have the highest priority in treatment.

Particular attention in medical sorting should be paid to groups dangerous to 
others and in need of urgent medical attention. Dangerous for others are those 
infected with poisonous substances, radioactive substances, bacterial agents and 
patients with particularly dangerous infections (PDI), acutely unlocked or exac-
erbated chronic psychiatric diseases, some acute mental disorders etc. This danger 
imposes the need for sanitary treatment of the infected and isolation of patients 
with PDI, mental disorders as well.

6. Preventive measures for primary risk reduction

Prevention of the population in favor of public health and the future of the nation 
is fundament for stabilization of the health system in case of EDS [7–10, 16–18, 27]. 
Prophylaxis measures (PM) used for primary risk reduction is only first group of 
tasks and primary step for government and national health system. By Figure 4 is 
presented risk reduction actions before, during and after earthquakes (Figure 4). 
Some of the most important groups of methods for prevention of public health are:

Figure 4. 
Risk reduction actions before, during and after earthquakes.
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1. Earthquake prognosis.

2. Establishment of well-equipped and prepared seismic stations and a notifica-
tion system.

3. Scientifically based anti-seismic construction.

4. Compilation and timely updating of a map of OTD threats.

5. The approaches to the hospitals should be known and organized in case the 
entrances are covered with destructions. For each hospital, which is located in 
an area with high seismicity, a helipad should be provided.

6. Systematic training of medical staff.

7. Systematic preparation of the population to react and provide main first  
medical aid steps.

7. Conclusion

Unlike other disasters, earthquakes by sudden onset and rapid flow are charac-
terized. Trough detailed analysis of earthquakes a number of specific features are 
described. First instance place, unlike other natural risks, in earthquakes the response 
time is practically a very limited resource. Good preparation and collaboration of vari-
ous institutions with the healthcare system in case of the OTD with the multi-factorial 
nature of the risks due to an earthquake and the possible consequences is definitely 
connected. All levels of health risk management of the health care system for medical 
provision of the affected population are included. On the EMCC is based the field 
work on the medical provision of the injured people. A real staged process, but not a 
condition is proper medical triage and the provision of medical care in OTD. Two-
stage system with evacuation by appointment as method for MPIP in case of traumatic 
defeat of EDS is used. A guarantee for the adequate provision of good medical prac-
tices in case of EDS is defined with good enough developed health risk management 
system, together with the necessary number and structure of resource capacity.
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Chapter 5

Question of Livelihood in the 
Light of Disaster: With Special 
Reference to Flood of Bahraich, 
India
Keyoor Pathak and Chittaranjan Subudhi

Abstract

Floods in India is a repetitive one due to natural reasons like excessive rain and 
man-made mistakes like encroachments of water bodies, heavy rain-falls and so on. 
The chapter is based on a field study of Bahraich, a district of eastern Uttar Pradesh, 
India. Interestingly, the district shares its boundary to neighboring country Nepal 
that influences the occurrence of floods in the region. The district is also prosperous 
in water resources such as the great Ghaghara river and many small and big ponds 
and lakes are in the district that becomes a cause of sorrow in the rainy seasons. The 
key concern of the chapter is to understand the challenges of livelihood of the rural 
communities which is annually threatened by devastative floods.

Keywords: capital, flood, disaster, livelihood, vulnerability

1. Introduction

We do not see our hand in what happens, so we call certain events melancholy 
accidents when they are the inevitabilities of our projects (Stanley Cavell)1.

India, a country of rivers and is a big centre of the flood. It is a regular and the 
most destructive disaster in India. The earliest evidence of devastative flood dates 
back to the flood of the Indus Valley Civilization that sabotaged the great civiliza-
tion. In independent India, the first major flood was recorded in 1953, and following 
the flood’s impact first national policy on the disaster was set up in the year of 1954. 
Notably, India accounts for 1/5th of the global lives’ loss, and around 30 million 
people are evacuated every year. The area vulnerable to flood is more than 40 million 
hectares, and the average area affected is 8 million hectares2. Whatever the disastrous 
flood has done vandalisation should not be measured only in economic terms; how-
ever, from 2011 to 2016, INR 144665.79 crore has been estimated as the total damage 
in the country. In 1953, total damage around INR 52.40 crore had been reported, 

1 Ted [1]. Acts of God: The Unnatural History of Natural Disaster in America. Oxford University Press, 
New York.
2 Flood: Trends & social Impacts in Indian Context. https://www.ssvk.org/koshi/analytical_articles/joshi.
pdf Accessed: 19.09.2020
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Keywords: capital, flood, disaster, livelihood, vulnerability

1. Introduction

We do not see our hand in what happens, so we call certain events melancholy 
accidents when they are the inevitabilities of our projects (Stanley Cavell)1.

India, a country of rivers and is a big centre of the flood. It is a regular and the 
most destructive disaster in India. The earliest evidence of devastative flood dates 
back to the flood of the Indus Valley Civilization that sabotaged the great civiliza-
tion. In independent India, the first major flood was recorded in 1953, and following 
the flood’s impact first national policy on the disaster was set up in the year of 1954. 
Notably, India accounts for 1/5th of the global lives’ loss, and around 30 million 
people are evacuated every year. The area vulnerable to flood is more than 40 million 
hectares, and the average area affected is 8 million hectares2. Whatever the disastrous 
flood has done vandalisation should not be measured only in economic terms; how-
ever, from 2011 to 2016, INR 144665.79 crore has been estimated as the total damage 
in the country. In 1953, total damage around INR 52.40 crore had been reported, 

1 Ted [1]. Acts of God: The Unnatural History of Natural Disaster in America. Oxford University Press, 
New York.
2 Flood: Trends & social Impacts in Indian Context. https://www.ssvk.org/koshi/analytical_articles/joshi.
pdf Accessed: 19.09.2020
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while in the year of 2016 it reached to INR 57291.098 crore. The most vulnerable 
states to flood are Uttar Pradesh, Bihar, Assam, West Bengal, Gujrat, Odisha, Andhra 
Pradesh, Maharashtra, Punjab and Jammu & Kashmir. Uttar Pradesh, Bihar, West 
Bengal, and Assam account for 17 percent of India’s geographical area but dispropor-
tionately account for 43–52 percent of all flood-prone areas of the country [2].

Iwasaki [3] has reported that, these floods or cyclones severely squeezed people’s 
livelihood. It affects the traditional economic base of the family that changes the 
family’s main source of income [4]. Sina et al. [5] mentioned that, displacement due 
to flood is a major challenge of restoring the livelihood which needs timely assess-
ment in building resilience in livelihoods. The aid packages are usually short-term 
fulfill of the needs of the victims but rarely focus the long-term revival of their 
livelihoods. The current institutional mechanisms are lagging behind the large-scale 
post-disaster reconstruction [6]. These frequent occurrence of floods have caused 
a blow to the livelihood resilience of the poor and marginalized sections [7]. The 
severity of the disaster can be reduced with the help of local and national commit-
ments [3] along with the intervention of livelihood diversification programs in the 
flood affected area [3]. Along with this, social cohesion is playing a pivotal role for 
restoring the livelihood of disaster-displaced people [8].

Bahraich (part of eastern Uttar Pradesh) is one of the districts which have been 
under the regular influence of flood for decades, but in recent years, an alarming 
increase in the devastation can be visited in the region. It has serious repercussions, 
such as displacement, migration, poverty, hunger, unemployment, diseases, and 
many more issues. People are compelled to accept the tragedy of their life and trying 
to compromise themselves with the unfortunate socio-economic condition.

2. Reviewing livelihood and disaster

Livelihood: the term ‘livelihood’ as a systematic study developed from 
basically the rural studies, since then it has been used in various dimensions in 
academia. The conventional meaning of the term is an economic activity, while 
in fact, apart from the economic aspect it comprises a wide range of issues such 
as ecological, political, cultural, environmental and so forth. The formal analysis 
of the term can be given as “a livelihood comprises the capabilities, assets (both 
natural & social) and activities required for a means of living; a livelihood is 
sustainable which can cope with the recovery from and shocks, maintain or 
enhance its capabilities and assets, both now and in the future, while not under-
mining the natural resource base” [9]. This analysis primarily consists of three 
concepts: capability, equity and sustainability; and these are interconnected and 
interdependent in its proper implication. Scholars emphasize the relationship as 
“each is also both and means…. linked together, capabilities, equity and sustain-
ability present a framework or paradigm for development thinking which is 
both normative and practical” [9]. Here, through separate descriptions, the core 
meaning of the terms can be understood.

Capability: in the developmental studies this was firstly used and systemati-
cally studied by Amartya Sen as a theoretical foundation to understand human 
development, he maintains that income, utilities, resources, and wealth act as 
means towards an end not an end in themselves, further he states that development 
should be understood as the removal of major barriers to our freedom like poverty, 
illiteracy, poor economic opportunities and so on [10].

Equality: the traditional method of measuring the equity has been concerned 
with only relative distribution of income, while it keeps a vast meaning like prop-
erty, opportunity and capability; and avoids discrimination on any ground [9].
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Sustainability: there is a prosperous series of intellectual criticism on the 
developmental model in which production, employment, and poverty reduction 
are a key concern. It claims that this is mainly made for the welfare of the capitalism 
and market, and lesser responsible towards the people of the rural and marginal-
ized communities. In recent decades, the developmental model moved to the diverse 
framework of the society and inclined towards the social, cultural and political field 
of the communities [9].

Hence, the term ‘livelihood’ does not merely denote the issue of employment 
or source of income, but the entire construction of a community viz., polity, 
society, culture, economy, wherein people live for centuries, comes under the 
periphery of ‘livelihood’.

Disaster: The disaster is a natural phenomenon or just a deleterious conse-
quence of human’s unnecessary intervention in the natural world, which is a 
controversial debate across the world. Difficult to conclude that this is an ‘act of 
God’ or the human’s self-made tragedy, but cannot be denied the fact that modern 
technological advancement has multiplied the intensity and consistent occurrence 
of the disaster. The term ‘disaster’ is derived from astrological science and has 
been understudies for more than one century, but in terms of its specific academic 
studies, it has expanded since the 1950s [11]. To formulate the term, the World 
Health Organization on Emergency and Humanitarian Action (EHA) states that a 
disaster is an occurrence a level of suffering that exceeds the capacity of adjustment 
of the affected community3. The Centre on the Epidemiology of Disaster, Brussels 
holds the view as “a disaster is a situation or event which overwhelms local capacity, 
necessitating a request to a national or international level for external assistance, 
an unforeseen and often sudden event that causes great damages, destruction and 
human suffering” [11]. Similarly, “disaster is seen as a process leading to an event 
that involves a combination of a potentially destructive agent from the natural or 
technological sphere and a population in a socially produced condition of vulner-
ability” [12]. There is no major dispute on the character of disaster as ‘massive 
human suffering’, but has big dissension over it is either ‘man-made’ or the ‘revenge 
of god’. Of course, nature naturally generates a number of disasters like cyclones, 
earthquakes, floods, famine and many more, but the role of modern science and 
technology should not be overlooked that has escalated the pace of disaster [1]. For 
instance, the flood of Uttarakhand in 2013, and the Kosi flood of Bihar in 2008 are 
basically the consequences of unnecessary human encroachment in the domain of 
nature [13].

3. Glimpses of the tragedy

The history of flooding in the region goes back in the deep past. In the known 
history the region has been gravely affected by flooding from 1922 to 1925. 1946, 
1954, 1955, 1960, 1961 and 1963 were also the year of flooding, but the flooding of 
1969 was much more devastative than previous years. 1978, 1980, 1981, 1982 and 
1983 were also the year of tragedy. In the year of 1983, the sudden release of water 
from Girija Bairaj of Nepal caused severe damage to the region, while this was not 
the year of heavy rainfall. Hundreds of people died due to the sudden release of 
water without any prior information. 1986, 87 and 1988 were not untouched by the 
flood. In the year 1990 flood-affected a few pockets of the region. In the year 1991, 
there was no flood, but the Ghaghara river induced soil erosion. Again, in the year 
1992 floods made a catastrophe. In the year 1993, it broke the previous records. The 

3 World Health Organization, 2002. World Disaster Report.
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3 World Health Organization, 2002. World Disaster Report.
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year 1998 was also the year of flood due to the sudden release of water by Nepal. 
The year of 2000 multiplied the pain of the region. Gopiya Bairaj of Nepal released 
water and hundreds of people died and thousands of displaced. In the last few 
decades, dozens of villages have been physically disappeared and the population 
is displaced by the flood and many more are under threat of disaster. A few of the 
examples of the villages that are already collapsed in recent decades or under the 
process are given below:

4. Nature’s revenge or human’s mistake?

Tracing4the reasons for the flood in the region, we find a few major human 
activities that induce disaster. If we blame nature for this disaster it would be an 
injustice, not only to nature but also to the people of the area. A sudden release 
of water by the government of Nepal through dams like Gopiya & Girija is one of 
the main reasons. The people claim if river water comes slowly in a natural way, 
it is lesser devastative compared to sudden releases from dams. The rapid flow 
of water comes only after the collapse of dams or highways or such kinds of big 
constructions, not by the natural processes of the flood. These unplanned and 
unmapped developmental projects have made hindrances in the ways of floodwa-
ter, therefore the water stuck up to 20–30 feet for many days. Apart from these, 
sand mining is also a major cause of soil erosion and changes in the direction of 

4 Super Idea, Sept.2012. It is a local magazine of the district that covers regional news usually.

Collapsed village Year of displacement Number of displaced people

Khargapur 1968 10,000

Gangapur 1994 4000

Panchadupur 1998 4000

Baharpur 1998 5000

Silauta 2001 7000

Umaraiya 2001 3000

Bhauri Sipahiya 2002 8000

Munsari 2003 4000

Maikapurva 2003 6000

Sansari 2004 2500

Kapraul 2004 4000

Golaganj 2006 8000

Magraul 2007 7000

Pipri 2007 4000

Bansgadhi 2011–2012 6000

Tarapurva 2012 3000

Jarwal Till the date 4000

Kayampur Till the date 3000

Baundi Til the date 3000

Jogapurva Till the date 3000

Source: Super Idea, Sept.20124.

4 Super Idea, Sept.2012. It is a local magazine of the district that covers regional news usually.
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the flow of water. Illegal sand mining in the basin of the Ghaghara is rampant. 
And astonishingly, the nexus of the local public representatives, contractors and 
bureaucrats are involved in this activity as villagers claimed and were also deeply 
observed during the field study.

5. Loss of capital & vulnerability of livelihood

The loss of the community of the region can be best understood through the 
theoretical lens of Piero Bourdieu’s ‘capital’ that he describes as “accumulated, 
human labor, which can potentially produce different forms of profit” [14]. Further, 
he classifies it in three sections as cultural, social and economic capital.

Social capital: “Social capital is the aggregate of the actual or potential resources 
which are linked to possession of a durable network of more or less institutionalized 
relationships of mutual acquaintance and recognition or in other words, to mem-
bership in a group” [14]. The displacement caused by flood displaces and damages 
not only the physical body of a community but also crushes the social institution 
and relationships like kinship, lineage that has been a product of centuries-old 
social interactions and behaviors. One villager Kamlesh Kashyap (Baundi, 35 years 
old man) asked “earlier we used to marry in our own communities, but now it is not 
possible, since most of the people of our community have migrated towards other 
states for their survival. We are left here and staying on the dams or roadside, so 
how is it possible to get a suitable bride or groom?”. The structure of kinship and 
marriage were such kinds of capital they could face and challenge the problems of 
daily life through.

Cultural capital: cultural capital can exist in three forms as ‘embodied 
state’ (mind & body), ‘objectified state’ such as books, instrument, etc., and 
‘institutionalized state’ like academic qualification etc. [14]. An around seventy 
years old man Shankar Kashyap of Jogapurva showed me the pity of the loss of 
cultural capital. “Till ten years ago we used to make our house by the wild bushes, 
unfortunately, it is not flourishing due to the annual occurrence of flood, so 
now we purchase it from other areas to build the houses. Similarly, there were 
several herbal plants that were useful in curing many diseases, and we also used 
to make domestic products like toys, pots etc. New generations have neither the 
knowledge of wild herbs-shrubs, plants and bushes nor have the knowledge of 
making all that thing”. Here, we see flood excludes the community along with 
their traditional knowledge.

Economic capital: “economic capital is at the root of all the other types of 
capital and that these transformed, disguised forms of economic capital, never 
entirely reducible to that definition, produce their most specific effects only to 
the extent that they conceal the fact that economic capital is at their root” [14]. 
Lakshmi Devi (Jogapurva, 50 years old woman) told the pain of her life how she 
lost her ornaments while flood water entered into the house. “I had some gold & 
silver made ornaments that I used to keep within the soil of the room so that no 
one could steal. I had purchased it by savings from my rigorously earned income. 
It was kept for the days of crisis or ceremony like the daughter’s marriage or 
disease of the family members, but the spate of water entirely wiped out my house 
along with my ornaments. When floodwater came in, I was in my farmland that is 
why I could not save all that”.

The vulnerability of livelihood: the term vulnerability is widely used but is basi-
cally a vague term and its meaning varies across the disciplines. However, it may be 
considered as “vulnerability is an individual or group’s reduced capacity to cope with, 
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resist, and recover from the impacts of a natural or human-made hazard”5. From 
the lens of the given definition we just look at the story of Sunil (Baundi, 40 years 
old man) who asked “I had ten bigha farmland in which I used to cultivate crops 
affluently. Now every year water is stuck in the land so now we are neither able to 
cultivate in that nor sell since purchasers will give a very little amount of money. Even 
we are in confusion we should start a business or migrate towards the cities or should 
continue in risky agriculture. Going to other cities is difficult since I have four small 
children. Due to the dearth of money, I am not able to provide quality education. We 
are just trying to alive ourselves…nothing more”. The present and the future of the 
communities of the region is in dark. Several farmers have changed their production 
of crops. Sukhan (Jogapurva, 45 years old man) told “earlier we used to produce 
wheat and rice like commercial crops, that was helpful in fulfilling my livelihood 
issues, but now I am compelled to change my agricultural production, in which there 
is no benefit and cannot properly fulfill the need of my livelihood. Flood has con-
verted my fertile land into desert, so now I just plant watermelon in my farmland”.

Losing all forms of capital and displacing from its native places, the communi-
ties of the area are in the process of just being a gathering of the people or crowds 
in different cities or nearby places. They are uprooting from its age-old livelihood 
sources that were sustainable in its nature. Their vulnerability arises grave questions 
to the policymakers and academicians. What would be the future of such communi-
ties in terms of health, education, employment and etc.? What can we expect from 
such communities in the domain of creativity and productivity, which are the core 
value of human civilization?

6. State & its machineries

A public representative of the district, Rajesh Tripathi (Bahraich, 50 years old, 
man) told: “There is no strong long-term planning of administration, they just work 
during the flood, and once the flood is over, they get rid of their responsibilities”. 
Here, the response and action of the local administration can be understood as in 
the three periods, before the flood, during the flood and after the flood. There is a 
serious dearth of long-term planning and preparedness before the state, so cannot 
be denied the fact that it is the very reason for the ravage of the flood. The eyes of 
the administration open just after the coming of the disaster. During the disaster, 
local administration works only as an agency of relief distribution like biscuits, 
plastics, rice, gram, matchbox and etc., unfortunately, discrimination in terms of 
caste, class, gender and so on, in this allocation is also clearly visible. Astonishingly, 
the role of the administration in the post-flood period is much more deleterious 
than the flood. Corruption in rehabilitation processes, social-conflict induced by 
the official’s work-culture, unemployment, diseases and so many socio-economic 
problems rapidly emerge in this period. For instance, massive soil erosion takes 
place during the disaster, which erases the demarcations of farmlands of the people. 
They go to the district’s land department offices for the re-demarcation of the farm-
lands, but officials demand a heavy amount in bribe, which is very difficult for the 
people, who had recently been ruined by the flood. Therefore, they try to manage 
it on its own community-based understating, but several times it turns into social 
mayhem. Sluggish and irresponsible practices of the administration can be noticed 
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in the settlement of sources of survival, like fishing, agriculture and so forth. Apart 
from the rampant corruption and irregularities in the rehabilitation and relief 
process, another important feature is, which is totally absent from the public poli-
cies; government is ignorant of the loss of social and cultural capital, their central 
policies move around merely economic capital.

7. Conclusion

We should not hide our face from the fact that our unmapped and uneven devel-
opmental policies have multiplied the pace and intensity of natural disasters that 
subsequently sabotage the rural livelihood setup, which is sustainable in its form 
from the time immemorial. The need of the hour is to come out from such public 
policies that overlook the interest of the agrarian communities since India’s around 
seventy percent population live in the rural areas only. Apart from policy-making, 
one of the major problems is in the implementation of existing policies, since the 
bureaucracy is indulged in extreme corruption and money-making through illegal 
sources that finally hampers the livelihood issues of the communities.
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Abstract

One of the significant challenges of recovery in critical situations (post-disaster, 
post-conflict, refugee settlement, among others) is the prompt and adequate 
housing (re)construction with scarce resources, and the affected population’s 
involvement. The Simple Housing Solution (SHS) project consists of a proposal for 
a methodology for (re)construction of homes and other small buildings (schools, 
health clinics), using low-cost construction technologies and community labour 
(mutual help system). The SHS project’s body of knowledge was organised in the 
form of a course with video lessons on YouTube and a website translated into differ-
ent languages. The idea is to provide material that may help affected populations to 
work towards their recovery, with the support of qualified professionals (engineers 
and architects). The purpose of this chapter is to present the SHS Methodology and 
its main outputs.

Keywords: disaster recovery, post-conflict recovery, humanitarian aid, housing 
recovery, livelihood recovery, community recovery, reconstruction, risk management

1. Introduction

In many disasters, housing loss is the second major concern, coming soon after 
casualties. Simultaneously, climate change is a global reality [1] and requires adap-
tations of the built-up environment to adverse climate scenarios, such as hurricanes 
and tornadoes.

In the disaster recovery phase, rescue and relief activities are conducted rela-
tively quickly. Nevertheless, the pace is much slower in the recovery phase, and 
problems drag on for years after the media have withdrawn [2].

It must be highlighted that, from an economic viewpoint, the loss of a home 
may represent more than family savings over a generation time. The loss of housing 
can also significantly increase the degree of vulnerability of those affected, with 
consequences for the loss of livelihoods, deteriorating physical and mental health 
conditions, unsafe environment for study and education, and family breakdown.

According to United Nations Development Programme (UNDP) and 
International Recovery Platform (IRP) [3], each house built represents an 
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1. Introduction

In many disasters, housing loss is the second major concern, coming soon after 
casualties. Simultaneously, climate change is a global reality [1] and requires adap-
tations of the built-up environment to adverse climate scenarios, such as hurricanes 
and tornadoes.

In the disaster recovery phase, rescue and relief activities are conducted rela-
tively quickly. Nevertheless, the pace is much slower in the recovery phase, and 
problems drag on for years after the media have withdrawn [2].

It must be highlighted that, from an economic viewpoint, the loss of a home 
may represent more than family savings over a generation time. The loss of housing 
can also significantly increase the degree of vulnerability of those affected, with 
consequences for the loss of livelihoods, deteriorating physical and mental health 
conditions, unsafe environment for study and education, and family breakdown.

According to United Nations Development Programme (UNDP) and 
International Recovery Platform (IRP) [3], each house built represents an 
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individual project, and grouping together hundreds, thousands, and even mil-
lions of homes constitutes much broader reconstruction programmes. From this 
perspective, it should be considered that recovery needs to be approached from two 
aspects: collective solutions and individual solutions that reflect each family’s needs 
and provide specific recovery routes that take into account the peculiarities of each 
nucleus.

Housing provision should be understood as a process (and not merely providing 
a product) that should involve the people stricken by the disaster and the communi-
ties directly or indirectly affected by the situation [4]. According to UNDP and IRP 
[3], victims who can immediately begin their reconstruction effort will want to do 
so as soon as possible. Although the impact that a speedy start to recovery has on 
morale, those responsible for planning must ensure that the earlier vulnerabilities 
are not repeated. The authors also claim that in areas where immediate work is pos-
sible, there is less dependence on temporary housing, and victims feel that recovery 
is progressing. On the other hand, Leykin et al. [5] pinpoint three aspects that 
contribute directly to the resilience of a community in emergencies: preparation, 
leadership and collective effectiveness. Barakat [6] indicates that joint reconstruc-
tion must be carefully organised and managed, requiring managerial and technical 
expertise by the agencies involved in the implementation.

Concerning technical aspects, Marcial Blondet comments that in developing 
countries most people live in non-engineered low-rise constructions made of 
inferior materials, thus making them more vulnerable [7]. Considering the issues 
related to post-disaster reconstruction, Yi and Yang [8] mention that research 
efforts in developing countries in Asia and South America are far behind those in 
developed countries, and Africa is rarely addressed.

This chapter introduces Simple Housing Solution (SHS), a methodology 
designed to facilitate the reconstruction process in critical situations, and necessary 
for recovery with few resources (i.e., post-disaster, post-conflict, relocation from 
risk areas, refugee settlements). It was conceived with the philosophy of gathering 
basic knowledge that can help build housing units and essential collective equip-
ment (schools, health clinics), in a joint effort (community labour system), by 
adopting low-cost constructive technologies. The idea is to help local governments, 
support agencies and, above all, vulnerable communities to better organise the pro-
cess for the recovery of tens, hundreds or thousands of families with the guidance of 
skilled technical assistants.

2. The simple housing solution project

The SHS project started in 2009 (phase 1), and from 2017 on the project under-
went improvements at the Federal University of Rio de Janeiro (UFRJ), when it was 
transformed into a course (phase 2). The most direct users are members of technical 
staff (engineers, architects, building technicians, social technicians) who have the 
option of using the project’s content free of charge in support of their work with 
the affected communities. It presently relies on a website [9] and a YouTube chan-
nel [10], with about 30 video lessons. The project was one of the finalists for the 
2019 Sasakawa Awards, a United Nations (UN) award in the area of disasters, with 
impacts on Sustainable Development Goals 1, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 16 and 17.

2.1 Strategic SHS directives

The SHS project is based on the strategic tripod Simple Professional Design, 
Low-Cost Construction Technologies and Community Labour System (mutual help 
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or joint working system), targeting the fundamental principles to a sustainable 
housing recovery stated by United Nations Development Programme (UNDP) and 
International Recovery Platform (IRP) [3]: environmental, technical, financial and 
socio-organisational sustainability [11].

The idea is to allow aesthetically attractive and ergonomically appropriate 
projects in rectangular plants that can be easily built and expanded by the commu-
nity itself over time, according to needs and possibilities. Gable roofs were chosen 
for their simple execution and aesthetic appeal in conjunction with rustic-looking 
brickwork. Engineering projects were developed based on technical standards, 
theoretical–experimental research and laboratory analyses.

Nowadays, the technology chosen is reinforced masonry with Compacted Earth 
Blocks (CEBs), which allows block production using manual presses and local 
materials. It is also considered easy to build, and reduces greenhouse gas emissions, 
since the blocks are not kiln-burnt but use small ratios of 6:1 or 8:1 of soil and 
cement as a binder. Compared to the traditional Latin American building system 
(non-structural brick masonry associated with reinforced concrete structure using 
pillars, beams, and slabs), the proposed technology can save up to 30%. This is 
because it does not need wood moulds for concrete or wall cladding (except for wall 
façades exposed to moisture). When combined with a community labour system, 
the savings may reach 50% [12] of direct costs.

The interest of the vulnerable population in actively participating in the recovery 
work is widely documented in the literature and has been confirmed in at least three 
field activities (interviews):

• Reconstruction in the municipality of São José do Vale do Rio Preto, Rio de 
Janeiro State, Brazil, after the 2011 disaster, with 90% acceptance among the 
homeless [13];

• After the 2010 earthquake and Hurricane Matthew in 2016, with 100%  
acceptance in Don de l’Amitié, Haiti [14];

• Relocation of residents from risk areas in the municipality of Barra Mansa, Rio 
de Janeiro State, Brazil, with 85% acceptance among vulnerable people [15].

The adaptable enterprises of the SHS project were designed for three scenarios: 
20, 50, and 120 homes, aiming to complete the work within 18 months depending 
on the availability of the land and resources. For the construction of more units, it 
is possible to replicate various 120-home developments in parallel (within the same 
deadline) or carry out several projects in series (adding together their deadlines).

2.2 SHS framework

The SHS methodology content has been organised into three broad thematic 
axes (Design, Communal Labour and Materials) representing the three strategic 
project directives.

The project activities were organised around the thematic axes and production 
of slides, spreadsheets, and video-classes, which comprise the didactic material 
of the SHS course and are available on the project website as they are finalised. 
Multidisciplinarity and interdisciplinarity are outstanding elements of the contents 
covered, as illustrated in Figure 1.

The Design macro-theme combines knowledge of architectural and engineer-
ing building designs (structural masonry, foundations, electrical, hydro sanitary, 
rainwater facilities) and options for the urbanisation.
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WGs/Teams
(Leaders)

Mission

General Coord.
(1st author)

To conceive the SHS project, plan the work and manage the groups and the 
project as a whole.

DESIGN WG To develop or improve basic architecture and engineering projects, 
compatible with the construction technology, and also develop didactic 
materials for the SHS course (slides and videos) on those topics.

Architecture
(10th author)

To develop a basic architecture design for schools, homes, health clinics, with 
didactic material.

Structures
(1st author)

To research and develop a basic structural design for schools, homes, health 
clinics, and didactic material.

Foundations
(3rd and 4th authors)

To research and develop a basic foundation design for schools, homes, health 
clinics, with didactic material.

Electrical facilities  
(7th author)

To develop the preliminary design of electrical facilities for schools, homes, 
health clinics, with didactic material.

Plumbing facilities  
(6th author)

To develop a basic design for plumbing facilities (water, sewage and rain 
water) for schools, homes, health clinics, with didactic material.

Urban design
(8th and 9th authors)

To develop basic urban planning in blocks with schools, homes, health 
clinics, with didactic material.

COMMUNITY  
LABOUR WG

Developing and or improving methods and tools to organise the project’s 
collective labour and administration address building construction 
techniques, and provide didactic materials for the SHS course (slides and 
videos).

Construction techniques
(1st author)

To address techniques and details for the construction of low buildings, with 
didactic material.

Construction jobsite
(5th author)

To develop construction jobsite facilities for different project scenarios with 
didactic material.

Community labour 
management
(1st author)

To research and develop methods and tools for community labour 
management, with corresponding didactic material.

Construction works admin. 
(1st author)

To research and develop planning and to control contents for construction 
work scenarios with didactic material.

Figure 1. 
Representation of multidisciplinarity and interdisciplinarity between the three axes of the SHS project.  
Source: [16].
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The Community Labour macro-theme involves knowledge about community 
mobilisation and organisation, the construction site’s organisation, the assembly of 
the brick factory, and the administration of construction works. Information about 
the construction techniques is also covered in this group.

The macro theme Materials contains the knowledge necessary to produce and test 
critical materials and technologies in construction technology. Currently, the project 
efforts are focused on structural CEB reinforced masonry technology. Furthermore, 
studies began on applying structural masonry with recycled aggregate concrete 
blocks, especially where construction and demolition waste are readily available.

The 2nd phase of the SHS project was organised in five multidisciplinary working 
groups (WGs), involving 16 teams, with the distribution of responsibilities accord-
ing to Table 1 and the participation of five UFRJ units: Polytechnic School, Coppe, 
Faculty of Architecture and Urbanism, School of Communication, Faculty of Letters.

3. Results and discussion

3.1 Design options

3.1.1 Architecture

To meet different scenarios depending on each eventual situation, three families 
of home projects were considered based on easy module design, environmentally 
friendly materials, and urgency in construction:

• Family A: Residential modules with minimal sizes, intended for conventional 
homes in the short/medium term, for light horizontal loads and simplified 
module design. It does not apply to events such as earthquakes and hurricanes.

• Family B: Residential modules comply with the Minha Casa Minha Vida 
Programme (Brazilian programme providing affordable housing for low-
income populations). They are designed for conventional situations (light 
horizontal loads) of continuous permanence. These projects have an approxi-
mately 10% larger built-up area compared to Family A and provide greater 
essential comfort and expansion.

WGs/Teams
(Leaders)

Mission

MATERIALS WG
(1st and 2nd authors)

To carry out research and experimental tests on the materials and 
technologies used in the project and develop didactic material on 
prefabrication tests, component manufacturing, and post-fabrication tests.

MEDIA WG
(1st author)

To record the teams’ work process and the SHS course, format documents, 
prepare videos, 3D animations, and develop the project’s website and visual 
identity.

TRANSLATION WG To translate the course material into different languages.

English* To translate the project content into English

French* To translate the content of the project into French.

Spanish* To translate the content of the project into Spanish.

Creole (1st author) To translate the content of the project into Haitian Creole.

*See Acknowledgements section.

Table 1. 
Distribution of teams and responsibilities in the SHS project.
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• Family C: This single storey residential module 2C was designed for moderate 
horizontal loads, aiming at the context of earthquakes and hurricanes. This 
family module will not be included in this chapter, but is addressed in detail in 
[11, 17, 18]. Liquefaction mitigation was analysed using earthquake drains as a 
low-cost solution [19].

Based on light horizontal load scenarios, two health clinic modules, six school 
modules, and four home modules were planned based on the SHS project directives:

• Health modules (Figure 2; see Video 1, Video 1 can be viewed at https://youtu.
be/PGMr2FmfTxQ ): Each health module was designed to function as an 
autonomous unit with an area of about 92m2, but in conjunction with other 
units. The community can annex different health modules and thus build 
adaptable health clinics:

 ○ Module 1 contains patients’ reception/waiting room area, pharmacy, wash-
rooms, three medical offices and a dental surgery;

 ○ Module 2 has reception, restrooms, child emergency care area, area for 
dressings, sutures, and nebulisation, as well as two medical offices.

• School modules (Figure 3; see Video 2, Video 2 can be viewed at https://
youtu.be/Q5gZLSOF4lE): Each school module was designed to function as an 
autonomous unit around 92m2 in area, but in conjunction with other units so 
that the community can combine school modules and thus build adaptable 
schools:

 ○ Module 1 contains restrooms and two classrooms with capacity for 42 
students;

 ○ A library, restrooms, kitchen, cafeteria and teachers’ room can be found in 
Module 2;

 ○ Module 3 has restrooms, administration and computer areas;

 ○ A nursery area, bathrooms with shower and nursery can be found in 
Module 4;

Figure 2. 
(a) Health module 1. (b) Health module 2. Source: [20].
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 ○ Module 5 contains an auditorium with 42-seating capacity, restrooms, 
kitchen and covered patio area for recreation;

 ○ Restrooms and two classrooms for group work, each with a capacity for 32 
students, can be found in Module 6.

• Residential modules (Figure 4; see Videos 3–6, Video 3 can be viewed at 
https://youtu.be/BgfojYVUTT0; Video 4 can be viewed at https://youtu.be/51-
diapmCwE; Video 5 can be viewed at https://youtu.be/ZMXMYRVCb_4; Video 
6 can be viewed at https://youtu.be/od1HyQq8vC0): It begins with an elemen-
tary module (embryo 1, with living room, kitchen, bathroom, laundry area) 
with the capacity to temporarily house a family of four or less in projects with 
substantial cost restrictions. Embryo 2 has a horizontal expansion of embryo 1  

Figure 3. 
(a) to (f) School modules 1 to 6, respectively. Source: [20].
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(plus two bedrooms) and can house a family of six or less. Embryo 3 consists 
of vertical expansion of embryo 2 (embryo 1 plus two bedrooms) in situations 
with space restrictions on the building site. Embryo 4 consists of a vertical 
enlargement of embryo 2, in order to accommodate two families.

3.1.2 Structures and foundations

The structural system option adopted in the SHS project is that of structural 
masonry, noting that so far priority has been given to the reinforced masonry 
technology with two-hole compacted earth blocks (CEBs). However, studies on the 
application of masonry with concrete blocks have also been carried out [22], with 
favourable results.

In the CEB reinforced masonry system, the blocks are laid with mortar, and 
consist of masonry panels with a structural function, and stiffeners where neces-
sary (especially at the side of doorways and windows). At points predetermined 
by the designer, reinforcements are positioned in the holes of the blocks (and 

Figure 4. 
Expanding possibilities for residential modules from embryo 1. (a) Internal view of embryo 1 (see Video 3). 
(b) External view of embryo 1. (c) Vertical expansion of embryo 1 to embryo 3 (see Video 4). (d) Lateral 
expansion of embryo 1 to embryo 2 (see Video 5). (e) Vertical enlargement of embryo 2 to embryo 4 (see Video 
6). Source: [21].
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embedded in the foundations), which are subsequently filled with fluid concrete 
(grout). As part of the CEB masonry system, there are reinforced concrete bond 
beams on five levels (below and above window openings and doorways, at the slab 
level, at the gable half-height, and perimeter of the roof gables). The structural 
system also has a set of frames that integrate the masonry with the purlins using the 
stiffener connections at the level of the contour concrete bond beams) (Figure 5).

Considering that there are still no technical standards that address the design 
of structural masonry in CEB, the calculations were based on the adaptation of the 
former British standard BS 5628–2 (2005), which was considered adequate due to 
its history of success and addresses different materials. The minimum strength of 
the brick established by the NBR 8491 (2012) standard is 2 MPa and several tests 
were carried out on the materials used in the project to determine the parameters 
used in the structural calculation, as mentioned in Section 3.3. Wind calculations 
were performed according to NBR 6123 (1988). The combination of loads was made 
according to NBR 8681 (2004).

Strip footings (with light reinforcement) under the walls were used as 
foundations. In order to reduce the excavation and backfilling costs, the footing 
installation was designed for a very shallow depth, 0.40 m. An allowable stress of 
only 50 kN/m2 was adopted to allow the same foundation dimensions in almost 
all possible soil types. Even with this conservative value, soil investigations are 
recommended. Since almost all types of soil investigations require some sort of 
costly equipment and trained crew, the DPL (dynamic probe light, ISSMFE, 1989, 
ISO 22476-2: 2005) was chosen for this purpose. The DPL is a simple test that 
employs light inexpensive equipment, and can be carried out by local personnel 
with simple training. The test consists of continuous driving a standard cone 
(with a nominal base area of 10 cm2) into the soil using a 10 kg hammer with a 
500 mm drop height (Figure 6). The number of blows to drive the cone 10 cm 
(N10) must be logged. In general, the test can reach a maximum depth of 8 m [24]. 
The N10 value can be used as an indirect measurement of soil resistance. However, 
there are no reliable correlations between N10 and allowable stresses for shallow 
footings, as in the case of the standard penetration test (SPT). Therefore, the use 
of minimum values of N10 = 6 to a depth of 5 m was a conservative suggestion in 
the present application.

Figure 5. 
Elements of the structural system of the embryo 2. Source: [23].



Natural Hazards - Impacts, Adjustments and Resilience

84

(plus two bedrooms) and can house a family of six or less. Embryo 3 consists 
of vertical expansion of embryo 2 (embryo 1 plus two bedrooms) in situations 
with space restrictions on the building site. Embryo 4 consists of a vertical 
enlargement of embryo 2, in order to accommodate two families.

3.1.2 Structures and foundations

The structural system option adopted in the SHS project is that of structural 
masonry, noting that so far priority has been given to the reinforced masonry 
technology with two-hole compacted earth blocks (CEBs). However, studies on the 
application of masonry with concrete blocks have also been carried out [22], with 
favourable results.

In the CEB reinforced masonry system, the blocks are laid with mortar, and 
consist of masonry panels with a structural function, and stiffeners where neces-
sary (especially at the side of doorways and windows). At points predetermined 
by the designer, reinforcements are positioned in the holes of the blocks (and 

Figure 4. 
Expanding possibilities for residential modules from embryo 1. (a) Internal view of embryo 1 (see Video 3). 
(b) External view of embryo 1. (c) Vertical expansion of embryo 1 to embryo 3 (see Video 4). (d) Lateral 
expansion of embryo 1 to embryo 2 (see Video 5). (e) Vertical enlargement of embryo 2 to embryo 4 (see Video 
6). Source: [21].

85

Simple Housing Solution Project: (Re) Building in Critical Situations
DOI: http://dx.doi.org/10.5772/intechopen.94953

embedded in the foundations), which are subsequently filled with fluid concrete 
(grout). As part of the CEB masonry system, there are reinforced concrete bond 
beams on five levels (below and above window openings and doorways, at the slab 
level, at the gable half-height, and perimeter of the roof gables). The structural 
system also has a set of frames that integrate the masonry with the purlins using the 
stiffener connections at the level of the contour concrete bond beams) (Figure 5).

Considering that there are still no technical standards that address the design 
of structural masonry in CEB, the calculations were based on the adaptation of the 
former British standard BS 5628–2 (2005), which was considered adequate due to 
its history of success and addresses different materials. The minimum strength of 
the brick established by the NBR 8491 (2012) standard is 2 MPa and several tests 
were carried out on the materials used in the project to determine the parameters 
used in the structural calculation, as mentioned in Section 3.3. Wind calculations 
were performed according to NBR 6123 (1988). The combination of loads was made 
according to NBR 8681 (2004).

Strip footings (with light reinforcement) under the walls were used as 
foundations. In order to reduce the excavation and backfilling costs, the footing 
installation was designed for a very shallow depth, 0.40 m. An allowable stress of 
only 50 kN/m2 was adopted to allow the same foundation dimensions in almost 
all possible soil types. Even with this conservative value, soil investigations are 
recommended. Since almost all types of soil investigations require some sort of 
costly equipment and trained crew, the DPL (dynamic probe light, ISSMFE, 1989, 
ISO 22476-2: 2005) was chosen for this purpose. The DPL is a simple test that 
employs light inexpensive equipment, and can be carried out by local personnel 
with simple training. The test consists of continuous driving a standard cone 
(with a nominal base area of 10 cm2) into the soil using a 10 kg hammer with a 
500 mm drop height (Figure 6). The number of blows to drive the cone 10 cm 
(N10) must be logged. In general, the test can reach a maximum depth of 8 m [24]. 
The N10 value can be used as an indirect measurement of soil resistance. However, 
there are no reliable correlations between N10 and allowable stresses for shallow 
footings, as in the case of the standard penetration test (SPT). Therefore, the use 
of minimum values of N10 = 6 to a depth of 5 m was a conservative suggestion in 
the present application.

Figure 5. 
Elements of the structural system of the embryo 2. Source: [23].



Natural Hazards - Impacts, Adjustments and Resilience

86

3.1.3 Building facilities

The electrical facilities for the SHS project buildings were designed according 
to standard NBR 5410 for two types of power supply: two-phase and three-phase 
lines with a 220v phase-to-phase voltage, with grounded neutral and electrical 
apparatus.

When the brick holes are not grouted, they act as conduits for the wires, which 
do not require pipes on route to the points of use (switches and sockets). When the 
pipes are embedded in concrete holes, they must be inserted into preferably flex-
ible conduits. The light fixtures are attached to the roof rafters. The switchboard 
is located outside the masonry (overlapping), close to the bathroom, in order to 
reduce wire consumption in the kitchen and electric shower circuits.

The apparent vertical plumbing system was designed for easy maintenance and 
to avoid holes in the walls, since they have a structural function. The water supply 
and distribution system were designed considering the use of apparent piping, 
preferably PVC, considering the cost–benefit ratio of this material and its easy pro-
curement (Figure 7a). The system is directly connected to the public water supply 
network and does not require a pumping system. It was proposed to use a 1000-litre 
elevated water tank for smaller prototypes, and two 1000-litre units for the larger.

A standard internal solution was proposed for the water distribution in stand-
pipes, branches and sub-branches to enable future expansion. This solution is 
identical in embryos 1, 2, and 4 and slightly different in embryo 3, because of its 
particular architecture. In this case, the pipe is built into the bedroom walls.

The sewage system was designed in PVC, using ceiling cladding to separate the 
pipes from the domestic environment. The waste and vent pipes were placed in the 
corners of the rooms and inbuilt with plaster. Considering that vulnerable com-
munities would not have a formal sewage system, the proposed solution would be 

Figure 6. 
DPL (a) equipment; (b) testing. Source: [25].
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an individual sewage treatment system using a combined septic tank and sinkhole 
(Figure 7b).

Concerning the rainwater drainage systems, a simplified solution was proposed. 
The rainwater flows from the roof to catch basins and then to the public storm water 
system, whenever applicable. As an alternative, a rainwater harvesting system can 
be installed using rain barrels (Figure 8). In this case, it is necessary to install gut-
ters, roof drains and downspouts connected with a rain diverter to the rain barrel. 
These barrels would accumulate the rainwater, reserving it for less exciting use, 
such as washing floors.

3.1.4 Urban design

Different typologies of the urban subdivision were conceived for a pilot project 
considering at least 100 homes in embryo 2, including the necessary community 
facilities (schools, health centres and public squares) to serve the expected popula-
tion. For each 100-home model, simple replication logic was applied to extend the 
project in case of more significant needs, for example, when an entire neighbour-
hood has to be built (Figure 9).

Figure 7. 
(a) Internal distribution system - bathroom with apparent pipes. (b) a waste collection system in the bathroom 
and laundry area with a primary treatment system. Source: [26].
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Figure 6. 
DPL (a) equipment; (b) testing. Source: [25].
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an individual sewage treatment system using a combined septic tank and sinkhole 
(Figure 7b).

Concerning the rainwater drainage systems, a simplified solution was proposed. 
The rainwater flows from the roof to catch basins and then to the public storm water 
system, whenever applicable. As an alternative, a rainwater harvesting system can 
be installed using rain barrels (Figure 8). In this case, it is necessary to install gut-
ters, roof drains and downspouts connected with a rain diverter to the rain barrel. 
These barrels would accumulate the rainwater, reserving it for less exciting use, 
such as washing floors.

3.1.4 Urban design

Different typologies of the urban subdivision were conceived for a pilot project 
considering at least 100 homes in embryo 2, including the necessary community 
facilities (schools, health centres and public squares) to serve the expected popula-
tion. For each 100-home model, simple replication logic was applied to extend the 
project in case of more significant needs, for example, when an entire neighbour-
hood has to be built (Figure 9).

Figure 7. 
(a) Internal distribution system - bathroom with apparent pipes. (b) a waste collection system in the bathroom 
and laundry area with a primary treatment system. Source: [26].
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Figure 8. 
(a) Rainwater harvesting system; (b) rain barrel. Source: [26].

Figure 9. 
Strategy for replicating residential and hybrid blocks (containing community facilities designed for the local 
population), based on typology 2 (“village” type). Source: [27].
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The following urban typologies were considered in detail (mainly facing a 
smooth topography):

• Typology 1 (Figure 10): Grid – single-family home lots distributed in rectangular 
blocks shaped by orthogonal streets. Two different designs were used: the first 
considered mirror image semi-detached houses to save urban space and define 
smaller lots; the second considered traditional homes centred in the lot area.

• Typology 2 (Figure 11): Grid – “village” type consists of multiple houses in a 
shared lot (each owner has a fraction of the site, in a condominium arrange-
ment), with more significant block areas.

• Typology 3: Radial – based on a single-centre model that can be replicated with 
several interconnected centres – used for uneven and hilly ground and not 
fully detailed in the project’s first phase.

Both typologies 1 and 2, which are suggested for flat or sloping ground, were 
detailed in the design process. Typology 3, more adaptable to rugged and uneven 
ground, was only developed conceptually, considering the inherent implementation 
problems, lacking the facility for community labour system.

Table 2 shows a comparative analysis for a hypothetical case of 200 houses, show-
ing that the “village” setup saves urban space, with a considerably higher number of 
dwellings per area, thus consuming less area per home throughout the development.

Detailed comparative analyses were made for the proposed urban typologies 
planned to relocate the population from flood-prone areas, in the municipalities of 

Figure 10. 
Lot distribution on a typical residential block with semi-detached houses. Source: [27].

Figure 11. 
Single lot with multiple houses in the “village” typology. Source: [27].
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Mesquita [28] and Barra Mansa [15], in Rio de Janeiro State, Brazil. These analyses 
confirmed that urban typology 2 (community villages) is more efficient both in 
terms of space and implementation cost of the development.

3.2 Community labour system

3.2.1 Building construction technique

Building construction techniques consider all the construction processes related 
to the technologies adopted (currently, CEB reinforced masonry).

The CEB reinforced masonry process starts with batter boards, excavation, 
and execution of the shallow foundations. The foundations are usually concrete 
stripped footings, with at least 20 MPa of compressive strength. They should be 
built over a thin layer of lean concrete. It is crucial to pay attention to the mix 
grade, especially the water/cement ratio, which should be as low as possible. The 
vertical rebar of the grouted holes in the CEB masonry has to be implanted in the 
footings (see Video 3).

See the “Structure and foundations” section to build the CEB masonry, the 
grouted holes, bond beams, and portico system. It should be mentioned that the 
electrical conduits could be installed inside the CEB masonry holes. Simultaneously, 
plumbing installations must be external (see the section of “Building facilities”, 
which also provides rainwater and sewer drainage).

The places most exposed to water or moisture (masonry base, bathrooms – 
namely showers, kitchen, laundry room, service area, and base of external walls) 
should be waterproofed. An acrylic texture coat or any waterproofing resin should 
be applied to the outside of house façades. CEB masonry should be preserved as 
much as possible against direct action of moisture. It must be stressed that CEB 
masonry may become less durable when exposed to water in the long term. A layer 
of compacted gravel around 3–5 cm in thickness should be inserted between the 
compacted soil and the ground level concrete slab to protect against moisture.

The type of roof tile adopted will depend on the gable roof, so if the choice is a 
ceramic/clay tile, either a higher slope or extra wooden structure will be required.

3.2.2 Construction jobsite

The construction jobsite was designed to: reduce the area, increase efficiency 
and safety of the construction process, reduce travel distances of both construction 
material and people, and also to avoid any barrier to plant movement.

A couple of layouts of jobsites were designed for different developments 
(construction of 20, 50, and 120 homes). All arrangements at the jobsite include 

Typology Description Area per 
house (m2)

Individual lots, with standard 
centred houses

193 lots +6 schools +4 nurseries +2 local health 
centres +1 public square

286

Individual lots with  
semi-detached houses

Idem 233

Shared lots of “village” type 200 lots +6 schools +4 nurseries +2 local health 
centres +1 public square

156

Table 2. 
Average urban area implementation per house for different developing typologies.
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elements related to production (carpentry and concrete/mortar mixer), production 
support (warehouse, cement and lime deposits, and concrete aggregate storage 
bays), technical and administrative support (security cabin, site office, medical 
facility) and living areas (canteen, changing rooms and restrooms).

A layout design was also considered, including a CEB brick production plant 
and a control technological laboratory for the materials used in CEB masonry 
technology. This layout was designed to create a housing development with smaller 
areas [29].

For example, in the case of a 120-home development (embryo 2A), the average 
cost of the CEB masonry plant per home is above half the average cost per house of 
a 20-home development. Therefore, in the case of building a CEB plant, a 120-home 
development proves to be far more efficient.

3.2.3 Administration of community labour and construction works

In addition to technical knowledge and people management skills, the organisa-
tion and administration of developments using community labour address chal-
lenging issues and require a certain degree of sensitivity, especially considering the 
vulnerability of the population affected.

This section is adapted from [30] and includes processes and activities for the 
organisation and management of community labour, namely: viability and security 
of the project, types of management, creation of an association for the people 
affected, technical assistance, setting up committees and teams, organising tasks, 
legal and financing issues, providing designs and planning construction works, 
distribution and receipt of finished houses, creation of the social factory, registra-
tion of families and workers, task force training, and issues related to withdrawals, 
warnings, and exclusions.

It is worth explaining that two types of administration must work in parallel, 
having a high degree of interdependence between them: the administration of 
community labour and administration of the construction works. While the former 
will take care of the community, the latter will address construction planning (time, 
cost and resources), control of time, cost, and stock control.

Construction planning is aligned to the “lean construction” philosophy, adapted 
from the “lean production” concepts. Therefore, a maximum of 120 households 
per project has to be respected (if there are more households, then several projects 
should be implemented in parallel or series).

Dynamic tools (spreadsheets) for construction planning and control were devel-
oped, based on an algorithm designed for SHS [31]. These tools allow users to configure 
their development’s specific input parameters, such as the number of homes, embryo 
types, number of workers per household, expected task force efficiency, payroll and 
automatically obtain the development’s essential planning and control structure.

Five task groups were created with different duties: Foundations, Masonry, Roof, 
Facilities and Finishes, each with a manager in charge (see Video 7, Video 7 can be 
viewed at https://youtu.be/Hg0TezfNWqc). Volunteer workers would comprise 
these groups (in more significant numbers, from the affected community and its 
relationship network, preferably skilled) and contract workers (in smaller numbers, 
to meet qualified professionals’ specific needs).

First of all, it is necessary to have time dedicated to training the task force, 
preferably using some hands-on activity to familiarise them with construction of 
the buildings. It is recommended that this “preparation time” of the project should 
take at least two months and no longer than six months. During this time, various 
measures can be taken, such as design adaptation, legal measures to start the project, 
and implementing the jobsite.
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measures can be taken, such as design adaptation, legal measures to start the project, 
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Another fundamental point addressed in the SHS project is how to calculate the 
hours for recording each household’s working hours (hour bank) and the criteria 
adopted to prioritise the delivery of the homes. To support these tasks, a time con-
trol tool was also developed, which provides the structure for recording the hours 
worked (with the possible transfer between households) and an automatic list for 
prioritising the distribution of homes at different stages of the development.

3.3 Construction materials

Two deposits of unsaturated tropical soil (Soil 1 and Soil 2), located in Macaé, 
Rio de Janeiro, Brazil, were investigated, and a geotechnical characterisation was 
carried out in the laboratory.

Soil samples were prepared and tested according to international standards. 
Soil preparation, grain-size distribution, specific gravity and Atterberg limits were 
obtained according to ISO 23909 (2008), ISO 17892-4 (2016), ISO 17892-3 (2015), 
and ISO 17892-12 (2018) respectively [32, 33]. An empirical test was also carried out 
to check soil shrinkage during the natural drying process.

CEBs were manufactured using a mechanical hand press, from a mixture of 50% 
Soil 1 and 50% Soil 2, in volume. The final mixes used cement as a binder with 2% 
of lime and water content (CEB water absorption) next to 20% (Figure 12a-c). It 

Figure 12. 
(a) Soil preparation, (b) Material’s mixture, (c) CEB’s production (d) CEB compressive strength test.  
Source: [34].
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should be pointed out that water content could significantly vary within different 
types of soils. CEB water absorption and compressive strength were verified accord-
ing to NBR 8492 (2012) (Figure 12d) [32, 33, 35]. Tests on wallets equivalent to two 
grouted columns per metre and fully grouted columns were carried out to obtain 
mechanical properties and wallet-block efficiency [33, 17]. The main results and 
extensive discussion can be found at [11].

Horizontal load capacity tests were used to obtain inputs for computational 
models used to investigate the proposed residential model under seismic condi-
tions, performed according to NBR 15421 (2006). The test consisted of applying 
a horizontal load on a wallet one metre in length (equivalent to 4 blocks per tier), 
a clear width of 10.5 cm, and a height one metre (equivalent to the elevation of 13 
tiers of blocks and a joist at the top). All the specimens had their blocks laid manu-
ally in a ~ 1 cm thick mortar joint. The reinforced bond beams had the same width 
as the blocks and reflected the panel’s upper confinement. Vertically, the wall had 
its lateral holes reinforced and grouted. In addition to these, two more intermedi-
ate holes were symmetrically reinforced and grouted, representing panels with 
two reinforced holes per metre. The load was manually increased and applied by 
a hydraulic jack placed in the middle of the joist section. The displacements were 
measured using linear variable differential transformer (LVDT). A load cell was 
used to monitor the load. Displacement and load were acquired at the same time 
using a data acquisition system [11, 17].

4. Conclusion

Housing recovery in situations where urgent construction is necessary but 
resources are scarce (such as post-disasters, post-conflicts, refugee settlements, 
and so on) is a challenging task requiring technical skills, management, and focus 
on the affected population. The Simple Housing Solution (SHS) methodology was 
developed to contribute to empowering governments, support agencies and, above 
all, vulnerable communities. It is presented in the course format and based on the 
tripod Simple Professional Design, Low-Cost Construction Technologies, and 
Community Labour System.

The first class on the SHS course was held in October 2018 for an audi-
ence of 30 people: 15 Haitians living in Brazil and intending to return to their 
country to participate in the reconstruction process; three members of the 
non-governmental organisation (NGO) Engineers Without Borders Brazil; three 
members of the NGO Teto; three community members affected by a relocation 
process near UFRJ; two employees from the municipality of Niterói (Rio de 
Janeiro State, Brazil); two employees from the municipality of São Lourenço 
(Minas Gerais State, Brazil); one graduate student from the Federal University 
of Santa Catarina, and one refugee from the conflict in Syria. Since then, two 
other reduced versions of the course were offered in 2019: one at the Federal 
Institute of Maranhão, Brazil, on the manufacture of soil-cement bricks, dur-
ing the 5th Maranhão Symposium on Civil Engineering, and another at the 
Federal University of Pará, Brazil, on SHS Methodology, during the 3rd Brazilian 
Congress on Disaster Risk Reduction.

It should be noted that the educational material developed under the SHS 
project is intended to be a starting point and should be evaluated and adapted to 
each implementation reality by the local technical assistance team. However, the 
material provided can greatly expedite reconstruction work, mostly because of the 
project’s simplicity, pre-planned work, accessible construction technology, and 
tools developed to administer the community labour and construction works.
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Aiming to expand the project’s scope, it currently seeks to improve the embryo 
2C, the SHS model for multi-risk situations involving more aggressive horizontal 
loads in reinforced masonry technology in CEB [11]. For this reason, new tests are 
being proposed for SHS project phase 3, when it is necessary to perform cyclic tests 
in porticos and dynamic tests in full scale on shake tables.
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Aiming to expand the project’s scope, it currently seeks to improve the embryo 
2C, the SHS model for multi-risk situations involving more aggressive horizontal 
loads in reinforced masonry technology in CEB [11]. For this reason, new tests are 
being proposed for SHS project phase 3, when it is necessary to perform cyclic tests 
in porticos and dynamic tests in full scale on shake tables.
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Chapter 7

Disaster Management Process
Approach: Case Study by BOSS
for Disaster Response under
COVID-19
Arisa Yasui, Muneyoshi Numada and Chaitanya Krishna

Abstract

Comprehensive disaster response processes need to bemanaged and progress com-
municated to avoid ineffectivemanagement such as duplicationwith stakeholders,
amendments as a result of leaders’ incomplete instructions, andwaiting without
instruction from the EOC (EmergencyOperation Center). As there is existing research
on standardization and systematization of disaster response processes, a pure paper-
based SOP (Standard Operation Procedure) is challenging to use in actual and practical
situations concerning the standardworkflow based on the SOP. For effective disaster
management, this study developed a Business Operation Support System (BOSS). The
BOSS characteristics have the standardworkflow chart based on the related documents
and experiences, such as the SOP, concerningmanuals/documents, past experiences,
and knowledge. The overview, checkpoints, necessary documents, related information
systems linked to the disastermanagement plan, and document formats are defined in
everyworkflow. Even for the young or non-experienced individuals, the BOSS can
support the responders through the processes for necessary actions during disasters.
This research aims to compare the effect of responses to the 2019massive raindisaster in
Kawasaki city, with or without the BOSS. First,a comprehensiveworkflow focusing on
sheltermanagement under the CoronavirusDisease 2019 (COVID-19) workshopwith
Kawasaki city staff and community people in the BOSSwas created. Second, experi-
ments (with or without the BOSS)were carried out to analyze the differences and the
BOSSeffect. “With theBOSS”means that the responders can follow theworkflow in the
BOSS for sheltermanagement. “Without theBOSS”means that the conventional paper-
basedmanuals are used for the operations. Two types ofmanuals in Kawasaki city were
used; one guides the expected sheltermanagement points, and the other contains the
explanation about COVID-19.Members of both teams comprise one leader and two
staff. As a result of the experiments, the big difference between the two teams is the
leader’s behavior. Because the BOSS team leader instructed the different staff works
following the BOSSworkflow, the BOSS team responded tomore kinds of works
compared to themanual team. The role of all members of the BOSS teamwas evident.
On the other hand, themanual team responded to onework by all members, including
the leader, without the leader’s instruction. Due to no instruction from the leader, a
period ofwaitingwas observed in the nextworkmanual. This research obtained that the
leader’s instructions’ effect caused the effective responses by quantitative analysis of the
demonstrative experiment. For future research, the leader’s behavior and decision-
making should be analyzed for BOSS’s effective operation and team-building.
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1. Introduction

COVID-19 is prevalent all over the world. Different countries applied a large-
scale lockdown [1], and although the lockdown is currently relaxed and economic
activities have started again, the expected second wave of infection has occurred.
Re-expansion occurred [2], and it has continued.

In Japan, a disaster-prone country, there is concern about the COVID-19 as it
spreads. Particularly in recent years, disasters such as the 2011 Tohoku-Pacific Ocean
Earthquake-tsunami disaster, the 2016 Kumamoto Earthquake disaster, and the 2018
massive rain disaster in western Japan have become more severe and frequent.

It is necessary to manage the entire disaster response processes in such a situa-
tion. Also, it is essential to manage the disaster response work process and effec-
tively communicate the disaster response work so that there is no duplication,
rework, or waiting by concerning human resources in an organization.

Regarding the operation of shelters among various disasters, schools and public
halls become shelters for many displaced residents [3, 4], and various operations
may coincide with the potential high risk of infection among the crowded residents.
In the current COVID-19, outbreaks of infectious diseases at shelters can occur.
There is currently no mention of the Basic Act on Disaster Countermeasures in
Japan requiring improved living conditions in evacuation centers, such as distribut-
ing food, clothing, medicines, and healthcare services (Article 86–6). Therefore,
there is an urgent need to establish an evacuation center management system that
incorporates measures against infectious diseases.

As there is a concern that the COVID-19 outbreak will result in a lack of human
and physical resources, the following five components are essential for sufficient
disaster response work: (1) Standard workflow for disaster response, (2) Information
sharing and distribution to understand the situation of dispersed evacuation centers,
(3) Effective allocation and management of human resources for various kinds of
situations, (4) Information management and distribution of materials and equip-
ment, (5) Continuous follow-up on measures/policies against infectious diseases.

Regarding the standard workflow for disaster response, research on standardi-
zation and systematization of disaster response has been conducted to realize effec-
tive disaster response. The author developed a Business Operation Support System
(BOSS) for effective disaster management. BOSS is a workflow system with a
database that summarizes disaster response works in a workflow chart.

In this study, the BOSS was used to create a comprehensive workflow focus on
shelter management for COVID-19, and the created workflow was verified in the
situation of the scenario disaster. In particular, we compared the responses for
shelter management with the BOSS or without the BOSS (with a conventional paper
manual) and analyzed the effect of using BOSS. This study verified shelter man-
agement operations in Kawasaki City, Kanagawa Prefecture.

2. Literature review

2.1 Research on infectious diseases during disasters

Infectious diseases are often prevalent after the occurrence of natural disasters
[5]. There are many cases of infectious diseases and psychological stress caused by a
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massive change in the living environment due to the way of life in evacuation
centers [6], food shortages, and unsanitary environments increase the risk of infec-
tious diseases [5]. Also, an unspecified number of people live together in evacuation
centers, but the area per person is small, and the rate of infections spread is high in
dense evacuation centers [7]. Medical workers get tired during disasters, and they
may be affected, and insufficient medical resources provision compared with typi-
cal phases contributes to the spread of infection [6].

There were many acute respiratory symptoms and acute gastrointestinal symp-
toms in the 2011 Great East Japan Earthquake disaster [8]. During the 2016 Kuma-
moto earthquake disaster, infectious gastroenteritis due to Norovirus was prevalent
[9]. After natural disasters, although not limited to Japan, the outbreak of infectious
diseases such as aspiration pneumonia, skin, and wound infections occurred during
the 2004 tsunami disaster in Indonesia [10], and the hurricane Katrina in 2005. At
that time, Norovirus infection spread in evacuation centers [11].

2.2 Research on disaster response work

Local governments often create manuals as a prevention measure. Since many
disaster response works are performed in parallel and complicated activities, omis-
sions occur in manuals [12]. Due to detailed descriptions [13], many studies have
been conducted to clarify effective manual creation methods. Also, [14, 15] clarified
the effects of the new system replacing manuals in the form of empirical experi-
ments. From the operational perspective, according to [16, 17], the actual disaster
response work is quantitatively analyzed.

However, although all of these analyzes actual disaster response, the effects of
documents such as manuals created in advance are not mentioned.

Therefore, in this study, using an evacuation shelter case as an example, shelter
operation using the BOSS under COVID-19 was conducted to quantitatively clarify
the effect of the BOSS by comparing the evacuation shelter operation manual (with
or without the BOSS).

3. Disaster response workflow model under COVID-19

3.1 Overview of disaster response process management system BOSS

The disaster response process management system BOSS was developed to sup-
port a disaster response process. The BOSS has a database of disaster response
procedures not only during disasters but also the preparedness. It visualizes the
whole image of disaster response workflow by processing knowledge related to all
disaster countermeasures. By constructing a checklist of workflow, the responders
can realize a comprehensive disaster response processes. Besides, although there are
various disaster prevention plans in local governments, by associating the workflow
with the disaster prevention plan, the relevant part of the regional disaster preven-
tion plan can be linked and the contents of the plan can be quickly grasped. Every
work has a working detail sheet that describes the implementation method (who,
when, what, how), and the contents can be easily understood. Also, since it is
possible to share the work details sheet by associating manuals, guidelines, past
issues, and lessons, etc. which are distributed to each work, it is easy to take over the
points for responses even if the person in charge of disaster prevention was
changed. Since in the disaster mode of the BOSS, it is possible to mutually under-
stand all operations’ progress at the disaster response headquarters and on-site. By
making the disaster response work into a flowchart style, the point of decision-
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diseases such as aspiration pneumonia, skin, and wound infections occurred during
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that time, Norovirus infection spread in evacuation centers [11].
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Local governments often create manuals as a prevention measure. Since many
disaster response works are performed in parallel and complicated activities, omis-
sions occur in manuals [12]. Due to detailed descriptions [13], many studies have
been conducted to clarify effective manual creation methods. Also, [14, 15] clarified
the effects of the new system replacing manuals in the form of empirical experi-
ments. From the operational perspective, according to [16, 17], the actual disaster
response work is quantitatively analyzed.

However, although all of these analyzes actual disaster response, the effects of
documents such as manuals created in advance are not mentioned.

Therefore, in this study, using an evacuation shelter case as an example, shelter
operation using the BOSS under COVID-19 was conducted to quantitatively clarify
the effect of the BOSS by comparing the evacuation shelter operation manual (with
or without the BOSS).

3. Disaster response workflow model under COVID-19

3.1 Overview of disaster response process management system BOSS

The disaster response process management system BOSS was developed to sup-
port a disaster response process. The BOSS has a database of disaster response
procedures not only during disasters but also the preparedness. It visualizes the
whole image of disaster response workflow by processing knowledge related to all
disaster countermeasures. By constructing a checklist of workflow, the responders
can realize a comprehensive disaster response processes. Besides, although there are
various disaster prevention plans in local governments, by associating the workflow
with the disaster prevention plan, the relevant part of the regional disaster preven-
tion plan can be linked and the contents of the plan can be quickly grasped. Every
work has a working detail sheet that describes the implementation method (who,
when, what, how), and the contents can be easily understood. Also, since it is
possible to share the work details sheet by associating manuals, guidelines, past
issues, and lessons, etc. which are distributed to each work, it is easy to take over the
points for responses even if the person in charge of disaster prevention was
changed. Since in the disaster mode of the BOSS, it is possible to mutually under-
stand all operations’ progress at the disaster response headquarters and on-site. By
making the disaster response work into a flowchart style, the point of decision-
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making becomes clear simultaneously, and the decision-making process can be
shared among concerning stakeholders.

A process consists of three layers: large process, middle process, and small
process (specific procedure). A large process is a process expressed and mainly
comprises “organizations” such as departments and groups. The middle process
refers to a medium-scale process expressed and mainly represents “resources” such
as humans and machines and “things” such as materials. A small process is
described as a small-scale process expressed in units, and mainly represents one
decision-making by a single resource or an action that ends with one work [18].

3.2 How to build evacuation center operations

This research created a shelter operation workflow on the BOSS based on the
Kawasaki city shelter operation manual. As a result, 244 kinds of intermediate
processes were prepared (Figure 1).

Figure 1.
Evacuation center management workflow built-in BOSS. (upper row: Workflow, lower row: Detail sheet).
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As a procedure for creating the evacuation shelter, first, the shelter operation
manual of Kawasaki City and the Cabinet Office’s shelter operation guideline was
used to list the conventional shelter operation work for each phase.

Necessary activities were extracted to construct a flow chart on the BOSS
according to the workflow by the workshop with Kawasaki city members.

The following operations have been added as specific operations related to
COVID-19 [19, 20].

a. Zoning inside the evacuation center. Depending on the conditions of the
evacuees, zoning for non-concentrated space, vulnerable people shall be
performed, and each space shall be set up for special attention, such as the
position of toilets.

b. Response at reception. At the reception, it is necessary to check the physical
condition of the evacuees. Temperature checks will be carried out, and self-
reported physical conditions will be assigned to each space.

c. Hygiene equipment. Masks, goggles, gloves, and protective clothing are
required to maintain responders’ health who come into contact with an
unspecified number of evacuees. If it is difficult to obtain them, alternative
options should be used.

d. Securing social distance. Evacuees should be kept at a distance of more than 1
meter between each space—furthermore, the waiting line at the reception to
prevent the spread of the infection.

e. Regular disinfection and ventilation. Hand sanitizers are necessary to prevent
contact infection at various places in the evacuation shelter, such as at the
reception, each living space, and around toilets. Regularly disinfect handrails
and doorknobs. It is necessary to change the air by deciding the interval and
time, such as performing ventilation for 10 minutes.

Regarding the created flowchart in the BOSS, a detailed sheet explaining the
work details was also created (Figure 1). In this detailed sheet, each work’s know-
how was designed by describing the work outline, response phase, detailed pro-
cedures and notes, checklist, and related documents. The BOSS includes various
manuals such as Operation manual for emergency evacuation in case of different
hazards such as COVID-19 countermeasures in evacuation center operation (plan)
in Kawasaki City.

4. Outline of the experiment

This study compared and verified evacuation shelters’ operations with or with-
out the BOSS in the case of flood disaster in Kawasaki City, Kanagawa Prefecture
under COVID-19. Kawasaki City managed a large-scale disaster for the first time
due to the 2019 East Japan Typhoon, subject to the Disaster Relief Act. During the
typhoon, Kawasaki city analyzed the weather information and used a disaster
warning system two days before the typhoon was closest. The city prepared and
responded with the attitude of “thinking the worst-case and doing everything that
should be done.” However, as a result, various kinds of issues became apparent,
such as the fact that information on the site was not reported to the headquarters
(EOC, emergency operation center).
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Based on this experience, the BOSS can be used to improve disaster response and
verify how to change the operations.

Verification experiments will be conducted twice, and the differences will be
discussed.

4.1 First experiment: June 24, 2019 (Wednesday)

4.1.1 Overview

On June 24 (Wednesday), 2020, at the Kawasaki City Higashi-Kokura Elemen-
tary School Gymnasium, the experiment about operations of the evacuation center
with the BOSS or without BOSS (with conventional paper manual) were performed.

In the experiment, at the scenario setting, the number of people who tested
positive for COVID-19 was increasing in Kawasaki City for several days, and heavy
rain fell due to the linear rainbands around noon on that day. Level 3 evacuation
preparation was organized at 14:10. The evacuation was issued for vulnerable peo-
ple such as the elderly. It was set to prepare for the establishment of an evacuation
center.

4.1.2 Verification category

In the experiment, the team was divided into two groups: the manual team
(without the BOSS) and the BOSS team (with the BOSS), and both teams operated
the shelter simultaneously. Each team consisted of three members. The manual
team was staffed by the Saiwai Ward staff of Kawasaki city, and the Kawasaki City
Crisis Management Office staffed the BOSS team. The structure of the three-
members teams consists of one leader and two staff.

Also, the gymnasium of Higashi-Kokura Elementary School was divided into
two spaces, the left side of Figure 2 was the manual team, and the right side was the
BOSS team.

Two manuals were used by the manual team as the shelter operation manual for
wind and flood damage (Manual 1) and COVID-19 countermeasures in evacuation
center management (Manual 2). The former is an evacuation shelter operation
manual in the event of a typhoon disaster. However, as the manual does not include
measures for COVID-19, the latter manual was also used to supplement the points
of infectious disease. Tables 1 and 2 show the principal works of each manual.

4.1.3 Characteristics of each team

The characteristics of each team member are described here. The manual team
leader is a staff member in his second month, who joined the Kawasaki city office
as a new graduate this year and is in charge of the disaster management depart-
ment. The other members are staff members in their fifth and fourth years and
contribute to promoting the city development department at the Saiwai Ward
government office of Kawasaki city office. All of them are new graduates and have
no experience as business/private company members. They have received training
on storm and flood disasters this year but have no experience in operating shelters
during real disasters.

On the other hand, the BOSS team leader is a staff member who has been
working for the Kawasaki city office for five years. After working at the ward office
for three years, the leader was transferred to the Kawasaki City disaster manage-
ment department and has short-term experience in operating evacuation centers
during typhoons in the 2019 East Japan typhoon disaster. Members consisted of the
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mid-career members. One member has passed two years at the disaster manage-
ment department after twelve years of working with a private company. The other
has passed seven years working for the Kawasaki city office. All members had

Work Description Specific Content

Meeting Confirmation of work to be performed on a time series basis

Division of roles

Reception Reception card

Improvement of acceptance
environment

Pet, animal space

Simple air mat in space for people who need consideration

Toilet paper

LED lantern

Confirmation of communication Contact to ward headquarters

Table 1.
Contents of the emergency evacuation center operation manual in case of wind and flood damage (manual 1).

Work Description Specific Contents

Securing evacuation space exclusively for levers separating evacuation space

Separating toilets and flow lines

Confirmation of goods Thermometer

disinfection liquid

Mask

Goggles

Tape for social distancing

Table 2.
Contents of measures for COVID-19 in evacuation centers (manual 2).

Figure 2.
Gymnasium classification.
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training on HUG (Hinanzyo Unei Game, shelter management imagination game)
education several times.

Besides, the BOSS installed a personal computer at the evacuation center’s
reception desk and arranged to check the BOSS flowchart to operate the works
(Figure 3).

Both teams confirmed the response of a young leader with relatively little
experience in real disasters.

4.2 Second experiment: Tuesday, august 4, 2020

4.2.1 Overview

Under COVID-19, both teams tried to operate evacuation shelters at Kawasaki
City Nakanoshima Elementary School with shelter management committee mem-
bers, school staff, and ward office staff held at Nakanoshima Elementary School in
Kawasaki city on Tuesday, August 4, 2020.

Table 3 summarizes the positioning of each experiment. In the first experiment,
although the BOSS team leader has limited experience in actual shelter manage-
ment, the BOSS team is more advantageous. Therefore, in the second experiment,
the leader of the BOSS team should be a new employee who has no experience of
actual shelter operation and how to utilize BOSS, and the members should be senior
staff rather than the leader. Also, verify that young leaders can effectively direct
older members. On the other hand, the leader is a staff member who has experience
operating shelters for the manual team.

In the first experiment, the BOSS team leader was a young staff member with
experience, but the leader can be instructed by the BOSS with past knowledge.

4.2.2 Verification category

As in the first session, participants were divided into a manual team and a BOSS
team, and each team carried out evacuation center operations at the same time. The
number of people in each team consisted of 5 people, with 1 leader and 4 members.

Figure 3.
How the BOSS team uses BOSS.

Experiment eases Team type Leader Member Preparation

First experiment Manual team Inexperienced young Inexperienced young None

BOSS team Experienced young Inexperienced young None

Second experiment Manual team Experienced mid-level Experienced mid-level Prepared before
the experiment

BOSS team Inexperienced young Inexperienced mid-level none

Table 3.
The positioning of each experiment.
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The manual team is a staff member of the Tama Ward, the evacuation center
staff member at Nakanoshima Elementary School. The BOSS team is a staff member
of the Kawasaki City Crisis Management Office, but a staff member different from
the first member was assigned. The manual team also set up a reception area near
the staff entrance on the first floor, and the BOSS team set up a reception at the
adjoining doorway for children.

4.2.3 Characteristics of each team

The manual team leader is instructed by a mid-level staff who has experience in
disaster response and gives them instructions. On the other hand, the BOSS team
leader is in charge of the young staff member who had no disaster response experi-
ence, and the member is a middle-ranked staff member. This research confirmed
whether a young leader without know-how could instruct members using BOSS.

4.2.4 Preparation

In the second experiment, the manual team conducted similar training a day
before the experiment to confirm the flow of the experiment’s day. On the other
hand, the BOSS team had no experience establishing shelters and only checked the
manual and BOSS in advance.

The manual used by the manual team was the shelter operation manual at the
time of storm and flood damage (Figure 4(a)) in the first instance, and the content
was mainly text. However, in the second instance, the storm and flood damage kit
(As shown in Figure 4 (b) was used as a mission to understand the work even by
paper-based documents.

4.3 Contents of verification experiment and verification method

In the first experiment, both teams carried out preparations to open an evacuation
center, accept evacuees, and cooperate with the evacuation center and the disaster
response headquarters. Regarding cooperation with the disaster response
headquarters, it was requested to contact the ward headquarter while the shelter

Figure 4.
(a) Emergency evacuation site operation manual in case of wind and flood damage (cover). (b) Flood damage
kit (workflow).
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was opened. The scenario, such as “for home-care patients with a positive PCR test,
contact a medical institution. I started to carry it” was prepared in this experiment.
Both teams need to report and share the situation with the ward headquarters that
it is ready.

On the other hand, in the second experiment, the teams did not contact the ward
headquarters, only the evacuation shelter was opened, and the differences between
the manual and BOSS teams were analyzed.

Regarding the use of the facilities in the experiment, the first team was to use
only the gymnasium, and the equipment such as classrooms, toilets were set up
virtually.

The following five suggestions were used in the verification process. (1) For
time, the minimum unit was 30 seconds = 0.5 minutes, and work-hours were
recorded. (2) Regarding the operator’s movement, a fixed video camera was
installed, and the operator’s movement was confirmed. (3) Regarding the leader’s
instructions, the activities were recorded with a voice recorder including the
leader’s statement. (4) Regarding the omissions of work, the manual and BOSS
contents were compared with the contents of work performed during the verifica-
tion test. (5) Regarding the participants’ impressions and opinions, this research
conducted a questionnaire survey and grasped the work’s impressions.

5. Results of the first experiment

For the first experiment, the manual team had 23.5 minutes to complete the
work, and the total number of work was 17. On the other hand, the BOSS team had
20.5 minutes to complete the work, and the total number of work was 24. The BOSS
team carried out more works than the manual team.

The hypothesis is that manual teams do not take instructions from the leader and
everyone tends to do the same work and duplicate the work. While on the other
hand, the BOSS team leader gives instructions to the members, and each person
works in parallel at the same time. It is conceivable that the work was achieved
while being aware of the division of roles. Here, this research will verify the
hypothesis by analyzing the leader’s actions and each member while comparing the
manual team and the BOSS team centering on the Gantt chart.

5.1 Gantt chart

Figure 5 shows the Gantt chart of three members in a manual team. The hori-
zontal axis is the time (minutes), the vertical axis is the working name, yellow is the
working time to complete a task by one person, orange is the work done by multiple
people simultaneously. Gray represents the waiting time. Once all three members of
the manual team finish the same work, they do the same work again in the second
half, and there is much rework. However, time is running out.

On the other hand, Figure 6 is a Gantt chart of three BOSS teams. Mr. C and Mr.
D (like Mr. C and Ms. D for convenience in this research) have finished the work
they started once and then moved on to the next work, and there is almost no
rework. Incidentally, after 19 minutes, Mr. C seems to have accumulated from the
start of the work because he was waiting for other members to finish their works.
After that, contact sharing was started, and the work status was confirmed as a
whole. Overall, the BOSS team did not see any rework in simple work and did not
observe any waitings.

The big difference between the manual team leader and the BOSS team leader is
that the manual team leader tends to do the same work as the member, but the
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leader of the BOSS team instructs the members to work. The BOSS team leader
tended to be around receptions to operate the BOSS, manage overall progress, and
give instructions to members.

Figure 5.
Gantt chart of three people in a manual team (min.)

Figure 6.
Gantt chart of three people in a BOSS team (min.)
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give instructions to members.
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5.2 Waiting time

Next, analyze the waiting time. Figure 7 shows each team’s waiting time.
Figure 7(a) shows the manual team waiting time, and Figure 7(b) shows the BOSS
team waiting time.

Two members observed the waiting time in the manual team due to waiting for
the leader’s instructions. On the other hand, since the leader responded while
instructing each member of the BOSS team, there was almost no waiting time.
Although Mr. C’s waiting time was observed, he has completed all the instructed
work and is waiting for other members’ work to be completed.

Comparing the two teams shows that the manual team has a long waiting time
than the BOSS team. The manual team did not receive any instructions from the
leader and thought about what kind of action to take in each case centered on the
leader. So, since there was no instruction, a waiting time occurred. Also, regarding
the three members’ actions, there was a tendency to simultaneously perform the
same work, and no clear division of roles was observed. On the other hand, the
BOSS team leader gave instructions to the members while confirming the workflow
of the BOSS, and the members reported to the leader when the instructed work was
over and received the next instruction. Since the leader instructed the work while
checking the BOSS, the leader did not hesitate to wonder which work to carry out.

5.3 Number of works

When comparing the manual team and the BOSS team, the manual team mem-
bers performed the same work with all three members without explicit instructions
from the leader, so the manual team worked more than the BOSS team. Therefore,
here, the number of works was focused on and compared.

Figure 8(a) shows the number of works performed by three manual team
members. Here, the work was classified as “response work (simple work), contact/
confirmation, and see manual.” The works are directly related to the evacuation
center establishment; contact/confirmation is contact with the ward headquarter.
This result refers to sharing information and confirming the content of work.

Among the three members, the number of work done by the leader was the
largest. The reason is that the leader carries out the response work by himself. It was
also seen that three members were doing the same work simultaneously by multiple
members.

Figure 8(b) shows the number of works performed by the three members of the
BOSS teams. Like the manual team, the work was categorized into three types:

Figure 7.
(a) Manual team waiting time (unit:Minute). (b) Boss team waiting time (unit:Minute).
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“response work (simple work), contact/confirmation (meeting), and BOSS opera-
tion.” As a result, the number of tasks performed by the leader is the same as the
number of tasks performed by Mr. C, but the number of tasks for simple tasks is the
smallest. This result indicates that the leader mainly acted on instructing the mem-
bers, and the members were performing the instructed work. The leader also oper-
ated the BOSS alone, shared the BOSS screen with the members, and managed the
progress while telling the members the current position in the overall workflow.

5.4 Number of works by number of people

The manual team was observed to have three members doing the same work
simultaneously, but here, this research analyzes to what extent multiple people
were doing the same work.

Figure 9(a) shows the working time by the number of manual team members.
The “1, 2, 3,” on the horizontal axis means the number of people who simulta-
neously worked on the same task. According to this, the total number of working
time by one person and the total number of working time by two persons are almost
identical. The number of contacts/confirmations is more significant in the tasks
performed by two people than in the tasks performed by one person. Besides, the
time for simple work by two or three people is significant.

Figure 8.
(a) Number of works performed by 3 people in the manual team. (b) Number of works performed by 3 people
in the BOSS team.

Figure 9.
(a) Working time by the number of the manual team. (b) Working time by the number of the BOSS team.
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Figure 9.
(a) Working time by the number of the manual team. (b) Working time by the number of the BOSS team.
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Figure 9(b) shows the work-hours by the number of members in the BOSS
team. As shown in Figure 9(a), while the manual team spends much time working
with multiple people, members of the BOSS team almost always worked alone. It
was also observed that multiple people did not perform simple work together
because the three people’s work was for sharing the situation, such as the meeting.

In other words, the manual team worked on a single task by multiple people
simultaneously, but the BOSS teams simultaneously carried out different tasks in
parallel.

5.5 Working time by business

Figure 10 shows the working time of each team. Figure 10(a) shows the work-
ing time by the manual team’s work. The preparation for a reception is the time
consuming, and three people work together. The next task that took a long time was
information sharing. In terms of information sharing, it was often used as a time
when the three members were considering what to do next. Also, “confirmation of
reception flow” in the third was used to examine the reception flow. Regarding the
top 5 works with the most work time, there was a strong tendency that three people
were doing the same work simultaneously or with a certain amount of time.

On the other hand, Figure 10(b) shows the working time by the work of the
BOSS team.

Like the manual team, it takes time to prepare for reception and share informa-
tion. Since three people gather to share the situation, it means that three people
work together, but for other things, there are many tasks that one person does, such
as setting up “each space” and “flow line (reception)”. The tasks performed by the
three people were contact sharing, sanitary equipment, confirmation of preparation
status, and meetings, all of which can be said to be tasks that should be performed
by all.

In other words, it can be said that the BOSS team was working independently,
except for those who were required to respond to multiple people.

Figure 11 shows the working time by both teams. Regarding the working time
by business, it can be seen that the BOSS team generally performs various types of
works in a short time. On the other hand, the manual team has a longer work time

Figure 10.
(a) Work-hours by work of the manual team. (b) Work-hours by work of the BOSS team.
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for each work because the manual team often works with multiple people, so the
sum of the entire team’s working time increases.

Regarding the kind of work, the manual team’s work, but the BOSS team did not
respond: “Confirmation of reception flow, the setting of pet space, confirmation of
the role of reception.” The manual team spends much time confirming the recep-
tion flow, and they were doing shelter opening work while discussing the next
reception each time. While the pet space was set up according to the shelter opening
kit, the BOSS team carried out the work according to the BOSS workflow because
there was a note on the detailed sheet of the BOSS workflow.

The BOSS team did not set up a pet space because the set up of a pet space was
not included in the workflow.

Also, the tasks that the BOSS team did were to display the toilet guidance and the
impassable zone, clean up the opening kit, check the location of the toilet and water
system, but the manual team did not carry out these tasks. In comparison, the
number of operations performed by the BOSS team is larger than the manual team.
All of these works are registered in the BOSS. In other words, if works are not
registered in the BOSS, responders may omit the responses, so it is necessary to
enhance the flowchart in the BOSS.

5.6 Omission of work

Table 4 shows the manual team’s work during the verification test concerning
the work content described in the manual. Many Xs indicate that the work was not
performed and that many of the work had been omitted.

On the other hand, Table 5 shows the BOSS contents and the BOSS team’s work
during the experiment. If both the start and end of the work are entered, it is
considered that the work is completed. Besides, when nothing is inputted, it is
regarded as non-performing work and is represented by X. The work indicated by
the diagonal lines was excluded because it was set to be already performed in the
experiment scenario. As a result, one work has been omitted.

5.7 Leader’s statement

Table 6 shows the statements of the leaders of both teams. The manual team
leader seemed to ask other members for their opinions and think while working

Figure 11.
Working time of each team by business (unit: Minutes).
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together. Also, since he is speaking while considering the next action, he often asks
the members questions or confirms the questions asked.

On the other hand, the BOSS team leader, while checking the workflow in the BOSS,
thinks about who will do what and cuts it, so he gives instructions to the members.
While confirming whether it has been done, the next work instruction is given.

Since the work contents are organized as a workflow in the BOSS, it is possible to
decide the responses while looking at the overall image. So, there are a few omis-
sions. Also, since all members can confirm the same workflow, it gives the
impression that activities can be performed with the same purpose in one team.

6. Results of the second experiment

Based on the results of the first experiment, we conducted the second
experiment.

6.1 Difference between the first and second experiments

6.1.1 BOSS contents and usage manual

Table 7 shows the contents of the manuals used by the manual team in the
second experiment. In the first experiment, the conventional evacuation shelter

Name of the works Specific content Whether or
implement

Meeting Confirmation of work to be performed on a
time series basis

�

Division of roles �
Reception Reception card ○
Improvement of acceptance
environment

pet space ○
Simple air mat in space for people who need
consideration

�

Toilet paper �
LED lantern �

Confirmation of communication Contact to ward headquarters Δ(start�, end○)

Information guidance Shelter information screen ○
Arrow sign ○
Reception ○
Rules of evacuation life ○

Securing evacuation space
exclusively for fevers

Separating evacuation space ○
Separating toilets and flow lines �

Confirmation of goods Thermometer ○
Disinfection liquid ○
Mask ○
Goggles �
Tape for social distancing ○

Table 4.
Manual contents and tasks performed by the manual team during the verification test.
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operation manual and COVID-19 countermeasure manual were used. However, in
the second experiment, one manual that summarizes evacuation shelter operation
in flood damage under the COVID-19 was used.

Table 8 shows the number of works registered with the BOSS in the first and
second experiments.

Based on the first proof experiment, the content of work for the immediate
response and the initial response was updated, and the number of works increased.
In the initial response, four works were added between the first and second rounds,
and in the immediate response, there were changes, including slight changes in
work names, but 20 works were added overall. Specifically, the work was revised,
as shown in Table 9. For one work, there are a variety of other works because the
work was set to be performed sometimes in the same workflow. For example, there

Manual team BOSS team

-You have to secure a flow line for this. Where do you want to
go?

-First of all, please Mr. C will make
decisions about the classroom.

-I’d like to attach a little glue to the intervals when I was
waiting at the shelter.

-First of all, Mr. D, please overhang
the bulletin board.

-Mr. A, do you want to guide? At B’s reception. -Mr. C, is it OK to secure a space for
those who need attention?

-Arc you going to separate it roughly? What do you do? Then,
do you want to do it all, for the time being?

-Mr. D, may I ask you to check the
toilet equipment?

Table 6.
Statements (instruction) of leaders to the staffs.

Name of the works Whether or implement

Transport of necessary materials from the stockpiling warehouse /

Confirmation of evacuation shelter safety and lifeline /

Meeting ○
Opening box ○
Confirmation of the place of use in the facility /

Bulletin object �
Installation of a reception desk and shelter information board ○
Preparation of hygiene equipment for the operator ○
First aid room ○
Preparation of dense contactor space ○
Preparation of space for people with fever and poor physical condition ○
Preparation of space for people who need consideration ○
Preparation of space for healthy people ○
Disinfection liquid ○
Confirmation of the number of available toilets and equipment ○
Installation of guide signs for available toilets ○
Completion report ○

Table 5.
BOSS contents and tasks performed by the BOSS team during the verification test.
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is “(Periodical) Ventilation and disinfection” because the leader and members
gradually became less aware of the infectious disease during the first experiment.
They contacted each other and treated the evacuees politely. To maintain the basic
principles against common infectious diseases (such as dense avoidance, hand
washing, disinfection, ventilation.), tasks such as “Ventilation and disinfection” and
“Thorough avoidance of three dense situations in evacuation shelters” were
performed to raise awareness of infectious disease control regularly.

In the first experiment, the manual team carried out the “installation of pet
space” in the immediately preceding response, but the BOSS team did not, and the
reason was that the BOSS was not in good condition. Since it is considered, the task
of “setting up pet space” was added to the BOSS.

6.2 Results of the second experiment

As a result of the second experiment, the manual team had 32.5 minutes to
complete the work, and the total number of works was 10. On the other hand, the

Work Description Specific Contents

Carry-out of carry cart Transport from stocking warehouse

Installation of shelter information screen Installation of shelter information screen

Confirmation of reception place

Preparation of reception equipment Non-contact thermometer

Disinfection liquid

Mask

Gloves (if necessary)

Face guard (if necessary)

Pet card

Cheek sheet

Reception card

User list for people who need consideration

Health check-list

Pet space Bulletin object

Blue sheet

Table 7.
Contents of manual.

Phase First experiment Second experiment

Prevention 54 54

Preparedness 90 110

Initial response 28 32

Emergency response 66 66

Reconstruction/Recovery 6 6

Total 244 268

Table 8.
Number of operations in the BOSS for the first and second experiment.
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BOSS team had 36 minutes to complete the work, and the total number of works
was 15. This result means that the BOSS team carried out more jobs because the
manual team has 0.31 work/minute and the BOSS team has 0.42 work/minute in
terms of unit time.

Phase Name of the works First
experiment

Second
experiment

Preparedness (Regularly) Ventilation and disinfection — 4

If a dense contact person who knows in advance arrives, it
will be accepted into the accommodation space once

1 —

If a dense contact person who knows beforehand arrives, it
will be accepted into the accommodation space

— 2

If the symptom worsens, request emergency transportation 2 —

Physical condition management and follow-up 1 2

Wearing masks properly and thoroughly disinfecting
fingers

1

Evacuee receptionist: Preparation for confirming the health
status of evacuees

1 —

Thorough avoidance of three Cs situation in evacuation
shelter

— 2

Pet space — 1

Transport request to medical institution 1 —

Disinfection of frequently contacted bans (handrails,
doorknobs, etc.)

— 2

If the symptom worsens and the urgency is high, call 119
and contact the ward headquarters

— 4

If the symptom worsens, request an emergency
transportation

1 —

Final confirmation of set location — 1

Situation management of dense contactor space — 1

Dense contact person transportation completion report 1 2

Providing information to evacuees, updating from time to
time

1 —

Set of information equipment (TV, whiteboard) for
evacuees

1 —

Provision of information provision equipment (TV,
whiteboard) to evacuees, provision of information

*Updated thereafter

— 1

Confirming the number of evacuees — 4

Installation of evacuation center information screens, etc. — 1

Thorough avoidance of three Cs situation in evacuation
shelter

— 2

Initial
response

(regularly) Ventilation and disinfection — 1

Confirming the number of evacuees — 1

Thorough avoidance of three Cs situation in evacuation
shelters

— 2

Table 9.
Descriptions of works in the BOSS modified between the first and second experiment.
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6.2.1 Gantt chart

Figure 12 is a Gantt chart showing the work performed by five people in the
manual team and the required time. The horizontal axis represents the time taken
(minutes). The vertical axis represents the work done. Yellow is the work time for
one person, orange is the time performed by multiple people simultaneously, and
the gray shows the waiting time.

In the first half, it can be seen that work once completed can be resumed later.
The waiting time is seen in the middle stage and the latter half. Some works were
completed in the intermediate stage, and the members were unsure what to respond
to next. A member who finished early waited for other members to complete their
work in the second half.

One characteristic of the manual team is that the leader took the initiative and
delivered it to other members.

Figure 13 is a Gantt chart showing the work and time required by the five
members of the BOSS team.

There is almost no rework, and each work is completed before moving on to the
next work. Therefore, less waiting time is seen. In the latter half, some waiting time
occurs. The time taken for all members to complete their works was defined as the
work completion time by the team; the person who completed his work earlier waits
for other members to finish theirs.

6.2.2 Waiting time

Figure 14 shows each team’s waiting time. Figure 14(a) shows the waiting time
for the manual team, and Figure 14(b) shows the waiting time for the BOSS team.

It could be seen that the manual team had a longer waiting time than the BOSS
team. In particular, according to the Gantt chart (Figure 12), Mr. E, Ms. G, and Ms.
H continue to wait without any instructions during the work.

Also, regarding the BOSS team’s waiting time, although Mr. K had a waiting time
in the middle stage, the waiting time was not long (Figure 14(b)).

Figure 12.
Gantt chart of five people in the manual team (min.).
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6.2.3 Number of operations

Figure 15(a) shows the number of tasks performed by the five members of the
manual team. The number of tasks performed by the leader and the number of
response tasks (simple tasks) is the largest. The leaders and members are working
while discussing for the next task. The leader was not looking at the manual, but Ms.
G and Ms. H checked occasionally. This is because the manual team prepared the
works a day before the experiment (in advance), and the leader took the initiative.

Looking at the Gantt chart, the manual team started the experiment without
having a meeting to share the leader’s response plan and instructions. In contrast,
the BOSS team had time to hold a meeting with members to confirm the work
content.

Figure 15(b) shows the number of operations performed by the BOSS teams.
The number of tasks performed by the leader and the number of simple tasks is the

Figure 13.
Gantt chart of five people in the BOSS team (min.).

Figure 14.
(a) Waiting time of the manual team (unit:Minute). Figure 14(b) Waiting time of the BOSS team (unit:
Minute).
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smallest. The leader instructed the members about the work contents by having a
meeting with the members and only the leader performed the BOSS operations.

6.2.4 Working time by the number of people

The manual team received few instructions from the leader and worked while
appropriately considering the members, and the leader took the initiative in
responding. Hence, it is probable that multiple people worked. Therefore, this
research analyzes how various people work at the same time.

Figure 16(a) shows the working time of each member of the manual team.
The same work was carried out by 4 members most often, and all members often

did the same work. The response task (simple work) consisted of 1 to 5 people.
Figure 16(b) shows the working time of each member of the BOSS team.

According to the table, one of the members did the most work. Although there are
times when three members work at the same time, they did different works sepa-
rately. The same type of work was not performed by four people simultaneously,
and the work performed by all members at the same time was only the meeting.

6.2.5 Working time by business

Figure 17(a) shows the working time of each task performed by the manual team.
It took time to prepare the classroom and set the flow line to the classroom. This

result includes the time required to move from the reception to each classroom.

Figure 15.
(a) Number of tasks performed by 5 people in the manual team. (b) Number of tasks performed by 5 people in
the BOSS team.

Figure 16.
(a) Working time by the number of the manual teams. (b) Working time by the number of the BOSS teams.
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Besides, the leader is often involved in simple work and heads the classroom. All
five people set the flow line and overhung the bulletin board. Furthermore, multiple
people respond to the same work.

Figure 17(b) shows the working time of each task performed by the BOSS team.
As with the manual team, it took time to prepare the classroom and set the class-
room flow line. While operating the BOSS, this research focuses on grasping the
work’s progress by receiving instructions and work completion reports from other
members. Furthermore, suppose multiple people do the same work. Work-hours
are the same for the classroom preparation, setting of the flow line toward the
classroom, installation of the disinfectant in each classroom, and confirmation of
the toilets’ status by the leader’s instruction.

Figure 18 shows the working time of each task performed by both teams.
The manual team spends more time on each task.
On the other hand, the total number of tasks performed by the BOSS team is

enormous: the BOSS team performs all functions carried out by the manual team. It
then confirms the toilet’s status and the facility use location not performed by the
manual team. All of these tasks are included in the BOSS.

Figure 17.
(a) Work-hours by the manual team (unit: Minutes). (b) Work-hours by the BOSS team (unit: Minutes).

Figure 18.
Working time of each team by business (unit: Minutes).
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6.2.6 Omission of work

Table 10 shows the manual’s contents and the manual team’s work during the
experiment test. Gloves and face guards were not prepared. It was stated, “If
necessary,” and it may have been decided that it is not necessary.

Table 11 shows the BOSS contents and the work performed by the BOSS team
during the verification experiment. If both the start and end of the work are
entered, it means that the work is completed and represented as ○. However, if the
work is started but it is not completed, it is represented as△. All works in the BOSS
contents were carried out, and no omissions occurred.

6.2.7 Leader’s statement

Table 12 shows the statements of the leaders of both teams.
While the manual team leader performs the task, instructions were to the nearby

member in the form of handing over the task. The leader is not aware of who should
do the task. The team leader gives instructions while confirming what work should
be done by other members.

On the other hand, the BOSS team leader specifies who will do what task and
add a description of the specific work content. Besides, while confirming the com-
pletion of work, the next work instruction will be given.

7. Opinions of participants

Table 13 shows the opinions of the participants obtained from the questionnaire.
Participants’ opinions as seen by their work can be regarded as subjective

opinions, while visitors as objective opinions comparing both the manual and the
BOSS team.

Name of the works Specific contents Remark

Carry-out of carry cart Transport from stocking warehouse ○
Installation of shelter information screen Installation of shelter information screen ○

Confirmation of reception place ○
Preparation of reception equipment Non-contact thermometer ○

Disinfection liquid ○
Mask ○
Gloves_(if necessary) �
Face guard_(if necessary) �
Pet card ○
Cheek sheet ○
Reception card ○
User list for people who need consideration ○
Health check-list ○

Pet space Bulletin object ○
Blue sheet ○

Table 10.
Manual contents and tasks performed by the manual team during the verification test.
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From these opinions, it is considered that the BOSS has a significant advantage
since it can grasp the whole flow.

Since the work can be grasped in the form of a flow chart, it is easy to under-
stand the work to be performed next, and the instructions of the leader are appar-
ent. It can be said that the instructions can be given while prefetching the flow.
Clear instructions from the leader lead to a sense of security for the staff who act
upon receiving the instructions and can prevent confusion at the worksite.

8. The BOSS effect

As shown in Table 14, the effects of the BOSS are summarized in terms of
quality, cost (burden), and period (working time).

Name of the works Remark

Transport of necessary materials from the stockpiling warehouse ○
Confirmation of evacuation shelter safety and lifeline ○
Meeting ○
Opening box ○
Confirmation of the place of use in the facility ○
Installation of evacuation center information screens, etc. ○
Bulletin object ○
Installation of a reception desk and shelter information board ○
Preparation of hygiene equipment for the operator ○
First aid room ○
Preparation of dense contactor space ○
Preparation of space for people with fever and poor physical condition ○
Preparation of space for people who need consideration ○
Preparation of space for healthy people ○
Disinfection liquid ○
Confirmation of the number of available toilets and equipment ○
Installation of guide signs for available toilets ○
Pet space ○
Final confirmation of set location Δ

Completion report Δ

Table 11.
The BOSS contents and tasks performed by the BOSS team during the verification test.

Manual team BOSS team

-Let us create a reception first. -Mr.K and Mr.L, please prepare the opening box.

-Let us put a mask on the entrance -Next, Mr. K and Mr. L, please prepare the sanitation
equipment of the operator. Prepare masks, gloves, face
guards, and ponchos.

-The flow line is the one with the arrow.
Is it okay if I put it on the floor?

Table 12.
Statements of the leaders of both teams.
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6.2.6 Omission of work

Table 10 shows the manual’s contents and the manual team’s work during the
experiment test. Gloves and face guards were not prepared. It was stated, “If
necessary,” and it may have been decided that it is not necessary.

Table 11 shows the BOSS contents and the work performed by the BOSS team
during the verification experiment. If both the start and end of the work are
entered, it means that the work is completed and represented as ○. However, if the
work is started but it is not completed, it is represented as△. All works in the BOSS
contents were carried out, and no omissions occurred.

6.2.7 Leader’s statement

Table 12 shows the statements of the leaders of both teams.
While the manual team leader performs the task, instructions were to the nearby

member in the form of handing over the task. The leader is not aware of who should
do the task. The team leader gives instructions while confirming what work should
be done by other members.

On the other hand, the BOSS team leader specifies who will do what task and
add a description of the specific work content. Besides, while confirming the com-
pletion of work, the next work instruction will be given.

7. Opinions of participants

Table 13 shows the opinions of the participants obtained from the questionnaire.
Participants’ opinions as seen by their work can be regarded as subjective

opinions, while visitors as objective opinions comparing both the manual and the
BOSS team.
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Face guard_(if necessary) �
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Reception card ○
User list for people who need consideration ○
Health check-list ○

Pet space Bulletin object ○
Blue sheet ○

Table 10.
Manual contents and tasks performed by the manual team during the verification test.
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Administrator

• As the person in charge of the command confirms, the next work to be done is precise, and if there is
a shortage or mistake in the work I did, it will be pointed out immediately and as a position to engage
in the shelter for the first time.

• It is easy to understand because it is organized into a workflow, and the activities arc organized.
Also, since the start and end can be discriminated by color, there is a little omission of what to do.

• Because everyone sees one workflow, I felt that I could act with the same purpose. Also, I felt that
the quickness and efficiency of contacting the headquarters increased, and that the collection of
information at the headquarters was significant.

• While confirming the overall flow chart, I gave work instructions, and if there was room, I could
look at two ahead and work based on the progress situation.

• The instructions from the leader of the BOSS team were clear, I have followed them strictly, there
was no confusion about what to do at the site, and a smooth setup was possible.

Visitor

• The workflow of the evacuation shelter is chronological, so it is easy to grasp.

• The fact that the evacuation shelter’s operation status is known at the headquarters, leads to a sense
of security at both the headquarters and the evacuation shelter. It will lead to the simplification of
regular reports and quick support from the headquarters.

• When preparing for the shelter’s opening, the BOSS team seemed to be conducting instructions
efficiently with the conductor looking ahead to a few hands.

• The staff is older than the leader, but the leader gave appropriate instructions.

Table 13.
Opinions of participants.

Category Overview

Quality • Q depends on (1) priority of work and (2) difficulty of work (necessity of qualification
and experience).

• Based on this, we will provide the necessary support concerning the effective allocation
of staff. Concerning the assignment of tasks to support staff from other local
governments, a system will be created to secure and allocate human resources in
consideration of priority and difficulty.

Cost • C depends on (1) operations that require a large number of human resources, and (2)
equipment purchases and expenditures to residents.

• It is a work that requires a large number of workers, such as the operation of shelters,
management of supplies, emergency risk assessment of buildings, and building disaster
investigation. The load analysis of the entire work is performed to determine the
concentration and distribution of personnel. Secure financial resources for processing
government expenditure (other than personal expenses). Or try to minimize spending.
The evaluation of cost-effectiveness due to advanced measures is also related to this.

Delivery • D depends on (1) process length, (2) stagnation between processes, and (3) gap between
supply and demand.

• To understand whether the work period ends in a short time frame or takes a long time
frame to improve the bottleneck. For operations that require an extended period, such as
restoration and reconstruction, building an organizational system based on this is
possible.

• For the waiting between processes, the difference between the end and the start of each
process is discovered, and the shortage of personnel, materials/equipment, and
information that cause the waiting are eliminated.

• The demand difference between supply and demand is that the need disappears due to
the difference between the demand generation timing and the actual supply time point.
It is the situation that supplies cannot be kept due to the changing needs of supplies.

Table 14.
Opinions of the BOSS effect.
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8.1 Improvement in work quality by increasing the number of works
(Q: Quality)

In both the 1st and 2nd cases, the BOSS team performed more tasks than the
manual team as a whole. In both cases, the BOSS team spent less time doing the
same job with multiple people. Since many tasks were performed, it is considered
that the number of functions that could be performed increased by sharing the jobs
efficiently. Also, many jobs might have been performed because there were few
omissions of works. For the BOSS team only, members’ tasks include checking the
status of the toilet and setting up an emergency room, which will improve the
quality of life of evacuees.

8.2 Reduction of the burden on the operator (C: Cost)

The use of the BOSS clarified the instructions of the leader. Under clear instruc-
tions, it is considered that the staff can move quickly, and it is unlikely that there
will be a difference in movement due to experience. Therefore, it will be easier to
grasp the workflow of the whole work, and it will be possible for even inexperi-
enced leaders to give appropriate instructions. Thus, the BOSS workflow, which is
the axis of action, can be useful and can reduce the mental burden on the operator.

8.3 Reduction of working time (D: Period)

The BOSS team used fewer work-hours to complete their tasks. This is because
the number of people engaged in one work is reduced by appropriately sharing the
work under the leader’s direction, and the work as a team is small. Also, in both
cases, the BOSS team spent less time doing no work and had less rework. By
eliminating waste and increasing efficiency, the overall working time could be
shortened. The BOSS team’s general work-hours for evacuation centers were shorter
for the first experiment and longer in the second experiment than for the manual
team. By doing so, the BOSS team achieved a reduction in overall working time,
even though it does more work than the manual team. Although in the first appear-
ance, the manual team had previously trained in the same workflow and remem-
bered the workflow well, so it was impossible to see the effect of shortening the
overall working time in the BOSS team.

9. Conclusions

This study compared and verified the disaster response process management
system BOSS activities, or without BOSS, the manual for evacuation shelter man-
agement operations under COVID-19. Two experiments were conducted to clarify
the effects and issues of using the BOSS.

As a result, by utilizing the BOSS, the leader gave instructions to the members to
clarify their roles. The members shared the work efficiently without duplication,
waiting for instructions, and what to do next. The BOSS team had little waiting time
(retention) without hesitation about what to do, there were few omissions of work,
and many kinds of works were completed during the experiment time compared to
the manual team. The leader’s remarks were instructed and commanded for the
members. It was also found that even young leaders who have no actual disaster
response experience can take the minimum response by checking the BOSS
workflow.
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frame to improve the bottleneck. For operations that require an extended period, such as
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possible.
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8.1 Improvement in work quality by increasing the number of works
(Q: Quality)

In both the 1st and 2nd cases, the BOSS team performed more tasks than the
manual team as a whole. In both cases, the BOSS team spent less time doing the
same job with multiple people. Since many tasks were performed, it is considered
that the number of functions that could be performed increased by sharing the jobs
efficiently. Also, many jobs might have been performed because there were few
omissions of works. For the BOSS team only, members’ tasks include checking the
status of the toilet and setting up an emergency room, which will improve the
quality of life of evacuees.

8.2 Reduction of the burden on the operator (C: Cost)

The use of the BOSS clarified the instructions of the leader. Under clear instruc-
tions, it is considered that the staff can move quickly, and it is unlikely that there
will be a difference in movement due to experience. Therefore, it will be easier to
grasp the workflow of the whole work, and it will be possible for even inexperi-
enced leaders to give appropriate instructions. Thus, the BOSS workflow, which is
the axis of action, can be useful and can reduce the mental burden on the operator.

8.3 Reduction of working time (D: Period)

The BOSS team used fewer work-hours to complete their tasks. This is because
the number of people engaged in one work is reduced by appropriately sharing the
work under the leader’s direction, and the work as a team is small. Also, in both
cases, the BOSS team spent less time doing no work and had less rework. By
eliminating waste and increasing efficiency, the overall working time could be
shortened. The BOSS team’s general work-hours for evacuation centers were shorter
for the first experiment and longer in the second experiment than for the manual
team. By doing so, the BOSS team achieved a reduction in overall working time,
even though it does more work than the manual team. Although in the first appear-
ance, the manual team had previously trained in the same workflow and remem-
bered the workflow well, so it was impossible to see the effect of shortening the
overall working time in the BOSS team.

9. Conclusions

This study compared and verified the disaster response process management
system BOSS activities, or without BOSS, the manual for evacuation shelter man-
agement operations under COVID-19. Two experiments were conducted to clarify
the effects and issues of using the BOSS.

As a result, by utilizing the BOSS, the leader gave instructions to the members to
clarify their roles. The members shared the work efficiently without duplication,
waiting for instructions, and what to do next. The BOSS team had little waiting time
(retention) without hesitation about what to do, there were few omissions of work,
and many kinds of works were completed during the experiment time compared to
the manual team. The leader’s remarks were instructed and commanded for the
members. It was also found that even young leaders who have no actual disaster
response experience can take the minimum response by checking the BOSS
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It was also found that it is necessary to include the minimum required functions
in the BOSS. It was also found that it is necessary to devise ways to mechanically
check important functions matters on the system, such as creating a checklist.

As a future issue, it is possible that omissions will occur if the BOSS is not
entered as a workflow.
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It was also found that it is necessary to include the minimum required functions
in the BOSS. It was also found that it is necessary to devise ways to mechanically
check important functions matters on the system, such as creating a checklist.

As a future issue, it is possible that omissions will occur if the BOSS is not
entered as a workflow.
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Climate Change Hazards in  
Semi-Arid Region of Mopani, 
South Africa
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Abstract

New climate change realities are no longer a doubtful phenomenon, but realities 
to adapt and live with. Its cogent impacts and implications’ dispositions pervade all 
sectors and geographic scales, making no sector or geographic area immune, nor 
any human endeavor spared from the associated adversities. The consequences of 
this emerging climate order are already manifesting, with narratives written beyond 
the alterations in temperature and precipitation, particularly in urban areas of 
semi-arid region of South Africa. The need to better understand and respond to the 
new climate change realities is particularly acute in this region. Thus, this chapter 
highlights the concept of adaptation as a fundamental component of managing cli-
mate change vulnerability, through identifying and providing insight in respect of 
some available climate change adaptation models and how these models fit within 
the premises and programmes of sustainable adaptation in semi-arid region with 
gaps identification. The efforts of governments within the global context are exam-
ined with households’ individual adaptation strategies to climate change hazards 
in Mopani District. The factors hindering the success of sustainable urban climate 
change adaptation strategic framework and urban households’ adaptive systems are 
also subjects of debate and constitute the concluding remarks to the chapter.

Keywords: households, adaptation, climate change, semi-arid, South Africa

1. Introduction

Adaptation to climate change hazard is attracting growing international atten-
tion as confidence in forecasts for climate change is rising [1]. Developing countries 
have unique adaptation needs because of high vulnerabilities and the tendencies to 
bear a significant share of global climate change costs [2]. The Intergovernmental 
Panel on Climate Change’s (IPCC) Fourth Assessment Report noted that public 
recognition and concern about the global environmental issue of human-induced 
climate change has reached unprecedented heights. Research into the drivers, both 
natural and anthropogenic, the character and magnitude, their impact on human 
living conditions and ecosystems, and possible approaches to adaptation and 
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mitigation, as well-as understanding of the complex relationships with ecosystems 
interacting with them, has also increased in recent years [3].

While anthropogenic greenhouse gas emissions, which aggravates climate 
change are mainly from rich industrialized countries, the consequences of which 
are projected to be relatively acute and more serious in developing countries 
particularly in semi-arid region of Africa, where, for instance, rise in temperature 
and reduction in precipitation are likely to result in high evaporation, with serious 
health related consequences [4, 5]. South Africa like many developing countries’ 
national economies and employment heavily rely on climate-fed activities [6], 
coupled with high poverty levels, limited technological and weak institutional 
ability to adapt to climate change qualifies for classical case in which urban popula-
tions (children, elderly, persons with disabilities and women) are more susceptible 
to climate change adversities [7].

Nonetheless, climate change adaptation strategies and projects on one hand, still 
focus mainly on sustainable rural adaptation, without much attention on urban areas, 
especially small and medium towns, where there is increasing household vulner-
ability and climate change pressures [8]. Current literature on adaptation to climate 
change in urban areas are largely coastal and big city biased [9–11]. On the other hand 
the early years of international climate change studies’ attention on adaptation as a 
strategy was compromised by mitigation and impacts [12]. In recent years, several 
models incorporate mitigation, as an anthropogenic intervention to the changing cli-
mate [3] and has rapidly escalated, while models that incorporate adaptation are still 
in their various stages of development, advancement and yet to reach maturity [13].

Inherently, it has become urgent to focus on approaches and instruments that 
assist with the reduction and reversal of the prevailing and unescapable climate 
change hazards, coupled with the need to maximize the immediate manifestation of 
the net benefits of adaptation [14]. As an essential policy response, local level and 
individual (including private) households’ adaptation strategies to climate change 
needs to be apportioned the desired priority in climate change policy agendas at all 
levels and scales of governance.

This chapter aims through a holistic approach, to provide the highlights of the 
South African governments at several levels and scales of governance to advance adap-
tion and mitigation urban household practices and interventions. This analysis and 
discussion is conducted within the global context of existing adaptation framework 
that incorporate the local level and individual households’ (private) adaptive practices, 
efforts and initiatives. Furthermore, the chapter also identifies some of the key issues 
hindering the success of urban adaptation policies and interventions in the region.

In brief, the chapter places in perspective, the basic steps necessary for a more 
participatory urban management for sustainable households’ adaptation to climate-
related hazards in the semi-arid region of Mopani, South Africa.

2. Literature review

2.1 Adaptation, a fundamental component of climate change vulnerability

The new climate is no longer a doubtful global reality, but a phenomenon that 
we need to learn to live with for years to come [11]. Its disposition to leaving no facet 
of human endeavor immune from its negative externalities are unpredictable and 
presents very worrisome realities for the contemporary society and urban commu-
nities [15] largely manifesting beyond alterations in temperature and precipitation 
threatening the existence of humanity, particularly in Africa, and other developing 
countries [3, 16].
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Adaptive ability to climate change hazard is considered a new field of endeavor, 
serving as a converging point for several experts, ranging from development experts, 
climate scientists, planners, disaster managers, and a host of other experts and 
disciplines/fields [17]. This has brought about divergent conceptual models to the 
study of vulnerability and adaptation, though addressing similar issues and empha-
sizing similar processes, but rather with different vocabularies [18]. The growth in 
the body of literature on the conceptual issue has brought about a confusing set of 
terminologies with unclear relationship [16, 19, 20]. However, notwithstanding the 
differences, the recognitions and understanding of the need to curtail the adversities 
of the phenomenon is the most crucial.

The frustrations from the present context of failure to successfully mitigate 
greenhouse gas emissions and curtail its associate developmental issues has resulted 
in adaptation becoming not only an inevitable strategy to frustrate vulnerability but 
also an integral social components for vulnerability assessment [16, 21]. However, 
this course of action is still in the trial periods of being considered relevant, particu-
larly within science and policy contexts [22, 23].

Adaptation to climate change, is the “adjustment in natural or human systems 
in response to actual or expected climatic stimuli or their effects, which moderates 
harm or exploits beneficial opportunities” [24] as cited in [25]. It can take various 
dimensions from being reactive or anticipatory, private or public, and autonomous 
or planned [24], it can equally either be active or passive [26], spontaneous or 
prompted by alteration in conditions [27]. It is however a phenomenon that its suc-
cess is hinges on the adoption of several co-and interdependent factors, including 
but not limited to human, technological y and policy matters.

However, many regions of the world, particularly Africa currently have limited 
access to these technologies, appropriate information and financial resources [28]. 
The cost-effective use of adaptation strategies will therefore depend upon the avail-
ability of financial resources, technology transfer, and cultural, educational, mana-
gerial, institutional, legal and regulatory practices, both applicable domestically 
and internationally [29, 30]. Hence “the need to consider indigenous knowledge 
system-based support and intervention”, for effective climate change adaptation 
strategies as one of the under-studied and utilized adaptation and mitigation 
strategy especially in Africa and developing countries in general [31].

In this chapter we further argue that like all other cultures, in Mopani District 
people are essentially adaptive, while exposed to environmental variability and 
risky circumstances in the past. These events called to question the local people’s 
adaptive capacity in respect to environmental variability and risk within the 
resources and technologies available options to them [32]. Therefore, to efficiently 
and adequately confront the prevailing and the potential climate change hazards, 
indigenous knowledge (IK) must be embraced, but be enhanced particularly 
beyond peoples’ experienced coping option ranges [33, 34]. The development and 
adoption of IK notion has necessitated the paradigm shift from organic adaptation 
approach to scientific adaptation framework models that attempt to respond to 
gaps ranging from adaptation needs determination, to adaptation assessment and 
interventions. The ensuing section of this chapter attempts at the identification of 
some existing adaptation models from a historical lens perspective, to typologies of 
these models and gaps that characterized them as well-as offering suggestions for 
improvements.

2.2 Climate change adaptation models

Adaptation modeling field is wide, varied and is punctuated with largely unclear 
disciplinary/field boundaries [35]. The definition of what are its constituents is 
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equally open to numerous interpretations, with tagging of several models as adapta-
tion models added another confusing layer to the identity and boundaries contro-
versies [36]. In several contexts of science, models are considered very essential and 
key in different fields, disciplines and specialties. For instance, Evolutionary models 
are very important in the biological sciences disciplines while the agent-based 
models are a dominant feature in the social sciences [37]. Models are painstakingly 
built, tested, compared and revised in light of practice and feed-back loop for 
future lessons [36].

On a general note a classification of models on climate change adaptation was 
further made in line with the existing ones by [36] who identified two distinct 
typologies or categories of adaptation models, these include:

a. Adaptation Centered Models (ACMs); and

b. Impact Centered Models (ICMs);

Over time, advancement in understanding the consequences of climate change 
and policy interpretations and the associated challenges has occasioned a shift 
in global priority in climate change policy [37–40]. At the onset, an undeviating 
cause–effect style prevailed, then climate situations forms the foundation upon 
which future climate impacts is estimated, which then outlines the needs for 
adaptation. With this linear concept, on one hand, adaptation to climate change is 
divorced from social activities and processes where needs are informed by scientific 
manipulations [41, 42] on one hand. On the other hand, a more comprehensive 
approach where the risk assessment is guided by management of past climatic 
hazards experience, and adaptation recommendation are determined by the option’s 
probability to reduce the prevailing and future climate risks while synergizing with 
other policy objectives, and existing management activity [43]. The later concept 
is currently in vogue and has enjoyed patronage from researchers, academics and 
policy makers, informed by its openness and comprehensiveness. Upon the deter-
mination and assessment of the needs, the choice of the form of adaptation will be 
made from the following identified three adaptation options:

a. No-regrets adaptation options;

b. Proactive anticipatory adaptation; and

c. Win-win adaptation

These options are not new, but the policies in various forms of decision models 
about them in Mopani District like other municipalities is currently characterized 
by limited attention and priorities [44]. Thus, making the success of the municipal 
adaptation efforts to appear unsuccessful.

However, a probe into the available literature and survey analysis with respect 
to climate change adaptation and the various adopted models in the study area, 
revealed some essential issues. These are policy related issues; Climate change issue; 
and adaptation issues. These issues form the fundamentals upon which the follow-
ing identified gaps are considered critical in the existing models. These include:

2.2.1 Gaps regarding climate change adaptation models

With respect to climate change adaptation and the various adopted models, 
survey revealed some essential issues related to policy; Climate change issue; and 
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adaptation issues. These issues form the fundamentals upon which the following 
identified gaps are considered critical in the existing models. These include:

2.2.1.1 Gaps in relations to the current climate change adaptation models

Our findings revealed that many models on climate change adaptation, apart 
from being highly mathematical in nature, are based on methodological ideas that 
originate from the advanced economies [45], limiting their applicability in local 
African communities’ context. This is because the assumptions upon which the 
models are largely based are alien to the prevailing realities in the region particu-
larly in Semi-arid region of Mopani District in South Africa. In addition, several 
of these models are largely rural biased [46], or centered on metropolitan, big and 
coastal cities [47]. Similarly, some are rather infrastructure or sector-specific adap-
tation framework such as water, transport agriculture and energy sectors [48–52], 
while rather than local community based adaptation models, other models have 
focused on macro level postulations [53]. Hence the need for a flexible household-
based conceptual framework model that is participatory and applicable at all levels 
of policy and decision making.

2.2.1.2 Gaps related to policies

Several studies have advocated for household-based climate change adapta-
tion strategy to be anchored by municipal planning agency [54–56]. The study 
acknowledges that most local municipalities in the district are still relying on 
macro level climate change adaptation formulated policies from the national gov-
ernment. Despite that the impacts of climate change on both human and environ-
ment are well acknowledged in the various municipalities’ planning instruments 
(Integrated Development Plans, Spatial Development Framework etc.), yet, little 
evidence exist to indicate the efforts to pragmatically and coherently address the 
challenges [44].

2.2.1.3 Gaps related to reporting climate change events

During data collection, our interactions with the community members, revealed 
that municipal governments were rather relying on reactive adaptation procedure 
rather than proactive. The delay in reporting of incidence of hazards have resulted 
in more costly, more devastating and sometimes unrepairable situations. Due to 
the devastating consequences often occasioned by late reporting of climate change 
emergencies, the climate change adaptation challenges are complex, dynamic and 
contextual, thereby requiring urgent attention by stakeholders.

For adaptation to be beneficial and cost effective, it should not be solely reac-
tionary but rather proactive and anticipatory [57]. Changing climate is no longer in 
doubt so also is the likelihood of the trend to proceed to the coming century at an 
unprecedented rate in history, as projected [20, 58] with strong signals to a rising 
hazards for regions of such countries that are already water-stressed, like Mopani 
District, Limpopo province [5, 59] and other semi-arid regions of Africa are also 
projected.

Hence for effective communities adaptation, government at all levels have piv-
otal roles to play, particularly within the global context of adaptation framework as 
guided by the current regime. On this basis the chapter highlights the various steps 
taken by the South African governments (National, Provincial, District and Local 
Municipalities) with regard to adaptation needs of the citizens, through policies, 
program and projects interventions.
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2.3  Efforts of South African governments within the global context of 
adaptation framework

In order to understand the roles of the various levels of government in South 
Africa in combatting the menace occasioned by climate change across the country, 
activities of government (National, Provincial, District as well-as local munici-
palities) regarding climate change adaptation were reviewed. This was assessed 
through the policies, strategies and legislations (Acts), and it was equally further 
done within the global context. The Republic of South Africa, being a signatory to 
Kyoto Protocol and a part of the United Nations Framework Convention on Climate 
Change (UNFCCC), has taken several initiatives (past and present) in striving to 
fulfil the expected obligations as regards the protection of citizens and the regional 
territory against the aggressiveness of climate change and its associated adversities. 
Some of these efforts as regards adaptation are highlighted in different eras in this 
section, and these include the following:

2.3.1 Apartheid era

The legal framework for managing disaster in South Africa preceding demo-
cratic rule, were largely administered by the Civil Protection Act No. 67 of 1977 
[60]. The National Disaster Management Framework (NDMF) was initiated 
but was characterized by inadequacies following over a hundred lives lost to 
Lainsburg floods in the year 1981 alone [61]. In reaction to this incidence, out 
of various legislative and structural reforms that were put together to overhaul 
the system for proper integration of disaster management was the South Africa 
Constitution of 1996.

2.3.2 Post-apartheid era

The South Africa Constitution of 1996 marked the beginning of a prominent 
legislative and structural reforms of disaster management, by specifying the roles 
of the government at all levels in Part A Schedule 4 [62]. This necessitated the 
extension of the Civil Protection Act, the pioneer integrated policy on the manage-
ment of disaster, called “the Green Paper on Disaster Management” [63].

The same era has witnessed active participation in various fora and conventions 
with respect to dealing with the challenges and opportunities that climate change 
presents since 1994. Commitment have been shown by the country to sustainable 
development with both active international participation and institutionalizing 
national frameworks. The frameworks include out of others: the Kyoto Protocol, 
the United Nations Framework Convention on Climate Change, the Cancun 
Agreement, the Convention on International Trade in Endangered Species of Wild 
Fauna and Flora, the Ramsah Convention on Wetlands of International Importance, 
the Basel Convention on the Control of Transboundary Movement of Hazardous 
Wastes and Their Disposal, and the Montreal Protocol for the Protection of the 
Ozone Layer [64] cit. in [65]. This suggests an involving participation of the coun-
try on climate change issues at the global realm.

Similarly, South Africa has at various times successfully instituted some climate 
change related legal frameworks that are either sector-prone (e.g. waste manage-
ment, carbon tax, transport, energy efficiency, renewable energy and several 
others). Other related planning instrument is the Integrated Development Planning 
(IDP), through which short and medium-terms development objectives, strategies 
and programs are prepared as strategic plans for municipalities. It is a key instru-
ment for guiding and informing fiscal allocation (budget), administration and 
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decision making for service delivery and development within municipal’s jurisdic-
tion [66]. Subsequently, White Paper on Disaster Management was produced, 
emphasizing proactive and integrated approach in the management of disaster 
through public (stakeholders) participation and capacity building [67]. Targeting 
the creation of National Disaster Management Centre, enhance disaster prevention 
among the poor and disadvantaged zones, ensure adequate funding system and 
facilitate access to information (South African Government Gazette).

In 2002 Disaster Management Act 57 of 2002 was institutionalized, highlight-
ing the guiding philosophies for disaster management and defined tasks [68]. The 
Act provides for the establishment of Intergovernmental Committee on Disaster 
Management, with powers to the Premier of the concerned Province and Local 
Government to select members. While at national level, the Minister of Cooperative 
Governance and Traditional Affairs is empowered to establish a National Disaster 
Management Advisory Forum with several governmental and non-governmental 
organizational representatives, traditional institutions and various professional, Sec 
5. (1). Section 8. (1) Establishes a National Disaster Management Centre (NDMF) 
to form part of, at the same time functions within the control of the Minister 
under a state department of the public service. Provincial disaster management 
framework is instituted in Section 28. (1) of the Act not only to be established but 
also implement a disaster management framework aligned to the NDMF objectives 
and in consistent with the provisions of Act (No. 57,2002) and the NDMF, 33 (I). 
The local government is empowered under chapter 5 to appoint a disaster officer 
[62]. This gave birth to the establishment of Mopani District Disaster Management 
Centre at District Municipal level and the appointment of disaster manager in the 
five local municipalities in Mopani District as gathered during our field survey, they 
equally had plans for disaster management framework [69].

In 2011, the parliaments of South Africa adopted the National Climate Change 
Response Strategy (NCCRS). The policy document is generally anchored on some 
strategic priorities such as risk reduction and management; mitigation actions 
(with significant targeted outcomes); sectoral responses; policy and regulatory 
alignment.

The establishment of the National Climate Change Monitoring and Evaluation 
System came with the objectives of tracking South Africa’s transition to a climate 
resilient society, by following-up on the country’s transition to a lower carbon 
economy and by tracking climate finance. The benefits of the system include out 
of others, the provision of an evidence-based impacts and the vulnerabilities to 
climate change, and providing learning for the workability and otherwise of climate 
change response. This will inform the future responses to climate change as well-as 
facilitate the assessment of the impact and need for climate finance and institu-
tionalizing national communication and biennial update reports. As promising as 
these objectives are, the M&E system has till now been struggling to find its rightful 
place, because of the disconnect between the municipalities and the grassroots 
where the data (for national communication and biennial reports) ought to be 
generated. Although the M&S system is substantially mitigation-focused not adap-
tation oriented, it still remains a viable too and mechanism for managing adaptation 
if well captured and harnessed.

The specific urban policy and planning that was institutionalized that “seek 
to influence the distributions and operations of investment and consumption 
processes in cities for the common good” [70] was the South African Integrated 
Urban Development Framework (IUDF) as approved in 2016 by Cabinet. Although 
attempt by various Government’s Departments have in different ways attempted 
to address the challenges of urban areas since 1994 with significant achievements 
in areas such as service extension, municipal reform, urban renewal and economic 
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change related legal frameworks that are either sector-prone (e.g. waste manage-
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others). Other related planning instrument is the Integrated Development Planning 
(IDP), through which short and medium-terms development objectives, strategies 
and programs are prepared as strategic plans for municipalities. It is a key instru-
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decision making for service delivery and development within municipal’s jurisdic-
tion [66]. Subsequently, White Paper on Disaster Management was produced, 
emphasizing proactive and integrated approach in the management of disaster 
through public (stakeholders) participation and capacity building [67]. Targeting 
the creation of National Disaster Management Centre, enhance disaster prevention 
among the poor and disadvantaged zones, ensure adequate funding system and 
facilitate access to information (South African Government Gazette).

In 2002 Disaster Management Act 57 of 2002 was institutionalized, highlight-
ing the guiding philosophies for disaster management and defined tasks [68]. The 
Act provides for the establishment of Intergovernmental Committee on Disaster 
Management, with powers to the Premier of the concerned Province and Local 
Government to select members. While at national level, the Minister of Cooperative 
Governance and Traditional Affairs is empowered to establish a National Disaster 
Management Advisory Forum with several governmental and non-governmental 
organizational representatives, traditional institutions and various professional, Sec 
5. (1). Section 8. (1) Establishes a National Disaster Management Centre (NDMF) 
to form part of, at the same time functions within the control of the Minister 
under a state department of the public service. Provincial disaster management 
framework is instituted in Section 28. (1) of the Act not only to be established but 
also implement a disaster management framework aligned to the NDMF objectives 
and in consistent with the provisions of Act (No. 57,2002) and the NDMF, 33 (I). 
The local government is empowered under chapter 5 to appoint a disaster officer 
[62]. This gave birth to the establishment of Mopani District Disaster Management 
Centre at District Municipal level and the appointment of disaster manager in the 
five local municipalities in Mopani District as gathered during our field survey, they 
equally had plans for disaster management framework [69].

In 2011, the parliaments of South Africa adopted the National Climate Change 
Response Strategy (NCCRS). The policy document is generally anchored on some 
strategic priorities such as risk reduction and management; mitigation actions 
(with significant targeted outcomes); sectoral responses; policy and regulatory 
alignment.

The establishment of the National Climate Change Monitoring and Evaluation 
System came with the objectives of tracking South Africa’s transition to a climate 
resilient society, by following-up on the country’s transition to a lower carbon 
economy and by tracking climate finance. The benefits of the system include out 
of others, the provision of an evidence-based impacts and the vulnerabilities to 
climate change, and providing learning for the workability and otherwise of climate 
change response. This will inform the future responses to climate change as well-as 
facilitate the assessment of the impact and need for climate finance and institu-
tionalizing national communication and biennial update reports. As promising as 
these objectives are, the M&E system has till now been struggling to find its rightful 
place, because of the disconnect between the municipalities and the grassroots 
where the data (for national communication and biennial reports) ought to be 
generated. Although the M&S system is substantially mitigation-focused not adap-
tation oriented, it still remains a viable too and mechanism for managing adaptation 
if well captured and harnessed.

The specific urban policy and planning that was institutionalized that “seek 
to influence the distributions and operations of investment and consumption 
processes in cities for the common good” [70] was the South African Integrated 
Urban Development Framework (IUDF) as approved in 2016 by Cabinet. Although 
attempt by various Government’s Departments have in different ways attempted 
to address the challenges of urban areas since 1994 with significant achievements 
in areas such as service extension, municipal reform, urban renewal and economic 
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infrastructure development, these efforts are largely viewed as inadequate [71]. Not 
so much achievements have been recorded in the mainstreaming of climate change 
to urban planning. The municipalities in Mopani District are still relying on the 
National Urban Policy without plans (currently) to have theirs that embrace the 
economic, political, social and environmental peculiarities of their respective areas. 
However, the adoption of the Paris Agreement as well as the New Urban Agenda, 
signaled a renewed motivation for action, particularly to mainstreaming climate 
change in Urban Policy.

The Mopani District Municipality in line with the National Disaster 
Management Act 2005 acknowledges the current and the potential climate change 
threats to both human and the environment. It equally recognizes the need for 
actions to mitigate, as well as prepare for the projected changes (adaptation) in 
the District. Consequent upon this, the district municipality in 2016 developed 
Vulnerability Assessment and Climate Change Response Plan to prioritize the 
development of Climate Change Response strategies. The Plan recognizes several 
numbers of ways that climate change will impact on human settlements across the 
district and thus identifies related indicators, sub-projects and actions for inclusion 
in the service delivery and the plans for budget implementation [72]. Our field 
survey revealed that the identified projects are held for paucity of funds.

The frustrations from the failure of municipalities to guarantee the protection 
of households through the implementation of a pragmatic actions have prompted 
private adaptation initiatives across the selected towns in the district to curtail the 
impacts of climate change. The section of this chapter succeeding the description of 
the study area and methods, addresses the various initiatives of households towards 
coping with climate change in the selected towns.

3. Study area and methods

3.1 Description of the study area

Located in the semi-arid region, the northern-most province (Limpopo) of 
South Africa, Mopani District Municipality is a category C municipality (Figure 1).

The district consist of five local Municipalities, including: Greater Giyani, 
(the district administrative seat), Maruleng, Greater Letaba, Ba-Phalaborwa and 
Greater Tzaneen. The municipality is situated on Longitudes: 29° 52´E to 31° 52´E 
and Latitudes: 23° 0´S to 24° 38´S, with 31° E as the central meridian. It covers 
13,948.418 ha (10.2%) of the surface area of South Africa. It shares boundaries 
in the east with Mozambique, in the north, with Vhembe District Municipality 
through Thulamela & Makhado municipalities, while bordered in the south, by 
Mpumalanga province through Ehlanzeni District Municipality and, by Capricorn 
District Municipality to the west [72].

3.2 Climate of Mopani District

Being within the semi-arid region, the district is characterized by temperature 
that ranges from a high average of 21°C in the Mountainous areas with a very high 
average of 25°C in the dry low-veld areas of Kruger National Park. In the district 
Frost rarely occurs, while the monthly distribution of the average daily maximum 
temperatures indicates that the average midday temperatures for Mopani Rest Camp 
(Kruger) range from 23.7°C in June to 30°C in January. The region is the coldest dur-
ing June when the mercury drops to 8°C on average during the night. The District 
falls within the Letaba Catchment area, which is 13 779 km2 and has a mean annual 
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precipitation of 612mm (Environmental Management Framework for the Olifants 
and Letaba river catchment areas, Report, 2009).

Mopani Rest Camp (Kruger) receives about 520 mm of rain per year, with most 
proportion (85%) of precipitation in Mopani District is received in mid-summer, 
while with the lowest (3 mm) is received in June and the highest (96 mm) in 
January [72]. The rainfall varies from the mountainous zones in the Drakensberg 
Mountains (2000 mm/a) and the dry low-veld in the Kruger National Park (400 
mm/a). The district is situated within the Letaba Catchments area which has a 612 
mm Mean annual precipitation.

Climate is recognized by the municipality to be changing, altering and resulting 
to rising temperature and reduced and erratic rainfall across the district, which 
is a reflection of the regional climate [58, 75]. The new climate pattern accord-
ing to the district Integrated Development Plan has caused reduction of access to 
potable water, food security threats and increase health effects to poverty stricken 
communities [72]. Part of the strategies identified in the planning instrument for 
the mitigation of the emission of global warming causing-gases include: utilizing 
every space for plants, using alternative forms of energy and strict control against 
deforestation.

3.3 Methods

Consequent upon climate change challenges, households in Mopani have 
consistently adopted several private and individual strategies to adapt with the 
varying climate change extreme events. In line with this, we examine the individual 
household coping strategies to climate change related extreme events and hazards 
in six purposively selected small and medium-sized towns (Tzaneen, Nkowankowa, 
Hoedspruit, Modjadjiskloof, Phalaborwa and Giyani) in Mopani District. Sample 
size of 500 were estimated and drawn using multistage random sampling method, 

Figure 1. 
Mopani District municipality showing the five local Municipalities within the context of Limpopo Province 
and South Africa Context.
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infrastructure development, these efforts are largely viewed as inadequate [71]. Not 
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However, the adoption of the Paris Agreement as well as the New Urban Agenda, 
signaled a renewed motivation for action, particularly to mainstreaming climate 
change in Urban Policy.
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survey revealed that the identified projects are held for paucity of funds.
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impacts of climate change. The section of this chapter succeeding the description of 
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South Africa, Mopani District Municipality is a category C municipality (Figure 1).
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that ranges from a high average of 21°C in the Mountainous areas with a very high 
average of 25°C in the dry low-veld areas of Kruger National Park. In the district 
Frost rarely occurs, while the monthly distribution of the average daily maximum 
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ing to the district Integrated Development Plan has caused reduction of access to 
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the mitigation of the emission of global warming causing-gases include: utilizing 
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Consequent upon climate change challenges, households in Mopani have 
consistently adopted several private and individual strategies to adapt with the 
varying climate change extreme events. In line with this, we examine the individual 
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with proportional share to each towns. Guided by the focus of this chapter, data 
collection methods emphasizes direct/personal interviews, questionnaire and visual 
inspection/ transect walk in order to ensure a high rate of response. Though the 
study adopts mixed method, open-ended questions were minimized, and well-
ordered, where necessary. Review of existing literature was used to complement 
the current research findings. The investigated variables were isolated because 
of their being the direct location-specific effects occasioned by climate change. 
These variables are categorized into three, these include: those strategies related 
to increased temperature; reduced water level (rainfalls); and incidence of flood. 
These variables were cross tabulated against the selected towns of respondents and 
are discussed as follow.

4. Result and discussion

4.1  Households’ efforts towards adapting to climate change in the semi-arid 
region of Mopani District

Although efforts are on-going globally, regionally and nationally to reverse the 
trend in climate variability through research, treaties, collaborations, dialogues and 
other mechanisms, it is essential to appreciate that adaptation to the new climate 
change regime remains for now, the only realistic and sustainable option that is 
available [73, 74]. However, household’s private adaptation strategy is becoming an 
increasingly important component to the urban setting, since the end to the failure 
of Municipal governments to effectively deal with adaptation to climate change in 
urban center is indeterminate.

4.1.1 Households’ temperature coping strategies

Occurrence of heat waves as a result of rise in temperature is generally evident 
in the semi-arid region of South Africa [58] and particularly in Mopani District of 
Limpopo province [75]. According to [76], households’ and municipal responses 
to cope with high temperature or heat waves can be undertaken via tree planting 
and several other strategies. In line with this understanding, household’s individual 
rising temperature coping strategy in the selected towns in the district were identi-
fied. The strategies include tree planting, minimizing bush burning, preservation 
of water bodies, eco-friendly faming practice, Flower and Grass Planting, the use 
of Fan and Air conditioner and the creation of Parks and Gardens. Table 1, depicts 
the responses from households, on the preferred coping strategies for increasing 
temperature across the selected towns in Mopani, these are subsequently discussed.

Tree planting is one of the popular coping strategies and was recommended 
for mitigating the impact of high temperature [77]. This assertion was validated 
in the selected towns, with the results obtained from our investigation where 
63.3% of households in Tzaneen, and 56.6% in Nkowankowa were in agreement 
with tree planting strategy to cope with heat waves. Hoedspruit accounted for 
88.9%, Modjadjiskloof 50% while in Phalaborwa and Giyani 95.2% and 100% of 
households employed the strategy respectively. The findings suggests wide range of 
acceptability of tree planting as temperature coping strategy. The general accept-
ability of the strategy across the towns was adduced to its affordability and effec-
tiveness as a coping strategy for increasing temperature.

An examination of the relevance of reducing bush burning as a strategy for 
coping with temperature in the selected towns in Mopani District was under-
taken and the results of the respondents’ answers to the strategy reveals that 
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in Nkowankowa, Tzaneen, Hoedspruit and Modjadjiskloof, minimizing bush 
burning was considered by every household, as an appropriate strategy, while 
in Phalaborwa, 2% of the entire households surveyed declined the choice of the 
strategy. The employment of bush burning minimization to curtail the impact of 
heatwaves at municipal level will be an acceptable and effective strategy that will 
make meaningful impacts across the district.

With respect to the respondents adopting the conservation of water bodies in 
their communities, Table 1 shows that more than four in every five respondents 
in Phalaborwa, three in every five in Modjadjiskloof respectively endorsed the 
strategy to cope with temperature. However, the strategy only enjoyed the accept-
ability of only 2.3% respondents in Giyani. This strategy was equally unpopular 
in both Tzaneen and Nkowankowa. The reason for Hoedspruit, Phalaborwa and 
Modjadjiskloof in favor of this strategy was traced to the awareness of the benefits 
of the strategy among households, facilitated by NGOs and the respective munici-
palities. This result reflects that the municipalities of the two towns complied with 
the water conservation Act No. 36 [78].

In the narratives of current literature reviewed on the adoption of eco-friendly 
farming practices as temperature coping strategy, it shows that it is a promising 
strategy as reported by [79]. But the results of the acceptability test of the strategy 
in the selected towns show otherwise. For example, in Tzaneen, Modjadjiskloof, 
Phalaborwa and Giyani, no respondent indicated adopting it as a strategy. Only 
Hoedspruit accounted for 11.1%. The result reflects the economic activities of 
significant proportion of respondents from non-primary sources particularly 
agriculture. Thus, prescribing it as coping strategy for temperature in the district 
might not be very impactful to the majority of households.

However, According to [80] as cited in [81] Green infrastructure is very useful 
in contributing to mitigate the effects of hard surfacing by modifying ambient tem-
peratures as well as creating recreational opportunities among other advantages. 
Our investigation revealed that every households in Hoedspruit town adopted the 
strategy, while 98.8%, 80% and 51.5% households in Phalaborwa, Modjadjisklooof 
and Giyani towns adopted the green infrastructure strategy respectively too. Flower 
and grass planting seems to be a widespread and suitable temperature coping 
strategy in the selected towns, except in Nkowankowa where only 18.3% of the 
household embraced the strategy.

The use of Fan and Air conditioner appeared to be a very satisfactory strategy 
that was favored by every households traversing the selected towns in Mopani. This 
was adduced to by the respondents that the former (fan) is affordable, accessible 

Towns Tree 
planting

Flower 
and 

grass 
planting

Create 
parks & 
garden

Minimize 
bush 

burning

preserve 
water 

bodies

Eco-
friendly 
farming

Use of 
fans 

and air 
condition

Tzaneen 66.3 45.6 0.0 100.0 0.0 0.0 100.0

Nkowankowa 56.6 18.3 0.0 100.0 0.0 0.6 100.0

Hoedspruit 88.9 100.0 0.0 100.0 83.3 11.1 100.0

Modjadjiskloof 50.0 80.0 0.0 100.0 60.0 0.0 100.0

Phalaborwa 95.2 98.8 0.0 98.0 77.4 0.0 100.0

Giyani 100.0 51.5 0.0 100.0 2.3 0.0 100.0

Source: Authors’ Field Data, 2019.

Table 1. 
Temperature coping strategies across Mopani District.
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with proportional share to each towns. Guided by the focus of this chapter, data 
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inspection/ transect walk in order to ensure a high rate of response. Though the 
study adopts mixed method, open-ended questions were minimized, and well-
ordered, where necessary. Review of existing literature was used to complement 
the current research findings. The investigated variables were isolated because 
of their being the direct location-specific effects occasioned by climate change. 
These variables are categorized into three, these include: those strategies related 
to increased temperature; reduced water level (rainfalls); and incidence of flood. 
These variables were cross tabulated against the selected towns of respondents and 
are discussed as follow.

4. Result and discussion
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region of Mopani District
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Limpopo province [75]. According to [76], households’ and municipal responses 
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and several other strategies. In line with this understanding, household’s individual 
rising temperature coping strategy in the selected towns in the district were identi-
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of water bodies, eco-friendly faming practice, Flower and Grass Planting, the use 
of Fan and Air conditioner and the creation of Parks and Gardens. Table 1, depicts 
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for mitigating the impact of high temperature [77]. This assertion was validated 
in the selected towns, with the results obtained from our investigation where 
63.3% of households in Tzaneen, and 56.6% in Nkowankowa were in agreement 
with tree planting strategy to cope with heat waves. Hoedspruit accounted for 
88.9%, Modjadjiskloof 50% while in Phalaborwa and Giyani 95.2% and 100% of 
households employed the strategy respectively. The findings suggests wide range of 
acceptability of tree planting as temperature coping strategy. The general accept-
ability of the strategy across the towns was adduced to its affordability and effec-
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An examination of the relevance of reducing bush burning as a strategy for 
coping with temperature in the selected towns in Mopani District was under-
taken and the results of the respondents’ answers to the strategy reveals that 
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in Nkowankowa, Tzaneen, Hoedspruit and Modjadjiskloof, minimizing bush 
burning was considered by every household, as an appropriate strategy, while 
in Phalaborwa, 2% of the entire households surveyed declined the choice of the 
strategy. The employment of bush burning minimization to curtail the impact of 
heatwaves at municipal level will be an acceptable and effective strategy that will 
make meaningful impacts across the district.

With respect to the respondents adopting the conservation of water bodies in 
their communities, Table 1 shows that more than four in every five respondents 
in Phalaborwa, three in every five in Modjadjiskloof respectively endorsed the 
strategy to cope with temperature. However, the strategy only enjoyed the accept-
ability of only 2.3% respondents in Giyani. This strategy was equally unpopular 
in both Tzaneen and Nkowankowa. The reason for Hoedspruit, Phalaborwa and 
Modjadjiskloof in favor of this strategy was traced to the awareness of the benefits 
of the strategy among households, facilitated by NGOs and the respective munici-
palities. This result reflects that the municipalities of the two towns complied with 
the water conservation Act No. 36 [78].

In the narratives of current literature reviewed on the adoption of eco-friendly 
farming practices as temperature coping strategy, it shows that it is a promising 
strategy as reported by [79]. But the results of the acceptability test of the strategy 
in the selected towns show otherwise. For example, in Tzaneen, Modjadjiskloof, 
Phalaborwa and Giyani, no respondent indicated adopting it as a strategy. Only 
Hoedspruit accounted for 11.1%. The result reflects the economic activities of 
significant proportion of respondents from non-primary sources particularly 
agriculture. Thus, prescribing it as coping strategy for temperature in the district 
might not be very impactful to the majority of households.

However, According to [80] as cited in [81] Green infrastructure is very useful 
in contributing to mitigate the effects of hard surfacing by modifying ambient tem-
peratures as well as creating recreational opportunities among other advantages. 
Our investigation revealed that every households in Hoedspruit town adopted the 
strategy, while 98.8%, 80% and 51.5% households in Phalaborwa, Modjadjisklooof 
and Giyani towns adopted the green infrastructure strategy respectively too. Flower 
and grass planting seems to be a widespread and suitable temperature coping 
strategy in the selected towns, except in Nkowankowa where only 18.3% of the 
household embraced the strategy.

The use of Fan and Air conditioner appeared to be a very satisfactory strategy 
that was favored by every households traversing the selected towns in Mopani. This 
was adduced to by the respondents that the former (fan) is affordable, accessible 

Towns Tree 
planting

Flower 
and 

grass 
planting

Create 
parks & 
garden

Minimize 
bush 

burning

preserve 
water 

bodies

Eco-
friendly 
farming

Use of 
fans 

and air 
condition

Tzaneen 66.3 45.6 0.0 100.0 0.0 0.0 100.0

Nkowankowa 56.6 18.3 0.0 100.0 0.0 0.6 100.0

Hoedspruit 88.9 100.0 0.0 100.0 83.3 11.1 100.0

Modjadjiskloof 50.0 80.0 0.0 100.0 60.0 0.0 100.0

Phalaborwa 95.2 98.8 0.0 98.0 77.4 0.0 100.0

Giyani 100.0 51.5 0.0 100.0 2.3 0.0 100.0

Source: Authors’ Field Data, 2019.

Table 1. 
Temperature coping strategies across Mopani District.
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and environmentally friendly. However, while the latter (air conditioners) was 
enhanced by the stability of electricity, it does not only escalates the energy bills 
because of the increased loads resulting from cooling, but it equally exacerbates 
urban heat island in its own capacity. Thus [82] submit that for effective alleviation 
of urban warming and enhanced cooling, there is, as a necessity the need to reduce 
air-conditioning anthropogenic heat.

The responses obtained from the survey conducted on the creation of 
Neighbourhood Parks and Garden as a temperature coping strategy by the house-
holds across the selected towns is presented in Table 1. The result shows a consensus 
among the households that the siting and development of neighborhood parks 
and garden was the responsibility of the governments at different levels. This was 
reflected in households’ responses where no household indicated creating Parks and 
Garden as a personal temperature coping approach. However, children who desire 
to recreate use available spaces like access road around them to play soccer, not 
minding risks involved.

4.1.2 Households’ water scarcity coping strategies

With respect to water scarcity, the households were required to indicate the 
strategy they use during climate related drought or long heat waves that reduce the 
water quantity in their area. The variable used to capture the households’ responses 
include: rain water harvesting, water embankment, use of storage tanks, water 
treatment to improve quality and use of water vendor service. These results are 
presented in Figure 2.

An examination of household coping strategies regarding change in water level 
in the selected towns, as summarized in Figure 2, shows that rainwater harvest-
ing as a strategy was not popular among the households. The results shows that 
5.1% respondents in Tzaneen and 5% in Nkowankowa adopted water harvesting 
as a strategy, while in Phalaborwa and Giyani both accounted for 5% and 3.1% 
respectively. However, both Modjadjiskloof and Hoedsrpruit towns did not use such 
a strategy because according to them, it is time consuming and that the quality of 
harvested water was most times compromised.

However, Figure 2 shows the results of the examination of the use of storage 
tanks to cope with reducing water level. It was discovered that 100% and 81% of 
households in Hoedspruit and Phalaborwa respectively used the strategy to backup, 
to forestall the impacts of water shortages. In Tzaneen and Nkowankowa 54.4% and 
51% of their respective household used same strategy. Similarly, in Modjadjiskloof 

Figure 2. 
Coping strategies for change in water level across towns and Mopani. Source: Author’s Field Data, 2019.
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and Giyani the households that used storage tanks were respectively 50% and 
61.5%. On the average 61.1% of the respondents have used or still using storage 
tanks to adapt to reducing water level in their communities. The study implied that 
the storage of water in tanks is an acceptable strategy because water provision is not 
always at RDP level.

A significant indicator of health is water scarcity, which includes both its 
availability and quality [83]. Water use is beyond drinking, it is intimately linked 
to food security, sanitation and hygiene contributing to health burdens. Poor and 
vulnerable communities suffer the most from the adverse effects of climate change 
on water and health related issues and that the adaptation strategy which can effec-
tively reduce the strain on water resources include wastewater recycling and reuse 
[84]. This was tested in the selected towns, and was found that when water became 
scarce, such as in 2016 and 2017 droughts periods in Limpopo province, most 
households turned to the re-use of water due to the scarcity of water for domestic 
and others uses. Our investigation further showed that 100% of the respondents 
re-use water as was advised by the Department of Water Affairs, when Limpopo 
Province, was declared a disaster province.

Water treatment was one of the variables we requested the households to give 
their response if they use such strategy. Although according to the science of water 
treatment which involved reverse osmosis etc, we were more interested in treat-
ment such as water boiling, using aqua active bleaching agents such as hypochlorite 
to disinfect the water before use. The results in Figure 2 shows that 100% of the 
respondents use non-complicated methods to treat their water when it becomes 
very scarce and necessary.

The general practice particularly in the peri-urban areas of the selected towns is 
that most of them buy water from water vendors who sell water in containers rang-
ing from R5 to R25 depending on the quantity sold. The study showed that not all 
respondent were disposed to buying water from vendors maybe because some could 
not be guaranteed the quality of the water. Patronage of water vendors was common 
among those households who did not have stand pipes in their yards. However, in 
Modjadjiskloof and Giyani 43% and 48% respectively used water vendor services to 
cope with water scarcity (Figure 2).

4.1.3 Household strategy for flood control in Mopani

As rightly noted [85] that with increasing havoc of floods in the urban center, 
and its negative impacts particularly on the poorest and the most susceptible, effec-
tive coping strategies require the combination of protective infrastructure, nature-
based approaches, and risk financing (insurance) schemes to curtail floods and 
cushion their adversities. Flash floods has resulted into several degrees of damages 
in South Africa [65] as well-as some parts of the selected towns in Mopani District 
Municipality [75]. This occurred at different times, frequencies and intensities. 
This phenomenon has in the past resulted in households loosing properties ranging 
from home assets to farm crops and farm produce. The results of the survey showed 
that with respect to flood control strategies, the most popular include the construc-
tion of embankment to prevent over flow of rivers, the use of Furrow around their 
house, building of walls to protect houses during flash floods, growing of lawns, 
removal of solid waste from the storm water drainages, re-enforcement of dwellings 
with stones and concretes.

Our findings suggest that building embankment around houses is a popular 
strategy particularly among those residing close or whose offices are in close 
proximity to rivers, along erosion line, or terrain threatening sites. Embankments 
are usually constructed by the community or the local municipality. One aspect 
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and environmentally friendly. However, while the latter (air conditioners) was 
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because of the increased loads resulting from cooling, but it equally exacerbates 
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water quantity in their area. The variable used to capture the households’ responses 
include: rain water harvesting, water embankment, use of storage tanks, water 
treatment to improve quality and use of water vendor service. These results are 
presented in Figure 2.

An examination of household coping strategies regarding change in water level 
in the selected towns, as summarized in Figure 2, shows that rainwater harvest-
ing as a strategy was not popular among the households. The results shows that 
5.1% respondents in Tzaneen and 5% in Nkowankowa adopted water harvesting 
as a strategy, while in Phalaborwa and Giyani both accounted for 5% and 3.1% 
respectively. However, both Modjadjiskloof and Hoedsrpruit towns did not use such 
a strategy because according to them, it is time consuming and that the quality of 
harvested water was most times compromised.

However, Figure 2 shows the results of the examination of the use of storage 
tanks to cope with reducing water level. It was discovered that 100% and 81% of 
households in Hoedspruit and Phalaborwa respectively used the strategy to backup, 
to forestall the impacts of water shortages. In Tzaneen and Nkowankowa 54.4% and 
51% of their respective household used same strategy. Similarly, in Modjadjiskloof 

Figure 2. 
Coping strategies for change in water level across towns and Mopani. Source: Author’s Field Data, 2019.
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and Giyani the households that used storage tanks were respectively 50% and 
61.5%. On the average 61.1% of the respondents have used or still using storage 
tanks to adapt to reducing water level in their communities. The study implied that 
the storage of water in tanks is an acceptable strategy because water provision is not 
always at RDP level.

A significant indicator of health is water scarcity, which includes both its 
availability and quality [83]. Water use is beyond drinking, it is intimately linked 
to food security, sanitation and hygiene contributing to health burdens. Poor and 
vulnerable communities suffer the most from the adverse effects of climate change 
on water and health related issues and that the adaptation strategy which can effec-
tively reduce the strain on water resources include wastewater recycling and reuse 
[84]. This was tested in the selected towns, and was found that when water became 
scarce, such as in 2016 and 2017 droughts periods in Limpopo province, most 
households turned to the re-use of water due to the scarcity of water for domestic 
and others uses. Our investigation further showed that 100% of the respondents 
re-use water as was advised by the Department of Water Affairs, when Limpopo 
Province, was declared a disaster province.

Water treatment was one of the variables we requested the households to give 
their response if they use such strategy. Although according to the science of water 
treatment which involved reverse osmosis etc, we were more interested in treat-
ment such as water boiling, using aqua active bleaching agents such as hypochlorite 
to disinfect the water before use. The results in Figure 2 shows that 100% of the 
respondents use non-complicated methods to treat their water when it becomes 
very scarce and necessary.

The general practice particularly in the peri-urban areas of the selected towns is 
that most of them buy water from water vendors who sell water in containers rang-
ing from R5 to R25 depending on the quantity sold. The study showed that not all 
respondent were disposed to buying water from vendors maybe because some could 
not be guaranteed the quality of the water. Patronage of water vendors was common 
among those households who did not have stand pipes in their yards. However, in 
Modjadjiskloof and Giyani 43% and 48% respectively used water vendor services to 
cope with water scarcity (Figure 2).

4.1.3 Household strategy for flood control in Mopani

As rightly noted [85] that with increasing havoc of floods in the urban center, 
and its negative impacts particularly on the poorest and the most susceptible, effec-
tive coping strategies require the combination of protective infrastructure, nature-
based approaches, and risk financing (insurance) schemes to curtail floods and 
cushion their adversities. Flash floods has resulted into several degrees of damages 
in South Africa [65] as well-as some parts of the selected towns in Mopani District 
Municipality [75]. This occurred at different times, frequencies and intensities. 
This phenomenon has in the past resulted in households loosing properties ranging 
from home assets to farm crops and farm produce. The results of the survey showed 
that with respect to flood control strategies, the most popular include the construc-
tion of embankment to prevent over flow of rivers, the use of Furrow around their 
house, building of walls to protect houses during flash floods, growing of lawns, 
removal of solid waste from the storm water drainages, re-enforcement of dwellings 
with stones and concretes.

Our findings suggest that building embankment around houses is a popular 
strategy particularly among those residing close or whose offices are in close 
proximity to rivers, along erosion line, or terrain threatening sites. Embankments 
are usually constructed by the community or the local municipality. One aspect 
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of the embankment as a strategy to cope with floods is that it fends off water 
and shelters settlements from flooding. About 58% of respondents was recorded 
in Modjadjiskloof and 32% in Phalaborwa, Hoedspruit was 23%, while Giyani 
and Nkowankowa both depicted 27% and 36% accordingly. In a further probe to 
why majority did not adopt the strategy, respondents noted it to be an expensive 
option, which often failed when the construction was not done to structural 
specifications.

With respect to the use of Sandbags, as a strategy, in Giyani 24% of the 
households indicated its adoption as the option to protect their properties against 
flood. In Nkowankowa 17%, Tzaneen was 11%, while Modjadjiskloof households 
accounted for 22% that used sandbags. The households’ justification for the use of 
sandbags as a coping strategy to protect against flooding was hinged on its afford-
ability, ease of building and availability of the material components.

The use of furrow was equally investigated to ascertain whether or not is an 
acceptable strategy among the households in the district. The result indicates that 
5% of Tzaneen residents are using Furrows around their properties, while about one 
in every four households in Nkowankowa adopted the same strategy. Households 
in Hoedspruit and Modjadjskloof that used the strategy accounted respectively for 
16% and 36% and both Phalaborwa and Giyani accounted for 12% and 18%. The 
result suggest that the strategy was not embraced by the majority of the households 
across the selected towns. According to the respondents, the option was considered 
costly and not an effective strategy compared to others.

The proportion of households’ that adopts the building of protective walls 
around their houses to cope with flood in the six selected towns indicates that this is 
a commonly used strategy in the study area. Both Modjadjiskloof and Nkowankowa 
used it as a strategy mostly. With 76% of its household, Modjadjiskloof recorded 
the highest proportion of household that used the protective walls as strategy, while 
18% of the households in Nkowankowa used the strategy. These results was signifi-
cantly influenced by the terrain of individual towns under consideration as towns 
with relatively low lying terrain recorded lower patronage of the strategy, while 
town with steep slope like Modjadjiskloof adopted it most.

According to [80], Green infrastructure is useful in curtailing surface runoff 
among other benefits [81]. From the results of analysis, households’ response with 
respect to growing grasses to reduce the effects of floods in the selected towns 
revealed that 60% of households in Hoedspruit grew lawn to reduce the flow of sur-
face run off that erodes the top soil. The study showed that 37% of the households 
in Modjadjiskloof and 36% in Tzaneen grew lawn to reduce erosion while 2.5% and 
20% employed the same strategy in Nkowankowa and Giyani towns respectively. 
This strategy apart from protecting the surface top soil from erosion, it also keep a 
good ambient of the environment.

The respondents’ answers to the cleaning and removal of waste from drainage 
channels and systems appeared an acceptable coping strategy across the selected 
towns in Mopani. 32% of households in Tzaneen do evacuate waste from drainages, 
while as low as 5% of Nkowankowa households used the strategy to avoid over 
flow of drainages. However, more than two out of every five Phalaborwa residents 
engaged in clearing of their drainages to prevent flooding. The study further shows 
that one tenth of Giyani household embraced the strategy as well. Further to this, 
drainage and stream channelization was popular, accounting for 25% of Tzaneen 
households, while one fifth of Hoedspruit households embraced drainage channel-
ization in coping with the incidence of flood.

The use of concrete and stones by households to reinforce their housing 
foundation serves dual purposes as a way to stabilize the building as well-as safe-
guard it against any unexpected floods that can erode the building foundation. 
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About 88% of Hoedspruit household endorsed it, while 87% of the households in 
Modjadjiskloof as well-as 78% of them in Phalaborwa used it as a strategy to cope 
with floods. However, Tzaneen account for 40% of houses in this category, while 
Giyani town accounted for 34%.

Obviously without waiting endlessly for government, households across the dis-
trict have taken creative initiatives to respond within the available resources at their 
disposal to climate change related hazards. However, households’ capacities are 
limited by several factors, ranging from economic, social, and attitudinal. Unless 
pioneered, championed and facilitated by government, household adaptation may 
not achieve the desired goal. Although several factors collaborate to hamper the 
success of urban adaptation in the semi-arid region of Mopani, South Africa. These 
limiting factors are identified in the next section.

4.2  The factors hindering the success of urban adaptation strategies in the 
Mopani region

This section identifies the factors that inhibit the successes of urban adaptation 
to climate change hazards. Through our interactions with the households in the 
selected towns, the key informant (particularly the municipal staff and profession-
als) and other stakeholders, buttressed by the findings from the planning instru-
ments (IDPs) of the five local municipalities in Mopani District, several inhibiting 
factors clogging the successes of urban climate change adaptation in these munici-
palities were uncovered. These out of others can be stratified into both internal and 
external factors. These are discussed as follow:

Internal factors are those factors that the local municipalities recognized as 
being within their mandates and powers, on one hand. These include but are not 
limited to paucity of fund, principally from budgetary allocation. Limited human 
capacity to embark on the required types of planning for integrated adaptation 
mainstreaming, compounded by the paucity of knowledge of adequate climate 
issues at the local municipal level. Higher competition that exist between the 
mandates of government, resulting in less priority being accorded to long-term 
planning issues (like climate change) in favor of short-term actions and gains. The 
Situation is further compounded by the South African need to tackle the backlogs 
of service amidst coping with both current and future needs of the people. Thus, 
rendering long-term interventions unattractive to politicians who run a short politi-
cal tenure to execute. With long-term horizon nature of climate change projections, 
it contradicts with the short-term political and development programs of these 
municipalities.

In addition, system’s failure manifest across the selected towns, for instance 
drainages and water ways blockages, absence of drainages in many instances, sewer 
leakages (like the case of Nkowankowa and Phalaborwa), and backlogs of service 
across the municipalities are clear indicators. Others factors include policy inad-
equacies resulting from municipal reliance on national policies (such as urban and 
other climate adaptation-related policies). The dichotomized land management and 
operational deficiencies where traditional institutions are in charge of unproclaim 
land with no responsibility to provide services. Absence of interface programs 
between the municipalities and the Universities and other research institutions for 
information and knowledge sharing as well-as research activities regarding climate 
change and urban development. There was equally no evidence to show collabora-
tions with private sector (banks, insurance and individual philanthropists) on 
adaptation issues.

Furthermore, external factors include high poverty rate, low literacy level and 
unemployment. Lack of reliable and verifiable hazard incident reporting systems 
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not achieve the desired goal. Although several factors collaborate to hamper the 
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palities were uncovered. These out of others can be stratified into both internal and 
external factors. These are discussed as follow:

Internal factors are those factors that the local municipalities recognized as 
being within their mandates and powers, on one hand. These include but are not 
limited to paucity of fund, principally from budgetary allocation. Limited human 
capacity to embark on the required types of planning for integrated adaptation 
mainstreaming, compounded by the paucity of knowledge of adequate climate 
issues at the local municipal level. Higher competition that exist between the 
mandates of government, resulting in less priority being accorded to long-term 
planning issues (like climate change) in favor of short-term actions and gains. The 
Situation is further compounded by the South African need to tackle the backlogs 
of service amidst coping with both current and future needs of the people. Thus, 
rendering long-term interventions unattractive to politicians who run a short politi-
cal tenure to execute. With long-term horizon nature of climate change projections, 
it contradicts with the short-term political and development programs of these 
municipalities.

In addition, system’s failure manifest across the selected towns, for instance 
drainages and water ways blockages, absence of drainages in many instances, sewer 
leakages (like the case of Nkowankowa and Phalaborwa), and backlogs of service 
across the municipalities are clear indicators. Others factors include policy inad-
equacies resulting from municipal reliance on national policies (such as urban and 
other climate adaptation-related policies). The dichotomized land management and 
operational deficiencies where traditional institutions are in charge of unproclaim 
land with no responsibility to provide services. Absence of interface programs 
between the municipalities and the Universities and other research institutions for 
information and knowledge sharing as well-as research activities regarding climate 
change and urban development. There was equally no evidence to show collabora-
tions with private sector (banks, insurance and individual philanthropists) on 
adaptation issues.

Furthermore, external factors include high poverty rate, low literacy level and 
unemployment. Lack of reliable and verifiable hazard incident reporting systems 
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that can guarantee disaster hotspot identification and monitoring for early warning. 
Nevertheless, some of these identified factors (policy shortcomings, institutional 
weakness etc.), lack of political will plays a significant role.

5. Conclusion

There is no doubt that the new climate is here so also are the attendant hazard 
that we have to live with in decades to come. With the long-term nature of ongoing 
global mitigation efforts, adaptation remains the available strategy that must be 
collaboratively embraced to cope with climate change prone hazards in the urban 
centers of semi-arid region of South Africa.

Thus, we emphasize the need for a participatory urban management strategy 
for sustainable adaptation to climate-related hazards, while calling on Scholars to 
develop models of urban adaptation to climate change that may not necessarily be 
highly mathematical, but recognize the technological level, social and economic 
peculiarities of urban Africa, particularly in the semi-arid region of Mopani, 
South Africa.

The need to urgently review the procedure for reporting climate change hazards 
and emergencies to promote early warning system, should be revisited. Hazards 
reporting should be facilitated by the incorporation of instant reporting compo-
nents in to the existing or a new reporting protocols. This chapter referred to this 
as “hotspot reporting and monitoring system”, through the implementation and 
development of a mobile phone facilitated protocol that makes citizens the report-
ers of climate hazards.

It is therefore important to identify and simplify trends and carry out assess-
ment of the effectiveness of prevailing and future policies that may be directed 
towards urban households’ adaptation to climate change hazard in semi-arid region 
of Mopani South Africa for impactful delivery. In addition, such adaptation policies 
should be locally-driven and must address climate change as a multifaceted phe-
nomenon and not limited as solely to being tackled as an environmental issue, while 
integrating local knowledge approaches.

Although, it may be uneasy to convince politicians to prioritize climate change 
(a long-term development agenda) over and above short tenure political agenda, 
conversations and strategies to encourage the implantation of long-term sustainable 
projects should be persuaded. But, because climate change phenomenon as well-
as its related consequences are real and already manifesting [58], thus, research 
institutions, private sector (corporate organization) and NGOs are urged to assist 
in facilitating training of municipal staff and reorientation program for politicians, 
particularly by promoting the inclusion of climate change hazard management 
agenda in the political parties manifestoes while facilitating private adaptation 
strategies at community level.

Strategies like tree planting, urban greening, drainage channelization, and 
harmonization of the dichotomized land management in the district are some of 
the strategic window to curtail climate change hazards in the semi-arid region of 
Mopani South Africa.
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Abstract

Within academia there is ongoing discussion over what constitutes natural 
disaster or what does not. Floods, which in recent years have taken the world by 
surprise, come into the discussion too. While that is the case, its impact on educa-
tion systems is least discussed, if ever, yet literature acknowledges floods as one 
of the most devastating disasters ever recorded in human history. This Chapter, 
while attempting to examine the impact flooding has on education systems in 
Africa, it also explores whether flood sits well in the category of natural disaster. 
Furthermore, the writers also critically examine and interrogates adequacy of states 
responses to prevent flooding affecting education systems. The Chapter further 
explores whether flooding and its related impact on the education system is a 
disaster risk governance failure.
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of the most devastating disasters ever recorded in human history globally. This 
Chapter, while attempting to examine the impact flooding has on education systems 
in Africa, it also explores whether flood sits well in the category of natural disaster. 
Furthermore, the writers also critically examine and interrogates adequacy of states 
responses to prevent flooding affecting education systems. The Chapter further 
explores whether flooding and its related impact on the education system is a 
disaster risk governance failure prior the conclusion section.

2. The hazard: floods and its invention

Floods come in various forms and are living testimonies of the conflict between 
urban development and weather-related vulnerabilities. According to Van Niekerk 
and Nemakonde [1], fluvial floods, flash floods and glacial lake outburst floods 
make the list. For Sub-Saharan Africa the main floods that inflict the region come 
from periods of high intensity rainfall emanating from tropical cyclones and storm 
surges [2]. For instance, the 2018 to 2019 South Indian cyclone was a fluvial flood 
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surges [2]. For instance, the 2018 to 2019 South Indian cyclone was a fluvial flood 



Natural Hazards - Impacts, Adjustments and Resilience

152

that resulted in flood damage of exponential levels in Africa [3]. This was caused 
mainly by cyclone Idai which affected Zimbabwe, Malawi and Mozambique leaving 
a trail of destructions and deaths [4]. As for flash floods, these are of a short dura-
tion caused by high intensity rainfall that quickly floods the smaller basins. Africa 
is overwhelmed with periods of extreme rainfall and recurrent floods which may be 
associated with El Nino events which leave a lot of destructions in all sectors of the 
economies [5]. However, it is a misnomer to suggest that it is only the African conti-
nent that is prone to floods. In his article titled, ‘The Floods: a man-made disaster?’, 
[6] warns the Army Corps of Engineers in America that its concrete navigation 
structures in the Mississippi River were intensifying floods, and that its plans to 
build more wingdikes and weirs would exacerbate a severe and growing problem. 
Grunwald [6] clearly shows the human hand in the creation of flooding condition. 
It therefore follows that, while there are naturally caused floods that would have 
occurred from time to time that natural systems could mostly handle, our develop-
ment of a lot of the world’s landscape and our consumptive lifestyles have led to not 
only in the increase in flood occurrences, but also cause floods. Flood as natural 
event, relates to God’s venting of anger and flood as man-made implies man’s failure 
to mitigate and prepare adequately for hazard to reduce its impact on infrastructure 
on which livelihoods depend on.

3. Associated flood benefits

Tockner and Stanford [7] opine that floods have always been an important 
part of nature’s regeneration process providing several benefits to countries in 
the developing world. To that end, some people choose to live in flood hazard 
prone areas and accept the high levels of risks because of the benefits they access 
from such areas [8]. The benefits of living in flood prone areas outweigh the risks 
involved for the vulnerable communities as the floods bring silt to nourish the deltas 
and to fertilise crops and seasonal fisheries [9]. Studies on floods in Tanzania’s Rufiji 
River Delta by Sandberg found out that it allowed for post flood agriculture which 
is of benefits to the community in that area as they grow cotton, peas and maize 
[10]. In case of Bangladesh, flood has noted to be necessary for fertilising, irrigating 
the fields and enabling fish to spawn [9]. In such scenarios, and as the populations 
grow, governments are obliged to provide services such as education infrastructure 
to the inhabitants despite the threat posed by flooding.

The value of flooding to mankind is not only limited to soil enrichment for 
agricultural purposes. Flood water absorbed underground recharges the under-
ground aquifers to supply fresh water to rivers, wells, dams, and lakes from flood 
water to the extent that many countries are dependent on aquifers for fresh water. 
Floods are an alternating source of that fresh water supply [11]. Ecosystems also 
depend on flood water which carries and deposits nutrients rich in sediments that 
support both the plant and animal life of wetlands [12]. In this way, floods become a 
pull factor incentivising communities to choose to live in flood hazard prone areas, 
and accept the high levels of risks because of the economic benefits they access from 
such areas [8].

4. Flood as a destroyer

In view of the context of the here and now benefits of floods, the negative 
impact of floods on education, despite being real, tend to be masked and yet have 
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a terrible impact on the same. A survey by the Asian Disaster Preparedness Center 
in 2002, in Cambodia speaks to this observation. The survey in question sought to 
identify the impacts of disasters on the education sector and the findings revealed 
that floods were one of the factors disrupting study program accomplishment and 
thus affecting the quality of current education, particularly in provinces which 
are prone to floods and where schools were constructed without proper flood 
resilience [13]. In the context of Zimbabwe, soon after gaining political inde-
pendence in 1980, the introduced reforms in the education system that focused 
on the principle of ‘Education for all’ were adopted. Education for all principle 
embraced the practical principle of increasing the number of schools by building 
schools in marginalised areas and disadvantaged urban centres [14]. Incidentally 
some of the marginalised areas were in flood prone areas. As [14] further argues, 
the government involved local communities to help support schools through 
providing labour for moulding bricks and other resources. The emphasis was not 
so much on quality and cost effectiveness of the education system, but on acces-
sibility to education. The Fast land reform programme in Zimbabwe did not help 
the situation either. People settled themselves under the disguise of black empow-
erment through access to land and they settled where ever they felt like. Some 
communities settled in flood prone areas. Owing to the population expansion in 
those places illegally occupied, the government had no option but to follow up 
with the construction of schools, commonly known as satellite schools. By allow-
ing people to settle in such fragile spaces, in one way or the other, it helped to easy 
political tension that had started building in the country due to socio-economic 
hardships. However, like in the post-independence era quality of infrastructure 
in the context of resilience to shocks such as floods is not a priority. When floods 
eventually strike, because they impact communities in different degrees depend-
ing on the vulnerability of that community, the impact on education is least to be 
acknowledged.

The extent floods affect livelihoods and human life is well documented in 
literature. In fact, quantifying such loss has been the responders’ priority. While 
that is the case, literature has it that one’s political, social and economic status plays 
a significant role when it comes to exposure to risk of flooding. Poorest communi-
ties are the most vulnerable as they live in the most threatened locations [15] they 
lack the means to live in less vulnerable communities [16]. This construction of 
flooding implies that one’s exposure to flooding is a social construction, thus in a 
way implying that if it is socially constructed, then flood fits well in the discussion 
of it as being man-made. Cann et al., [17] are quick to remind us that floods affect 
the quality of drinking water thereby bringing with them water related infectious 
diseases such as cholera and hepatitis which will be compounded by damaged or 
overwhelmed sanitation system. Flood as destroyer has also been noted by other 
authors such as [18] who argue that it destroy agriculture, transport infrastructure, 
communication infrastructure, service buildings, and social facilities. Such loss 
compounds the deterioration of the social and economic lives of people as well as 
harming the national economy. While literature envisage an increase in flood threats 
due to various reasons and creations both natural and man-made [19], the extent to 
which it affects education systems globally has not received favourable attention. 
More often, after a floods we hear and read about the level of the impact on the 
socio-economic well-being of children if not mainly on economic related benefits of 
floods; As [13] have observed, the impacts on children’s access and right to quality 
education have received little attention This has resulted in a lack of studies on the 
effects of floods on school children and infrastructure in most countries including 
in Zimbabwe.
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a terrible impact on the same. A survey by the Asian Disaster Preparedness Center 
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identify the impacts of disasters on the education sector and the findings revealed 
that floods were one of the factors disrupting study program accomplishment and 
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5. Floods and its impact on education systems

In the education sector floods leave a trail of destructions which may results in 
children’s education getting to a level where it cannot be salvaged. Schooling maybe 
cancelled, children may drop out of school and school absenteeism may occur if 
school buildings are used as evacuation centres. A case in point is on Cambodia 
floods that happens at beginning of academic year from July –December, and chil-
dren and teachers fail to go to school because of damaged roads and having to travel 
across rivers becomes dangerous. Using boats increase the cost of getting to schools 
which parents fail to meet [20]. This is supported by [21] who argued that the most 
depressing effects of floods is to be found in the affected areas, as the students have 
to wade through the flooded fields or board canoes that are dangerously rowed 
through the floating water. Living conditions in evacuation centres, limited space in 
schools having taken in more students and limited teaching resources for teachers 
also have a psychological effect on children [22]. The destruction of school infra-
structure by cyclone Idai in Zimbabwe in Chimanimani district bares testimony.

There has also been recognition in practice that schools are normally designated 
as evacuation centres by government authorities. While classroom offer relatively 
large space for the multitude in need, evacuates bring their animals into the evacu-
ation centres and use the buildings to house their animals. In a situation where the 
evacuation centre is a school, as was the case in Cambodia [20], animals destroy the 
school infrastructure. This leaves the schools in pathetic situations and disheartens 
educationist. Such an outcome tends to lead to brain drain as teachers may find 
it difficult to take up teaching jobs in the affected areas thus causing shortages of 
qualified teaching personnel [21]. In the absence of qualified teaching personnel, 
coupled with unattractive and dilapidated learning infrastructure impede on the 
quality of education offered to students which in turn affect the performance of 
students. When schools are closed and stay closed longer to flood disturbances, 
female learners are further exposed to other risks such as early marriages.

6. Flood: governance inaptitude

It is important for the different stakeholders in a country to mobilise each other 
in order to develop different tools to manage floods. UNDP [23] in [24] defines 
governance as ‘the different ways in which governments, private sector and in 
general all individuals and institutions in a society organise themselves to manage 
their common affairs’. In relation to floods risk governance, governance then refers 
to the structural context in which various actors with a role in the development and 
implementation of flood risk management policies act and interact [24]. The level 

Case 1: Flood risk governance Cyclone Idai
The 2018–2019 Indian Ocean cyclone resulted in a level of flood damage previously unseen in Africa [3]. 

The main cause was cyclone Idai which affected Mozambique and Zimbabwe. It commenced in March 2019 
as a tropical depression over Malawi which caused widespread flooding affecting almost a million people. 
This moved back out to sea forming cyclone Idai which hit the east coast of Mozambique before dissipat-
ing in the eastern Zimbabwe which is 200 km from away on the 14th of March and slowly moved to hit 
Chimanamani at about 7 pm the following day on a Friday.

Zimbabwe had more lead time to prepare for the cyclone and reduce the potential damage compared 
to Mozambique. Despite this relative advantage, it was hit the hardest when compared to Mozambique that 
had far less casualties, environmental and infrastructure destruction. Indeed, security favours those who 
are prepared. The Metrological Service in Zimbabwe had warned of the impending threat two (2) days 
before the cyclone landed. Chimanamani District was severely punished, with loses amounting to millions 
of US dollars, unimaginable environmental damage and loss of lives.
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and trail of destruction caused by a hazard is largely defined type of governance in 
existence.

While the two case studies of two neighbourly countries do not detail the trail 
of destruction related to the school infrastructure and holistic education system, it 
has relevance to the discussion in place. Literature has identified a lot of weakness 
and some strength in governance issues pertaining to flood risks in countries in 
Africa, particularly Sub-Sahara Africa. Van Niekerk and Nemakonde [1, 27] identi-
fied that a number of countries have governance challenges to effectively respond 
to disasters and manage risk reduction measures because they lack pro-active 
measures from the government side. This is attested by Zimbabwe’s response to 
cyclone Idai as penned by [29, 30] who identified capacity and policy gaps around 
coordinating response, civil and social protection, humanitarian assistance, devel-
opment planning and management and land policies. This could have affected the 
proper dissemination of educational information on disaster as well as the threat 
that was posed by the cyclone Idai. A lot could have been done by the countries 
involved judging by the time-lines of the events, which gave ample time to alert the 
communities of the impending threat.

7. Flood risk management and education continuity

A number of frameworks have been devised to understand how flood impact 
education systems as giving directions on initiatives for the protection of children 
during disasters and for education continuity. The Hyogo Framework for Action 
[31] which recognised the necessity for including disaster risk assessment, disaster 
preparedness programs and activities that minimise disaster impacts in schools 
clearly comes to mind. The Hyogo Framework for Action (HFA) 2005–2015 was 
adopted in 2005 by 168 member states including Zimbabwe, to build resilient 
nations and communities through substantial reduction in disaster losses by 2015 
[32, 33]. It was the primary global framework for DRR to give critical guidance to all 
nations in their efforts to reduce risk [34]. As such, five key indicators were formu-
lated to guide nations towards a more disaster resilient society. Closely related to 
disaster risk reduction (DRR) education integration is Priority 3 which reads “Use 
knowledge, innovation and education to build a culture of safety and resilience at 
all levels” [35], p. 8. This was to be implemented by integrating DRR knowledge in 
relevant sections of school curriculum, including local risk assessment and disaster 

Case 2: Mozambique Foods in 2000 and 2007
Mozambique has a total of ninety three rivers of various sizes, and seasonal regimes cross Mozambique 

coastal plain [25]. The flooding of the Zambezi in 2000 affected 4.5 million people and approximately 800 
died [26]. However, in the major flood of 2007 no more than 300,000 people were affected though water 
levels were as high as they were in 2000. This showed that lessons learned by the government, national 
and international NGOs from the 2000 flood disaster had paid off. It had led to improved warning system, 
establishment of protocols for disaster response, awareness-raising campaigns among the population, train-
ing of local government institutions and improved coordination among all stakeholders. Many of those that 
had been affected in the 2000 floods had been relocated to higher and safer areas.

Vyas-Doorgapersad and Lukamba [27] gave the same sentiments on how Mozambique has improved 
in its flood risk management from 2000 floods citing the 2010 floods. According to [28] in [27], ‘the 
Mozambique government had gone to great lengths to implement disaster risk reduction measures in the 
aftermath of the floods in 2000–2001. It had updated the contingency plans, prepared emergency site 
plans, conducted simulation exercises and pre-positioned supplies. The efforts paid as shown in the level of 
destruction during cyclone Idai which was not as bad as that inflicted in Zimbabwe, yet it still had higher 
destructive power from the Indian ocean when it made landfall in Mozambique. This shows the power of 
the flood risk reduction measures that have been put in place so far by the Mozambique government and its 
partners.
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preparedness programs in schools and institutions of higher learning, and imple-
menting programs and activities in schools, that teach learners how to minimise 
the effects of hazards [5, 36]. In response to that call countries like Zimbabwe have 
made some strides in integrating disaster education in school curriculum [37]. 
Hence although, HFA lifespan has ended, it remains the rock on which her successor 
the Sendai Framework for Disaster Risk Reduction (SFDRR) (2015–2030) [38] is 
built on. Unlike its predecessor which had a ten year life span, the SFDRR has dura-
tion of 15 years. Priority 2 of the framework guides the strengthening of disaster 
risk governance to manage disasters risk through education. This priority encour-
ages member states to formulate policies and legal frameworks relating to DRR 
education that are within their capacity, of all facets of their government to address 
key elements of DRR education. Importantly, it acknowledges schools as critically 
important facilities and calls for the implementation of structural, non-structural 
and functional disaster risk prevention and reduction measures. All the itemised 
intentions of the framework in question speak to the value of the education system. 
The Comprehensive School Safety Framework (CSS) provides a structure that can 
enhance school safety, strengthen disaster risk education, identify priorities to 
enhance students safety at school and ensure continued access to primary education 
for students following a catastrophic disaster [39]. It also allows for collaboration 
among the different stakeholders with a focus on aligning the education sector 
and disaster management policy [40, 41]. Not to be outdone and noted by [34] 
the Sustainable Development Goals also speaks to the value of education. These 
initiatives advanced and prioritised children’s continued access to education, the 
safety of school sites and using education to assist countries in improving disaster 
risk reduction efforts. However, where governance issues slake flood is one of the 
hazards proving to be a barrier of these efforts.

8. Education: a right in disaster situation?

A number of global forums have enacted policy framework to acknowledge the 
importance of education to children. Sustainable Development Goal 4 stresses the 
importance of education by promoting an inclusive and quality education for all 
and lifelong learning as sustainability goal [21]. Wisner et al. [26] sees education as 
Children’s right and this is supported by Article 28 of the United Nations Children 
Act that recognises that a child has a right to education. While these global com-
mitments need to be applauded, there is also need to appreciate that these have not 
kept pace with the huge numbers of children affected [21]. Anecdotal evidence 
indicates that floods have potential to slow down and hinder the progress towards 
the achievements of the MDGs.

9. Approaching flood

Educational continuity is being threatened by floods and other disasters due 
to the adverse effects of climate change on countries in Africa. It is expected that 
children will bear a disproportionate share of the impacts of floods both in the 
immediate and long-term as documented by many researches [42]. Floods impact 
on education sector in different ways which include destruction of buildings and 
infrastructure, function of institutional and organisational structures as well as 
the wellbeing of individuals and communities [43]. Chang et al. [21] penned that, 
damaged schools disrupt hard won education right, and when instructional time is 
lost, ultimately quality of education drops, when there are no plans for alternative 
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locations and students are denied continuous schooling, many will never be able 
to catch up and will drop out permanently [21]. The disruption of education due to 
flooding is common issues worldwide.

This is where governments and their development partners could make it 
priority to harness the capabilities of each community to respond to flood threats, 
since during a flood the first responders are active community members. Wisner 
et al. [26] penned that schools are more than just the site for educating students, 
there is more to a school that being classrooms that house the students for their 
lesson and these include recognising the symbolic, cultural, economic and politi-
cal significance of the schools within communities [43].

10. Conclusion

Understanding floods as either natural or man-made is critical to not only 
intended interventions but also in locating education infrastructure. A number of 
studies around the world argue for the integration of DRR into education sector 
policy at multiple levels of government and stress importance of specific and strong 
local implementation based on national guidelines [44–46]. Post-flood educational 
continuity need to deeply engage with the physical, institutional and organisational 
context of the schools, as nuanced understanding of the vulnerabilities and capaci-
ties of school stakeholders must be central to strategic practice. Therefore, enabling 
environment and policy, strengthening communication and co-ordination between 
and among school stakeholders and governments as well as integrating DRR into 
education sector policies are key for averting flood induced school learning disrup-
tions. Such an approach will ensure that building substandard and weak structures 
which are not resilient to flooding are eradicated. Such measures may include, rais-
ing the ground floor and adding floor levels, improving drainage systems and irriga-
tion channels as well as promoting safe storage of teaching and learning equipment 
and supplies. A School disaster management framework that promotes standard the 
adoption of a flexible education calendar, taking cognisant of the need of adjusted 
exam schedules is paramount for promoting risk reduction and resilience education 
system. However, all may be seen to waste where flood is a disaster risk governance 
failure.
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Adoption of Conservation 
Agriculture as a Disaster Risk 
Reduction Tool in Chivi District, 
Zimbabwe
Jestina Chineka, Nthaduleni Samuel Nethengwe  
and Hector Chikoore

Abstract

Drought tops the list of disasters affecting southern Africa. In Zimbabwe 
droughts recur, leaving approximately three million people food insecure. Hence 
the adoption of sustainable adaptation strategies to drought becomes imperative. 
Conservation Agriculture (CA), has been successfully adopted in southern Africa 
to avert drought shocks among other agricultural challenges. Despite the success 
of CA in some regions, its effectiveness in semi-arid parts of Zimbabwe has been 
widely contested. However the effectiveness of a new technology, in the face of 
disasters depends on its adoption, reflecting its strength and usefulness. This 
chapter seeks to evaluate the adoption of CA in the semi-arid Chivi District of 
Zimbabwe and unpack factors affecting CA adoption to provide baseline data to 
policy makers in Zimbabwe and other similar environments. The chapter is based 
on data elicited from a survey held across Chivi District in Zimbabwe.

Keywords: adaptation, adoption, conservation agriculture, disaster risk, drought

1. Introduction

Climatic disasters such as drought have become a concern in Africa. Agriculture 
productivity in southern Africa is declining due to these disasters [1]. Zimbabwe is 
not an exceptional, [2] note that agricultural yields in Zimbabwe are averaging less 
a tonne per hectare, resulting in protracted food insecurities despite farmers having 
large pieces of land. Drought effects are felt in most parts of Zimbabwe where rainfall 
patterns have become erratic [3]. Hence communities are in dire need of effective, 
long-term strategies to cope. With recurrent droughts and current climate change 
projections, the future of food security is not only hinged on productivity and avail-
ability of food reserves but on addressing the challenges posed by climatic risks such 
as drought. Resilience of agricultural technologies is critical in communities where 
agriculture is the backbone such as in rural Zimbabwe.

CA is one humanitarian initiative introduced in Chivi District, to curb the 
effects of drought and ensure food security. CA is an agricultural system which 
seeks to conserve water and soil through its main principles of zero to minimal 
tillage, crop rotation and mulching. CA has been hailed globally for its ability to 
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increase agricultural productivity under diverse climatic conditions. The same CA 
project in Chivi, was implemented in Zambia and increased crop yields by 240 to 
400% [4]. In Kenya, Ghana and Malawi agricultural profitability increased [5–7]. 
Despite all this success CA project in Chivi has been characterized by conflict and 
contestations and its adoption has been very slow [8, 9]. It is within this breadth 
that this chapter seeks to assess CA adoption in Chivi and establish the weaker lines 
within the CA project.

IPCC’s climate change projections predicting an increase in temperatures and 
acute rainfall shortages in southern Africa of between 1.5°C to 2.5°C under the 2.0°C 
GWL and 10 to 20% reduction in precipitation, it is crucial to draw sustainable 
adaptation strategies and improve resilience in rural communities, which are more 
vulnerable [10]. This research also unveils factors affecting the adoption of CA and 
enhance its effectiveness as an adaptation strategy to drought.

The effectiveness of a new technology depends on its adoption and also the 
project’s adoption levels reflect on its strength thus convenience and usefulness in 
the user’s interpersonal networks [11]. Adoption is defined “as the extent to which 
farmers put into practice a new innovation, given adequate information about 
the technology and the potential benefits” [12]. The Tradeoffs model inform that 
farmers are rational beings and only adopt a new system of agriculture if it’s more 
viable [13]. This chapter sought to evaluate the adoption of CA in Chivi.

2. Methodology

The data used in this chapter was elicited from 140 household questionnaires 
administered across 16 wards of Chivi District and focus group discussions held in 
six wards of Chivi district. This data was also supported by data from key informant 
interviews held with three Non-Governmental Organisations (NGOs) and 16 
Agricultural Research and Extension (AREX) officials.

Data capturing was organized in Microsoft Excel 2013 and later transferred to 
Stastical Package for Social Science (SPSS). Prior to the analysis, captured data was 
coded according to the levels of measurement. This allowed for uni- and bivariate 
data analyses. Data analysis was done using SPSS version 22. Chi square and Cramer’s 
V value were calculated and analysis was set at 0.05 confidence level. In order to 
describe and identify relationships that must be taken into account and character-
ise CA project in Chivi District, frequency tables and bar graphs were generated 
(univariate analysis). Frequency distributions described the number of times the 
different attributes of a variable were observed in a sample. This allowed for the 
comparison of different variables. Statistical tests of significance were conducted 
on the levels of awareness and general perceptions in order to explore independent 
variables e.g. gender; age; level of education differences. Chi-square tests was used to 
calculate significant differences in different demographic groups on their adoption 
and practices in the Conservation Agriculture project [14]. A 95% level of signifi-
cance was used, which is most commonly used in social research [15].

Cramer’s V test was used to measure the strength of relationships. It measures 
the strength of relationship for any size of contingency table, and it offers good 
norming values from zero to one (0–1) for relative comparison of the strength of 
correlation regardless of the table size. For Cramer’s V, 0.0 to 0.30, the strength 
is considered no relationship to weak; for Cramer’s V, 0.31 to 0.70, the strength 
is considered moderate relationship; while for Cramer’s V from 0.71 to 1.0, the 
strength of the relationship is considered strong [16].

For qualitative data analysis, Archive of Technology, Life world and Language. 
Text interpretation (Atlas.ti 8) was used to analyse data from the household 
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questionnaires, focus group discussions and key informant interviews. Tools such 
as Co oc was used for comparisons using the occurrence frequency, Co-code Doc 
Table for numeric analysis as well as Networks and Report tool for visual and text 
analysis. Results from Atlas.ti 8 were used to compliment data from SPSS. Results 
were presented as graphs, charts, visuals and narratives.

3. Results and discussion

3.1 CA adoption in Chivi

The physical adoption of the CA project was measured based on project adoption 
records of NGOs operating in Chivi district.

Only 30% of households in Chivi are practicing CA, refer to Figure 1. AREX 
officials and Focus Group Discussants showed that CA started as early as 1995 
in some wards such as Ward 10 but became more popular from 2008 when the 
government of Zimbabwe formalized it. This implies that the project has been long 
operating in the District, despite low adoption percentage. However, CA benefits 
are normally realized at least after 10 years of practice [17]. Hence a 30% adoption 
is not that low, considering that the project is formally slightly over a decade in most 
wards. After seeing the benefits more farmers are likely to adopt CA. However data 
on CA adoption trends did not support this. Key informants confirmed a decline 
in adoption trend over the years in all wards. In ward 21 of the 300 farmers who 
initially adopted CA in 2008 only 80 are currently practicing it. Of interest is that 
Ward 21 was listed as the third highest adopter of CA in the District by NGOs. This 
gives a gloomy picture to the sustainability of CA as a drought risk reduction tool in 
the District.

3.2 Extension of CA plots

To get an insight into the spatial adoption of CA and the long term plans of 
farmers on CA, plot sizes were also assessed. Key informants showed that farmers 
under the main NGO, CARE increased their demo plots from the 18 mother demo 
plots of 1 hectare to 180 baby demo plots across its 12 wards. However the question-
naire survey showed that 100% of CA farmers are still working on demonstration 
plots in groups and have not adopted the full CA package onto their individual 

Figure 1. 
CA adoption in Chivi.
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coded according to the levels of measurement. This allowed for uni- and bivariate 
data analyses. Data analysis was done using SPSS version 22. Chi square and Cramer’s 
V value were calculated and analysis was set at 0.05 confidence level. In order to 
describe and identify relationships that must be taken into account and character-
ise CA project in Chivi District, frequency tables and bar graphs were generated 
(univariate analysis). Frequency distributions described the number of times the 
different attributes of a variable were observed in a sample. This allowed for the 
comparison of different variables. Statistical tests of significance were conducted 
on the levels of awareness and general perceptions in order to explore independent 
variables e.g. gender; age; level of education differences. Chi-square tests was used to 
calculate significant differences in different demographic groups on their adoption 
and practices in the Conservation Agriculture project [14]. A 95% level of signifi-
cance was used, which is most commonly used in social research [15].

Cramer’s V test was used to measure the strength of relationships. It measures 
the strength of relationship for any size of contingency table, and it offers good 
norming values from zero to one (0–1) for relative comparison of the strength of 
correlation regardless of the table size. For Cramer’s V, 0.0 to 0.30, the strength 
is considered no relationship to weak; for Cramer’s V, 0.31 to 0.70, the strength 
is considered moderate relationship; while for Cramer’s V from 0.71 to 1.0, the 
strength of the relationship is considered strong [16].
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records of NGOs operating in Chivi district.
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officials and Focus Group Discussants showed that CA started as early as 1995 
in some wards such as Ward 10 but became more popular from 2008 when the 
government of Zimbabwe formalized it. This implies that the project has been long 
operating in the District, despite low adoption percentage. However, CA benefits 
are normally realized at least after 10 years of practice [17]. Hence a 30% adoption 
is not that low, considering that the project is formally slightly over a decade in most 
wards. After seeing the benefits more farmers are likely to adopt CA. However data 
on CA adoption trends did not support this. Key informants confirmed a decline 
in adoption trend over the years in all wards. In ward 21 of the 300 farmers who 
initially adopted CA in 2008 only 80 are currently practicing it. Of interest is that 
Ward 21 was listed as the third highest adopter of CA in the District by NGOs. This 
gives a gloomy picture to the sustainability of CA as a drought risk reduction tool in 
the District.

3.2 Extension of CA plots

To get an insight into the spatial adoption of CA and the long term plans of 
farmers on CA, plot sizes were also assessed. Key informants showed that farmers 
under the main NGO, CARE increased their demo plots from the 18 mother demo 
plots of 1 hectare to 180 baby demo plots across its 12 wards. However the question-
naire survey showed that 100% of CA farmers are still working on demonstration 
plots in groups and have not adopted the full CA package onto their individual 
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plots. However 100% admitted to have adopted at least one of the CA principles 
and are using them in their conventional agriculture system. 52% of these farmers 
adopted planting on time, 80% crop rotation and 38% use of small grains. No CA 
farmers have adopted planting basins and mulching onto their traditional systems. 
NGOs supported these findings and added that planting basins and mulching 
principles are the most unpopular. These two principles could be the hindrance to 
effective adoption of CA as a disaster risk reduction tool in Chivi.

3.3 Social buy-in into CA

The social acceptance of the CA project was assessed to get the level of social 
acceptance of the project. Social discourse and verbatim around the CA project 
was used as indicators. 72% of participating groups under Focus group discussions 
described their role in CA as beneficiaries, refer to Figure 2 below and very few had 
an active verbatim concerning their role under CA.

Verbatim assessment by Wards showed that only 28% of participant Wards had 
a positive view about their role in CA. Ward 21 and 24 showed an active role in CA 
(Figure 3). Ward 10 besides it being the first ward to be introduced to CA in 1995, 
over two decades ago it showed a passive role in CA project.

Focus group participants of about 72% admitted to being passive beneficiaries 
of CA and had no active or decisive role in the project. The community described 
NGOs as the “owners” of the project while AREX officials were described as 
“trainers”. Throughout the whole cycle from its formulation to implementation 
community members are passive participants. On the discussion surrounding 
difference between CA and the conventional farming, 77% of participants showed 
that there is no difference in terms of benefits, this contradicted the views of NGOs 
and AREX officials, whom most of them pointed out the difference in yields per 
hectare in which CA has better yields. Social discourse on CA project was charac-
terised by undertones of disassociation and negativity. The community coined the 
main principle of CA, zero tillage “Dhiga ufe” meaning dig and die, alluding to its 
labour intensive nature. Commenting on CA benefits the focus group participants 
who did not adopt the initiative said,

Figure 2. 
Role of Chivi community in CA.

167

Adoption of Conservation Agriculture as a Disaster Risk Reduction Tool in Chivi District…
DOI: http://dx.doi.org/10.5772/intechopen.94318

“Hapana akamborarama nedhiga udye, gore rezhara tose toforera mukomondera”.
A Shona translation to no one has ever survived on CA, during drought, we all 

queue for food relief. This shows the community’s negative view of CA as a disaster 
risk reduction tool.

Results on community buy-in showed that 80% of AREX officials described 
Chivi CA project buy-in as low. “Reluctant” and “not eager” were the most 

Figure 4. 
Reasons behind CA adoption in Chivi District.

Figure 3. 
Role of Chivi community in CA by Wards.
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commonly used adverbs to describe community buy-in. Drought was also men-
tioned as a barrier to community buy in. The benefits of CA are said to be less 
visible due to recurrent droughts. Chivi community through focus group discus-
sions also confirmed low buy into the CA project but had different reasons, refer to 
Figure 4.

The focus group participants who adopted CA in Chivi, did it for diverse reasons, 
34% adopted for new farming ideas, 32% adapted to curb drought effects, 17% for 
free inputs and 17% to increase production. The participants who did not adopt CA 
had also their own reasons, 34% did not see the need as they have enough resources 
to continue with conventional farming, 34% mentioned use of primitive farming 
and labour intensive methods, and 32% did not prefer small grains and changing 
their traditional farming system. All, 100% of participants who did not adopt CA 
were aware of the challenges faced in agricultural production however they did not 
see CA as the solution to their challenges. The interesting argument was that CA is 
affected by drought the same way as conventional agriculture system. This was also 
indirectly brought up by AREX and NGOs interviews. They attributed the negative 
attitude of farmers towards CA to lack of tangible benefits which are being washed 
away by recurrent drought in Chivi.

3.4 Factors affecting CA adoption

Variables of human capital were assessed through a questionnaire administered 
to household heads to unpack factors affecting the effective adoption of CA project 
as a drought risk reduction tool in Chivi. The impact of human capital on CA adop-
tion were tracked using the demographic characteristics of household questionnaire 
participants such gender, age, level of education, marital status, employment 
status and household incomes. Adoption of a new agriculture technology does not 
only depend on the nature of the technology but also its intended users. Hence the 
heterogeneity of farmers and their demographic structure influence the adoption of 
a new innovation [18]. Gender is an important characteristic in the adoption of CA 
considering the associated gender roles and dynamics especially in rural communi-
ties. Age is influential in new technology adoption. Adoption of new technology 
declines with age [19].

Chi-square (χ2) test was used to associate demographic characteristics of 
participants with CA adoption. The findings showed a relationship between gender 
and CA adoption, refer to Table 1.

Variable Chi-square df* p-value Cramer’s V

Gender 6.056a 1 .014* .2090

Age 1.601a 3 .659 .1070

Level of education 3.493a 3 .322 .1590

Marital status .280 2 .869 .0610

Employment status 2.249a 3 .522 .1270

*P < 0.05.
**P < 0.01.
***P < 0.001.
0No relationship to weak.
1Moderate relationship.
2Strong relationship.

Table 1. 
Human capital and Conservation Agriculture.
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The Chi-square (χ2) analysis revealed a significant association of gender and 
being a conservation farmer (p < 0.05). However a Crammer test classified the 
relationship weak. These findings are supported by other surveys done in Chivi, 
which showed that women constitute the majority of communal small holder 
farmers [20, 21]. This was also supported by the key informant interviews held with 
NGOs operating in Chivi. NGOs target women in their CA projects, hence more 
women have adopted the project. However with more women involved in CA, the 
project ought to have a special design tailor-made to suit women’s gender roles and 
their often tight work schedules for sustainability. The CA activity plan used in Chivi 
contradicts this, CA project activities run throughout the year [22]. CA project in 
Chivi, runs concurrently with the conventional agriculture, the main and traditional 
agriculture system practiced by every farmer as well as livestock farming. Therefore 
time could also be the barrier to effective CA adoption and would certainly hinder 
its effectiveness as a drought adaptation tool.

The relationships between age, level of education, marital and employment 
status and CA adoption were found statistically insignificant. On age the find-
ings showed that more participants were in the active age group, the 30 to 50 year 
age group, followed by 51 to 60 year group, then the 60 and above. Despite these 
findings of the Chi square tests, it is also important to note that the age structure of 
Chivi highlighted a community operating in a poor economic environment, consid-
ering that the active population is fully engaged in small holder farming as opposed 
to the norm that active population often work off the family compounds in towns 
and cities. It also showed that small holder farming is a major source of livelihood 
in this community. Therefore there is a need for sound agricultural innovations 
to boost livelihoods and curb drought effects. Chivi age structure consisting of 
a higher percentage of the active population, shows that the community is not 
negatively affected by new technologies which is ideal for effective information dis-
semination critical in CA adoption [23]. Younger farmers make long-term plans in 
their operations and acquire necessary skills and knowledge better than old farmers.

The level of education is also of paramount importance to information dis-
semination, comprehension of information and querying of information sources. 
Majority of participants had secondary education with a 58.6%. Participants with 
primary education were 37.1%. The least participants had a tertiary qualification 
about 1.4% followed by those who never attained any formal education with 2.9%. 
The findings shows that Chivi District comprises of a literate population. This 
means that Chivi community is very much aware of their environment and if given 
adequate information on CA, it can comprehend it and make informed decisions on 
adopting or not adopting. In this case low adoption of CA might be more to do with 
the applicability or feasibility of the project design and assets other than human 
capital.

Social dimensions such as marital status are also of importance in the adoption 
of a new agricultural system [24]. Marital status and gender are critical in decision 
making, especially in crucial issues such as adoption of a new farming system. 
Dimensions such as gender roles in decision making roles and land ownership come 
into play. Majority of the household heads who participated in this study were 
married, with a 58%. Single participants constituted 18% whilst 17% were divorcees 
and 7% widows. This married to non-married ratio of 58:43% is a true reflection 
of the marital status in Chivi. According to census report population of widows 
and divorcees is rising due to factors such as prevalent HIV/AIDS and economic 
hardships [20]. In a social structure such as this there is a need for developmental 
projects such as CA to strengthen weak social networks and support the existing 
ones and to avoid project domains that create or exacerbate social tensions.
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commonly used adverbs to describe community buy-in. Drought was also men-
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attitude of farmers towards CA to lack of tangible benefits which are being washed 
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status and household incomes. Adoption of a new agriculture technology does not 
only depend on the nature of the technology but also its intended users. Hence the 
heterogeneity of farmers and their demographic structure influence the adoption of 
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considering the associated gender roles and dynamics especially in rural communi-
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The Chi-square (χ2) analysis revealed a significant association of gender and 
being a conservation farmer (p < 0.05). However a Crammer test classified the 
relationship weak. These findings are supported by other surveys done in Chivi, 
which showed that women constitute the majority of communal small holder 
farmers [20, 21]. This was also supported by the key informant interviews held with 
NGOs operating in Chivi. NGOs target women in their CA projects, hence more 
women have adopted the project. However with more women involved in CA, the 
project ought to have a special design tailor-made to suit women’s gender roles and 
their often tight work schedules for sustainability. The CA activity plan used in Chivi 
contradicts this, CA project activities run throughout the year [22]. CA project in 
Chivi, runs concurrently with the conventional agriculture, the main and traditional 
agriculture system practiced by every farmer as well as livestock farming. Therefore 
time could also be the barrier to effective CA adoption and would certainly hinder 
its effectiveness as a drought adaptation tool.

The relationships between age, level of education, marital and employment 
status and CA adoption were found statistically insignificant. On age the find-
ings showed that more participants were in the active age group, the 30 to 50 year 
age group, followed by 51 to 60 year group, then the 60 and above. Despite these 
findings of the Chi square tests, it is also important to note that the age structure of 
Chivi highlighted a community operating in a poor economic environment, consid-
ering that the active population is fully engaged in small holder farming as opposed 
to the norm that active population often work off the family compounds in towns 
and cities. It also showed that small holder farming is a major source of livelihood 
in this community. Therefore there is a need for sound agricultural innovations 
to boost livelihoods and curb drought effects. Chivi age structure consisting of 
a higher percentage of the active population, shows that the community is not 
negatively affected by new technologies which is ideal for effective information dis-
semination critical in CA adoption [23]. Younger farmers make long-term plans in 
their operations and acquire necessary skills and knowledge better than old farmers.

The level of education is also of paramount importance to information dis-
semination, comprehension of information and querying of information sources. 
Majority of participants had secondary education with a 58.6%. Participants with 
primary education were 37.1%. The least participants had a tertiary qualification 
about 1.4% followed by those who never attained any formal education with 2.9%. 
The findings shows that Chivi District comprises of a literate population. This 
means that Chivi community is very much aware of their environment and if given 
adequate information on CA, it can comprehend it and make informed decisions on 
adopting or not adopting. In this case low adoption of CA might be more to do with 
the applicability or feasibility of the project design and assets other than human 
capital.

Social dimensions such as marital status are also of importance in the adoption 
of a new agricultural system [24]. Marital status and gender are critical in decision 
making, especially in crucial issues such as adoption of a new farming system. 
Dimensions such as gender roles in decision making roles and land ownership come 
into play. Majority of the household heads who participated in this study were 
married, with a 58%. Single participants constituted 18% whilst 17% were divorcees 
and 7% widows. This married to non-married ratio of 58:43% is a true reflection 
of the marital status in Chivi. According to census report population of widows 
and divorcees is rising due to factors such as prevalent HIV/AIDS and economic 
hardships [20]. In a social structure such as this there is a need for developmental 
projects such as CA to strengthen weak social networks and support the existing 
ones and to avoid project domains that create or exacerbate social tensions.
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Despite an insignificant statistical link between CA adoption and marital status, 
inherent gender dynamics in marital status of a rural society such as Chivi needs a 
closer scrutiny. The strength of gender roles in decision making and land ownership 
might not be visible on the ground but has a huge indirect influence on adoption of 
an agricultural innovation such as CA [25]. These gender roles are well-defined in 
Chivi, a predominantly rural district with only 30 out 32 rural wards [20, 24].

An interview with key informants on gender gaps in Chivi also acknowledged 
existent gender gaps. NGOs had problems with the registering Chivi women to a CA 
sister project of Nutritional gardens. Most women would register into this project 
under their husbands’ names some of which divorced them and some not even in the 
community, working either in the cities or outside the country. This shows that even 
though women are the producers they are not the decision makers nor practical land 
owners. This becomes a bit complicated when they have to make crucial and life chang-
ing decisions such as changing the farming system from conventional plough system 
to CA. There is need to mainstream gender into a CA project, lest it might affect the 
sustainability of CA or further widen the gender gaps that already exists in agriculture.

Financial capacity as well as off field commitments also influence the adoption 
of CA technology. Employment status of participants revealed that most household 
heads who participated in this survey were unemployed. At least 59% of the par-
ticipants were unemployed. Very few participants were employed with a 3.6% and 
about 28% were self-employed while 10% were on pension. The findings showed 
that the rate of employment in Chivi is very low and people who are employed work 
outside the District [8, 21].

Household heads’ monthly incomes were also analysed. The incomes were 
categorised using the United Nations (UN) poverty datum line of US$1.90 per indi-
vidual per day [26]. This was calculated for a 30 day month and further multiplied 
by 4 which is the average household size for Chivi District [20], refer to Table 2.

Most participants, thus 69.3% had a monthly income below the poverty datum 
line while only 30.7% of the households were out of the poverty threshold. This 
supports the UN (2019)’s assertion that sub-Saharan Africa has most of the people 
living below the poverty line together with South Asia. In line with these findings, 
focus group discussions also raised an interesting argument on CA impact in the 
community. Participants who adopted CA from its inception mentioned free inputs 
as one major reason which made them buy into the project while the non-adopters 
argued that CA project had blocked the issuing of free drought relief food by NGOs. 
These arguments speak to the high levels of poverty in the community. Hence for 
CA technology to be acceptable in the community it has to prove itself as a viable 
income generating project.

4. Conclusion and recommendations

This study notes that adoption of the CA project in Chivi is low, with some 
farmers withdrawing from the project in ward such as 21 and 22. For a strategy to 

Amount Frequency Percent

≤$227 97 69.3

≥$228 43 30.7

Total 140 100

Table 2. 
Chivi monthly household incomes.
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be effective in the light of a disaster risk, it should cover all the affected people. 
Farmers are also still working on demo plots. Failure to transfer CA to their own 
plots and resorting to increase demo plots reflects that farmers do appreciate CA 
but they are barriers impeding CA practice on their own farming plots. Despite low 
adoption of the project, some CA practices have been adopted into the traditional 
farming systems. All farmers have at least adopted one CA principle and have 
incorporated it into their conventional agriculture system. This supports the view 
that CA has the potential as a drought adaptation tool. Crop rotation and use of 
small grains are the most adopted strategies, while mulching and planting basins are 
the least. These least adopted principles could be the barriers to effective adoption 
of CA project and effective adaptation to drought. Other barriers to CA adoption 
noted is the vulnerability of the CA system under a recurring drought environ-
ment. This support the assertion that farmers opt for a more viable agricultural 
option [13]. Hence CA option might be effective at smaller scale and farmers do not 
perceive the benefits at a larger scale. There is need for CA to be practiced on larger 
plots for tangible benefits and also for its high production during a better season to 
increase resilience of farmers during lean periods. The social discourse on CA is too 
negative, CA project officials need to involve the community in decision making as 
well as incorporate their local knowledge so as to build some sense of proprietorship 
and avoid knowledge contestations. On all factors affecting CA, gender and finance 
had the most significant impact. Gender dimensions such as overburden on women, 
land ownership and critical decision making powers need to be closely assessed 
and mainstreamed in the CA project. Finances heavily affect Chivi community 
where the majority of household heads are not employed and most households live 
on monthly incomes below the UN poverty datum line. CA concepts outside the 
project seem to be welcomed by Chivi community, hence for it to be an effective 
tool in drought risk reduction, more support has to be given to the community and 
NGOs need to take time in capacity building before rolling out the support. Future 
research can also look into finding common grounds in building resilient communi-
ties such as, blending indigenous and scientific knowledge into adaptation strate-
gies as well as modifying agricultural extension models in rural areas.
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Chapter 11

Disaster Relief Supply 
Management
Yusen Ye and Hong Yan

Abstract

Disaster relief supplies (DRS) play a vital role in natural disaster rescue and 
relief operations. Often DRS management is initiated and supported by the 
 government, yet the related cost issues have not been fully emphasized. In the face 
of highly uncertain disaster locations and timing, these supplies are usually preposi-
tioned without proper consumption, which causes enormous waste in practice both 
economically and environmentally. This chapter highlights the potential to bring 
the reverse logistics strategies in conventional business practice into DRS manage-
ment. Incorporating the reverse flow of removed relief items with DRS supply chain 
management not only benefits in cost reduction and environmental protection, but 
also enhance the daily management and quality control of DRS. Relying on social 
trust and efficient marketing network provided by government coordination and 
international cooperation, the stable quality level and relatively integrated invento-
ries of the removed DRS can achieve economies of scale in the reverse supply chain 
operations. This chapter aims to develop an understanding of DRS reverse logistics, 
which energizes the responsible management of DRS for economic, social, and 
environmental sustainability.

Keywords: disaster relief supply, relief material, reverse logistics, marketing strategy, 
resale, coordination

1. Introduction - What is disaster relief supply?

1.1 Disaster and relief

Natural disasters pose a great threat to human lives and property in all aspects. 
The frequency, intensity, and severity of disasters, are in a fast-growing trend 
year by year. According to the World Disasters Report (2018) of the International 
Federation of Red Cross and Red Crescent Societies (IFRC), a decade’s number 
of 3751 disasters triggered by natural hazards had affected 2 billion people and 
estimated $1658 billion cost of damages. Floods, earthquakes, storms, tsunamis, 
wildfires, volcanic eruptions, and landslides are on the list of most common natural 
disasters over the last ten years (2008–2017). Some of them occur frequently in a 
year, such as floods (average 152) and storms (average 101), while some are not that 
frequent but extremely deadly, such as earthquakes (average 30) that caused 351,968 
deaths and some 49% of the total [1]. There has been a big increase in the number 
of responses to disasters this decade. Alone with this situation, a large amount of 
disaster rescue and relief supplies has experienced tremendous growth, particularly 
in those major disasters such as forest fire, earthquake, typhoon, and floods.
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Natural disasters pose a great threat to human lives and property in all aspects. 
The frequency, intensity, and severity of disasters, are in a fast-growing trend 
year by year. According to the World Disasters Report (2018) of the International 
Federation of Red Cross and Red Crescent Societies (IFRC), a decade’s number 
of 3751 disasters triggered by natural hazards had affected 2 billion people and 
estimated $1658 billion cost of damages. Floods, earthquakes, storms, tsunamis, 
wildfires, volcanic eruptions, and landslides are on the list of most common natural 
disasters over the last ten years (2008–2017). Some of them occur frequently in a 
year, such as floods (average 152) and storms (average 101), while some are not that 
frequent but extremely deadly, such as earthquakes (average 30) that caused 351,968 
deaths and some 49% of the total [1]. There has been a big increase in the number 
of responses to disasters this decade. Alone with this situation, a large amount of 
disaster rescue and relief supplies has experienced tremendous growth, particularly 
in those major disasters such as forest fire, earthquake, typhoon, and floods.
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Disaster relief supplies (DRS), including life necessities (e.g., food and drinks), 
living security items (e.g., clothes and shelters), medical supplies (e.g., medicines 
and healthcare products), and life-saving tools and equipment (digging tools, 
emergency lights, and large equipment), in response to disasters and crisis, play 
critical roles in saving lives and reconstructing communities in all recovering stages. 
Different supplies have different characteristics in terms of material lifetime and 
demand urgency and therefore need different management mechanisms. First, 
the demand for DRS is unpredictable due to the unexpected event at unexpected 
locations in most of the situations. Second, the amount, type, and emergency of 
demand are highly uncertain due to the different damage levels and geographic 
conditions. Third, the timely efficiency of the availability and delivery of DRS is 
extremely important in the relief process. Lastly, the demand and supply of these 
materials and equipment are mandatory and have strong social value. Furthermore, 
due to the low economic or market value of DRS, government agencies are respon-
sible for the collection, purchasing, storing, delivery, and coordination of materials 
most of the time and situations.

1.2 Disaster relief supply management

DRS have different properties and thus are normally stored and managed in 
different ways. Under the central government regulations, there are typically two 
different management DRS management systems, centralized or decentralized, 
covering a country [2]. In a centralized system, such as that in China, DRS are 
properly arranged in different governmental levels and integrated by the central 
government level. A decentralized system, such as that in the US, DRS are physi-
cally handled at the state level.

In terms of material items, different supplies are held in different places. The 
immediate life necessities and living security items, including food, drink, basic 
digging tools, and simple clothes and shelters are normally stored in grassroots level 
facilities. These materials are of low value but have crucial importance in the initial 
rescuing period. Medical supplies, including medicines, dressing, first aids, surgical 
supports, are kept in the local hospitals and clinics. These supplies are vital in the 
first few days of life-saving and pain relief and need to be available in time. Other 
expensive medicines, surgical equipment, and special tools are available, and most 
of them are in actual daily uses, in large hospitals in large towns and cities. Large 
life-saving mechanical tools, equipment, and transportation modes are stored in 
the main facilities. These storages are all integrated into a largely complete network 
covering a whole region or a country.

Because of the uncertainty and emergency of disaster events, the demand for 
DRS usually cannot be satisfied by the prepositioned supplies in almost all cases. In 
these situations, private sectors, including non-government organizations (NGO), 
industrial organizations, and international organizations, collect and coordinate a 
large number of supplies. These supplies are planned and prepared by government 
agencies or obtained from all aspects of donations with various types, different 
amounts, and diversified conditions. They could be stored in anywhere of the 
country, nearby or far away. To properly manage these supplies is never an easy and 
simple task.

1.3 Management issues

Since the DRS are of much different market values, high uncertainty of demand 
time and amount, and involve multiple operations players, following management 
issues are frequently observed in rescue and relief practices.
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1. The basic DRS of living necessities and first hand rescuing tools stored in the 
first line local warehouses are of low market value. They are prepared by gov-
ernment agencies and managed by grassroots staff. These people only obtain 
some basic training and spend a very limited time on material management. 
This implies that the daily management operations are not in a professional and 
even a bureaucratic manner. For instance, tons of bags of rice and flour were 
found expired and deteriorated in the warehouses of some affected towns sev-
eral years after the 2008 Sichuan earthquake due to the lack of regular monito-
ry and management. It is hard to have these grassroots organizations efficiently 
coordinated with other organizations to provide support for the first time.

2. The time efficiency of disaster relief operations is extremely important, but 
the operations capability is usually very limited, particularly in those sudden-
onset disasters such as earthquakes, forest fires, or tsunami. The 2008 Sichuan 
earthquake in China lasted for less than a few minutes but took away around 
70,000 lives, hundreds of thousands injured and a million houses crashed. 
Even it is possible to forecast some disasters such as typhoons and hurricanes, 
the precise information about the development and impact levels are hard to be 
obtained. Therefore, it is difficult to prepare the time availability of DRS.

3. The high uncertainties of disaster determine that the information about the 
timing, location, damage assessment, relief demand, and resource availability 
is limited, inaccurate, hysteretic, and even confusing. Besides, the demand is 
ever-changing due to the changing disaster environment, such as secondary 
disasters and volunteer coordination. Within 48 hours after the Sichuan earth-
quake in 2008 China, the number of rescue workers and volunteers surging 
into the earthquake centre town was four times more than the affected resi-
dents. Heavy rains and continuous aftershocks largely accelerated the running 
out of food and water. Also, broken infrastructure, limited professional man-
power, poor communication, weak coordination, and unanticipated natural 
conditions together make the resource allocation extremely difficult.

4. Multiple relief sectors are always involved with complex coordination issues, 
particularly in the large natural disaster. Disaster relief operations involve 
thousands of converging supply chains to be coordinated in the rescuing and 
relief processes. However, it is often observed that these participants are too 
smart to be coordinated but want to be the coordinator. Many volunteers are 
keen to work in the sites exposed by major media, while the urgent needs in 
corners are often overlooked. Inefficiencies, duplications, and overlap in the 
management of DRS in the sites are frequently caused by poor information 
communication, unprofessional operations, or even language understanding. 
Furthermore, the scarcity of resources also poses inevitable allocation guide-
line issues about racial, class, ethical, and moral implications [3]. Furthermore, 
it is often confusing in rules, regulations, and other legal issues about social 
welfare in a life and death situation [4]. Poor coordination reduces the delivery 
time efficiency, pushes up the inventory and transportation cost, and results in 
huge economic and environmental waste. The phenomena are witnessed in al-
most all disasters like the 2008 Sichuan earthquake, the 2010 Haiti earthquake, 
and the 2011 Tohoku earthquake.

5. A disaster, such as an earthquake, flood, or tsunami, occurs once for years, 
without any regular pattern or warning signal. But once it happens, particu-
larly in the early response periods, a large number of people and money are 
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needed. Relief groups, such as local community organizations, volunteer 
groups, or individuals are often short of budget to support their rescuing and 
relief operations. The regular budget provided by the government is minimal 
and only support the basic regular management. Disaster preparedness, in-
cluding material, professional training, and community education, is often of 
the budget shortage. Large funds and donations are largely obtained after the 
disaster rather than in the earlier pre-disaster stages. The Brookings Institu-
tion investigates the hysteretic issues of donor funding, finding that the loss 
percentage could reach 7–28% per dollar [5]. The Federal Emergency Manage-
ment Agency (FEMA) declares that every $1 the Federal Government invests 
in mitigation saves taxpayers an average of $6 in future spending [6], which 
shows that pre-disaster investment indeed works.

6. Both natural and social environments in the disaster area are always compli-
cated and changing. Locally prepositioned disaster relief inventories are most 
likely damaged and the nearby procurements are extremely difficult. A large 
amount of donated relief supplies moves in the disaster relief area need to be 
carefully inspected, classified, and coordinated. Some of these supplies are of-
ten found not much helpful or even useless. In the US 1988 earthquake rescu-
ing process, more than 1000 tons of medical supplies, donated from different 
organizations, were destroyed or discarded due to the conformity of related 
regulations. Therefore, complex and ever-changing DRS policies need to be 
designed based on a combined effect of the political, economic, demographic, 
and environmental realities of disaster-prone areas. It is reported that many 
developing countries have strong bureaucracy, weak economic capability, poor 
transportation network, and slow information systems. New issues appear 
without any signal, but require disaster rescuing and relieving organizations to 
undertake non-regular tasks. During the 2002 African flood crisis, most of the 
disaster-affected countries refused to accept the food provided by the World 
Food Programme (WFP) as they found that these food products were geneti-
cally modified (GM) and forced the WFP to replace them with the non-GM 
products [7].

2. DRS resale and refill

2.1 High availability and huge waste

Since the ultimate goal of managing disaster relief inventories is to guarantee 
the availability of emergency supplies, studies on inventory pre-positioning mostly 
focus on the problems of material type and quantity and the accessibility for rescue 
and relief operations. Yet, another critical issue of DRS management is to ensure 
the quality level of these supplies. These disaster supplies and the related inventory 
management issues are significantly different from those of commercial business 
products. First of all, the prepositioning of DRS is mostly initiated, organized, and 
managed by the government. In China, 25 national-level warehouses for disaster 
relief purposes have been established in different regions, more than 300 provin-
cial/city-level and about 2500 county-level disaster relief warehouses cover the most 
population of major cities and towns. The state budget on the essential purchase of 
disaster relief supplies reaches 1.35 billion RMB in the year 2016. Enormous money 
has been spent to ensure an available supply source when a disaster occurs.

However, disasters are highly unpredictable so that estimating the potential 
future needs for rescue and relief activities is very difficult. We can never tell when 
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an earthquake comes, what the affected population is, how much the infrastructure 
is destroyed, and how long the influence can last. To assume social responsibility, 
government agencies must keep high inventory level as rescue insurance against 
destructive catastrophes. On the other hand, a region is unlikely to be frequently 
struck by catastrophic event within a year. Even on the earthquake belt area, earth-
quakes occur at different places. It is then often observed that DRS are stored in idle 
for a long time. In practice, many warehouses are suffering great waste because of 
the expiry dates of some essential items, such as food, water, and medicine. Due 
to a lack of regular monitory and proper management, a considerable amount is 
stored out of date and discarded afterward. After the Sichuan Earthquake in 2008, 
many warehouses for the anti-disaster purpose have been set up in neighboring 
areas. In the following years, there have been successively reported that emergency 
supplies like expired food, water, and sanitation articles, have run to enormous 
waste. Furthermore, most local warehouses are not well operated, even without 
professional regular monitory. It results in a surprising number of financial losses 
every year.

In addition, when emergency supplies are needed, what is worse is that the qual-
ity of some short-life items can be at risk if without any turnover of the inventories. 
When an earthquake strikes, people are usually stuck in extreme situations of 
necessity shortages. Food, water, medicine, tents, and communication equipment 
are in desperate need. Emergency supplies need to be replenished with fresh items 
regularly to guarantee their quality availability in case of providing stale goods to 
affected people. Nevertheless, unqualified delivery of unfresh or even expired relief 
goods has been witnessed in the response operations to almost, if not all, disasters 
and crises. Because these consumable materials have a relatively short lifetime but 
are stored in a large volume, once out of date, they must be destroyed or discarded 
and then cause huge waste.

2.2 Resale and refill strategy

It is then clear that the DRS management should be considered from a busi-
ness perspective, to work with upstream producers, suppliers and logistics service 
providers on product manufacturing, procurement planning, inventory policy 
implementing and logistics service operations. We need to define and examine the 
responsiveness of product value to changes in time to find out the turning point of 
the quality change. From the operations management point of view, a value deterio-
ration function of an emergency supply item can be constructed to determine the 
optimal timing to remove old inventories for resale and replenish with new items, 
provided the trade-off among the logistics cost, the holding cost and the value 
depreciation.

Removed packaged food and bottled drinks, especially those dried items stored 
for disaster relief, are in good condition and might be welcomed to a secondary 
market. Although the freshness degrades over time, the food still has acceptable 
quality, clothes and essential rescue tools are almost at the same quality levels as 
new. From a business perspective, reselling the old inventories with markdown 
prices to a legitimate secondary market not only guarantees accurate access to 
available emergency supplies but also benefits the economy and environment by 
reducing tremendous waste. Therefore, managing the DRS is far more than to main-
tain the right type, quantity, and time availability of them. To design a detailed plan 
for monitoring the supplies in the inventory, understanding the secondary market, 
selling them at the right time points, and refilling the inventory has great potential.

The key point of the resale and refill strategy is to properly estimate the time 
point of turnovers. Long-time storage causes the quality level and commercial value 
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of these items decreasing while too frequent replenishment can directly push up the 
logistics cost. Therefore, we need to identify the best timing to refresh old items. 
It depends on the deterioration of product quality and market value over time. 
Different than the fresh product, users mainly estimate the freshness of packaged 
food from expiry date information because the value deterioration is difficult to 
see in appearance. Thus, how product value perishes with age is another question 
to answer.

To start the resale and refill strategy, we first need to investigate the perishability 
in the quality of emergency supplies over time. Generally, the value of package food 
is depreciated very little at the initial period but suffers a drastic reduction when 
approaching the end of the lifetime. To recognize the turning point of the deteriora-
tion in product value, we consider the time responsiveness of value to show the 
responsive sensibility of the value deterioration to changes in time. Then, we can 
define the benefit function of DRS and conduct numerical analysis based on the 
historical data to manage the optimal replenishment timing to remove old items 
and replenish them with fresh ones. Our research reveals that there always exists a 
maximum benefit point throughout the product’s lifetime for each item type.

Furthermore, to manage DRS in the business process, we need to work closely 
with product suppliers and logistics service providers. It is essentially a disaster 
relief supply chain management problem that aims at reducing the operational cost 
and enhancing the social and humanity effectiveness and efficiency. A sufficient 
cooperation and coordination scheme promises an overall successful implementa-
tion for the resale and refill strategy even it is not profit-oriented. It gives room for 
product manufacturers in material purchasing, production planning, and quality 
control, for disaster relief material merchandiser in product searching, purchasing 
and storage planning, for transportation service providers in earlier programming, 
routing design and labour arrangement in each refresh cycle.

Lastly, perhaps the most critically, the business perspective based operations can 
significantly improve the DRS management level. The government initiated and 
leaded DRS inventory, particularly in those local and first-line warehouses, does not 
have much incentive of economic revenue, and even neglects the management cost. 
A large number of local warehouses are assigned to local government agencies as a 
small part of their daily duty and are thus managed not at a professional standard. It 
inevitably causes undermined quality control problem and accelerates the product 
deterioration. With a proper revenue-sharing scheme, the local government is 
encouraged to assign officers specifically to be in charge of the DRS management. 
The job duties are clearly defined so that economic key performance indexes would 
be designed. They are responsible for secondary market research, various marketing 
operations, communication with product suppliers, and logistics service provid-
ers. This resale and refill initiative has been tested and implemented in a town in 
China for more than three years on a small scale. The practices are currently under 
research from both regulation and sociological aspects, to study the related issues 
and evaluate the effects. But the initial implementation experience shows that the 
quality of the operations is largely enhanced, the management cost is significantly 
reduced, and grassroots government agencies generally perform positive to tasks.

3. DRS reverse logistics

This section first introduces the scope and purpose of DRS reverse logistics. 
Then, we briefly describe the concept of conventional reverse logistics and identify 
the operational difficulties. Afterwards, we discuss the operational aspects of DRS 
reverse logistics for practical implementation.
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3.1 Scope of DRS reverse logistics

The outbreak of coronavirus disease (COVID-19) from the beginning of the 
year 2020 has once again emphasized the significant importance of relief supply 
chain management as the critical items used for personal protection, diagnosis, and 
clinical care are facing a severe global shortage. On March 3, 2020, the World Health 
Organization (WHO) has issued a call for industry and governments to increase 
manufacturing by 40% to meet rising global demand in response to the shortage 
of personal protective equipment endangering health workers worldwide. Such 
predicament that produces additional human sufferings forces the relief supply 
chains to expand their capabilities in preparedness and response. While satisfying 
the increasing beneficiary needs and wants that generated by highly influential but 
low frequent disasters and crises, humanitarian decision-makers should think the 
reverse flow of diverse relief materials in “green” terms to quality-efficiently and 
cost-effectively manage the relief inventories at least cost to the environment.

There are four classes of DRS items and wastes including the following. (1) Most 
of the fundamental living necessities, including food, drink, simple tool, and basic 
medicine stored for disaster rescue and relief purposes are consumable. Take the 
massively reserved food commodities as an example. The “food waste hierarchy” 
has been widely discussed in relevant food-management research [8, 9], which indi-
cates that the reuse option for surplus food. (2) The post-disaster relief materials, 
including medical support, disinfection purpose equipment, and medicine, tent, 
and clothes, have a longer lifetime but the quality and market quality also deterio-
rate. (3) Capital items and equipment, including large pieces of machinery used for 
life-savings, high-value medical equipment, advanced communication equipment, 
and large electrical generators, are usually expensive in investment but risky in 
technological obsolescence with relatively low-frequent demand. (4) All types of 
waste generated in the rescue and relief operations bring harm to the environment 
as well as increases the overall operational costs, which should be controlled at a 
minimum level. Table 1 summarizes the types of DRS reverse logistics.

3.2 Purpose of DRS reverse logistics

DRS reverse logistics is about the recovery management of all sorts of relief 
supplies that are sent to the reverse flows, together with the green marketing 
strategies to ensure the efficient and cost-effective reuse and recycling of materials. 
Successful recovery management of relief materials can largely reduce the waste in 
need of proper disposal.

Hiding behind the humanitarian goals with highest priorities, the reverse 
logistics of relief supplies that fall short somewhere along the relief supply chain, 
or require removals from the points of consumption is not fully highlighted by the 
academic research or practical applications. However, the public has seen successive 

Type Example

Living necessities Food, drink

Post-disaster relief materials Shelters, clothes

Capital items and equipment Life-saving machinery, medical equipment

All types of waste Debris, packaging

Table 1. 
Types of DRS reverse logistics.
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reports about expired living necessities and rusty tools stored in emergency ware-
houses, spoiled food and out of date sanitation articles sent to the affected popula-
tion, useless donations rushing into the disaster areas, etc. In the face of quality 
concerns, cost implications, and social responsibilities, managing reverse logistics 
of relief supplies should not be far from the decision-making core of humanitar-
ian operations. While many operational issues, such as the pre-positioning, the 
procurement and the location-allocation of relief supplies, have attracted extensive 
attention in both academia and practice, the changing scope and significance of 
reverse logistics have not received much academic attention.

This is especially important in the humanitarian context. As “social” inventories, 
relief supplies should be handled in a responsible manner for economic, social, and 
environmental sustainability, not only due to limited budget and intensive public 
attention but rather on the macro-level protection of the degraded environment 
which is often one of the causes for humanitarian assistance [10].

3.3 Conventional reverse logistics

Reverse logistics or reverse supply chain has gained more and more attention in 
society through the whole product life due to the seriously declining natural envi-
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 physically discarded materials are reduced to the minimum level.
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is hard to be identified and confirmed even with the low price. In general, these 
remanufactured products, from the remanufacturing process to marketing promo-
tion, are always given the lowest priority in the company strategical plan, with 
limited financial resource allocation and other related supports. The management 
information system for a product supply chain designed for its regular business sel-
dom serves the part of the reverse logistics. Even a professional third-party logistics 
service provider would allocate its capacity to its forward logistics operations since 
the service revenue for reverse logistics is lower than normal.

3.4 DRS reverse logistics

To save the natural environment, the concept and operations of the reverse 
logistics should be considered and implemented in the disaster relief materi-
als management. The DRS reverse logistics operations deals with a diversity of 
materials and waste from food surplus to medical surplus, consumable goods to 
durable goods, end-of-use product to end-of-life product, and packaging waste to 
debris waste, that exposes itself to the management challenges in the process of 
reusing (including the maintaining services), repairing, refurbishing, recycling 
and disposal. Some of the activities must be carried out under difficult situations 
simultaneously with disaster relief operations (e.g., removing unsolicited donations 
or debris waste), some of the decisions should take serious consideration of the 
social and environmental impacts in advance (e.g., resale options for the products 
with market values). Most importantly, given budget constraints and cost burdens, 
it lacks incentives, or even impossible for the DRS management and suppliers to 
operate a wide range of reverse systems simply with moral requirements or enforced 
regulations. Innovative and cost-effective business models for recapturing value or 
benefits from closing material loops are much more attractive for both academic 
research and practical applications [11, 12].

To bring the Right relief supplies with the Right quality and Right quantity at the 
Right time to the Right sites to serve the Right beneficiaries, called 6R rule in disas-
ter rescue and relief operations [13], is well discussed and implemented in practice. 
However, a rich body of knowledge documented in commercial inventory manage-
ment research provides limited insights in disastrous conditions. Comparing with 
the conventional practice, the DRS reverse logistics has at least several advantages 
in product value, operational cost, economies of scale in operations management, 
and management strategical consideration.

The products or parts handled in the conventional reverse logistics are of low 
value and not directly useful. But, most of the goods stored for disaster rescue and 
relief purposes are consumable [10]. Take the massively reserved food commodities 
as an example. The “food waste hierarchy” has been widely discussed in relevant 
food-management research, which indicates that the reuse option for surplus 
food, which refers to the removal of food from its intended supply chain, is highly 
recommended if the removed food is still fit for human consumption. Since the 
prevention of product depreciation is of top priority, food inventories should be 
updated and replenished with fresh items periodically before going expired. When 
removed, DRS managers and their suppliers could have a set of marketing choices. 
Transferring to legitimate secondary markets with markdown prices or selling with 
promotions and discounts in the supplier’s primary market are both cost-effective 
options, dependent on the residual value of the food. In addition, donating them 
to other ongoing humanitarian programs or local food aid services for the poor 
population could be taken into consideration.

Capital items and rescue and relief equipment are normally kept in a higher 
level of organization centers, which also provide regular maintenance and normal 
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repairing after operations. Quality guaranteed recovery management of these 
relief items should be incorporated into the overall planning because it may have 
a profound impact on the next disaster response operations. There is a chance to 
develop “sharing economy” markets between the suppliers and the equipment 
management organizations to seek the pooling of costs and risks, which lies within 
effective communication of information, proper design of cooperation schemes, 
and corresponding regulations or insurance to avoid moral hazard, bilaterally. 
Currently, there is not sufficient attention in either academic or business aspects 
addressing the recovery management issues of capital items and equipment in the 
humanitarian context.

The DRS items are in relatively concentrated storage and have about the same 
conditions. This feature gives the economies of scale in all operations of reverse 
logistics. The inspection process conducted before the removal can be implemented 
in the regular standards based on the statistical sampling instead of individual 
checking done in the conventional reverse logistics. These items can be assigned 
for reuse or remarketing simply at a lower price. The transportation and logistics 
in moving these items can be properly pre-arranged since the moving timing, 
purpose, and destination are all planed previously. The logistics cost is low due to 
the economies of scale. The operations can achieve high time efficiency for loading, 
transportation, unloading, refurbishing, remanufacturing, disposal, and others 
in the batch. This is the largest distinction comparing to the operations in reverse 
logistics in business supply chain management.

DRS are prepared, organized, and managed mainly by the government or 
semi-government agencies. This gives much flexibility and large room for DRS 
reverse logistics operations management. The fundamental purpose of DRS reverse 
logistics is to recover material value such that the operational cost can be saved and 
to minimize the waste so that the natural environment can be protected. Unlike the 
reverse logistics activities led by commercial organizations, the operations strategy 
of DRS reverse logistics is not restricted by other strategical considerations, such as 
profit maximization or market cannibalization.

4. Government, NGO, and private sector cooperation

Any product supply chain has a core player who coordinates or lead the whole 
process such that the business benefit and operations efficiency is maximized. 
Management responsibility of the DRS reverse logistics is inevitably carried by the 
government agencies who are currently in charge of the DRS management, from 
strategy development to operations implementation, from information system 
establishment to coordination with other organizations. It would significantly 
extend the lifetime of these items and reveal the utilization level of all supplies to 
achieve a much better social value of DRS.

4.1 Coordination and leadership

A business profit-oriented supply chain may be leaded or coordinated by a core 
player with a certain strong power, exemplified by a product leading company who 
own the key technology such as Boeing, or a retailing company who operates the 
huge retailing network with a comprehensive product range such as Walmart, or 
a trading company who has a complete network connecting retailers and manu-
facturers such as Li & Fung. A non-profit-oriented DRS management can only be 
initiated and operated by a government agency that has the legal authority and 
social reputation as its core power.
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The DRS reverse logistics starts from the beginning of these material design and 
manufacturing. The most distinctive feature of DRS is “available just in case”. In 
other words, most of the consumable goods and even equipment must be well pre-
pared but may not be used and would eventually move to the reverse logistics proce-
dures. Therefore, it is critical to coordinate with the item suppliers in the product 
design stages. A consumable product for disaster relief purposes must be designed 
easily for inventory holding management and possibly for the secondary market. 
For example, a tent manufacturer slightly downgrades its product for disaster relief 
purpose, and buy them back with a predetermined lower price at the planned time 
for the secondary market. These tents are stored in the warehouses with perfect 
conditions, thus have almost the same market value as new since most of these 
tents are not for frequent use or even in single-use on the tourist market. Given the 
specified usage and characteristics of DRS, it is necessary to coordinate the multiple 
business partners in the whole product supply chain, from product manufacturing 
to transportation, not only to ensure the quality and functions needed but also to 
leave the possibility for reverse logistics.

During the rescue and relief process after the disaster event occurs, a large 
amount of relief items rushes into the sites from everywhere. In addition to the 
leading role of the DRS management in life-saving and reconstruction, government 
agency also needs to pay attention to material collection, screening, inspection, 
allocation, proper use, waste control, and surplus items reverse. Different organiza-
tions, individual volunteers, international rescue teams and military groups are 
all converging for life rescuing, but the precise material delivery, proper use, and 
waste generation issues are often ignored, even by the rescue authority. In the 2008 
Sichuan earthquake, a huge amount of different materials was discarded, about one 
million tents were found useless and eventually reclaimed by a central government 
level authority.

Rescue and relief information systems play a vital role in DRS reverse logistics 
operations coordination. DRS are delivered to the disaster site in different rescue 
and relief stages. Alone with the time moving forward, the demand and material 
information should be more and more clear, but yet properly and timely shared by 
different organizations. Besides, a large amount of false information and rumors 
are spreading in different ways. A legal and authorized government information 
platform is needed to provide the real information of demand, supply, manage-
ment, and reverse logistics.

4.2 Purchasing for donation

To encourage the reuse of DRS items, we propose a “Purchasing-as-Donation” 
marketing strategy for selling relief material surplus in a cause-related marketplace. 
These organizations or individual consumers, retailers, traders, original suppliers, 
and donors. For every relief surplus item sold out, the income is calculated as a cash 
donation to the DRS management. In addition to the attractive price, the market is 
also promoted by the environment-friendly concept and social responsibility. The 
original suppliers who buy back their products and send them to other markets can 
also be rewarded by further purchasing for further DRS inventory. Traders buying 
and reselling these DRS products are offered further business opportunities in the 
future.

This strategy takes advantage of other reusing choices in many ways. Putting 
aside the economic value that purchasing-as-donation offers, it enables the DRS 
management to get access to the people in need with alternative sources, not limited 
to the population supported by aid programs. By using monetary transfers, the 
proportion of inappropriate deliveries would be controlled at a minimum level. 
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The purchasing-as-donation model also has positive impacts on inventory opera-
tions management. As the poor inventory management is always to be blamed for 
the enormous waste of relief supplies, DRS managers are forced to take good care of 
their relief inventories before transferring them to the cause-related consumers. On 
the other hand, selling relief surplus products by using online platforms and infor-
mation technology almost eliminates the searching cost for potential recipients, and 
more importantly, discloses the inventory and donation information to the public in 
case of corruption.

To support the purchasing-as-donation strategy, it is important to set up 
related policies and regulations. These policies and regulations involve the 
various rights of personal or organization donations, rules for international 
rescue teams, reallocation of donated items or cash, and other aspects. Another 
important support task is to coordinate other markets, including the international 
market and related recycling companies to fully recapture the value of the surplus 
materials.

4.3 E-commerce platform

The diffusion of ownership has complicated the disaster relief supply chains. 
There could involve a variety of relief material providers, including governments 
at all levels, local and international social organizations, and private sectors. The 
Internet revolution has provided new platforms and innovative technologies that 
facilitate their communication needs in acquiring, delivering, and recycling relief 
supplies. Equipped with well-established information and delivery systems, the 
fast-growing e-commerce platforms are enjoying evolving engagement in disaster 
relief supply chains in the following two aspects.

1. Using their information systems to acquire relief supplies (forward-flow) 
and sell relief surplus products (reverse-flow).

Developing sources for the acquisition of relief items to satisfy the surging 
demand of beneficiaries during disaster relief operations is a key task of disaster 
planning [14]. Meanwhile, once the relief supplies are removed and replenished 
with fresh items, it is important to find a cost-effective and environmentally 
friendly way to ensure the appropriate reuse of relief surplus products. The e-com-
merce platforms, such as Amazon.com, JD.com, and Alibaba.com, cannot only act 
as the suppliers of a wide range of relief materials but also provide marketplace 
services to assist the reverse flow of relief surplus products.

During the recent outbreak of coronavirus disease (COVID-19), one of the 
leading online retailing E-platform in China, JD.com, has launched an information 
platform for emergency resource sharing, which serves over 15,000 customers 
around the nation, including thousands of government agencies and health care 
institutions. Based on the information platform, the company has provided, on 
aggregate, over 660 million pieces of relief items within the first month of the pan-
demic. On the other hand, selling relief surplus products by using online platforms 
and information technology enables the humanitarian organizations to get access 
to the people in need with alternative sources, whereby the proportion of inappro-
priate deliveries would be controlled at a minimum level. Because poor inventory 
management is always to blame for the great waste of relief supplies, selling relief 
surplus products via transparent online platforms also forces the humanitarian 
organizations to take good care of their relief inventories before transferring them 
to the re-users.
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2. Using their delivery system to distribute the products.

Disaster relief is about 80% of logistics it would follow [7]. As relief supplies are 
very likely to be distributed in challenging situations while in presence of com-
promised infrastructure, destroyed or blocked roads and limited manpower and 
resources, a widely-covered supply chain network (including the supplier partner-
ships, warehousing, and transportation systems and personnel resources) with 
well-established logistics mandates and information system will save a lot of time in 
delivery. Many e-commerce platforms have their own self-supporting logistics ser-
vice system like Amazon.com and JD.com [15], laying the groundwork for a highly 
efficient distribution network. To combat the pandemic COVID-19, the Hubei 
Provincial Government cooperated with the JD logistics to manage the disaster relief 
supply chains. By utilizing their supplier resources and logistics system, JD logistics 
has distributed over 2000 tons of relief supplies to Wuhan and its neighboring areas 
in the first twenty days since Wuhan’s lockdown. Without the support of JD logis-
tics, it would be extremely difficult for the local hospitals and community to acquire 
the whole and complete medical supplies and living necessities that were needed, 
and deliver them to the demand point in such a timely and cost-effective manner.

Using the e-commerce platform’s delivery system is beneficial for the integration 
of humanitarian logistics activities. While there may involve thousands of converg-
ing supply chains in disaster relief operations, lack of coordination is the chief 
cause of material, manpower, and information convergence. In contrast, given that 
the e-commerce platforms provide systematic logistics services through bridging 
the real-time demand with their partner suppliers’ capacity, sharing their logistics 
services can reduce the overall logistics cost and improve the efficiency of rescue 
and relief operations.

4.4 Retailer network

Demand is highly uncertain in the humanitarian context. Information concern-
ing the disaster timing and location, available resources, functional infrastructure, 
type and size of beneficiaries’ needs, is always limited, rough, inaccurate, and 
hysteretic. Prepositioned inventories held or managed by the government or 
humanitarian organizations may sometimes not satisfy the beneficiaries’ demand 
in type and quantity, or cannot be transported to the disaster sites in time. In case of 
such failures, the local government and humanitarian organizations with the official 
background (e.g., the Red Cross) should make the full use of social resources. 
Requisitioning local retailers’ reserves of needed commodities or signing agreements 
with local convenience or pharmaceutical chain stores to stockpile relief inventories 
are both honored to ensure the efficiency of disaster relief supply chains. In 2015, 
the Chinese Ministry of Civil Affairs has published the Guidance on Strengthening the 
Construction of Relief Material Reserve System for Natural Disasters wherein the social 
reserves are recommended as necessary supplements to the governmental reserves. 
Most local governments in the high-risk areas of natural disasters have established 
partnerships of stockpiling relief supplies with private sectors. Supported by its 
vast retailing network in Sichuan Province, for instance, the distribution centers 
of Chengdu Hongqi Chain Store were on standby 24/7 to guarantee the supply and 
allocation of emergency materials during the yearly flood season.

Other than supporting the last-mile delivery of relief supplies, the retailer 
network is also distributed as the outlet for the public to acquire relief and living 
commodities, particularly under the quarantine and distancing policy in prevention 
for the pandemic.
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4.5 Community education

Education is the basis of reducing the impact of disasters on human security 
and sustainable development [16]. In the face of intensifying threats of disasters 
and crisis, education is no longer a schooling thing, but the whole community 
should be engaged in continuous learning and practicing in response to disasters. 
“Community-Based Disaster Risk Management” needs to establish with the linkages 
of disaster education to the community and household [17].

The strategies towards disaster education and risk reduction differ with the vul-
nerability of the community [17]. Strengthening the community capacity in terms 
of the individuals, families and communities is essential in the process of disaster 
education based on the local context [18], which concentrates on understanding the 
traditional knowledge, resources and practices of the local communities, and the 
corresponding skills, support, and structures for disaster preparedness and mitiga-
tion [16]. For instance, the social networks of the urban and rural communities are 
quite different. People live in the pretty intense urban areas usually have poorer 
communication and interactions with the community, whereas the rural communi-
ties have scattered population to connect in the process of disaster education.

Japan is widely acknowledged that has world-class disaster education in school. 
However, the long commuting distances have changed today’s Japanese life style 
that few individuals and families can afford the time spent on establishing and 
maintaining relationships with the communities. The disaster education focused on 
the Japanese communities needs to emphasize the connection between self-help and 
collaboration with the community and pubic [17]. Community-based approaches to 
improve the resilience of the community and the people in response to disasters and 
crisis are also encouraged in the United States. The Los Angeles County Community 
Disaster Resilience (LACCDR) Project is structured on four levers: education, 
engagement, self-sufficiency, and partnership, in which disaster education lays the 
foundation of the other three levers by building the toolkit for the dissemination of 
information about preparedness, risks and resources [19].

In some other developing countries like China and India, disaster education at 
the community level must be addressed with other issues, such as the enhancement 
of school-based disaster education, the awareness of disaster risks and coping 
capability of less-educated population, the effective, sustainable and local-based 
cooperation of community issues and disaster education [17, 20].

Community-based disaster education through the understanding of the social 
networks in the local context is essential in building the resilience of disaster-prone 
areas. It should profoundly involve other stakeholders existing within the society, 
such as governmental agencies, educational institutions, social organizations, 
community leaders and groups, and policy-making bodies, to push the construction 
and development of disaster education systems at the community level in a large 
cooperative effort.

5. Conclusion

Disaster relief supplies, including consumable products and heavy equipment, 
play a vital role in natural disaster rescue and relief. To prepare sufficient relief 
supplies in terms of the availability in quality and quantity is an inevitable duty for 
all responsible government. DRS management should be initiated and supported by 
the government, yet the related cost issues are usually neglected. Due to the highly 
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has many implementation advantages. The most critical point is the social trust and 
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Chapter 12

The Risk of Tsunamis in Mexico
Jaime Santos-Reyes

Abstract

The paper reviews the risk of tsunamis in Mexico. It is highlighted that the 
Pacific coast of the country forms part of the so called “Ring of fire”. Overall, the 
risk of tsunami that has the potentiality to affect communities along the Pacific 
coast of the country are twofold: a). Local tsunami; i.e., those triggered by earth-
quakes originating from the “Cocos”, “Rivera” and the “North American” plates 
(high risk); and b) the remote tsunamis, those generated elsewhere (e.g, Alaska, 
Japan, Chile) (low risk). Further, a preliminary model for a “tsunami early warn-
ing” system for the case of Mexico is put forward.

Keywords: tsunami, earthquake, Mexico, tsunami early warning

1. Introduction

A tsunami has been defined as “a series of travelling waves of extremely long length 
and period, usually generated by disturbances associated with earthquake occurring 
below or near the ocean floor … Volcanic eruptions, submarine landslides, and coastal 
rock falls can also generate tsunamis, as can a large meteorite impacting the ocean” [1]. 
Also, tsunamis may be regarded as low frequency events but with high impacts in terms 
of human/infrastructure/economic losses. Their power of destruction has been more 
than evident in recent years [2–11]. It is believed that from the time period between 
1998 and 2017, the losses inflicted by tsunami disasters were a total of US$280 billion 
and 251,770 causalities, in damages [7]. Moreover, the authors argue that the impact 
from this period has been 100 times higher than during the time period 1978–1997.

Following the 2004 tsunami in the Indian Ocean, there has been a large amount 
of literature published on several topics associated with tsunami science. For 
example, research has been conducted on the physics of tsunami waves [12], tsuna-
mi’s impact and characteristics [1–3, 11, 13], tsunami early warning systems [14, 15], 
tsunami risk assessment [10, 11, 16], geology’s perspective [17–19], to mention a few.

Recent tsunamis have highlighted the need for an effective early warning system. An 
early warning is defined as “the provision of timely and effective information, through 
identified institutions, that allows individuals exposed to a hazard to take action to 
avoid or reduce their risk and prepare for effective response” [20]. Moreover, the United 
Nations Inter-Agency Secretariat of the International Strategy for Disaster Reduction 
(UN/ISDR) argues that an “effective early warning system” should include the follow-
ing four key elements: “the knowledge of risks”, “the technical monitoring and warning 
service”, “dissemination & communication of meaningful warnings to those at risk”, 
and “the public awareness and preparedness to react to warnings” [20, 21].

The objective of the paper is to highlight the tsunami risk in Mexico. The data 
presented in the paper are based on previous studies on tsunamis in the country  
[15, 22]. Further, a preliminary “tsunami early warning” system which aims at 
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integrating, for example, the four key elements proposed by the UNISDR [20] for 
the case of Mexico is presented.

2. The risk of tsunamis in Mexico

The “Pacific ring of fire” belt covers a vast area of highly active tectonic plate 
boundaries where most of the earthquakes originate and active volcanoes (Figure 1). 
It is believed that three quarters of all the volcanoes in the world are in the ring [23].

Further, the “Ring of fire” runs through several countries, such as Canada, 
USA, Russia, Chile, Peru, Guatemala, New Zealand, Japan, Indonesia, 
Philippines, Mexico.

Regarding the tsunami risk in Mexico, studies based on tsunami historical data 
showed that there are two zones of tsunami threat: local (i.e., generation of tsuna-
mis) and remote (i.e., arrival of tsunamis) (Figure 2) [15, 22]. The authors defined 
these two zones by considering the nature of the faulting and tectonic plate interac-
tion. In the subsequent subsection each of these will be addressed.

2.1 Local tsunami risk

According to [15, 22] at the west of the “Rivera plate” and along the “Middle 
America trench,” the “Cocos plate” subduction beneath the “North American plate” 
at rates of 2.5 to 7.7 cm/year (Figure 2). Given the fact, that large earthquakes occur 
in this region; therefore, the zone has been regarded as a generator of tsunamis 
(Table 1 and Figure 3).

According to historical data, the generated tsunamis that produced the high-
est wave heights were those that occurred in 1925 (7–11 m), 1932 (9–10 m), 
1995 (2.9–5.10 m), 1985 (1–3 m). For example, the 1985 earthquake of M8.0 of 
magnitude generated a tsunami that affected several communities in this zone. 
It is believed that a key infrastructure port was affected with waves of 2.5 m 
and flooded the area about 500 m inland [15]. Also, several tourist resorts were 
affected by the tsunami; for example, waves for up to 2.5 m high were observed in 
Playa Azul [15].

Interestingly, a day after the main earthquake, a M7.5 aftershock hit the zone; 
it is thought the generated tsunami affected a local fishing community with waves 
ranging from 2 to 3 m high [15].

Figure 1. 
The “Ring of fire” [23].
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Figure 2. 
Mexico’s local & remote tsunami threat [15, 22].

Year Region Magnitude Tsunami (places hit, Mexico) Max. height 
waves (m)

1732 Guerrero — Acapulco 4.0

1754 Guerrero — Acapulco 5.0

1787 Guerrero >8.0 Acapulco 3–8

1787 Oaxaca — Juquila
Pochutla

4.0
4.0

1820 Guerrero 7.6 Acapulco 4.0

1852 B. C. — Río Colorado 3.0

1907 Guerrero 7.6 Acapulco 2.0

1925 Guerrero 7.0 Zihuatanejo 7.0–11.0

1932 Jalisco 8.2 Manzanillo
San Pedrito

2.0
3.0

1932 Jalisco 7.8 Manzanillo 1.0

1932 Jalisco 6.9 Cuyutlán 9.0–10.0

1948 Nayarit 6.9 Islas Marias 2.0–5.0

1957 Guerrero 7.8 Acapulco 2.6

1973 Colima 7.6 Manzanillo 1.1

1978 Oaxaca 7.6 Puerto Escondido 1.5

1979 Guerrero Acapulco 1.3

1985 Michoacán 8.1 Lázaro Cardenas
Ixtapa Zihuatanejo

Playa Azul
Acapulco

Manzanillo

2.5
3.0
2.5
1.1
1.0

1985 Michoacan 7.8 Acapulco
Zihuatanejo

1.2
2.5
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More recently, it has been found that instrumentally based assessments of “tsu-
namigenic” possibility of subduction zones in the Pacific coast have underestimated 
the frequency and magnitude of great earthquakes and tsunamis [25]. The authors 
argue that geological evidence shows that in fact great tsunamis (and earthquakes) 
have occurred in the subduction zone in the past, i.e., the stretch of the coasts of 
Guerrero and Oaxaca, the southern region of Mexico.

For example, it has been found evidence of two sand tsunami deposits, 1.5 km 
inland of the coast [25]. Further, it is believed that an earthquake of M8.6 of 
magnitude occurred in 1787 and produced a giant tsunami that flooded up to 6 km 
inland. The second tsunami (less documented) occurred in the year 1537. More 
importantly, the authors conclude that great tsunamis have occurred in the Pacific 
coast of the country.

On the other hand, it should be highlighted that another geographical region 
that is not mentioned in the official reports (e.g., in Ref. [22]) in relation to the 
potential tsunami source is that related to those originating in the Caribbean Sea 
(Figure 4). It is believed that geological events such as volcanoes and earthquakes 

Figure 3. 
Local tsunamis in the pacific coast of Mexico [24].

Year Region Magnitude Tsunami (places hit, Mexico) Max. height 
waves (m)

1995 Colima 8.1 Boca de Iguanas
Barra de Navidad

San Mateo
Melaque

Cuastecomate
El Tecuán

Punta Careyes
Chamela

Pérula
Punta Chalacatepec

5.10
5.10
4.90
4.50
4.40
3.80
3.50
3.20
3.40
2.90

2003 Colima 7.8 Manzanillo 1.22

2017 Chiapas 8.1 Salina Cruz 1.10

Table 1. 
Local tsunamis-only those with wave height > 1.0 m are shown [22].
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are common and therefore the region is geological active [27]. Further, the authors 
argue that historical data has shown that there has been the occurrence of “tele-
tsunamis,” tectonic tsunamis, landslide tsunamis, and volcanic tsunamis in the 
region [27], p. 60.

That is, there has been twenty-seven “verified tsunamis” and “nine are 
considered to be very likely true tsunamis” of a total of 97 reported waves that 
might be tsunamis in the Caribbean region [27]. Moreover, it is believed that one 
of the deadliest and most recent tsunamis that hit communities in Dominican 
Republic, Haiti, and Puerto Rico occurred in 1946; the tsunami killed 1790 
people [27], p. 84.

More recently, this threat became more apparent with the occurrence of a strong 
earthquake in the region (Figure 4). That is, on 28 January 2020, an earthquake of 
M7.7 of magnitude (with a depth of 1o km) hit between the Cayman Islands and 
Jamaica and Cuba [26]. It is believed that the tremors were felt as far away as Miami, 
US. However, no causalities have been reported.

The earthquake prompted the issuing of tsunami warnings by the Pacific 
Tsunami Warning Center (PTWC) [28]. The PTWC’s warning was: “hazardous 
tsunami waves are possible; it is thought the warning was for communities living 
along the coasts located within 300 km from the epicentre; i.e., those include coasts 
of the following countries: the Caiman Islands, Jamaica, Belize, Cuba, Honduras, 
and Mexico (i.e., the Caribbean coast of the Yucatan Peninsula, Figure 4). The 
tsunami warning was lifted off after a few hours.

Overall, it may be argued that a potential threat of tsunamis come from the 
Caribbean Sea, although it may be regarded as extremely low (i.e., there has not 
been any data of tsunamis hitting the Caribbean coast of the Yucatan Peninsula); 
however, tsunamis are unpredictable and communities, governments should always 
be prepared for the unthinkable, because as usual, this is what happens (see Section 
3 for further details about this).

2.2 Remote tsunami risk

It is believed that on the Northwest of the “Rivera plate” (Figure 2), along the 
Gulf of California where the Pacific Plate slides north with respect to the North 
American plate, generation of tsunamis in this zone is unlikely [15, 22]. This is 

Figure 4. 
The 123 km of Lucea, Jamaica earthquake in 2020 [26].
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Figure 4. 
The 123 km of Lucea, Jamaica earthquake in 2020 [26].
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consistent with historical data (Table 2); it can be seen that data on “small” and 
“moderate” tsunamis generated by remote sources; for example, the two most 
recent 2010 Chile and the 2011 tsunamis (Figure 5) where the maximum wave 
heights registered were < 1.0 m. However, it is worth mentioning that the histori-
cal data showed that there were two tsunamis that registered the height of waves 
up to 2.4 and 2.5 m; that is, those generated in Chile (1960) and Alaska (1964), 
 respectively (Table 2).

Date Region Magnitude Tsunami (places 
hit, Mexico)

Max. height 
waves (m)

1952 Kamchatka, USSR 8.3 La Paz, BCS
Salina Cruz

0.5
1.2

1957 Aleutian Islands 8.3 Ensenada, B.C. 1.0

1960 Chile 8.5 Ensenada, B.C.
La Paz, B.C.S.

Mazatlán
Acapulco

Salina Cruz

2.5
1.5
1.1
1.9
1.6

1960 Peru 6.8 Acapulco 0.10

1963 Kuril, Islands, USSR 8.1 Acapulco
Salina Cruz
Mazatlan

La Paz, B.C.S.

<1.0

1964 Alaska 8.4 Ensenada, B.C.
Manzanillo
Acapulco

Salina Cruz

2.4
1.2
1.1
0.8

1968 Japan 8.0 Ensenada, B.C.
Manzanillo
Acapulco

<1.0

1975 Hawaii 7.2 Ensenada, B.C.
Manzanillo

Puerto Vallarta
Acapulco

<1.0

1976 Kermadec Islands 7.3 San Lucas, B.C.S.
Puerto Vallarta

Manzanillo
Acapulco

<1.0

1995 Chile 7.8 Cabo San Lucas <1.0

2004 Indonesia 9.0 Manzanillo
Lazaro Cardenas

Zihuatanejo

1.22
0.24
0.60

2010 Chile 8.8–9.0 Manzanillo
Cabo San Lucas

Acapulco

0.32
0.36
0.62

2011 Japan 9.0 Ensenada, B.C.
Huatulco

Puerto Angel
Acapulco

0.70
0.70
0.29
0.72

2018 Indonesia 7.5 — —

2018 Indonesia AK Vulcano tsunami — —

Table 2. 
Remote tsunamis- historical data taken from [22] except for the last two tsunamis that occurred in 2018.
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3. A Mexican tsunami early warning system

As mentioned in previous sections, tsunamis (and earthquakes) are unpredict-
able and can happen any time. Therefore, there is a need for an effective tsunami 
early warning system (TEWS). A system which should include not only the techni-
cal aspect but also the human issue. This section presents a preliminary model for 
such a system.

In particular, it considers the Pacific and the Caribbean coasts of Mexico 
(Section 2). However, only those aspects associated with the “structural-organisa-
tion” of the proposed model will be discussed in some detail (i.e., the five inter-
related subsystems associated with systems 1–5 and its channels of communication 
as shown in Figure 6). The proposed model is based on previous research on issues 
related to safety and disaster management systems [30–32].

In the context of this case study, the overall function of systems 2–5 (MTEW-
SMU) is to establish the key tsunami safety policies aiming at maintaining tsunami 
risk within an acceptable range; this implies allocating the necessary resources, for 
example, to build response capabilities at national and community levels.

System 1, on the other hand, embraces the following three subsystems: 
TNZO (Tsunami Northern Zone Operations), TSZO (Tsunami Southern Zone 
Operations), and TCZO (Tsunami Caribbean Zone Operations) with their associ-
ated management units (TNZ-SMU, TSZ-SMU & TCZ-SMU). These three opera-
tions of system 1 were considered given the fact that the risk of tsunamis comes 
from local and remote tsunami sources as mentioned in Section 2.

Further, it is important to highlight that one of the key functions within the 
MTEW-SMU is that related to System 2, which is associated with what it is called 
here MTEW-CC (Mexican Tsunami Early Warning-Coordination Centre); its key 
function is the monitoring, detection of a tsunami through the following coordina-
tion centres: TSZ-CC (Tsunami Southern Zone-Coordination Centre), TNZ-CC 
(Tsunami Northern Zone Coordination Centre), and TCZ-CC (Tsunami Caribbean 
Zone Coordination Centre), as shown in Figure 6. The process of the flow of key 
information and decision making process is briefly described in Table 3; Table 4, 
on the other hand, presents some of the key actors involved in the existing system 
when compared with the features of the model.

In general, communities living in active seismic areas and along coastal regions 
are vulnerable to tsunamis. These natural hazards are not that common and unpre-
dictable, but powerful and with devastating consequences to those communities in 

Figure 5. 
The 2010 Chile tsunami (left) and the 2011 tsunami in Japan (right) [29].
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their path. It is believed that tsunamis are the deadliest in terms of the proportion of 
people being killed [34].

Following the 2004 tsunami in the Indian Ocean, the need for a tsunami warn-
ing system (TWS) was more than evident; however, it may be argued that the exist-
ing TWS may be deficient in dealing with the mitigation of impacts of such events; 
moreover, there are still regions worldwide without such systems.

Figure 6. 
A Mexican tsunami early warning system (MTEWS).
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Recent tsunami disasters have highlighted some of these deficiencies; for exam-
ple, in the case of the 2010 tsunami in Chile, the entity in charge of issuing a tsunami 
warning failed to do so [5], p. 30 (see “action point” “2”& “7” in Figure 6 and  
Table 3). The failure to perform this action contributed to fatalities in the coastal 
communities. More recently, the 28 September Sulawesi tsunami and the 24 
December Anak Krakatau (AK) volcano tsunami, both in Indonesia, illustrate 
deficiencies in TWS too. In the former case, the tsunami warning was issued but 
the warning was lifted over thirty minutes [4]. However, the city of Palu, located 
in a narrow bay, was hit hard with waves reaching six metres of height; why were 
not they warned? the head of the BMKG (Indonesia Agency for Meteorology, 
Climatology and Geophysics) argued that “we have no observation data at Palu…”, “If 
we had a tide gauge or proper data in Palu, of course it would have been better” [4]. 
The tsunami (and earthquake) killed over 2000 people [2]. Finally, regarding the AK 
volcano tsunami, it is thought that there was not a tsunami warning system for the 
case of volcano-induced tsunamis; however, the tsunami killed 437 people [3].

It may be argued that a TWS should not be only concerned with the techni-
cal infrastructure systems (e.g., tidal gauge, network of buoys, etc.), but also the 
organisational and human components. Further, it may be argued that the most 

“Action 
points”

Description

“1”, “6”, “11” Flow of data on key variables monitored by MTEW-CC through TNZ-CC, TSZ-CC, 
TCZ-CC (e.g., earthquakes, pressure sensors, tide gauges, etc.). It should also be mentioned 
that this information is provided by the SSN (National Seismological Service), USGS, the 
PTWC (Pacific Tsunami Warning Centre), see Table 4.

“2&2A”, 
“7&7A”

If a strong earthquake occurs, for example, within TNZO (Tsunami Northern Zone 
Operations), then in “2”, the tsunami risk is assessed, if the key variable not withing the 
acceptable criteria (e.g., a tsunami), then it issues the tsunami warning to “2A”, which 
in turn issues the warning to the TSZ-CC, even if the risk is low (Section 2), through the 
“action point” “7A”.
In the model, the TCZ-CC also receives the warning, although in the context of this 
scenario, it is not necessary to warn communities within TCZO (Tsunami Caribbean Zone 
Operations) to take some protective actions for obvious reasons. Nevertheless, the key 
decision-makers within this zone are on alert.

“3&4”, 
“8&9”, 
“13&14”

“Actions points” “3&4” plan and devise measures to respond to the tsunami emergency, 
e.g., design of risk maps, plans to conduct drills, evacuation plans; etc. All of these aiming 
at better prepare the vulnerable communities within TNZO. “Action point” “3” also issues 
the tsunami warning to MTEW-SMU (i.e., to System 3). In the same vein, “action points” 
“8&9” and “13&14” perform similar functions into their respective coordination centres 
(i.e., TSZ-CC & TCZ-CC), see Figure 6 and Table 4.

“4A”, “9A”, 
“14″

Following the scenario herein, “4A” communicates the protective measures taken (e.g., 
evacuation) to the MTEW-CC, which in turn may devise further actions given its synergistic 
view of the total system through system 3, as shown in Figure 6. The same rationale applies 
to “9A” and “14” within their respective coordination centres.

“5”, “6”, “15″ “Action point” “5” issues the tsunami warning to the affected communities within this 
zone (e.g. B.C, B.C.S., Sinaloa, Manzanillo, etc.). Further, it implements all the protective 
measures to mitigate the impact of the tsunami in the coastal areas, e.g., evacuation to safe 
areas, etc. Moreover, it also implements plans to relocate the affected people to safe areas if 
necessary.
Similarly, as in “5”, “6” issues the tsunami warning to the affected communities within this 
zone (e.g. Acapulco, Oaxaca, Manzanillo, Zihuatanejo, etc.).
“Action point” “15”, issues the warning to the communities vulnerable to tsunamis within 
this zone (e.g. Cancun, etc.), see Figure 6.

Table 3. 
Description of the key action points of the model in Figure 6.
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Some of the key features of the 
model

Examples of what perform some of the functions of the existing 
system (left & Figure 6)

System Key Components SMU
(“square boxes”)

Operations
(‘circles’)

Systems
2–5

MTEW-SMU 
(“Mexican 
Tsunami Early 
Warning-SMU”)

1. Secretariat of the Navy 
(SEMAR) manages the Tsu-
nami Warning Centre (CAT); 
the monitoring, detection, and 
forecasting centre [33].

2. Receives information from the 
SSN (National Seismological 
Service),

3. Receives the input from the 
PTWC.

4. Receives the input from the 
USGS.

5. Other (e.g. CICESE, etc. 
[15, 22])

-

MTEW-CC 
(“Mexican Tsunami 
Early Warning 
Coordination 
Centre”)

Warning coordination centres within 
the CAT.

-

System 1 TNZ-SMU 
(“Tsunami 
Northern 
Zone- SMU”)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

—

TNZO (“Tsunami 
Northern Zone 
Operations”)

Local communities 
living in the zone, 
including tourists 
& those working in 
touristic resorts, such as 
‘Los Cabos’, etc.

TNZ-CC 
(“Tsunami 
Northern Zone- 
Coordination 
Centre)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

System 1 TSZ-SMU 
(“Tsunami 
Southern 
Zone- SMU”)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

TSZO (“Tsunami 
Southern Zone 
Operations”)

Local communities 
living in the zone, 
including tourists 
& those working in 
touristic resorts, such 
as ‘Puerto Vallarta’, 
‘Acapulco’, ‘Huatulco’, 
etc.

TNZ-CC 
(“Tsunami 
Southern Zone- 
Coordination 
Centre)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-
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difficult aspect is the human factor; there is a need to better understand human 
behaviour during these events, so that make these communities less vulnerable and 
resilient to tsunamis. In other words, there is a need for an effective tsunami early 
warning system able to consider all these components in a coherent manner, such as 
the system being proposed herein and elsewhere. Further, these systems should be 
“people-centred” [21, 35].

4. Conclusions

The paper has presented the risk of tsunamis in Mexico. The approach has been 
a review of existing literature on historical data of tsunami occurrence in Mexico. 
The literature survey showed that the tsunami threat comes from local and remote 
zones. Overall, the review showed that the highest tsunami risk comes from 
tsunamis induced by earthquakes occurring in the Southern zone of the country 
(i.e., local zone). The paper has also put forward a preliminary model of a TEWS 
(Tsunami Early Warning System) for the case of Mexico. However, it needs further 
research to design the whole networks of the flows of information not only for 
the case of tsunamis, but also for the case of earthquake early warning “people-
centred” systems.
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Some of the key features of the 
model

Examples of what perform some of the functions of the existing 
system (left & Figure 6)

System 1 TSZ-SMU 
(“Tsunami 
Caribbean 
Zone- SMU”)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

TCZO
(“Tsunami 
Caribbean Zone 
Operations”)

Local communities 
living in the zone, 
including tourists 
& those working in 
touristic resorts, such 
as ‘Cancun’, ‘Playa del 
Carmen’.

TNZ-CC 
(“Tsunami 
Caribbean Zone- 
Coordination 
Centre)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

Table 4. 
Examples of the key players that perform some of the functions of the system in place when compared with the 
model (Figure 6).
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zones. Overall, the review showed that the highest tsunami risk comes from 
tsunamis induced by earthquakes occurring in the Southern zone of the country 
(i.e., local zone). The paper has also put forward a preliminary model of a TEWS 
(Tsunami Early Warning System) for the case of Mexico. However, it needs further 
research to design the whole networks of the flows of information not only for 
the case of tsunamis, but also for the case of earthquake early warning “people-
centred” systems.

Acknowledgements

This research was supported by the following grants: SIP-IPN-20201790; 
CONACYT-No:248219.

Conflict of interest

The author declares that he has no competing interests.

Some of the key features of the 
model

Examples of what perform some of the functions of the existing 
system (left & Figure 6)

System 1 TSZ-SMU 
(“Tsunami 
Caribbean 
Zone- SMU”)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

TCZO
(“Tsunami 
Caribbean Zone 
Operations”)

Local communities 
living in the zone, 
including tourists 
& those working in 
touristic resorts, such 
as ‘Cancun’, ‘Playa del 
Carmen’.

TNZ-CC 
(“Tsunami 
Caribbean Zone- 
Coordination 
Centre)

Same as with 1,2 & 5 above, and local/
regional decision-makers, e.g., civil 
protection, etc.

-

Table 4. 
Examples of the key players that perform some of the functions of the system in place when compared with the 
model (Figure 6).
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Chapter 13

Natural Hazards - Impacts,
Adjustments and Resilience
Bhushan Mohan Raisinghani

Abstract

Reinforced concrete is a global material, the utilization of which has no limits.
India is a country that uses mostly RC framed structures as the routine building
construction type. The building is made of inter-connecting elements in horizontal
and vertical directions. To showcase the effectiveness of high grade of concrete and
confining reinforcement much research has been carried out till date from 1980s.
However, in design of structures we do not consider the effect of confining rein-
forcement in resisting stress in any member element. Various tools have been
developed to find the capacity of member at element level to resist forces. For
performance-based design of buildings, it is necessary to evaluate the performance
at individual local level and at global levels. In this study, the effect of available tools
(for section analysis) and design codes for member limit calculation is demon-
strated and structure is evaluated for the threshold limits given in ASCE-41. It is
observed that the code designed members are sufficient to resist lateral earthquake
forces effectively for the estimated hazards if proper design tools are employed.

Keywords: disaster mitigation, resilient structures, performance-based design,
design tools, displacement-based design, seismic performance evaluation

1. Introduction

Indian subcontinent is a region experiencing seismic activities since ancient
times. According to BIS seismic zoning map, over 65% of the country is prone to
earthquakes of intensity MSK VII or more, putting 38 cities in high risk zones. In
2011, there were 80 earthquakes in India, with magnitude ranges between 3.5 M to
6.5 M on Richter scale. The year 2012 was an equally eventful year with 19 earth-
quakes by 5th March. Great earthquake having magnitude of 8.0 M or higher occurs
somewhere in the world every year. Seismic engineering of structures is in discus-
sion since decades while the aspects of risk mitigation and hazard assessment are
relatively new in this field which are in concern with our preparedness for future
events. The aim of a structural design engineer is always the safety as against the
sole aim of economy. However, architectural needs and budget compromises the
higher target of an engineer to bring resilience as an important consideration in
design of buildings in seismic prone regions. The code provisions give legal benefit
to developers while the resilience aspects highlight the need to bring better scien-
tific methods to safeguard the community during strong earthquakes. With the
advancement in knowledge and promotion of performance-based design proce-
dures, it has become possible to safeguard our interests against the fury of nature.
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The Bhuj earthquake (2001), had caused severe damage to property and more
than 20,000 people were killed in Kuchchh area [1]. The reported PGA of the
earthquake was 0.38 g having magnitude 7.7 Mw. Around 70 multistorey buildings
collapsed in Ahmedabad, with reported PGA of 0.1 g for which the damage
observed was higher than expected. Hence, the influence of present process of
design of buildings on the performance of RC structures needs further check. There
is another significant parameter for design consideration - the accurate hazard
estimation. The observed damages better indicate hazard than the PGA values
especially for mid-high rise buildings. The attenuation in Ahmedabad city is found
to be around 1.8–2.0 [2], not considered in design. This is the serious limitation of
force-based design wherein inaccurate estimate of hazard will give a sense of design
to the engineer but is a gross-error in seismic design force calculations.

The expression of risk gives a good overview of each part that contributes
to either the safety or to the weakness. In the equation, the term Hazard (H)
represents the severity of earthquake expected in the region considered for risk
estimation (refer Eq. (1)).

Risk ¼ Hazard Hð Þ � Vulnerability Vð Þ � Exposure Eð Þ=Asset (1)

If the estimation of hazard is an under-estimate, then the risk increases substan-
tially, though the design may be done with utmost care. Seismic micro-zonation of
Ahmedabad gives understanding of hazard to design engineers.

The building typology and design methods followed in a region suggest vulner-
ability aspects. Without disturbing the cultural heritage of local region, the capacity
of existing buildings can be increased to reduce the quantum of vulnerable stock to
various intensities of earthquake likely to hit there [3]. The role of developer, owner
and administration plays a vital role in upgradation of vulnerable facilities and
investing efforts towards the mitigation of earthquake hazard by identifying the
vulnerability (V) component in a region. The density of buildings in an area,
important structures, and the type of facility under threat is covered by the risk as
the exposure or asset (E) parameter to estimate the threat susceptibility. The impact
of earthquakes in India show the concern due to recent earthquakes (2001;2005) on
the number of people succumbed due to lesser engineering (refer Table 1).

Hence, if we are better able to know our region, dedicated in identifying weak
structures for upgradation and protect the important assets by identifying their
importance, we can control the impact of earthquakes on our habitat. This study
focuses on adopting resilience in mid-rise buildings using design tools.

Event Year Magnitude PGA Intensity Casualty

India-Burma 1988 7.2 0.34 g VIII 709

Garhwal 1991 7.1 0.3 g VIII 768

Uttarkashi 1991 7 0.29 g IX >2000

Koyna 1967 6.5 0.4 g VIII 1500

Chamoli 1999 6.6 0.34 g VIII 103

Bhuj 2001 7.7 0.38 g VIII 20,000

Kashmir 2005 7.6 0.23 g VIII >80,000

Sikkim 2011 6.9 0.35 g VI 111

Nepal 2015 7.9 — IX >8000

Table 1.
List of severe earthquakes in India (7 Mw): Magnitude-PGA-intensity.
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2. Methodology

2.1 Problem description

A fifteen storey reinforced concrete building located in Ahmedabad city of
Gujarat state is to be designed using Indian Standards (IS 456; IS 1893). The per-
formance of this force-based design building will be evaluated using displacement-
based method for performance-based design (PBD) using the procedures men-
tioned in Figure 1. The plan and section details are given in Figure 2.

2.2 Literature review

The building design code for earthquake was first developed in Japan to consider
10% of dead weight as the lateral load. The code procedure developed based on
understanding of severe damages in strong earthquakes around the globe [4]. Seis-
mic risk mitigation is dependent on understanding exposure and vulnerability apart
from seismic hazard for which effective design provisions are required for built
environment to sustain the next event [5]. The present codes include the cyclic
behavior through simpler procedures for performance-based design of building
structures with reduced vulnerability [6–9]. TEC-2007 has been upgraded to

Figure 1.
Scheme for performance-based design method for standardization.
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TBEC-2018 for design of new buildings with taller stature [10]. Also, the design
of buildings with FIB Model Code 2010 is considered to upgrade the force-based
provisions of EC-8 to displacement-based procedure [11]. Various studies have
suggested competence of EC-8 towards better design of buildings compared to
Indian and ACI codes [12]. SIRCO tool is developed to simulate and estimate
seismic risk in Portugal to plan, prevent and respond to future earthquakes [13].
Engineering parameters are identified to rate the world-wide seismic code quality
index and formally 166 countries have some form of seismic code with 510 revisions
since 1900 [14]. Optimum solution technique is proposed to reduce computational
efforts towards performance-based design using displacement procedure [15].

The above literatures do not focus towards mapping of performance of building
and its elements using design codes and design tools to move towards standardiza-
tion in performance-based design. The effectiveness of code provisions for building
design and detailing are put under the lens, in-order to plan structures for the future
H-V-E model in seismic prone regions.

3. Performance evaluation of building

The aim of design engineers is always towards the optimum use of materials
with proper strength regulations. Seismic engineering requires separate framework
to keep the structures functioning or regulate damages under multiple earthquake
events. The providence of ductility and sizing hierarchy through strong column-
weak beam philosophy is a different routine for design of structures. The impor-
tance of appropriate seismic hazard (PGA/PGV/Mw), modeling parameters,
methodology and mapping of required performance thresholds are part of
performance-based design procedure. The performance of building is evaluated
following ASCE-41. The performance target for the building is Life Safety (LS)
under MCE level earthquake (7.0 M in Bhuj, located at 250 kms from building).

3.1 Estimation of hazard for seismic demand

The building is in a city where risk reduction measures are employed after
observing severe damages in Bhuj earthquake in 2001. The hazard actions are

Figure 2.
Plan and section sizes of building (20 m � 16 m).
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handled by Institute of Seismological Research (ISR) and mitigation measures are
suggested by Gujarat State Disaster Management Authority (GSDMA). The under-
standing of local seismic hazard of Ahmedabad city is done and there seems to be
under-estimation of hazard in BIS zoning map (refer Figure 3). Hence, the three
hazard levels suggested for Ahmedabad city will be used to check the performance
of building using capacity-spectrum method (CSM, FEMA-440) and displacement-
coefficient method (DCM, ASCE-41). The equivalent static analysis results are
shown in Table 2.

Building information:
No. of stories: 15 Full height: 45 m
Location: Ahmedabad city Distance from fault: 250 kms
Time period (X,Y): (0.9,1.0)s Base shear: refer Table 2
Hazard information:
BIS hazard zone: III (0.16 g) Attenuation: 1.5–2 (ISR)
PSHA maps: 0.22 g (NDMA) Seismic micro-zonation: 0.18 g (ISR)

3.2 Performance evaluation using seismic design codes and ASCE-41

Bureau of Indian Standards (BIS) is the governing body that regulates the pro-
fessional minimum standards to be followed in India. The codes that are applicable
for seismic design of buildings are IS 1893 (P1)-2016 and IS 13920–2016. The
building is designed using these provisions and the capacity of building at structure
level is noted for comparison with design standards of US (ACI-318) and Europe
(EC-8). This can be a significant evaluation criterion in terms of performance
evaluation, as the design and evaluation standards are different due to lack of
performance evaluation guidelines in India.

The nonlinear static analysis (NSA) is a simpler means to evaluate performance
and behavior of buildings under multiple excitations, (4 Mw – 7 Mw). The
capacity spectrum method (CSM) is much debated as the demand-capacity are
compared in one graph where hazard may be a partial information. Displacement

Figure 3.
Response spectrum for different hazard levels as per IS 1893–2016.

Time period (s) Weight (W) Acceleration (Ah) Base Shear (VB)

X dir. = 0.9
Y dir. = 1.0
(with infill)

31461.54 kN
DL = 100%
LL = 25%

BIS
ISR

NDMA

0.058
0.065
0.079

1636 kN
2054 kN (+25%)
2485 kN (+52%)

Table 2.
Equivalent static analysis as per IS-1893-2016.
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coefficient method (DCM) is a better means to employ performance-based
design procedure (PBD) as displacement gives better control. The target
displacement δtð Þ is estimated to obtain nonlinear displacement limit at structure
level (refer Eq.(3)).

δt ¼ C0C1C2Sa
T2
e

4π2
g (2)

δt = (306.50, 348.60, 420.01) mm for three hazard levels
The building passes Life Safety (LS) performance under MCE level earthquake

in case of 0.16 g and 0.18 g seismic hazard in Ahmedabad city for IS code-design
case (refer Figure 4). Also, the building designed with IS code had performance of
Collapse Prevention (CP) level while the building design with ACI-318 and EC-8
will collapse in 0.22 g hazard level. However, the location of failure hinge shown in
Figure 5, describes the better behavior of structure designed using US and EN code
provisions for buildings as only the base columns are failing. The columns at 4th
and 7th level are failing in IS design case, hence the energy dissipation in the graph
is poor. Important to note the strength of building designed as per IS code is highest
and ductility achieved is more than the other design codes though the location of
failure is not acceptable.

Figure 4.
Comparison of capacity curve of building as per design codes.

Figure 5.
Location of failure hinge at the end of POA. (a) IS design. (b) ACI design. (c) EC8 design.
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3.3 Element wise performance in the building using ETABS v15.0

The performance of building at structure level is shown in previous section,
which gives the global picture of stability in the building and the performance level
achieved at the end of pushover analysis. However, the deformation in each ele-
ment of building (beam and column) during each step of nonlinear analysis gives
the local performance level for that element and the concerned storey of building as
the weak link may be established. The elements are modeled in ETABS using
confined concrete model [16]. The performance of elements that failed in the
structure at end of POA are shown in Figure 6. Performance of elements designed
as per ACI and EN code is found to be higher in terms of post yield deformation and
hence better performance will be available at local level.

Figure 6.
Results of M� θ of all columns of building (ETABS 2015) at ground floor. (a) Ground storey column hinge
results for IS code designed building. (b) Ground storey column hinge results for ACI code designed building.
(c) Ground storey column hinge results for EC8 code designed building.
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4. Use of design tools for element level performance estimation

The building is designed using ETABS software which gives the structure and
element level performance of building. The performance of building elements can
be evaluated using prevalent concrete models of confined concrete and high
strength concrete. RC Analysis-Columns [17], web-portal is developed by Virtual
Laboratory for Earthquake Engineering (VLEE, UTPL). Also, the SEMAp software
developed by Ozmen (2007) gives the element capacity based on four concrete
models [18]. The element level performance is suggested by Euro-code and
Turkish-code for design of buildings for earthquakes [8, 9]. Hence, evaluating the
performance of columns (i.e. failed element at the end of POA) using ETABS, EC-8,
RC-Analysis (RCA) and SEMAp is interesting segment for assessing the
performance.

4.1 Understanding the element deformations

The change in geometry of elements is picturized in form of curvature (φ),
rotation (θ) and displacement (δ). The ductility in these elements will give them
ability to absorb seismic forces and display higher performance before failure. The
curvature ductility (φu=φy) is more meaningful than rotational ductility (θu=θy) as
the calculation of yield rotation is not singular value [19].

The testing of beams and columns under transverse loading will be the basis for
element level performance (refer Figure 7c). The building elements follow double
curvature and under lateral loading both ends undergo plastic deformations

Figure 7.
Element level analysis framework under transverse loading. (a) Double curvature in beams/columns.
(b) Plastic analysis of column. (c) Testing of elements under transverse loading.
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forming two hinges (refer Figure 7a). The curvature can be found using strain rates
and member (M � φ) curve is used for managing performance at element level.
The number of lateral load resisting beams and columns that can be accepted to
undergo damage is the decision of either the regulatory bodies or the stakeholders
which will influence the target performance to be achieved by design engineer. A
sample performance level prescribed by TEC-2007 for Life Safety (LS) gives the
basis for defining and making a building with mitigated risk (refer Figure 8).

However, such limits are not prescribed by IS-1893 and makes it more critical
for engineers to select and debate performance levels with their clients or stake-
holders. Similarly, ASCE-41 suggests the rotation limits for Life Safety (LS)
performance level which is 75% use of post-elastic rotation of the member (refer
Figure 9).

The ultimate rotation limit is suggested by EC-8 for Near Collapse (NC)
performance i.e. 100% use of post-yield deformation and Life Safety (LS) is 75%
of ultimate rotation limit (refer Eqs. (4)–(7)).

Ultimate chord rotation capacity for Near Collapse (NC) performance level:

θum ¼ θy þ φu � φy

� �
Lpl 1� 0:5Lpl

LV

� �
(3)

Chord rotation at yield:

θy ¼ φy:LV=3 (4)

Length of plastic hinge:

Lpl ¼ 0:025LV þ 0:125hþ 0:02db f y (5)

Figure 8.
Definition of criteria for life safety (LS) performance limit (TEC 2007).

Figure 9.
Definition of criteria for life safety (LS) performance limit (ASCE-41).
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Ultimate compression strain in concrete (EC8):

εcu ¼ 0:004þ 1:4ρs f yhεsm= f
,
cc (6)

f ,cc = confined compressive strength of concrete
f l = confining pressure
Ash = area of confinement reinforcement

4.2 Tools for section analysis of building elements

The section analysis of confined concrete is dependent on the type of detailing
done for beams and columns which undergo in-elastic deformations. ETABS soft-
ware uses Mander-model for confined concrete to estimate increased strength due
to lateral reinforcements. However, without complete detailing of the column rein-
forcement it is not suitable to directly assume the performance. Hence, it is suitable
to use a separate tool to generate (M � φ) and (σ � ε) plots and the results of which
can be uploaded in ETABS software to give more accuracy in terms of overall
performance of building. The two such tools are RCA and SEMAp, which are used
to compare the performance limits (refer Figures 10–12).

4.3 Mapping of section analysis using design tools and design codes

The mapping of threshold limits using design tools and codes gives an envelope
for comparison. The ultimate rotation (θu) is sum of yield rotation (θy) and plastic
rotation (θp). The length of plastic hinge is taken as 0.5D and absolute concrete
strain (εcu) is calculated [20, 21]. It is observed that for IS designed building, the

Figure 10.
Section analysis results for RC column designed as per IS code. (a) M� φ curve as per RC analysis tool for
column designed as per IS code. (b) M� φ curve as per SEMAp tool for column designed as per IS code.
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Figure 11.
Section analysis results for RC column designed as per ACI-318 code. (a) M� φ curve as per RC analysis tool
for column designed as per ACI-318 code. (b) M� φ curve as per SEMAp tool for column designed as per
ACI-318 code.

Figure 12.
Section analysis results for RC column designed as per EC8 design code. (a) M� φ curve as per RC analysis tool
for column designed as per EC8 design code. (b) M� φ curve as per SEMAp tool for column designed as per
EC8 design code.
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4.3 Mapping of section analysis using design tools and design codes

The mapping of threshold limits using design tools and codes gives an envelope
for comparison. The ultimate rotation (θu) is sum of yield rotation (θy) and plastic
rotation (θp). The length of plastic hinge is taken as 0.5D and absolute concrete
strain (εcu) is calculated [20, 21]. It is observed that for IS designed building, the

Figure 10.
Section analysis results for RC column designed as per IS code. (a) M� φ curve as per RC analysis tool for
column designed as per IS code. (b) M� φ curve as per SEMAp tool for column designed as per IS code.

220

Natural Hazards - Impacts, Adjustments and Resilience

Figure 11.
Section analysis results for RC column designed as per ACI-318 code. (a) M� φ curve as per RC analysis tool
for column designed as per ACI-318 code. (b) M� φ curve as per SEMAp tool for column designed as per
ACI-318 code.

Figure 12.
Section analysis results for RC column designed as per EC8 design code. (a) M� φ curve as per RC analysis tool
for column designed as per EC8 design code. (b) M� φ curve as per SEMAp tool for column designed as per
EC8 design code.
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results of RCA and SEMAp are matching in terms of moments (Table 3; [5]). The
results of ultimate strain limits for NC-PL of EC-8 and SEMAp are matching
(Table 3; [9]). Similarity is there in ultimate rotation values of RCA and SEMAp
(Table 3; [10]). The ultimate rotation values of columns designed using ACI-318
and EC-8 are found to be in similar range and are higher than rotation limit of IS
designed building (Table 3; [10]). The variation in moments for all cases is shown
in Figure 13.

5. Discussion of the problem and its results

The discussion on results is based on design output for three seismic design
codes for buildings to mark the comparisons. The details of performance and failure

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10]

Design case Tool/Code My

(kN.m)
MN

(kN.m)
Mu

(kN.m)
φy

(1/m)

φN

(1/m)
φu

(1/m)
εcu θu

IS Design
300 � 800
12-32ϕ

RCA 120.42 539.86 560.82 0.0021 0.02 0.22 0.024 0.032

SEMAp 94.78 430.98 364.14 0.0025 0.025 0.22 0.035 0.036

TEC’07 — — 369.65 0.0025 0.025 0.139 0.018 0.029

EC8 — — 361.06 — — — 0.032 0.053

ETABS 314.58 314.58 348.49 — — — — 0.003

ACI Design
300 � 900
12-20ϕ

RCA 120.77 399.97 329.53 0.0028 0.03 0.187 0.025 0.038

SEMAp 103.16 259.14 183.21 0.0035 0.028 0.245 0.030 0.044

TEC’07 — — 369.65 0.0035 0.028 0.139 0.018 0.031

EC8 — — 366.34 — — 0.192 0.026 0.055

ETABS 234.53 234.53 330.91 — — — — 0.002

EC8
Design
300 � 1000
10-20ϕ

RCA 125.92 314.63 293.42 0.0026 0.043 0.133 0.011 0.035

SEMAp 103.2 248.95 173.86 0.0033 0.027 0.218 0.028 0.042

TEC’07 — — 372.58 0.0033 0.027 0.103 0.018 0.025

EC8 — — 366.16 — — 0.193 0.026 0.041

ETABS 265.30 265.30 296.86 — — — — 0.003

Table 3.
Section analysis using design tools and design codes (limits mapping).

Figure 13.
Comparison of moment (M) at yield and ultimate state for column C19.
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pattern in the following part are discussed to encompass: hinge results, hinge
locations, performance point and element level indexes.

5.1 Comparison of design codes on building performance

• The building designed as per Indian Standard codes lead to higher performance
in terms of overall capacity of building owing to section sizes and higher rebar
requirements. The distribution of steel is better in building designed using
ACI-318 and EC-8 (refer Figure 14).

• The concept of formation of hinges in columns is not appreciated by seismic
design engineers for which the beam to column capacity ratio is maintained in
all seismic design codes viz. 1.2 in ACI and 1.4 in IS-13920. Hence, strong
column-weak beam is the basic philosophy followed by all codes in different
capacities (refer Figure 15).

5.2 Comparison based on nonlinear static analysis in ETABS

• It was found that the building designed using IS code resulted in the formation
of hinges in columns and the failed columns were at the GF, 3rd, 4th and 5th
storey (refer Figure 5a). The hinge locations for three designs are given in
Figure 16. The performance point is compared in Figure 17.

• The capacity of building designed as per IS code is higher due to higher
percentage of steel in the building elements:

Case 1: IS-1893 V (kN): 7200 D (mm): 430

Figure 14.
Comparison of reinforcement in columns. (a) IS code design. (b) ACI-318 code design. (c) EC8 design.
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pattern in the following part are discussed to encompass: hinge results, hinge
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• The building designed as per Indian Standard codes lead to higher performance
in terms of overall capacity of building owing to section sizes and higher rebar
requirements. The distribution of steel is better in building designed using
ACI-318 and EC-8 (refer Figure 14).
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design engineers for which the beam to column capacity ratio is maintained in
all seismic design codes viz. 1.2 in ACI and 1.4 in IS-13920. Hence, strong
column-weak beam is the basic philosophy followed by all codes in different
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• It was found that the building designed using IS code resulted in the formation
of hinges in columns and the failed columns were at the GF, 3rd, 4th and 5th
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• The capacity of building designed as per IS code is higher due to higher
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Comparison of reinforcement in columns. (a) IS code design. (b) ACI-318 code design. (c) EC8 design.
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Case 2: ACI-318 V (kN): 6200 D (mm): 360

Case 3: EC-8 V (kN): 6000 D (mm): 340

5.3 Element level performance evaluation: Code & tool comparisons

• The yield strain (εy) is dependent on yield moment (My) and ultimate strain
(εcu) is given by section properties as per EC-8 and TEC-2007. This helps the
design engineer to make buildings with specific target.

Figure 15.
Comparison of column to beam capacity ratio for GF elements. (a) Design as per IS-13920: Minimum 1.4 ratio
in strong direction. (b) Design as per ACI-318: Minimum 2.6 in weak direction. (c) Design as per EC-8:
Minimum 3.13 in weak direction.
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• The moment estimates using ETABS, RCA and SEMAp show similarities. The
ultimate moment estimation of ETABS and RCA are nearer while the estimate
of yield moment of ETABS and SEMAp are nearer. The ductility values are
different in RCA and SEMAp (refer Table 4).

• RCA and SEMAp tools have distinct advantages to explore. Both the platforms
help to exercise performance-based design. These tools give engineers the
domain to evaluate elements considering different concrete models and
different expressions for plastic hinge length to give more practical output in
terms of performance.

• The mapping of threshold limits for Life Safety (LS) performance for column
C19 is done based on results of Table 3. The ultimate curvature values obtained
from RCA and SEMAp are the same i.e. 0.22 (1/m). However, the difference in
LS threshold for C19 is in the limiting moment (refer Figure 18).

• To map the threshold limits based on the ultimate strain (εcu), the moments
vary significantly when seen from the window of TEC-2007, EC-8, RCA and
SEMAp (refer Figure 19). Based on the strain limit values, SEMAp is able to
map the criteria set by EC-8 for LS performance while RC analysis results show
the EC-8 (LS) threshold to be at Near Collapse (NC) performance.

Figure 16.
Failure hinges in GF elements designed as per seismic codes. (a) IS design. (b) ACI design. (c) EC-8 design.

Figure 17.
Performance point of building designed as per IS codes.

Tool IS-1893 ACI-318 EC-8

RCA 6.67 6.23 3.09

SEMAp 7.32 8.75 8.07

Table 4.
Curvature ductility (φu=φy) for column C19.
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5.4 Evaluation of effectiveness of code provisions for target performance

• The building designed using IS codes showed Life Safety (LS) performance
level under 0.16 g and 0.18 g hazards while the building performance was Near
Collapse (NC) for 0.22 g hazard.

• The building designed using ACI-318 and EC-8 behaved better in terms of
failure mode, but it did not meet the LS performance target in three hazard
levels. The effectiveness of ACI and EC-8 design provisions as the performance
under defined hazard of 0.16 g was better in all respects.

• Controlling the element performance is necessary for improving the overall
performance. The use of EC-8 provisions, which shows lowest capacity of
building in current case, is suggested. ASCE-41 can be used for existing
buildings while the provisions of EC-8 apply towards design of building and
leads to less iterations for achieving LS-NC performance level.

• Similarly, TEC-2007 is systematic towards achieving target performance.

Figure 18.
Comparison of column C19 limits based on ultimate curvature.

Figure 19.
Comparison of column C19 thresholds based on strain-limits.
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6. Conclusion

The building is designed as per current versions of seismic design codes (IS, US,
EN) to understand the parameters that swing the performance. The effectiveness of
design provisions was evaluated using the non-linear static analysis procedures
outlined in ASCE-41 and tools available to support performance-based design. The
following points can be summarized from the study:

• Though, pushover analysis and displacement procedures have inaccuracy for
capturing higher modes, they significantly contribute towards understanding
design problems and highlight limitations of code designed buildings.

• The building to be designed in Ahmedabad city shall consider higher hazard
levels than that suggested by BIS.

• Code provisions need to be updated for Gujarat state as it is having five seismic
zones (0.36 g – 0.1 g) and a hazard map is required to consider it in design of
buildings. BIS provisions are based on intensity parameters, but the seismic-
micro-zonation results are not considered in IS-1893.

• The building designed as per IS-1893 can sustain hazard of 0.22 g though it is
designed for 0.16 g, due to higher reinforcement in elements (4.2% against 2%
in ACI/EN for C19). However, the building did not satisfy the beam
mechanism principle and hinges formed in mid stories.

• The building designed as per ACI and EC have better performance in terms of
energy dissipation and control of failure. EC-8 has better potential to apply
more control for achieving target performance.

• Design tools have significant effect on performance evaluation of building.
RCA is based on ACI-08 while SEMAp covers TEC-07 & ACI-08 parameters.

• SEMAp software gives results for four concrete models which can be a feature
to use in performance evaluation and hence it has a wider range as compared to
RCA tool.

• RCA has feature of generating multiple curves for analysis of many sections
and hence it can give faster results. Also, RCA tool has other important curves
that can show better analysis insights.

• The results of SEMAp for four concrete models show significant variations that
can lead to change in local and global performance of building. This feature is a
support to the design and quick method to attempt PBD.

• The tools and software packages shall be checked for failure modes before
applying them in design. Hence, correlation of results with physical testing
shall be done.

• The design tools support the outputs for new design as they simulate results
better for flexure failure. The limitations are discussed in literature [22].

Without knowledge of hazard, design of building is a fluke attempt and
seismic-micro-zonation helps in mitigation plan. The vulnerability is judged by
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design principles and its effectiveness towards safety. The study was concentrated
towards design of buildings which will reduce its vulnerability in MCE level earth-
quakes.

The exposure can be controlled only when design engineers with wholesome
view of hazards, methods and safety are able to change the outcome from local level
to global level which is the new norm of fib-MC2010 [11]. Optimization in design
using analysis procedures for code provisions is needed [23]. Attempt shall be
towards reduction in non-fatal injuries which form about 96% of the claims of
government expenses post disaster [24]. NZSEE 2017 proposes index for existing
buildings with design having hazard under-estimated to manage the next earth-
quake [25].

The focus in India is towards use of ASCE-41 performance limits while this
scheme in design is not yet achieved. The performance of buildings has improved
from past and newer methods are getting a place in design offices, yet the
mechanism to control the performance of buildings shall be the way ahead in line
with the disaster mitigation needs. Tools for displacement-based approaches need
to be further developed. Experimental and computational procedures cannot be
alienated.
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Chapter 14

Performance-Based Design for
Healthcare Facilities
Wilfrid Gbenankpon Djima, Abdullah Can Zulfikar and
Cüneyt Tüzün

Abstract

Healthcare buildings are one of the most critical facilities in any country for their
important roles just after an earthquake. In this context, working on the resistance of
healthcare facilities against earthquake is of great importance for a probable future
earthquake. However, in today’s world, in either private or governmental agencies,
buildings earthquake resistant design is not within the primary criteria such as social
facilities and architectural details need for the residents. While the structural system
in any building are often considered the most important in the performance, it
represent approximately only 20% of the total building cost. Consequently, struc-
tural engineers should look the seismic performance in an extensive context, looking
at all the systems of the building than just the damage to structural items and life-
safety. So to response to this issue, a next generation of seismic performance-based
design methodology and tools have been outlined in the FEMAP58 documents to
allow engineers to query out the seismic performance of an entire building in terms
of future life loss, facility repair cost and repair time and that we summarized and
applied in this chapter for a six (6) story special moment frame healthcare building.

Keywords: Seismic Performance Assessment, Performance-Based Design,
Earthquake Loss Assessment, Healthcare Facilities

1. Introduction

Many essential facilities such as hospital buildings are in high seismic zones
throughout the world, and some of them were designed and built at a time without
sufficient earthquake knowledge nor performed and are consequently susceptible to
earthquakes.

The typical building design process is not performance-based. In the typical
process, design professionals select, proportion, and detail building components to
satisfy prescriptive criteria contained within the building code. Many of these
criteria were developed with the intent to provide some level of seismic perfor-
mance. However, the intended performance is often not obvious, and the actual
ability of the resulting designs to provide the intended performance is seldom
evaluated or understood.

Therefore, it has been noted in this period generation procedures some limitations
in the: accuracy and reliability of available analytical procedures in predicting actual
building response, the level of conservatism underlying the acceptance criteria, the
inability to reliably and economically apply performance-based procedures to the
design of new buildings and the need for alternative ways of communicating perfor-
mance to stakeholders that is more meaningful and useful for decision- making
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purposes [1]. Other limitations in the performance based-design procedure were also
the non-account of non-structural equipment’s very important economically but also
regarding their behavior during an earthquake. For example, 50% of the injuries and
3% of the deaths in the 1999 Kocaeli Mw7.4 earthquake were caused by non-structural
elements and 30% of the losses were found to be furniture, white goods, electronic
equipment and other valuable items [2, 3]. In addition, in the 1989 Loma Prieta
and 1994 Northridge earthquakes, 10 large hospitals were evacuated or had to be
closed due to damage caused by non-structural elements (plumbing) [4, 5].

So, to fulfill the promise of performance-based engineering, FEMA started the
development of next-generation performance-based design procedures to address
the above limitations. By result, it has been finalized the FEMAP58 [1, 6, 7] guide-
line to count not only the structural damage but also non-structural damage in the
performance assessment. Specifically, others research also focused on the study of
the non-structural seismic behavior and assessment and for hospital building [8, 9].

This paper provides practical guidance principally on implementing the seismic
performance assessment methodology set forth in FEMA P-58-1 and the guidelines
for Seismic performance assessment of buildings, [1, 10], to assess the seismic
performance of individual buildings based on their unique site with structural,
non-structural, and occupancy characteristics, expressed in terms of the probability
of incurring casualties, repair and replacement costs, repair time. The FEMA-P58-2
Implementation Guide [2] contains examples illustrating the performance
assessment process, including selected calculation and data generation procedures,
by using the selected electronic materials provided in Volume 3 – Supporting
Electronic Materials and Background Documentation [7, 11].

This study does a nonlinear static analysis for an existing typical six (6) story
hospital building following the Turkish Building Earthquake Code [6] and the ASCE
41 [9] provisions as well as ACI-318 for reinforced concrete and masonry structure
[7, 8], aiming to provide a more realistic estimate of the seismic demands and
economic-effective assessment strategy. The PACT (Performance Assessment
Calculation Tool) is used in the analysis of the sample hospital building [12–14].

Many financial institutions including lenders, investment funds, and insurers
use Probable Maximum Loss (PML), Scenario Expected Loss (SEL), and Scenario
Upper Loss (SUL) as preferred performance measures. These performance
measures are quantitative statements of probable building repair cost, typically
expressed as a percentage of building replacement value [1]. Some building owners,
developers, and tenants have also relied on these performance measures to quantify
seismic performance. In this regard, it is believed that this study will be a sample
study for evaluation of seismic performance of a typical hospital building and its
probable consequences.

2. Building description

The building is a six-stories healthcare building with a moment frame
structure that has plan dimensions of 36,57 m by 54,86 m (see Figures 1 and 2).
Floor-to-floor height is 4.6 m at the lower story and 4 m at other stories (see
Figure 3). The structure has reinforced concrete special moment frames around
the building perimeter. The floors and roof are two-way post tensioned flat slabs
(0.2 m thick) supported by the perimeter moment frame and interior reinforced
concrete columns on a 9.14 m by 9.14 m grid (see Figures 4 and 5). When
entering the building information into the PACT direction 1 is arbitrarily aligned
with the North–South (Y) axis and direction 2 is aligned with the East–West (X)
building axis.
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Figure 1.
Architectural 2D view of the healthcare building.

Figure 2.
Architectural Façade view of the healthcare building.

Figure 3.
Floor plan of building.
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The building is designed and detailed according to the requirements of Turkish
Building Codes 2018 [6, 8, 9]. Vulnerable non-structural building features include
exterior glazing, gypsum board partitions, suspended acoustical ceilings, fire sprin-
kler system, traction elevator, concrete roof tiles on a perimeter mansard, hot and
cold-water piping, and HVAC ducting.

3. Building performance model

The building performance model has been constructed in PACT by the following
order:

• providing project information,

• building characteristics selecting fragility specifications and performance
groups,

• identifying collapse fragility and collapse modes,

• and providing residual drift fragility

Figure 4.
Typical elevation E-W view.

Figure 5.
3D view of the structural frame.
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For this case study, information’s input is as follow (see PACT input in Figures 6
and 7):

• Number of Stories: 6.

• Total Replacement Cost: Estimated as $2500/m2 � 12960 m2 or
$32,400,000.

• Replacement Time: Estimated as 825 days.

• Core and Shell Replacement Cost: Estimated as $1000/m2 � 12960 m2 or
$12,960,000.

• Maximum Workers per Square Foot: Default value of 0.001 is used.

Figure 6.
PACT project information tab.

Figure 7.
PACT building information t tab.
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• Total Loss Threshold (as Ratio of Total Replacement Cost): Default value of 1.0
is used.

• Floor Area: 2090 m2

• Floor Height: 4 m Variation in floor height is input via the Floor
Number drop down selector, which also permits input of non-typical floor
areas.

Figures 8 and 9 show the PACT panel input for Population Modeling.

Figure 8.
PACT project population modeling tab graph.

Figure 9.
PACT healthcare population.
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4. Structural components

4.1 Structural component fragility specification

The structural components are inputs based on the basic building characteristics
previously described. The selection process proceeds progressively from founda-
tions through super structure. The following information summarizes the structural
components included in the performance assessment model.

For each floor, the number of special moment frame beam-column joints vul-
nerable to story drift in each building direction are entered for each of the pre-
selected specifications. Table 1 and Figure 10 summarize the defining performance
groups in PACT with A, B, C, D, E the building axes in X (2) direction and 1, 2, 3, 4,
5, 6, 7 in Y (1) direction. Input of the post-tensioned slab/column joint information
is similarly inserted at each floor; however, these fragilities are input as non-
directional. There are 15 joints per floor (Table 2).

4.2 Structural component performance group

The performance group definition process is repeated for each floor and for each
direction (including non-directional) as shown in Figures 11 and 12. Table 3
summarize the total number of performance group per floor.

Joint
Location

Fragility
Classification

Number

Input
Direction

Joint
Location

Fragility
Classification

Number

Input
Direction

A-1 B1041.002a 1 A-5 B1041.003b 2

A-2 B1041.002a 2 B-1 B1041.003b 1

A-6 B1041.002a 2 B-7 B1041.003b 1

A-7 B1041.002a 1 C-1 B1041.003b 1

E-1 B1041.002a 1 C-7 B1041.003b 1

E-2 B1041.002a 2 D-1 B1041.003b 1

E-6 B1041.002a 2 D-7 B1041.003b 1

E-7 B1041.002a 1 E-3 B1041.003b 2

A-3 B1041.003b 2 E-4 B1041.003b 2

A-4 B1041.003b 2 E-5 B1041.003b 2

Table 1.
Fragility group selections for the beam/column components.

Figure 10.
Illustration of reinforced concrete elements specification selections.
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5. Non-structural components

The process of identifying and selecting the type and distribution of the non-
structural components can be greatly simplified using the Normative Quantity Esti-
mation Tool, provided in Volume 3 of PACT. This tool can be used to generate a
floor-by-floor listing of non-structural components with estimates of their perfor-
mance group quantities with the simple input of building floor areas and occupan-
cies as shown in Figure 13.

To use the Normative Quantity Estimation Tool, the building floors and occu-
pancies are entered into the Building Definition Table in the Normative Quantity
Estimation Tab. Figure 14 illustrates input of this information for the example
building.

Figure 15 [1] is an example of fragilities curves of reinforced concrete Special
Moment Frame at different damage state details in [1] and Figure 16 is an example
of fragility curves of different types of hospital non-structural equipment from [15].

The Figures 17 and 18 show the overview of the in-site fragility description for
Special Moment Frame (SMF) and Electrical Equipment [1].

Fragility Classification Number Direction Number Per Floor

B1041.002a 1 4

B1041.002a 2 4

B1041.003b 1 6

B1041.003b 2 6

Table 2.
Performance group quantities for reinforced concrete elements.

Figure 11.
PACT entries for 1st floor.

Figure 12.
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5. Non-structural components

The process of identifying and selecting the type and distribution of the non-
structural components can be greatly simplified using the Normative Quantity Esti-
mation Tool, provided in Volume 3 of PACT. This tool can be used to generate a
floor-by-floor listing of non-structural components with estimates of their perfor-
mance group quantities with the simple input of building floor areas and occupan-
cies as shown in Figure 13.

To use the Normative Quantity Estimation Tool, the building floors and occu-
pancies are entered into the Building Definition Table in the Normative Quantity
Estimation Tab. Figure 14 illustrates input of this information for the example
building.

Figure 15 [1] is an example of fragilities curves of reinforced concrete Special
Moment Frame at different damage state details in [1] and Figure 16 is an example
of fragility curves of different types of hospital non-structural equipment from [15].

The Figures 17 and 18 show the overview of the in-site fragility description for
Special Moment Frame (SMF) and Electrical Equipment [1].
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6. Collapse fragility and collapse mode

The collapse fragility is defined as having a median value Ŝa(T) and a dispersion.
For this purpose, we have used the non-linear static analysis approach in SAP2000

Figure 13.
Normative quantity estimation tool, component summary matrix showing non-structural inventories.

Figure 14.
Normative quantity estimation tool, building definition table.

Figure 15.
Example fragility of SMF.
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(Figures 19 and 20) and the SPO2IDA Tool in [1]. The building was modeled
according to the Turkish Building Code 2018 for pushover static analysis in each
building direction and the effective stiffness of reinforced concrete columns, beams
and shear walls as defined in [6] Section 5 were applied.

Figure 21 illustrates the results of the pushover analysis for both building
direction 1 and direction 2, which are identical.

After then, the coordinates of the pushover curves are input to the SPO2IDA
Tool provided in [1] along with the building height (24.6 m or 80.71 feet),
building weight (199235.85 kN or 44790.02 kips) and fundamental building
period (1.96 seconds). Four control points are used to approximate the pushover
curve as illustrated in Figure 22.

Figure 23 present the results of the SPO2IDA evaluation. The value of Ŝa(T) is
estimated as 1.16 g.

Figure 16.
Fragility curves as a function of earthquake PGA.

Figure 17.
B1041.002a SMF Beam-to-Column join fragility.
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The collapse fragility is thus defined as having a median value of Sa(T) of
1.16 g and a dispersion of 0.6 as entered into the PACT Collapse Fragility panel
(Figure 24).

The number of independent collapse modes which can occur and thus the
probability of each is difficult to predict analytically. To figure out these data, the
user must use judgment supported upon building type, structural system, experi-
ence, and analytical inferences. When using the simplified analysis approach, lim-
ited analytical information regarding potential collapse modes is out there. For this
instance, just one mode of collapse is taken under consideration. More information’s
gained from numerous response history analyses can give additional insight into
potential collapse modes.

Figure 18.
Electrical distribution.

Figure 19.
SAP2000 hinges application at beam.
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7. Define earthquake Hazard

Ground motion prediction equations provide estimates of spectral response
acceleration parameters for specified earthquake magnitude and site-to-source dis-
tance based on regression analyses of past strong motion recordings.

Most ground motion prediction equations provide geometric mean (geomean)
spectral response accelerations represented by the quantity:

Sgm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sx Tð Þ ∗ Sy Tð Þ

q
(1)

where Sx and Sy are orthogonal components of spectral response acceleration at
period T. The x and y directions could represent the actual recorded orientations, or
they could represent a rotated axis orientation.

Intensity-based assessments require a target acceleration response spectrum and
suites of 11 pair of ground motions scaled for compatibility with this spectrum (see
Figure 25). Figure 26 represents the selected ground motion pairs with geomean
spectra that are similar in shape to the target response spectrum.

To determine the building’s fundamental translational periods in two orthogonal
directions, modal analysis is performed. The fundamental periods in x- and y-
directions are 1.94 sec. and 1.98 sec., respectively. Then, the average fundamental
period of the building is considered as:

Figure 20.
Plastic hinge map in X direction earthquake loading.

Figure 21.
Pushover curve developed by analysis.
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T ¼ Tx þ Ty

2
¼ 1:96 sec (2)

8. Analyze building response

Simplified analysis is used to generate median estimates of peak transient drift,
peak floor accelerations and residual drifts. Associated dispersions are generated
using simplified analysis. Peak total floor velocities are not generated since none of
the vulnerable building components use this demand parameter. A linear building
model is constructed using the modeling criteria of [8], linear static procedure.

8.1 Estimate median story drift ratio

Firstly, we determined the pseudo lateral force by the formula:

V ¼ C1C2Sa T1ð ÞW1 (3)

where C1 is an adjustment factor for inelastic displacements; C2 is an adjustment
factor for cyclic degradation; Sa(T1) is the 5% damped spectral acceleration at the

Figure 22.
SPO2IDA tool, SPO tab.
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fundamental period of the building, in the direction under consideration, for the
selected level of ground shaking; and W1 is the first modal effective weight in the
direction under consideration, taken as not less than 80% of the total weight, W.

Figures 27 and 28 and Table 3 show the computed lateral displacement in X (2)
direction and the corresponding drift ratio.

Δ ∗
i ¼ HΔi S,T1, hi,Hð Þ � Δi i ¼ 1toN (4)

where HΔi S,T1, hi,Hð Þ is the drift modification factor for story i computed.

ln HΔið Þ ¼ a0 þ a1T1 þ a2Sþ a3
hiþ1

H
þ a4

hiþ1

H

� �2

þ a5
hiþ1

H

� �3

, S≥ 1, i ¼ 1 to N (5)

With

T1 ¼ 1:96s,H ¼ 24:6m

Values of a0 through a5 for 6 stories or less in height are provided in [1] Table
5-4 by using the strength ratio given by:

Figure 23.
SPO2IDA tool, IDA tab.
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S ¼ Sa Tð ÞV
Vy1

(6)

The value of Vy1 is taken from the pushover analysis used to estimate the collapse
fragility (see SPO2IDA input, Figure 22, Elastic Segment end point) (Table 4).

8.2 Estimate peak floor acceleration

At the base of the building, peak floor acceleration is taken as equal to the peak
ground acceleration. At other floor levels, i, the estimated median peak floor accel-
eration, a*(Table 5) relative to a fixed point in space, is derived from the peak
ground acceleration using:

Figure 24.
PACT collapse fragility tab.

Figure 25.
Selected 11 earthquake ground motions response spectrum scaled according to the design spectra.
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a ∗
i ¼ Hai S,T1, hi,Hð Þ � PGA i ¼ 2toN þ 1 (7)

ln Haið Þ ¼ a0 þ a1T1 þ a2Sþ a3
hi þ 1
H

þ a4
hi þ 1
H

� �2

þ a5
hi þ 1
H

� �3

, S≥ 1, i ¼ 1toN

(8)

The coefficients of a0 through a5 for 6 stories or less in height are provided in [1]
Table 5-4.

8.3 Estimate of dispersion for median story ratio, median peak floor
acceleration, and median peak floor velocity

For intensity-based, separate values of total dispersion for drift ratio, βSD, floor
acceleration, βFA, and floor velocity, βFV , are needed.

Figure 26.
Mean matched Spectrum.

Figure 27.
SAP2000 lateral force applied.

247

Performance-Based Design for Healthcare Facilities
DOI: http://dx.doi.org/10.5772/intechopen.95320



S ¼ Sa Tð ÞV
Vy1

(6)

The value of Vy1 is taken from the pushover analysis used to estimate the collapse
fragility (see SPO2IDA input, Figure 22, Elastic Segment end point) (Table 4).

8.2 Estimate peak floor acceleration

At the base of the building, peak floor acceleration is taken as equal to the peak
ground acceleration. At other floor levels, i, the estimated median peak floor accel-
eration, a*(Table 5) relative to a fixed point in space, is derived from the peak
ground acceleration using:

Figure 24.
PACT collapse fragility tab.

Figure 25.
Selected 11 earthquake ground motions response spectrum scaled according to the design spectra.

246

Natural Hazards - Impacts, Adjustments and Resilience

a ∗
i ¼ Hai S,T1, hi,Hð Þ � PGA i ¼ 2toN þ 1 (7)

ln Haið Þ ¼ a0 þ a1T1 þ a2Sþ a3
hi þ 1
H

þ a4
hi þ 1
H

� �2

þ a5
hi þ 1
H

� �3

, S≥ 1, i ¼ 1toN

(8)

The coefficients of a0 through a5 for 6 stories or less in height are provided in [1]
Table 5-4.

8.3 Estimate of dispersion for median story ratio, median peak floor
acceleration, and median peak floor velocity

For intensity-based, separate values of total dispersion for drift ratio, βSD, floor
acceleration, βFA, and floor velocity, βFV , are needed.

Figure 26.
Mean matched Spectrum.

Figure 27.
SAP2000 lateral force applied.

247

Performance-Based Design for Healthcare Facilities
DOI: http://dx.doi.org/10.5772/intechopen.95320



βSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βaΔ

2 þ βm
2

q
(9)

βFA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βaa

2 þ βm
2

q
(10)

βFV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βaΔ

2 þ βm
2

q
(11)

Figure 28.
X-X deformed shape.

Story Δi hi + l/H lnHΔi HΔi Δ*i

1 0.0073043 0.1869919 0.2089634 1.2323998 0.0090019

2 0.006275 0.3495935 �0.009875 0.990174 0.0062133

3 0.00595 0.5121951 �0.107092 0.8984431 0.0053457

4 0.00595 0.6747967 �0.082688 0.9206379 0.0054778

5 0.004075 0.8373984 0.0633358 1.0653845 0.0043414

6 0.003325 1 0.3309807 1.3923329 0.0046295

Table 4.
Median story drift ratio estimates.

Story PGA hi + 1/H lnHai Hai a*i

1 0.695 — — — 0.695

2 0.695 0.1869919 �0.357947 0.69911 0.4858814

3 0.695 0.3495935 �0.364289 0.6946906 0.48281

4 0.695 0.5121951 �0.37063 0.6902992 0.4797579

5 0.695 0.6747967 �0.376972 0.6859355 0.4767252

6 0.695 0.8373984 �0.383313 0.6815995 0.4737116

roof 0.695 1 �0.389655 0.6772908 0.4707171

Table 5.
Median floor acceleration estimates.
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These are calculated based on [1] Table 5-6 values for analysis record- to-record
dispersion for drift, βaΔ, acceleration, βaa, and velocity, βav, respectively, by
interpolation approach.

9. Estimate median residual story drift ratio and dispersion

Since the requirements for direct simulation of residual drift are computation-
ally complex and not practical for general implementation in design, the following
equations were developed to estimate the median residual drift ratio, response of
the structure:

Δr ¼ 0 for Δ≤Δy

fΔr ¼ 0:3 Δ� Δy
� �

for Δy <Δ<4ΔyÞg (12)

Δr ¼ Δ� 3Δy
� �

for Δ≥4ΔyÞ

where Δ is the median story drift ratio calculated by analysis, and Δ y is the
median story drift ratio calculated at yield.

The peak transient drift ratios were estimated. The yield drift ratio is obtained
from the capacity curve derived from the pushover analysis used to generate the
story shear at yield (Figure 29).

At yield, the peak transient acceleration is determined by the equation for the
building fundamental period between the range of 0.7 sec to 2 sec:

Sa Tð Þ ¼ Sa 1ð Þ
T

¼ 0:755g (13)

From the capacity curve, the corresponding roof displacement for the peak
transient acceleration at yield then is 0.0045 m. Thus, the yield drift ratio is:

Δy ¼ 0:0045
24:6

¼ 0:0002 (14)

The maximum transient drift ratio for the building occurs at the first story
(Δ= 0.0090).

Δr ¼ 0:0090–3 ∗0:0002ð Þ ¼ 0:0084

Figure 29.
Capacity curve from pushover analysis.
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These are calculated based on [1] Table 5-6 values for analysis record- to-record
dispersion for drift, βaΔ, acceleration, βaa, and velocity, βav, respectively, by
interpolation approach.

9. Estimate median residual story drift ratio and dispersion

Since the requirements for direct simulation of residual drift are computation-
ally complex and not practical for general implementation in design, the following
equations were developed to estimate the median residual drift ratio, response of
the structure:

Δr ¼ 0 for Δ≤Δy

fΔr ¼ 0:3 Δ� Δy
� �

for Δy <Δ<4ΔyÞg (12)

Δr ¼ Δ� 3Δy
� �

for Δ≥4ΔyÞ

where Δ is the median story drift ratio calculated by analysis, and Δ y is the
median story drift ratio calculated at yield.

The peak transient drift ratios were estimated. The yield drift ratio is obtained
from the capacity curve derived from the pushover analysis used to generate the
story shear at yield (Figure 29).

At yield, the peak transient acceleration is determined by the equation for the
building fundamental period between the range of 0.7 sec to 2 sec:

Sa Tð Þ ¼ Sa 1ð Þ
T

¼ 0:755g (13)

From the capacity curve, the corresponding roof displacement for the peak
transient acceleration at yield then is 0.0045 m. Thus, the yield drift ratio is:

Δy ¼ 0:0045
24:6

¼ 0:0002 (14)

The maximum transient drift ratio for the building occurs at the first story
(Δ= 0.0090).

Δr ¼ 0:0090–3 ∗0:0002ð Þ ¼ 0:0084

Figure 29.
Capacity curve from pushover analysis.
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The median estimate of residual drift obtained from the simplified analysis
method is assigned a dispersion of 0.8.

10. Input response and calculate performance

The median demand estimates for peak transient drift ratio, peak floor acceler-
ation, and residual drift ratio are input to PACT for direction 1 and direction 2 in the
Structural Analysis Results tab (see Figures 30 and 31). Then, PACT uses this
information to make damage state assessments for all building components

Figure 30.
PACT peak transient drift ratio input tab.

Figure 31.
PACT residual drift tab.
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contained in the building model. A Monte Carlo procedure is used to assess a range
of possible outcomes as repair cost and repair time.

11. Review results and comments

As showed in the Figure 32, the estimated median repair cost is shown as
$2.710.445, which corresponds to 8.37% of the building’s total replacement cost.
From the isograph on the Figure 32, it is seen that the yellow stick representing
the performance group B2022.001 (Curtain Walls - Generic Midrise Stick-Built
Curtain wall, Config: Monolithic, Lamination: Unknown, Glass Type: Unknown,

Figure 32.
PACT repair cost tab.

Figure 33.
PACT repair cost graph.
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Figure 34.
PACT Casualties/ Deaths Results.

Figure 35.
PACT casualties / injuries.

Figure 36.
PACT repair cost tab with realizations.
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Details: Aspect ratio = 6:5), explain its contribution to the most of the building total
repair cost with approximately $1.700.000.

Figures 33, 34, and 35 explain that 50% probability that repair cost will not
exceed $2.710.445, 145 injuries, 105 deaths.

The performance results of the PACT can be examined in numerous ways.
Viewing results by realization reveals that collapse plays a more significant role than
residual drift (see Figure 36). For approximately 56 of the 200 realizations of the
collapse of the component B1049.031 Post-tensioned concrete flat slabs-columns
with shear reinforcing and, 40 of the 200 realization for the performance group
B3011.011 Concrete tile roof tile secured and compliant for damage being judged
irreparable.

12. Conclusion

Performance assessment can provide useful information for many decisions
associated with real property. These include: demonstrating equivalence of alterna-
tive design approaches, selecting appropriate design criteria for new buildings,
determining if an existing building constitutes an acceptable risk for a particular
planned use, whether or not it should be upgraded, and if so, to what level,
performing benefit–cost studies to determine a reasonable investment for improved
seismic resistance in a building, determining whether or not insurance is a cost-
effective risk management technique.

In this study, a case study of a typical hospital building has been analyzed. The
non-linear static pushover analysis results have showed that the collapse occurs at
the building base in Mode-8. The linear static analysis results have demonstrated a
maximum roof displacement of 7.69 cm. Consequently, the performance assess-
ment that used the data from these analyses have shown a low repair cost of 8.37%
(less than 40%). Thus, based on the past knowledge and recommendations that
suggests 40% of the total building replacement cost can be a reasonable threshold
for total loss of several buildings, the decision of retrofitting can be given for this
case study since the repair cost is less than 40%.

The adaptation of the current study to the typical health-care facilities in many
countries as Turkey is still on-going. It is believed that the results of this study will
be valuable for the building owners, managers, insurance firms and for the process
of benefit–cost performance and risk management.
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Chapter 15

Evaluation of
Liquefaction-Induced Settlement
Using Random Forest and REP
Tree Models: Taking Pohang
Earthquake as a Case of
Illustration
Mahmood Ahmad, Xiaowei Tang and Feezan Ahmad

Abstract

A liquefaction-induced settlement assessment is considered one of the major
challenges in geotechnical earthquake engineering. This paper presents random
forest (RF) and reduced error pruning tree (REP Tree) models for predicting
settlement caused by liquefaction. Standard penetration test (SPT) data were
obtained for five separate borehole sites near the Pohang Earthquake epicenter.
The data used in this study comprise of four features, namely depth, unit weight,
corrected SPT blow count and cyclic stress ratio. The available data is divided into
two parts: training set (80%) and test set (20%). The output of the RF and REP Tree
models is evaluated using statistical parameters including coefficient of correlation
(r), mean absolute error (MAE), and root mean squared error (RMSE). The appli-
cations for the aforementioned approach for predicting the liquefaction-induced
settlement are compared and discussed. The analysis of statistical metrics for the
evaluating liquefaction-induced settlement dataset demonstrates that the RF
achieved comparatively better and reliable results.

Keywords: liquefaction, random forest, REP tree, settlement

1. Introduction

The evaluation of liquefaction-induced settlements has become an extremely
significant issue about the foundations of different buildings, nuclear power plants,
and earth dams on sandy soil deposits. Saturated sand deposits when are endured
during an earthquake, pore water pressures are known to develop contributing to
liquefaction or loss of shear strength. The pore water pressure then begin to dissi-
pate primarily towards the ground surface, followed by a change in the volume of
soil deposits which is manifested on the ground surface as settlements. Settlements
caused by liquefaction are conventionally predicted using analytical or numerical
methods.

257



Chapter 15

Evaluation of
Liquefaction-Induced Settlement
Using Random Forest and REP
Tree Models: Taking Pohang
Earthquake as a Case of
Illustration
Mahmood Ahmad, Xiaowei Tang and Feezan Ahmad

Abstract

A liquefaction-induced settlement assessment is considered one of the major
challenges in geotechnical earthquake engineering. This paper presents random
forest (RF) and reduced error pruning tree (REP Tree) models for predicting
settlement caused by liquefaction. Standard penetration test (SPT) data were
obtained for five separate borehole sites near the Pohang Earthquake epicenter.
The data used in this study comprise of four features, namely depth, unit weight,
corrected SPT blow count and cyclic stress ratio. The available data is divided into
two parts: training set (80%) and test set (20%). The output of the RF and REP Tree
models is evaluated using statistical parameters including coefficient of correlation
(r), mean absolute error (MAE), and root mean squared error (RMSE). The appli-
cations for the aforementioned approach for predicting the liquefaction-induced
settlement are compared and discussed. The analysis of statistical metrics for the
evaluating liquefaction-induced settlement dataset demonstrates that the RF
achieved comparatively better and reliable results.

Keywords: liquefaction, random forest, REP tree, settlement

1. Introduction

The evaluation of liquefaction-induced settlements has become an extremely
significant issue about the foundations of different buildings, nuclear power plants,
and earth dams on sandy soil deposits. Saturated sand deposits when are endured
during an earthquake, pore water pressures are known to develop contributing to
liquefaction or loss of shear strength. The pore water pressure then begin to dissi-
pate primarily towards the ground surface, followed by a change in the volume of
soil deposits which is manifested on the ground surface as settlements. Settlements
caused by liquefaction are conventionally predicted using analytical or numerical
methods.

257



Tokimatsu and Seed [1] developed a technique for predicting ground post liq-
uefaction settlements based on volumetric strain, SPT N-value and cyclic stress
ratio (CSR) relationships in the case of completely liquefied saturated sands
transformed from an experimental relationship between relative sand density, vol-
umetric strain, and maximum shear strain. Ishihara and Yoshimine [2] used an
alternative approach to estimate ground settlements based on the safety factor, by
means of the maximum shear strain which is an essential factor affecting the post-
liquefaction volumetric strain. The liquefaction-induced settlement during the
earthquake can be identified if the safety factor and relative density are established.
Furthermore, the simplified method was constructed only by a relation between
relative density, the factor of safety against liquefaction (FS) and volumetric strain
(εv) to quantify the settlement of a site where the safety factor of safety against
liquefaction was obtained By combining earthquake intensity and SPT N-value with
empirical equations to cause measurement error and lead to significant prediction
error [3].

Analytical method used to assess liquefaction-induced settlements is based on
the effective stress analysis of dynamic response which accounts for the generation
and dissipation of excess pore water pressures. When used to evaluate post-
liquidation settlements in saturated sand deposits, the volume compressibility coef-
ficient of the sand is required which is very difficult to determine for the liquefied
sand layer [4]. Shamoto et al., [4] suggested a simplified approach for estimating
liquefaction-induced settlements of saturated sand deposits, based on the experi-
mental evidence that there is an almost linear relationship between the function of
the void ratio and the logarithm of the maximum shear strain induced during cyclic
loading.

In numerical analysis, earthquake-induced liquefaction in the free-field may be
interpreted as a 1D phenomenon occurring along a vertical soil column in which
seismic-induced cyclic shear and compressive forces increase the pore pressure and
hence cause a reduction in the transient soil strength and stiffness. Reconsolidation
arises in the soil after liquefaction due to the dissipation of the excess pore pressure
(Δu) by means of water flow, resulting in the vertical settlement of the ground
surface [5].

Park et al. [6] established a simple and sustainable method for predicting
liquefaction-induced settlement using ANN. Tang et al. [3] found that the ANN and
Bayesian Belief Networks (BBN) predictive outcomes are better than the Ishihara
and Yoshimine simplified approach.

Pohang earthquake (Mw = 5.4) that hit the Heunghae Basin around Pohang city
had a liquefaction-induced damages—settlement and lateral displacement. In this
study liquefaction-induced settlement is considered as a case of illustration. Several
efforts have been made since the event to evaluate the post-earthquake damages
[7–11]. Nevertheless, the liquefaction-induced settlement has received little atten-
tion. Settlement caused by liquefaction is commonly calculated by taking into
account various factors and following several sophisticated analytical and numerical
procedures. Nevertheless, in most cases it may not be possible to acquire such
parameters in the field, as some of the required data may not be obtainable. The
main purpose of this study is to evaluate liquefaction-induced settlement based on
the database of field observations. To achieve this purpose, the random forest and
REP tree techniques are used to develop two new models for evaluation of
liquefaction-induced settlement. Although these techniques have been successfully
applied in many domains, the application in geotechnical earthquake engineering is
limited based on the literature surveys.

The remainder of this chapter is organized as follows: Section 2 briefly provides
the description of data acquisition for liquefaction-induced settlement calculation.
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Section 3 presents the methodology used to evaluate settlement caused due to
earthquakes; an overview of the random forest and Rep tree techniques. Section 4
presents the development of the liquefaction-induced settlement models. Detailed
results of the proposed models are discussed by performance evaluation measures
are presented in Section 5, followed by conclusions in Section 6.

2. Data acquisition

In this study, Park et al. [6] collected database from the Integrated DB Centre of
National Geotechnical Information, Korea [12] and the UBCSAND constitutive
effective stress model [13] was used to develop predictive models. SPT data were
obtained for five different borehole sites near the epicenter of the earthquake at
Pohang. The input parameters for the RF and REP Tree models are depth (m), unit
weight (kN/m3), corrected SPT blow count (N1(60)) and cyclic stress ratio (CSR)
and the output is the observed settlement (mm). For details about the database,
readers can refer to Park et al. [6]. The summary of the data base comprised 100
data points (20 data for each borehole) along with the corresponding settlement
values is shown in Table 1.

Borehole Depth (m) Unit Weight (kN/m3) N1(60) CSR Settlement (mm)

BH-A-1 1 20 11 0.33 0.5

2 20 11 0.31 0.5

3 20 14 0.29 0.8

4 20 16 0.28 1.4

5 20 5 0.27 3.3

6 20 10 0.26 3.4

7 20 5 0.27 3.4

8 20 6 0.29 2.5

9 20 9 0.3 1.6

10 20 9 0.31 1

11 18 25 0.31 0.4

12 18 25 0.31 0.3

13 18 25 0.32 0.2

14 18 25 0.32 0.3

15 18 25 0.32 0.3

16 18 25 0.32 0.3

17 18 25 0.32 0.3

18 18 25 0.32 0.2

19 18 25 0.31 0.3

20 18 25 0.31 0.3

BH-A-2 1 20 15 0.35 0.4

2 20 17 0.32 0.8

3 20 17 0.3 1.6
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are presented in Section 5, followed by conclusions in Section 6.

2. Data acquisition

In this study, Park et al. [6] collected database from the Integrated DB Centre of
National Geotechnical Information, Korea [12] and the UBCSAND constitutive
effective stress model [13] was used to develop predictive models. SPT data were
obtained for five different borehole sites near the epicenter of the earthquake at
Pohang. The input parameters for the RF and REP Tree models are depth (m), unit
weight (kN/m3), corrected SPT blow count (N1(60)) and cyclic stress ratio (CSR)
and the output is the observed settlement (mm). For details about the database,
readers can refer to Park et al. [6]. The summary of the data base comprised 100
data points (20 data for each borehole) along with the corresponding settlement
values is shown in Table 1.

Borehole Depth (m) Unit Weight (kN/m3) N1(60) CSR Settlement (mm)

BH-A-1 1 20 11 0.33 0.5

2 20 11 0.31 0.5

3 20 14 0.29 0.8

4 20 16 0.28 1.4

5 20 5 0.27 3.3

6 20 10 0.26 3.4

7 20 5 0.27 3.4

8 20 6 0.29 2.5

9 20 9 0.3 1.6

10 20 9 0.31 1

11 18 25 0.31 0.4

12 18 25 0.31 0.3

13 18 25 0.32 0.2

14 18 25 0.32 0.3

15 18 25 0.32 0.3

16 18 25 0.32 0.3

17 18 25 0.32 0.3

18 18 25 0.32 0.2

19 18 25 0.31 0.3

20 18 25 0.31 0.3

BH-A-2 1 20 15 0.35 0.4

2 20 17 0.32 0.8

3 20 17 0.3 1.6
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Borehole Depth (m) Unit Weight (kN/m3) N1(60) CSR Settlement (mm)

4 20 7 0.29 3.1

5 20 6 0.27 2.8

6 21 13 0.31 1.4

7 21 18 0.34 0.8

8 21 13 0.36 0.9

9 21 11 0.37 1.1

10 21 13 0.36 0.8

11 16 2 0.36 0

12 16 1 0.37 0

13 16 1 0.38 0

14 16 1 0.39 0

15 16 1 0.39 0

16 16 1 0.39 0

17 16 1 0.39 0

18 16 1 0.39 0

19 16 1 0.38 0

20 16 1 0.37 0

BH-A-3 1 18 6 0.24 0.6

2 18 8 0.28 1.4

3 18 10 0.3 2

4 18 10 0.29 2.3

5 18 11 0.28 2

6 18 10 0.3 1.8

7 18 11 0.32 1.4

8 18 11 0.33 1.3

9 18 12 0.34 1.2

10 18 13 0.34 1

11 21 25 0.34 0.7

12 21 25 0.33 0.6

13 21 25 0.33 0.6

14 21 25 0.33 0.5

15 21 25 0.32 0.5

16 21 25 0.32 0.4

17 21 25 0.31 0.5

18 21 25 0.31 0.4

19 21 25 0.3 0.4

20 21 25 0.3 0.5

BH-A-4 1 20 5 0.23 1.1

2 20 7 0.27 1.9

3 20 18 0.27 1.6
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Borehole Depth (m) Unit Weight (kN/m3) N1(60) CSR Settlement (mm)

4 20 9 0.27 2.8

5 20 6 0.26 2.8

6 20 11 0.31 1.6

7 20 9 0.34 1.4

8 21 25 0.36 0.6

9 21 25 0.38 0.6

10 21 25 0.38 0.6

11 21 25 0.38 0.6

12 21 25 0.37 0.5

13 16 7 0.22 0

14 16 1 0.21 0

15 16 0 0.21 0

16 16 2 0.22 0

17 16 3 0.22 0

18 16 3 0.22 0

19 16 3 0.22 0

20 16 3 0.22 0

BH-A-5 1 20 11 0.32 0.5

2 20 10 0.31 1.6

3 20 9 0.29 2.6

4 20 11 0.3 1.9

5 20 11 0.32 1.5

6 20 10 0.33 1.4

7 20 15 0.34 0.9

8 20 15 0.35 0.8

9 21 25 0.34 0.6

10 21 25 0.34 0.6

11 21 25 0.34 0.6

12 21 25 0.33 0.6

13 21 25 0.33 0.7

14 21 25 0.33 0.7

15 18 15 0.33 1.1

16 18 11 0.33 1.4

17 18 12 0.32 1

18 16 14 0.32 0.1

19 16 10 0.32 0

20 16 7 0.32 0

Note: Borehole (BH-A-5) data comprised of 20 data points is used as testing dataset in this study.

Table 1.
Summary of liquefaction-induced settlement database.
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3. Methodology

3.1 Random forest

Random Forest (RF) is an ensemble machine learning technique driven by the
development of a large number of decision trees that is produced by Leo Breiman
[14]. Unlike DT, which uses all the features to construct a tree-like classification
graph, RF uses an “efficient bagging” learning algorithm which integrates random
selection of features with bagging. If one or a few features are very good predictors
for target performance, it will pick this subset of features to construct a tree-like
graph. This type of sample is known as the Bootstrap Sample. Using bagging
techniques, these models are fitted with the above bootstrap samples, and then
combined by voting. RF improves reliability and precision, reduces uncertainty and
helps avoid overfitting.

Bootstrap aggregation or bagging is used to determine an appropriate number of
trees with the size and nature of the training set. The RF prediction can be
expressed as: by averaging the predictions from the individual regression trees;

An optimal number of trees are calculated by bootstrap aggregation or bagging
with the size and nature of the training set. By averaging the predictions from the
individual regression trees; The RF prediction can be expressed as:

ĝ xð Þ ¼ 1
N

XN
n¼1

gn xð Þ (1)

where ĝ xð Þrepresents the RF prediction from the total of N trees, and gn xð Þ
denotes the prediction of each individual tree with the input x. In addition, an
approximation of the uncertainty of the prediction can be made as the standard
deviation of the predictions from all the trees, which can be expressed as:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

n¼1 gn xð Þ � ĝ xð Þ� �
N � 1

2
s

(2)

Figure 1 demonstrates the method of classifying RF with the N trees. Starting
from the root node (νn), after comparison with certain parameters or threshold
values, samples are moved to the right node (νR) or the left node (νL). Repeat this
partition until a terminal node is reached and get a classification tag (in this case,
classes A or B). For classification task, the ensemble prediction is achieved by
majority voting rule as a combination of the results of the individual trees [15].

3.2 REP tree

The reduced error pruning tree (REP Tree) is an ensemble model of decision tree
(DT) and The REP Tree (Reduced Error Pruning Tree) is an ensemble model of
decision tree (DT) and reduced error pruning (REP) algorithms, equally good for
classification and regression problems [16]. The REP Tree algorithm generates a
decision regression tree by dividing and pruning the regression tree based on the
importance of the highest knowledge benefit ratio (IGR) [17]; The IGR values were
determined via Eq. (3) based on the entropy (E) function.

IGR x, Sð Þ ¼
E Sð Þ �Pn

i¼1
E Sið Þ Sij j

Sj j
�Pn

i¼1
Sij j
Sj j log 2

Sij j
Sj j

(3)
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The IGR considers all the predictors of liquefaction-induced settlement with subset
Si from the training dataset (S): i = 1, 2,. .., n successive pruning steps. Since complex
decision trees can result in a model being overfitted and less interpretable, REP helps
to reduce complexity by removing the DT structure’s leaves and branches [16, 18–20].

4. Liquefaction-induced settlement model development

4.1 Preparing training and testing datasets

The manner in which data are divided into training and test data sets in data
mining procedures has a substantial effect on the results [21–23]. The statistical
parameters for the input variables include the minimum, maximum, mean and stan-
dard deviation of the training and test datasets, as shown inTable 2. Data set splitting
was done to assess the generalization efficiency and predictive ability of the devel-
oped models. The related performance of the training and testing datasets suggests
that the developed models can be applied to the trained ranges. In the testing the
ranges of input and output parameters often occur in the training datasets as shown in
Table 2. The training and testing datasets’statistical consistency enhances the perfor-
mance of the developed models and thus helps to properly assess them.

To ensure comparability, the RF and REP Tree models are proposed using the
same training and test datasets. Using these models, liquefaction-induced settle-
ments are predicted, and an analysis of the detailed performance of these models
will find the optimum model afterwards. If the performance of this model on the
training and test datasets is adequate then it can be adopted for development.

4.2 Evaluation measures

In this study, three evaluation measures, mean absolute error (MAE), root mean
square error (RMSE), and correlation coefficient (r) are used to evaluate and
compare the performance of the models. The MAE, RMSE and r are three useful
statistical measures which provide some useful insights into the prediction model,
of which the MAE is an average of the sum of the differences between the values
predicted by a model and the actual values, the RMSE is a standard deviation of the

Figure 1.
Schematic representation of a RF classifier with N trees.
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differences, and the correlation coefficient (r) is a statistical measure representing
the percentage of the variance for a model a dependent variable that’s described by
an independent variable, and their expressions are as follows [24]:

MAE ¼ 1
n

Xn
i¼1

yi � xi
�� �� (4)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

yi � xi
� �2

s
(5)

r ¼
Pn

i¼1 xi � xð Þ yi � y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � xð Þ2Pn

i¼1 yi � y
� �2q (6)

where yi and xi are the observed and predicted value of ith sample of the data
respectively, x and y are the mean values of the observed and predicted values
respectively, and n is the total number of samples. MAE can be given as a more
natural and unambiguous index compared with RMSE to quantify errors between
the estimated and actual observed values [25, 26]. RMSE was used as a standard
statistical metric to assess output of a model [27]. The larger correlation coefficient
(r) and lower mean absolute error (MAE) values, and the root mean squared error
(RMSE) present a higher accuracy of predicted results.

5. Results and discussion

Theoretically, a specific model can be obtained when the model parameters are
correctly selected and updated. The optimum values are obtained by trial and error

Dataset Statistical parameter Depth
(m)

Unit Weight
(kN/m3)

N1(60) CSR Settlement (mm)

Training Minimum 1 16 0 0.21 0

Maximum 20 21 25 0.39 3.4

Mean 10.50 18.85 13.14 0.31 0.89

Standard deviation 5.80 1.89 9.14 0.05 0.92

Testing Minimum 1 16 7 0.29 0

Maximum 20 21 25 0.35 2.6

Mean 10.5 19.4 15.55 0.3255 0.93

Standard deviation 5.92 1.76 6.66 0.01 0.65

Table 2.
Statistical parameters of the training and testing datasets.

Algorithm Parameters

RF Minimum total weight of instances in a leaf: 1; minimum portion of the variance of all the
data to be present in a node to be split in regression tress: 0.001; random number seed
used to pick attributes: 1; K value: 0

REP Tree Maximum tree depth: �1; minimum total instance weight in the leaf: 2; minimum
likelihood of variance: 0.001; fold number: 3; seed number: 1

Table 3.
Model optimum modeling parameters.

264

Natural Hazards - Impacts, Adjustments and Resilience

using parameter setting. The optimum value for each machine learning parameter is
illustrated in Table 3. In the proposed RF and REP Tree models the most significant
parameters are the number of seeds and the minimum total weight of instances in a
leaf during the modeling process.

The RF and REP Tree predictive results were obtained from the datasets for
training and testing datasets. The MAE, RMSE and correlation coefficient (r) were
subsequently determined on the basis of the Eqs. (4)–(6) shown in Figure 2 that
depicts RF and REP Tree models performance, respectively. For the RF model the

Figure 2.
Comparison of MAE, RMSE, and r values from the RF and REP tree models.

265

Evaluation of Liquefaction-Induced Settlement Using Random Forest and REP Tree Models:…
DOI: http://dx.doi.org/10.5772/intechopen.94274



differences, and the correlation coefficient (r) is a statistical measure representing
the percentage of the variance for a model a dependent variable that’s described by
an independent variable, and their expressions are as follows [24]:

MAE ¼ 1
n

Xn
i¼1

yi � xi
�� �� (4)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

yi � xi
� �2

s
(5)

r ¼
Pn

i¼1 xi � xð Þ yi � y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � xð Þ2Pn

i¼1 yi � y
� �2q (6)

where yi and xi are the observed and predicted value of ith sample of the data
respectively, x and y are the mean values of the observed and predicted values
respectively, and n is the total number of samples. MAE can be given as a more
natural and unambiguous index compared with RMSE to quantify errors between
the estimated and actual observed values [25, 26]. RMSE was used as a standard
statistical metric to assess output of a model [27]. The larger correlation coefficient
(r) and lower mean absolute error (MAE) values, and the root mean squared error
(RMSE) present a higher accuracy of predicted results.

5. Results and discussion

Theoretically, a specific model can be obtained when the model parameters are
correctly selected and updated. The optimum values are obtained by trial and error

Dataset Statistical parameter Depth
(m)

Unit Weight
(kN/m3)

N1(60) CSR Settlement (mm)

Training Minimum 1 16 0 0.21 0

Maximum 20 21 25 0.39 3.4

Mean 10.50 18.85 13.14 0.31 0.89

Standard deviation 5.80 1.89 9.14 0.05 0.92

Testing Minimum 1 16 7 0.29 0

Maximum 20 21 25 0.35 2.6

Mean 10.5 19.4 15.55 0.3255 0.93

Standard deviation 5.92 1.76 6.66 0.01 0.65

Table 2.
Statistical parameters of the training and testing datasets.

Algorithm Parameters

RF Minimum total weight of instances in a leaf: 1; minimum portion of the variance of all the
data to be present in a node to be split in regression tress: 0.001; random number seed
used to pick attributes: 1; K value: 0

REP Tree Maximum tree depth: �1; minimum total instance weight in the leaf: 2; minimum
likelihood of variance: 0.001; fold number: 3; seed number: 1

Table 3.
Model optimum modeling parameters.

264

Natural Hazards - Impacts, Adjustments and Resilience

using parameter setting. The optimum value for each machine learning parameter is
illustrated in Table 3. In the proposed RF and REP Tree models the most significant
parameters are the number of seeds and the minimum total weight of instances in a
leaf during the modeling process.

The RF and REP Tree predictive results were obtained from the datasets for
training and testing datasets. The MAE, RMSE and correlation coefficient (r) were
subsequently determined on the basis of the Eqs. (4)–(6) shown in Figure 2 that
depicts RF and REP Tree models performance, respectively. For the RF model the

Figure 2.
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training data prediction is higher than the test dataset prediction. The r values for
the training data and testing data are found 0.9935 and 0.8833, respectively. For the
REP Tree model, the training data r value (= 0.9405) indicates marginally better
results than that for the testing data (= 0.777). It is obvious to judge that the
performance of RF model in training and testing datasets is higher than that of REP
Tree model. Figure 2 presents bar graphs comparing the mean absolute error
(MAE), the root mean squared error (RMSE), and the correlation coefficient (r)

Figure 3.
Training and testing of the RF model.
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for both models’ training and test datasets. The MAE calculates the variance in the
error term by term and reduces the significance of large errors; the RMSE value is
more concentrated on large errors than on small ones. The RF model has lowerMAE
and RMSE values while higher r value, showing that in both training and testing
datasets, the RF model provides adequate prediction of liquefaction-induced

Figure 4.
Training and testing of the REP tree model.
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settlement. Additionally, the results of training and testing were shown in
Figures 3 and 4, showing the projected settlements are plotted with the actual
data. One can see that settlements were predicted more accurately by the RF model
than by the REP Tree model. While the REP Tree model few settlements cases are
relatively under predicted as compared to the RF model.

6. Conclusions

This paper explores the potential of RF and REP Tree models for predicting
liquefaction-induced settlement using field data. The models were trained and
tested based on the Pohang city liquefaction-induced settlement database. Both
models assess liquefaction-induced settlement with substantial contributing factors
such as depth, unit weight, corrected SPT blow count and cyclic stress ratio. The
performance of the models presented is measured using statistical parameters such
as the correlation coefficient (r), MAE, and RMSE. The RF model indicates a better
performance with respect to the training and testing datasets. From this analysis it
can be inferred that the RF model works well in predicting liquefaction-induced
settlement as opposed to the REP Tree model. Since, artificial intelligence-based
approaches are data-dependent and their output can vary depending on the dataset,
the quality and number of training datasets and the size of the experiments. Finally,
it is obvious that the proposed models are open to develop and accumulation of
more data will provide much better evaluation of liquefaction-induced settlements.
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Chapter 16

On Modelling Extreme Damages
from Natural Disasters in Kenya
Carolyne Ogutu and Antony Rono

Abstract

We seek to develop a distribution to model the extreme damages resulting from
Natural Disasters in Kenya.The distribution is based on the Compound Extreme
Value Distribution, which takes into account both the distributions of the frequency
of occurrence and magnitude of the events. Threshold modelling is employed,
where the extreme damages are identified as the points that lie above a sufficiently
high threshold. The distribution of the number of the exceedance is found to be
Negative Binomial, while that of the severity is approximated by a Generalised
Pareto Distribution. Maximum likelihood estimation is used to estimate the param-
eters, and the log-likelihood is maximised using numerical methods. Probability
weighted moments estimation is used to determine the starting values for the
iterations. Prediction study is then carried out to investigate the performance of the
proposed distribution in predicting future events.

Keywords: natural disasters, extreme events, compound distributions

1. Introduction

A natural disaster is a sudden and adverse event caused by natural forces that
significantly disrupts the workings of society [1]. Such events result to loss of life,
injury or other negative health impacts, loss of livelihoods, environmental damage,
social and economic disruption. These natural forces causing natural disasters are
called natural hazards. A natural hazards can be formally defined as a natural
process or phenomenon that may cause loss of livelihoods and services, negative
health impacts such as loss of life and injury, social and economic disruption or
environmental damage [2]. Therefore, a natural hazard becomes a disaster once it
occurs. The Centre for Research on the Epidemiology of Disasters Database
(EM-DAT) generally classifies natural disaster according to the hazards that causes
them. We have geophysical (earthquakes, volcanoes landslides and tsunamis),
hydrological (floods and avalanches), climatological (droughts and wildfires),
meteorological (storms and cyclones) or biological (epidemics and pests/insects/
plagues). Hydrological, meteorological and climatological hazards are generally
termed as weather-related hazards. Natural disasters are considered extreme events
and thus we consider the method of Extreme Value Theory for analysis of our data.

1.1 Extreme value modelling

Extreme value theorem (EVT) is used to develop stochastic models aimed at
solving real-world problems relating to extremal and unusual events for instance
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stock market crashes, natural catastrophes, major insurance claims e.t.c. EVT
models the tails of loss severity distributions as it only considers extreme and rare
events. Extreme value modelling has been used widely in hydrology, insurance,
finance and environmental application where extreme events are of interest. Due to
the scope of this research, we will limit the literature to those relating to natural
disasters. The relevant theories and statistical methods behind EVT are presented
by [3].

[4, 5] propose the Generalised Extreme Value (GEV) distribution which is used
to model the maxima of a set of independent and identically distributed (iid)
events. The resulting model, referred to as the Block Maxima (BM) model, involves
dividing the observations into non-overlapping blocks of equal sizes and restrict the
attention to maximum observations in each period. The observations created are
then assumed to follow the GEV [6]. The block sizes are vital in the EVT model as
too small block sizes can lead to poor asymptotic approximation, while too big sizes
will result to very little observations [7]. [8] use BM method to model hydrological
floods and droughts. They find that using block sizes of one year or less to model
drought leads to bias. Floods, on the other hand, is modelled using block sizes of less
than one year. The same method is used by [9] to study seasonal variation of
extreme precipitation across the UK. They use a one month block, having found
little improvement of a longer-block. They were able to identify regions with a high
risk of extreme precipitation in a given season. A major drawback of the Block
Maxima is its inefficiency in terms of data usage. Dividing the dataset into blocks is
wasteful of the data since not all the available data is used. To overcome this
challenge, the data above some sufficiently high threshold is modelled in what is
commonly referred to as excess over threshold (EOT). Several studies have been
conducted to compare the performance of BM and EOT, all based on simulated
data. [10] states that, in the case where the shape parameter is equal to zero, EOT
estimates for a high quantile is better only if the number of exceedance is larger
than 1.65 times the number of blocks. [11] find that EOT is preferable when the
shape parameter is greater than zero and when the number of exceedance is greater
than the number of blocks. However, when the shape parameter is less than zero,
BM is more efficient. [12] carries out a vast simulation study to compare the two
methods based on their accuracy as measured by mean squared errors, on the basis
of time series with various characteristics and in estimating probabilities of exceed-
ance. He finds that the EOT estimates for a sample that has an average of two or
more exceedance per year are more accurate than the corresponding BM estimates.
In addition, he finds that EOT should be used when the data is less than 50 years.
When there is 200 years of data, both approaches have similar accuracies. In terms
of the return value estimates, he finds that the EOT estimates are significantly more
accurate than those obtained by BM. [6] find that the BM method at an optimal
level gives lower asymptotic minimal square error than the EOT method. They
conclude that BM is more efficient than EOT in practical situations.

Despite having mixed results, we can deduce that EOT is, on average, a pre-
ferred method to BM. Two features are however dominant from all these studies:
first, EOT is more efficient than BM if the number of exceedance is greater than the
number of blocks and secondly, the two methods have comparable performances
for large sample sizes.

The biggest challenge in using EOT is selecting the appropriate threshold. The
threshold selection process is always a trade–off between the bias and variance [13].
Moreover, the choice of the threshold significantly affects the tail of the distribution
and hence the GPD parameters. The traditional extreme value modelling approach
uses fixed threshold approach, where the threshold is chosen and fixed before the
model is fitted. The threshold is usually chosen based on various diagnostics plots
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that is used to evaluate the model fit. The traditional EVT approach only considers
the extreme data above the threshold, and discards the rest that are below. [7] states
that the motivation for ignoring extreme data is that extreme and non-extreme data
are caused by different processes and the latter is rarely of concern. Furthermore,
there is concern that the data below the threshold may compromise the examination
of the tail fit. However, there has been increasing interests in extreme value mixture
models, which uses all the data for parameter estimation in the inference. This class
of models has the potential to overcome some of the difficulties encountered in
using the traditional EVT, in regards to threshold selection and uncertainties asso-
ciated with it. The next section will highlight the development of extreme value
mixture models.

1.2 Extreme value mixture models

Extreme value mixture models typically comprise of two compenents: a bulk
model which describes all the non-extreme data below the threshold, and a tail
model which is the traditional extreme value model to model the extreme data
above the threshold. The advantage of these models is that they consider all the data
without wasting information and provides an automated approach both for estima-
tion of the threshold and quantification of the resulting uncertainties from the
threshold choice [7].

[14] propose a dynamic weighted mixture model combining a light-tailed dis-
tribution for the bulk model, with GPD for the tail model. They use a Weibull
distribution as the bulk distribution. Rather than explicitly defining the threshold,
they adopt a Cauchy distribution function as the mixing function to make the
transition between the bulk and tail distributions. They use maximum likelihood
estimation for parameter estimation, and numeric iteration to calculate empirical
quantiles. They then test the model using Danish fire loss dataset, and find the
parameter estimates to be comparable to those reported in the literature regarding
EOT inference. The quantiles are comparable as well. The model is also compared to
an existing robust thresholding approach, and it is found to be better for very small
percentiles in small datasets.

[15] develop an extreme value mixture model comprising of a truncated gamma
to fit the bulk distributions and GPD for the tail distributions. They note that any
other parametric distribution can also be used. They treat the threshold as an
unknown parameter, and use Bayesian statistics for inference about the unknown
parameters. Inference on the Posterior distribution is done using Markov chain
Monte Carlo methods, and simulation studies is carried out to analyse the perfor-
mance of the model. They find that the parameter estimates are very close to the
true value for large samples. However, for small samples, they encounter problems
with convergence, and consequently parameter estimation. They also apply the
model to Nasdaq 100 dataset, an index in the New York Stock Exchange, and
compare its performance with the traditional extreme value model. The resulting
GPD estimates is close to that obtained using the traditional approach.

1.3 Compound extreme value distribution

Unlike Extreme Value Theorem which is concerned with only the tails of loss
severity distributions, Compound Extreme Value Distribution (CEVD) models can
simultaneously model the frequency and severity of extreme events. The idea was
proposed by Tebfu and Fengshi in 1980 to model typhoon in South China [16]. They
only consider the events above the threshold, as is the case with the traditional EVT,
and assume that the number of exceedance (frequency) is Poisson Distributed.
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that is used to evaluate the model fit. The traditional EVT approach only considers
the extreme data above the threshold, and discards the rest that are below. [7] states
that the motivation for ignoring extreme data is that extreme and non-extreme data
are caused by different processes and the latter is rarely of concern. Furthermore,
there is concern that the data below the threshold may compromise the examination
of the tail fit. However, there has been increasing interests in extreme value mixture
models, which uses all the data for parameter estimation in the inference. This class
of models has the potential to overcome some of the difficulties encountered in
using the traditional EVT, in regards to threshold selection and uncertainties asso-
ciated with it. The next section will highlight the development of extreme value
mixture models.

1.2 Extreme value mixture models

Extreme value mixture models typically comprise of two compenents: a bulk
model which describes all the non-extreme data below the threshold, and a tail
model which is the traditional extreme value model to model the extreme data
above the threshold. The advantage of these models is that they consider all the data
without wasting information and provides an automated approach both for estima-
tion of the threshold and quantification of the resulting uncertainties from the
threshold choice [7].

[14] propose a dynamic weighted mixture model combining a light-tailed dis-
tribution for the bulk model, with GPD for the tail model. They use a Weibull
distribution as the bulk distribution. Rather than explicitly defining the threshold,
they adopt a Cauchy distribution function as the mixing function to make the
transition between the bulk and tail distributions. They use maximum likelihood
estimation for parameter estimation, and numeric iteration to calculate empirical
quantiles. They then test the model using Danish fire loss dataset, and find the
parameter estimates to be comparable to those reported in the literature regarding
EOT inference. The quantiles are comparable as well. The model is also compared to
an existing robust thresholding approach, and it is found to be better for very small
percentiles in small datasets.

[15] develop an extreme value mixture model comprising of a truncated gamma
to fit the bulk distributions and GPD for the tail distributions. They note that any
other parametric distribution can also be used. They treat the threshold as an
unknown parameter, and use Bayesian statistics for inference about the unknown
parameters. Inference on the Posterior distribution is done using Markov chain
Monte Carlo methods, and simulation studies is carried out to analyse the perfor-
mance of the model. They find that the parameter estimates are very close to the
true value for large samples. However, for small samples, they encounter problems
with convergence, and consequently parameter estimation. They also apply the
model to Nasdaq 100 dataset, an index in the New York Stock Exchange, and
compare its performance with the traditional extreme value model. The resulting
GPD estimates is close to that obtained using the traditional approach.

1.3 Compound extreme value distribution

Unlike Extreme Value Theorem which is concerned with only the tails of loss
severity distributions, Compound Extreme Value Distribution (CEVD) models can
simultaneously model the frequency and severity of extreme events. The idea was
proposed by Tebfu and Fengshi in 1980 to model typhoon in South China [16]. They
only consider the events above the threshold, as is the case with the traditional EVT,
and assume that the number of exceedance (frequency) is Poisson Distributed.

275

On Modelling Extreme Damages from Natural Disasters in Kenya
DOI: http://dx.doi.org/10.5772/intechopen.94578



The exceedance (severity) are, on the other hand, assumed to follow a Gumbel
Distribution, which is a special case of the General Extreme Distribution. Hence, the
model is usually referred to as Poisson-Gumbel. Tebfu and Fengshi [7] also used
CEVD to model hurricane characteristics along the Atlantic coasts and the Gulf of
Mexico. They assume that the number of exceedance follows a Poisson Distribution,
and the exceedance is Weibull Distribution.

Initially, CEVD was mostly used in hydrology, to model wave heights and the
resulting extreme events. The model has been successfully used to predict design
wave height. For instance, Hurricane Katrina of 2005 corresponded to 60 years
return period as predicted by the Poisson-Weibull model [17]. As a result, there has
been several extensions to these class of models including the Bivariate Compound
Extreme Value Distribution (BCEVD) model. [18] and Multivariate Compound
Extreme Value Distribution (MCEVD) model [17]. In addition, the model has been
adopted in a wider range of areas, including finance, insurance, disasters and
catastrophic modelling.

[19] investigate the global historical occurrences of tsunamis. They compare the
distribution of the number of annual tsunami events using a Poisson distribution
and a Negative binomial distribution. The latter provides a consistent fit to tsunami
events whose height is greater than one. They also also investigate the interval
distribution using gamma and exponential distributions. The former is found to be a
better fit, suggesting that the number of tsunami events is not a Poisson process.

[20] study tsunami events in the USA. They assume that the occurrence fre-
quency of tsunami in each year follow a Poisson distribution. They then identify the
distribution of tsunami heights by fitting six distributions: Gumbel, Log normal,
Weibull, maximum entropy, and GPD. They select GPD, which had the best fit.
They use MLE for parameter estimation, and investigate the fit of the Poisson
Compound Extreme Value Distribution using goodness-of-fit statistics. The results
is consistent with [19], that the Poisson-Generalised Pareto Distribution is appro-
priate for disaster modelling.

2. Classical extreme value theory

The core of the classical Extreme value theorem is the study of the stochastic
behaviour of some maximum (or minimum) of a sequence of random variables.
Define

Mn ¼ max Y1, … ,Ynf g (1)

where Y1, … ,Ynf g is a sequence of independent random variables with a com-
mon distribution function F. Mn represents the maxima (minima) of observed
process over n blocks or time units. If F is known, the distribution of Mn can be
derived as follows:

P Mn ≤ yf g ¼ P Y1 ≤ y, … ,Yn ≤ yf g
¼ P Y1 ≤ yf g � … � P Yn ≤ yf g
¼ F yð Þf gn

(2)

However, F is usually unknown in practice, and will have to be estimated from
the data. This poses a problem since a small error in the estimation of F can lead to
large disparities for Fn yf g. An alternative approach is to model Fn yf g through
asymptotic theory ofMn, where we study the behaviour of Fn yf g as n tends towards
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infinity. Since F yð Þ< 1 for y< ysup, where ysup is the upper end-point of F, we have
Fn yf g ! 0 as n ! ∞. We can remove the degeneracy problem by allowing some
linear re-normalisation of Mn. Consider a linear re-normalisation:

M̂n ¼ Mn � dn
cn

(3)

where cnf g and dnf g are sequences of constants with cn >0. Under a suitable
choice of cn and dn, the distribution of Mn can be stabilised and which leads to
extremal types theorem:

Theorem 1.1 [Extremal Types Theorem] For a non-degenerate distribution
function, G, if there exists sequences of constants cn >0f g and dnf g, as n ! ∞,
such that

P
Mn � dn

cn
≤ y

� �
! G yð Þ (4)

then G belongs to one of the following families:
Gumbel:

G yð Þ ¼ exp � exp � y� d
c

� �� �� �
, �∞< y<∞ (5)

Frechet:

G yð Þ ¼
0 y≤ d

exp � y� d
c

� ��α� �
y> d

8<
: (6)

Weibull:

G yð Þ ¼ exp � � y� d
c

� �� �α� �
y< d

1 y≥ d

8<
: (7)

for c>0 and d∈.
The proof of this theory is presented in [21]. The three classes of distributions

are called extreme value distributions, with type I (Gumbel), type II (Frechet) and
type III (Weibull) respectively. The extremal types theorem suggests that regardless
of the population distribution of Mn, if a non-degenerate limit can be obtained by
linear re-normalisation, then the limit distribution will be one of the three extreme
value distributions.

In modelling an unknown population distribution, we choose one of the three
types of limiting distributions and then estimate the model parameters. This
approach is, however, deemed to be inefficent as uncertainty associated with the
choice is not considered in the subsequent inference [22]. A better approach is to
combine the three models into one single family, with the distributions being
special cases of the universal distribution.

2.1 The generalised extreme value distribution

Von Misses [4] and Jenkinson [5] combined the three types of extreme value
distributions leading to the generalised extreme value distribution (GEV).
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Theorem 1.2 If there exists sequences of constants cn and dn, such that

P
Mn � dn

cn
≤ y

� �
��!n!∞ G yð Þ (8)

where G is a non-degenerate distribution function, then G is a member of the
GEV family:

G yð Þ ¼ exp � 1þ ζ
y� ν

σ

� �h i�1=ζ
� �

(9)

defined on y such that 1þ ζ
y� ν

σ

� �
>0 and with parameters: scale σ >0,

location ν∈ and scale ζ∈.
The shape parameter determines the tail behaviour under the same values of

location and scale, and thus indicates the type of extreme value distribution:

• If ζ ¼ 0, the GEV becomes a Gumbel distribution and the tail decays
exponentially.

• If ζ<0, the GEV becomes a negative Weibull distribution with the upper
endpoint being finite.

• If ζ>0, the GEV simplifies to a Frechet distribution with a heavy tail and
which decays polynomially.

3. Threshold models and the generalised Pareto distribution

Modelling using block maxima is inefficient as it is wasteful of the data, consid-
ering that the complete dataset is available. An alternative approach is to model all
the data above some high threshold, in what is commonly referred to as threshold
modelling or Excess over Threshold (EOT) modelling.

Given a set of independent and identically distributed random variables
Z1, … ,Zn, having a common distribution function,F, we are interested in estimating
the conditional excess distribution function, Fv, of random variable X above a high
threshold v:

Fu yð Þ ¼ P Z � v≤ yjZ > vð Þ, 0≤ y≤ zþ � v (10)

where y ¼ z� v are the exceedances and zþ is the right endpoint of F. We can
express Fv yð Þ in terms of z as:

Fv yð Þ ¼ F vþ yð Þ � F vð Þ
1� F vð Þ ¼ F vþ z� vð Þ � F vð Þ

1� F vð Þ ¼ F zð Þ � F vð Þ
1� F vð Þ (11)

Piklands [23] posed that if the underlying distribution F(z) is in the maximum
domain of attraction of extreme value distribution, then the conditional excess
distribution function Fv zð Þ for a large v, can be approximated by:

Fv zð Þ≈F ζ,ν,σð Þ zð Þ, v ! ∞ (12)

where F ζ,ν,σð Þ zð Þ is the Generalised Pareto Distribution (GPD).
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3.1 Generalised Pareto distribution (GPD)

Definition 1The random variable Z has a Generalised Pareto Distribution if the
cumulative distribution function of Z is given by:

F ζ,ν,σð Þ zð Þ ¼
1� 1þ ζ z� νð Þ

σ

� ��1=ζ

forζ 6¼ 0

1� exp � z� ν

σ

� �
forζ ¼ 0

8>><
>>:

(13)

for z> ν and 1þ ζ z� νð Þ
σ

� �
>0 and parameters: location ν>0, scale σ >0,

shape ζ∈.
Remark 1 (Special Cases) Under specific conditions, the GPD simplifies to other

continuous distributions:

• When ζ ¼ 0, the GDP simplifies to the exponential distribution

• When ζ>0, the GDP becomes an ordinary Pareto distribution, and

• when ζ<0, the GDP simplifies to a Pareto type II distribution.

The mean of the GPD is:

E Zð Þ ¼ νþ σ

1� ζ
, for ζ< 1 (14)

The Variance of the GPD is:

Var Zð Þ ¼ νþ σ2

1� ζð Þ2 1� 2ζð Þ , for ζ<
1
2

(15)

In general, the r� th moment of the GPD only exists if ζ< 1
r.

The shape parameter, ζ, determines the tail distribution of the GPD as indicated
in remark 1. When ζ ¼ 0, there exists a decreasing exponential tail, when ζ>0,
there is a heavy tail and when ζ<0, the tail is short, with finite upper end point
ν� σv

ζ .

3.2 Relationship between GEV and GPD

Theorem 1.3 Let Z1, … ,Zn be a sequence of independent and identically distrib-
uted random variables with a common cumulative distribution function F, and let
Mn ¼ max Z1, … ,Znf g satisfying the conditions to be approximated by GEV, i.e.,
for large n:

P MN ≤ zf g ¼ G zð Þ, whereG zð Þ ¼ exp � 1þ ζ
z� ν

σ

� �h i�1=ζ
� �

(16)

Then, for a sufficiently high threshold v, the conditional distribution function of
Z � vð Þ, conditioned to Z > v is approximately given by

279

On Modelling Extreme Damages from Natural Disasters in Kenya
DOI: http://dx.doi.org/10.5772/intechopen.94578



Theorem 1.2 If there exists sequences of constants cn and dn, such that

P
Mn � dn

cn
≤ y

� �
��!n!∞ G yð Þ (8)

where G is a non-degenerate distribution function, then G is a member of the
GEV family:

G yð Þ ¼ exp � 1þ ζ
y� ν

σ

� �h i�1=ζ
� �

(9)

defined on y such that 1þ ζ
y� ν

σ

� �
>0 and with parameters: scale σ >0,

location ν∈ and scale ζ∈.
The shape parameter determines the tail behaviour under the same values of

location and scale, and thus indicates the type of extreme value distribution:

• If ζ ¼ 0, the GEV becomes a Gumbel distribution and the tail decays
exponentially.

• If ζ<0, the GEV becomes a negative Weibull distribution with the upper
endpoint being finite.

• If ζ>0, the GEV simplifies to a Frechet distribution with a heavy tail and
which decays polynomially.

3. Threshold models and the generalised Pareto distribution

Modelling using block maxima is inefficient as it is wasteful of the data, consid-
ering that the complete dataset is available. An alternative approach is to model all
the data above some high threshold, in what is commonly referred to as threshold
modelling or Excess over Threshold (EOT) modelling.

Given a set of independent and identically distributed random variables
Z1, … ,Zn, having a common distribution function,F, we are interested in estimating
the conditional excess distribution function, Fv, of random variable X above a high
threshold v:

Fu yð Þ ¼ P Z � v≤ yjZ > vð Þ, 0≤ y≤ zþ � v (10)

where y ¼ z� v are the exceedances and zþ is the right endpoint of F. We can
express Fv yð Þ in terms of z as:

Fv yð Þ ¼ F vþ yð Þ � F vð Þ
1� F vð Þ ¼ F vþ z� vð Þ � F vð Þ

1� F vð Þ ¼ F zð Þ � F vð Þ
1� F vð Þ (11)

Piklands [23] posed that if the underlying distribution F(z) is in the maximum
domain of attraction of extreme value distribution, then the conditional excess
distribution function Fv zð Þ for a large v, can be approximated by:

Fv zð Þ≈F ζ,ν,σð Þ zð Þ, v ! ∞ (12)

where F ζ,ν,σð Þ zð Þ is the Generalised Pareto Distribution (GPD).

278

Natural Hazards - Impacts, Adjustments and Resilience

3.1 Generalised Pareto distribution (GPD)

Definition 1The random variable Z has a Generalised Pareto Distribution if the
cumulative distribution function of Z is given by:

F ζ,ν,σð Þ zð Þ ¼
1� 1þ ζ z� νð Þ

σ

� ��1=ζ

forζ 6¼ 0

1� exp � z� ν

σ

� �
forζ ¼ 0

8>><
>>:

(13)

for z> ν and 1þ ζ z� νð Þ
σ

� �
>0 and parameters: location ν>0, scale σ >0,

shape ζ∈.
Remark 1 (Special Cases) Under specific conditions, the GPD simplifies to other

continuous distributions:

• When ζ ¼ 0, the GDP simplifies to the exponential distribution

• When ζ>0, the GDP becomes an ordinary Pareto distribution, and

• when ζ<0, the GDP simplifies to a Pareto type II distribution.

The mean of the GPD is:

E Zð Þ ¼ νþ σ

1� ζ
, for ζ< 1 (14)

The Variance of the GPD is:

Var Zð Þ ¼ νþ σ2

1� ζð Þ2 1� 2ζð Þ , for ζ<
1
2

(15)

In general, the r� th moment of the GPD only exists if ζ< 1
r.

The shape parameter, ζ, determines the tail distribution of the GPD as indicated
in remark 1. When ζ ¼ 0, there exists a decreasing exponential tail, when ζ>0,
there is a heavy tail and when ζ<0, the tail is short, with finite upper end point
ν� σv

ζ .

3.2 Relationship between GEV and GPD

Theorem 1.3 Let Z1, … ,Zn be a sequence of independent and identically distrib-
uted random variables with a common cumulative distribution function F, and let
Mn ¼ max Z1, … ,Znf g satisfying the conditions to be approximated by GEV, i.e.,
for large n:

P MN ≤ zf g ¼ G zð Þ, whereG zð Þ ¼ exp � 1þ ζ
z� ν

σ

� �h i�1=ζ
� �

(16)

Then, for a sufficiently high threshold v, the conditional distribution function of
Z � vð Þ, conditioned to Z > v is approximately given by

279

On Modelling Extreme Damages from Natural Disasters in Kenya
DOI: http://dx.doi.org/10.5772/intechopen.94578



H yð Þ ¼ 1� 1þ ζy
δ

� ��1=ζ

(17)

where y ¼ z� v>0, 1þ ζy
δ

� �
>0 and δ ¼ σ þ ζ v� νð Þ.

Proof. Denote the distribution function of the random variable Z by F. By
theorem 1.2, for large n,

G zð Þ ¼ Fn zð Þ≈ exp � 1þ ζ
z� ν

σ

� �h i�1=ζ
� �

n logF zð Þ≈ � 1þ ζ
z� ν

σ

� �h i�1=ζ
� � (18)

For large values of z, Taylor series expansion implies:

logF zð Þ≈� 1� F zð Þf g (19)

Hence,

n 1� F zð Þf g≈ 1þ ζ
z� ν

σ

� �h i�1=ζ

1� F zð Þf g≈ 1
n

1þ ζ
z� ν

σ

� �h i�1=ζ
(20)

So, for z ¼ vþ y

1� F vþ yð Þf g≈ 1
n

1þ ζ
vþ y� ν

σ

� �� ��1=ζ

(21)

Thus,

P Z > vþ yjZ > vf g ¼ 1� P Z < vþ yð Þ
1� P Z < vð Þ

≈
1þ ζ vþ y� νð Þ=σ½ ��1=ζ

1þ ζ v� νð Þ=σ½ ��1=ζ

¼ 1þ ζ vþ y� νð Þ=σ
1þ ζ v� νð Þ=σ

� ��1=ζ

¼ 1þ ζ v� νð Þ=σ þ ζy=σ
1þ ζ v� νð Þ=σ

� ��1=ζ

¼ 1þ ζ v� νð Þ
1þ ζ v� νð Þ þ

ζy=σ
1þ ζ v� νð Þ=σ

� ��1=ζ

¼ 1þ ζy=σ
σ þ ζ v� νð Þ

σ

2
4

3
5
�1=ζ

¼ 1þ ζy
σ þ ζ v� νð Þ

� ��1=ζ

¼ 1þ ζy
δ

� ��1=ζ
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Therefore,

P Z ≤ vþ yjZ > vf g ¼ 1� 1þ ζy
δ

� ��1=ζ

(23)

where, y>0, 1þ ζy
δ

� �
>0 and δ ¼ σ þ ζ v� νð Þ.

Eq. (23) is the generalised Pareto family of distributions.
Theorem 1.3 implies that we can use GPD as an approximation to the distribu-

tion of maxima using EOT as alternative to GEV in block maxima. We can observe
how the parameters of the GPD are uniquely determined by those of the GEV. In
particular, the shape parameter is equal in both cases. When the block sizes change
in the GEV, the parameters ν and σ change, while the shape parameter remains
constant.

Eq. (23) clearly indicates the dependence of the scale parameters σ on the
threshold. The threshold choice is an important part of threshold modelling. As with
the case with the block sizes in GEV, the choice of threshold is a trade-off between
the bias and variance [13]. If the threshold is too low, we violate the asymptotic
arguments underlying the GPD, whereas, if the threshold is too high, we will
generate few exceedances to estimate the parameters, resulting to a large variance.
We now describe the process of selecting the appropriate threshold, to be used in
modelling extreme events using GPD.

3.3 Threshold selection

In modelling using EOT, the threshold is usually chosen before the model is
fitted. We will present three tools that will help in identifying the threshold:

3.3.1 Mean residual life plot

This method is based on the mean of the GPD: E Zð Þ ¼ σ
1�ζ, when ζ< 1. If the

excesses z� v are approximated by a GPD for a high threshold v, the mean excess,
for ζ< 1 is:

e vð Þ ¼ E Z � v∣Z > vð Þ ¼ σv
1� ζ

(24)

For any higher threshold r> v:

e rð Þ ¼ E Z � r∣Z > rð Þ ¼ σr
1� ζ

¼ σv þ ζ r� vð Þ
1� ζ

(25)

Therefore, the mean excess function e rð Þ is a linear function of v, once a suitable
high threshold has been reached. The sample mean residual life plot is drawn using:

v,
1
nv

Xnv
i¼1

z ið Þ � v
� � !

(26)

where z ið Þ is the observation, i, above the threshold, v, and nv is the total number
of observations above v. For a high v, all the exceedances, r> v, in the mean residual
life plot changes linearly with v.

Using this result, the procedure for estimating the threshold is as follows:
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• Draw a mean residual life plot using (26)

• Choose a threshold above which the plot is approximately linear. We use
confidence interval to determine whether the plot looks linear.

3.3.2 Parameter stability plot

Assuming that the exceedances, (z� v), over a threshold v follow a GPD (ζ, σv),
the exceedances will still follow a GPD for any higher threshold r> v, with the same
ζ, but with scale parameter of:

σr ¼ σv þ ζ r� vð Þ (27)

(This follows from theory 1.3).
Let us re-parametrise the scale parameter σr:

σ ∗ ¼ σr � ζr (28)

such that:

σr ¼ σv þ ζr� ζv (29)

σr � ζr ¼ σv � ζv

σ ∗ ¼ σv � ζv

The parameter σ ∗ now only depends on a sufficiently high threshold v. The
parameter stability plot involves plotting the GPD parameter estimates for a range
of values v. The threshold is chosen to be the point where the shape and the
modified scale parameters become stable (that is, the parameter estimates is con-
stant above the threshold at which the GPD becomes valid). We use confidence
interval to select this point.

3.3.3 Gertensgarbe and Werner plot

The test was proposed by Gertensgarbe and Werner (1989) and is used to select
a threshold by detecting the starting point of the extreme region. The idea behind
the test is that the behaviour of a series of differences that correspond to the
extreme observations is different from the one corresponding to the non-extreme
observations. So, given a series of differences Δr ¼ z rð Þ � z rþ1ð Þ, i ¼ 2, 3,⋯, n, of the
order statistics, z 1ð Þ ≤ z 2ð Þ ≤⋯≤ z nð Þ, the starting point of the extreme region, and
hence the threshold, will be the point at which the series of differences exhibit a
significant statistical change.

To detect this point, we apply a sequential version of the Mann-Kendall test to
check the null hypothesis that there is no change in the series of differences. Define
a series:

Ur ¼
U ∗

r � r r�1ð Þ
4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i r�1ð Þ iþ5ð Þ
72

q (30)

where U ∗
r ¼Pr

j¼1n j and n j is the number of values in the the series of
differences Δ1,⋯,Δ j less than Δ j. We also define another series, Up, by applying
the same procedure to the series of differences from the end to start,Δn,⋯,Δ1,
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rather than from the start to the end. The starting point of change in the series
of differences, and hence the threshold, is the the intersection point of the series
Ur and Up.

4. Data analysis

We use data for all the natural disasters that has been recorded in Kenya in the
period 1964� 2018. The data is obtained from CRED database, which is the cur-
rently the most comprehensive database for natural events. The data was also cross-
referenced with that from other sources including UN-agencies and NDMU. The
impact of natural disasters is quantified in terms of the total number of people
affected on an annual basis, which we deemed to be more reliable than the the total
damage in monetary terms. The total number of people affected includes those who
were injured, died, left homeless or affected in any other way by natural disasters.
A total of 112 events have been recorded over that period of time with a resulting
damage of approximately 62 million people affected.

Descriptive statistics for both the annual occurrence and the impacts are
provided in Table 1. The minimum number of disasters and the resulting impact is
zero, which corresponds to those years where no natural disasters occurred. A total
of 22 years recorded no natural disaster events. The average annual number of
natural disaster occurrences in Kenya is two, and about 1:3 million people are
affected every year. The maximum number of natural disaster occurrences
observed in any year is 9 and the worst disaster recorded in any year affected
approximately 23, 331, 469 people. The mean is greater than the median for both
variables, indicating that the data is right-skewed. We can also observe that the
spread of the impacts is large as suggested by both the standard deviation and the
inter-quantile range (about 3:5 million and 252718 respectively), as opposed to that
of the occurrence.

We are interested in the distribution of the number of occurences and the
corresponding impact of natural disasters in Kenya in the period of study. Figure 1
shows the distribution of the number of natural disaster occurrences in the last
55 years. The number of natural disasters between 1964 and the late 1990s was fairly
low, with no year experiencing more than two events. We can then observe a sharp

Statistic Annual Occurrence Annual Impact

N 55 55

Total 112 62,160,910

Mean 2 1,130,198

Std. Dev 2.26 3,494,302

Minimum 0 0

st Quantile 0 0

Median 1 15000

rd Quantile 4 252718

Maximum 9 23,331,469

Inter Quantile Range 4 252,718

Table 1.
Descriptive Statistics.
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damage of approximately 62 million people affected.

Descriptive statistics for both the annual occurrence and the impacts are
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We are interested in the distribution of the number of occurences and the
corresponding impact of natural disasters in Kenya in the period of study. Figure 1
shows the distribution of the number of natural disaster occurrences in the last
55 years. The number of natural disasters between 1964 and the late 1990s was fairly
low, with no year experiencing more than two events. We can then observe a sharp

Statistic Annual Occurrence Annual Impact

N 55 55

Total 112 62,160,910

Mean 2 1,130,198

Std. Dev 2.26 3,494,302

Minimum 0 0

st Quantile 0 0

Median 1 15000

rd Quantile 4 252718

Maximum 9 23,331,469

Inter Quantile Range 4 252,718

Table 1.
Descriptive Statistics.

283

On Modelling Extreme Damages from Natural Disasters in Kenya
DOI: http://dx.doi.org/10.5772/intechopen.94578



increase in the annual occurrences in the last 20 years. During this period, all the
years have experienced at least two events.

A similar trend is observed for the impacts of the natural disasters, as shown in
Figure 1b. Very few people were being affected in the years between 1964 and
1990. Then from 1990, the severity of the natural disasters increased and a lot more
people were being affected.

4.1 Check for Independence assumption

We assumed that the annual occurrences are independent of each other as with
is the case with annual impact. We also assumed that the occurrences and impact
are independent of each other. We can observe that the scatter plots 2,3 and 4
indicate that there is no serious violation of these assumptions (Figures 2-4).

4.2 Detection of heavy-tailed behaviour

The statistical methods used in this project rely on the heavy-tailedness of the
underlying distribution. We observed that the data is right skewed as the mean is

Figure 1.
Distribution of Natural Disasters in Kenya in the period: 1964–2018.

Figure 2.
Scatter plot of Annual Occurrence.
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Figure 4.
Scatter plot of Annual Occurrence against Annual Impact.

Figure 3.
Scatter plot of Annual Impact.

Figure 5.
Mean Excess Plot.
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greater than the median (Table 1), indicating that the underlying distribution has a
long tail. We will further investigate this by plotting the empirical mean excess
function against different threshold values. We test the assumption using an
empirical mean excess plot.

An upward trend in the mean excess plot indicates heavy-tailed behaviour, as
explained in Section 4.2. From Figure 5, we can observe a general upwards trend in
the graph, except for the area between one million and two million.

To get more conclusive results, we also plot an exponential Q-Q and observe the
pattern of the points in relation to the straight line. Heavy-tailed behaviour will be
indicated by a convex departure from the straight line as explained in Section 4.2.
Shorter tailed-distribution will have a concave departure and if the data are a
sample from an exponential distribution, the points should be approximately linear.

We can observe the convex behaviour of the exponential Q-Q plot in Figure 6.
Thus, we can conclude that the underlying distribution is heavy-tailed.

5. Threshold selection

Having proved that the underlying distribution is heavy-tailed, we now select a
threshold, above which the distribution of the impact is approximated by the GPD.
We will use the techniques provided in Section 3.3 to estimate the appropriate
threshold. First, we plot the mean excesses for each value of 200 different thresh-
olds across the whole dataset, against their corresponding thresholds, with a signif-
icance level of 0:05. The goal is to find the lowest threshold such that the graph is
linear with increasing thresholds, within uncertainty.

The mean residual life plot in Figure 7 looks like a straight line right from the
beginning except at the very right end. The plot suggests that the threshold should
be between zero and around 250, 000.

The threshold selection can be carried out more carefully through a parameter
stability plot. Recall that if the threshold is too low, the assumption underlying the
GPD will be violated. On the other hand, if the threshold is too high, we will have
too few observations to effectively fit the distribution. Given that natural disasters
can be regarded, as extreme and rare events, we will limit the range of the threshold
to within the upper and lower quantiles of the impact dataset: 0≤ v≤ 250, 000,
which is surprisingly in alignment to the values indicated by the mean excess plot.
The resulting range of the number of exceedance is then 13 and 42. Figure 8 shows

Figure 6.
Exponential Q-Q plot.
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Figure 7.
Mean residual Life Plot.

Figure 8.
Parameter Stability Plot.

Figure 9.
Gertensgarbe Plot.
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the plot the MLE estimates for the parameters of the GPD against their 80
corresponding thresholds, within the range 0≤ v≤ 250, 000, together with a 95%
confidence intervals.

We can tell that the estimates of the shape parameter appear to be constant for
the whole dataset (when the threshold,v, is zero). The re-parametrized scale
parameter estimates on the other hand, seem to be stable beyond 50,000 but not so
beyond 225,000.

The information provided by these plots can however, be rather approximative.
The Gertensgarbe plot provides a more powerful procedure for threshold
estimation [24].

The cross point of the Gertensgarbe graph (Figure 9) is at the observation
numbered k ¼ 19, which corresponds to a threshold of 150,000. The null hypothesis

Statistic Value

k0 19

p-value 0.00014

threshold 150000

tail index 0.48507

Table 2.
Mann-Kendall Test Results.

Figure 10.
Q-Q Plot of GPD under different thresholds.
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that there is no change in the series of differences is rejected with a p-value less than
0.001 (see Table 2). Therefore, all the three techniques detect the threshold to be
between 0≤ v≤ 250, 000. The parameter stability plot estimates the threshold to be
50,000 and the Gertensgarbe plot 150,000. We will investigate the goodness-of-fit
of the GPD to each of the three cases.

Figure 10 shows that GPD fits the data best when we set the threshold at 50,000
and 150,000. The differences between the fit in the two cases also appears to be
very small. Since we want to have as many exceedances as possible, we choose the
threshold to be 50,000.

6. Distribution of the exceedances

Given a threshold of 50,000, we are interested in the distribution of the
excesses. The number of exceedances is 22, and Figure 11 shows the plot of the
kernel density estimates of the number and value of the exceedances.

The number of exceedances is assumed to be Negative-binomial-distributed. We
carry out a chi-squared test using the MLE estimates to test its goodness of fit:

Table 3 shows the output of the chi-squared test carried out using “fitdistrplus”
package in R. The p-value is greater than 0.01 hence, we fail to reject the null
hypothesis that the data follows a Negative binomial distribution.

In section 3, we saw that the distribution of the exceedances can be approxi-
mated by a GPD. We will test whether this theorem is justified in our dataset. We
use the “bootstrap goodness-of-fit test for the GPD” [25] provided in R package
“gPdtest. This test investigates the goodness-of-fit of the GPD, for cases where the
distribution is heavy-tailed (shape parameter ζ≥0) and non-heavy tailed (ζ<0).

Figure 11.
Density of the Exceedances.

Name Value

Ch–squared statistic 3.01

Degree of Freedom 2.00

Chi-squared p-value 0.22

Table 3.
Goodness of fit of Negative Binomial to the distribution of the number of Exceedances.
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Table 2.
Mann-Kendall Test Results.

Figure 10.
Q-Q Plot of GPD under different thresholds.
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that there is no change in the series of differences is rejected with a p-value less than
0.001 (see Table 2). Therefore, all the three techniques detect the threshold to be
between 0≤ v≤ 250, 000. The parameter stability plot estimates the threshold to be
50,000 and the Gertensgarbe plot 150,000. We will investigate the goodness-of-fit
of the GPD to each of the three cases.

Figure 10 shows that GPD fits the data best when we set the threshold at 50,000
and 150,000. The differences between the fit in the two cases also appears to be
very small. Since we want to have as many exceedances as possible, we choose the
threshold to be 50,000.

6. Distribution of the exceedances

Given a threshold of 50,000, we are interested in the distribution of the
excesses. The number of exceedances is 22, and Figure 11 shows the plot of the
kernel density estimates of the number and value of the exceedances.

The number of exceedances is assumed to be Negative-binomial-distributed. We
carry out a chi-squared test using the MLE estimates to test its goodness of fit:

Table 3 shows the output of the chi-squared test carried out using “fitdistrplus”
package in R. The p-value is greater than 0.01 hence, we fail to reject the null
hypothesis that the data follows a Negative binomial distribution.

In section 3, we saw that the distribution of the exceedances can be approxi-
mated by a GPD. We will test whether this theorem is justified in our dataset. We
use the “bootstrap goodness-of-fit test for the GPD” [25] provided in R package
“gPdtest. This test investigates the goodness-of-fit of the GPD, for cases where the
distribution is heavy-tailed (shape parameter ζ≥0) and non-heavy tailed (ζ<0).

Figure 11.
Density of the Exceedances.

Name Value

Ch–squared statistic 3.01

Degree of Freedom 2.00

Chi-squared p-value 0.22

Table 3.
Goodness of fit of Negative Binomial to the distribution of the number of Exceedances.
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Table 4 shows that the p-value in both cases is greater than 0.01. Hence, we
conclude that the exceedances do indeed follow a GPD.

7. Fitting the negative binomial-generalised Pareto compound extreme
value distribution

7.1 Parameter estimation

We now fit the proposed distribution to the Kenyan data on natural disasters
using MLE. We derived the log-likelihood function of the NB-GP CEVD in Section
7.1, and found that the function is not in closed form. Therefore, we will use
iterative methods to estimate the parameters.

First, we have to select an appropriate initial value for the parameter estimates.
These values represents the initial guess for the estimates. The parameters of the
NB-GP CEVD are supported at α>0, σ >0, 0< θ< 1, 0< a< 1 and ζ∈. We will
study how the choice of the starting value affects the parameter estimates by
choosing different starting points, within the support of the parameters.

From Table 5, we can observe how the starting values of the parameter esti-
mates significantly affects the estimates. To get more reliable estimates, we use
PWM estimates, as discussed in subsection X, to be the starting values. The fist five
sample PWMs are found to be:

p̂0 ¼ 2817753, p̂1 ¼ 2440020, p̂2 ¼ 2185841, p̂3 ¼ 1997587, p̂4 ¼ 1851745 (31)

The resulting system of equations is then:

σ

ζ
α

aθ
1� θ

� �ζ

B 1� ζð Þ, αþ ζð Þð Þ � 1:0

( )
¼ 2817753

σ

ζ
α

aθ
1� θ

� �ζ

B 1� ζð Þ, 2αþ ζð Þð Þ � 0:5

( )
¼ 2440020

(32)

Item P-value R-statistic

H�
0 : X has a GPD with negative shape parameter 0.0961 0.9581

Hþ
0 :X has a GPD with positive shape parameter 0.3874 0.9720

Table 4.
Goodness of fit test for GPD.

Parameter α θ σ ζ a

Starting Values 4.5 0.1 1 0.5 0.4

Estimates 24.2281 0.9228 0.9757 0.5039 0.3900

Starting Values 0.5 0.1 1 0.5 0.4

Estimates 3.3001 0.9898 1.8597 0.7754 0.9016

Starting Values 0.1 0.1 0.1 0.1 0.1

Estimates 0.5632 0.9781 0.2440 0.2226 0.3991

Table 5.
MLE estimates of the parameters using different starting values.
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( )
¼ 2185841

σ

ζ
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( )
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σ

ζ
α

aθ
1� θ

� �ζ

B 1� ζð Þ, 5αþ ζð Þð Þ � 0:2

( )
¼ 1851745

(33)

We use “nleqslv” package in R to solve the resulting system of non-linear
equations:

Using the values in Table 6 as the initial values, the MLE estimates of the NB-GP
CEVD distribution is [26]:

The likelihood function is also found to be �192:9873.

7.2 Goodness-of-fit tests

Next, we test the goodness-of-fit of the NB-GP CEVD to the data. We create a
sample of NB-GP CEVD with the parameters given in Table 7. Since this sample is
the basis of comparison, we create a large sample of size 10,000 to closely approx-
imate the distribution. Two-sample KS test and two-sampled AD test is then carried
out to test the null hypothesis that the two samples have the same distribution.

As observed in Table 8, the p-values in both tests are greater than 0.01. Thus,
we fail to reject the null hypothesis that the two samples come from the same
population at 1% level of significance. Alternatively, for the KS-test, we have:

d αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
nþm
nm

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0:5 ln 0:1ð Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10022
220000

r
¼ 0:3239 (34)

Parameter Estimate

α̂ 9,000,000

θ̂ 0.8509

σ̂ 0.2297

ζ̂ 0.8378

â 0.3836

Table 6.
Probability-weighted Moments Estimates.

Parameter Estimate Standard Error

α̂ 9,000,000 2.9659

θ̂ 0.0000178 —

σ̂ 1268.1920 0.0100

ζ̂ 1.2336 0.0111

â 0.4000 0.0341

Table 7.
Maximum Likelihood Estimates.
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Table 4 shows that the p-value in both cases is greater than 0.01. Hence, we
conclude that the exceedances do indeed follow a GPD.
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value distribution

7.1 Parameter estimation
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using MLE. We derived the log-likelihood function of the NB-GP CEVD in Section
7.1, and found that the function is not in closed form. Therefore, we will use
iterative methods to estimate the parameters.
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NB-GP CEVD are supported at α>0, σ >0, 0< θ< 1, 0< a< 1 and ζ∈. We will
study how the choice of the starting value affects the parameter estimates by
choosing different starting points, within the support of the parameters.

From Table 5, we can observe how the starting values of the parameter esti-
mates significantly affects the estimates. To get more reliable estimates, we use
PWM estimates, as discussed in subsection X, to be the starting values. The fist five
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We use “nleqslv” package in R to solve the resulting system of non-linear
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Using the values in Table 6 as the initial values, the MLE estimates of the NB-GP
CEVD distribution is [26]:

The likelihood function is also found to be �192:9873.

7.2 Goodness-of-fit tests

Next, we test the goodness-of-fit of the NB-GP CEVD to the data. We create a
sample of NB-GP CEVD with the parameters given in Table 7. Since this sample is
the basis of comparison, we create a large sample of size 10,000 to closely approx-
imate the distribution. Two-sample KS test and two-sampled AD test is then carried
out to test the null hypothesis that the two samples have the same distribution.

As observed in Table 8, the p-values in both tests are greater than 0.01. Thus,
we fail to reject the null hypothesis that the two samples come from the same
population at 1% level of significance. Alternatively, for the KS-test, we have:
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Probability-weighted Moments Estimates.

Parameter Estimate Standard Error

α̂ 9,000,000 2.9659

θ̂ 0.0000178 —

σ̂ 1268.1920 0.0100
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â 0.4000 0.0341
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The test-statistic

Dm,n ¼ 0:3010<0:3239 (35)

so we fail to reject the null hypothesis. We conclude that the data of natural
disasters in Kenya follow a NB-GP CEVD.

7.3 Prediction study

From the estimation results in Table 7, we can tell that the probability of
damages exceeding 50,000 in any year is approximately 0.4. We now want to
predict the expected maximum and minimum among those exceeding the threshold
in any year with different certainties as explained in section X.

Using Eq. (X), the minimum damage that is expected to be exceeded among
those exceeding the threshold with probability p, is predicted using:

x̂p ¼ 50000þ σ̂

ζ̂

âθ̂

1� θ̂
� �

1� pð Þ�1=α̂ � 1
� �

2
4

3
5
ζ

� 1

8<
:

9=
; (36)

The corresponding minimum equation, xp,among those exceeding 50000 that is
expected not to be exceeded at any given year under different probabilities can be
predicted using:

x̂p ¼ 50000þ σ̂

ζ̂

âθ̂
1� θ̂
� �

p�1=α̂ � 1ð Þ

" #ζ
� 1

8<
:

9=
; (37)

Using the parameter estimates in Table 7, the prediction results for p ¼
0:9, 0:95, 0:99, 0:995, 0:999 are given in Table 9.

The predicted maximum damage increases as the probabilities increase while the
predicted minimum damage decreases as the probabilities increase. In other words,
the range becomes larger at higher certainty levels. We can determine the accuracy
of the prediction by comparing the prediction results to the statistics of the
exceedances (Table 10). This can be done using two measures:

1.Absolute Error = Predicted Value - Actual Value

2.Relative Error = AbsoluteError
ActualValue

From Table 11, all the error measurements for the minimum values are positive,
suggesting that the predicted values are higher than the actual value. This implies
that the NB-GP CEVD tends to overestimate the minimum damage among the
exceedances in any given year. We can also observe how the relative minimum
error for the the minimum damage decreases as the probability increases.

Test statistic p-value

Kolmogorov–Smirnov 0.3010 0.0375

Anderson-Darling 2.8140 0.0346

Table 8.
Goodness-of-fit Test results.
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The Relative error is highest at 0,9 level of certainty and lowest at 0.999 certainty
level. So, accuracy of the predictions increases as the level of certainty increases.
Generally, the distribution performs well at predicting the minimum values of those
exceeding the threshold.

For the maximum values, the predicted values are lower than the actual values at
0.9 and 0.95 probabilities, and higher at p≥0:99. So, the proposed distribution
underestimates the maximum values at probability levels less than 0.95, and over-
estimates them at probability levels greater than 0.95. In addition, the relative
maximum errors are smaller when the predicted values are lower than the actual
ones, as compared to when they are greater. So, the distribution overestimates the
maximum values by a greater margin than it tends to underestimate. IN general, the
NB-GP CEVD performs poorly at predicting the maximum values of the damages
exceeding the threshold.

In overall, the absolute errors are smaller for the minimum values than the
maximum values. This implies that the NB-GPD CEVD performs better at
predicting the minimum values among those exceeding the threshold, than it does
for the maximum values.

8. Conclusions

The main goal for this research is to model the extreme damages in Kenya
resulting from natural disasters by considering both occurrence and the magnitude

Probability 0.9 0.95 0.99 0.995 0.999

Predicted Maximum
Value

2,788,420.00 6,689,195.00 49,35,2186.00 116,056,448.00 842,007,196.00

Predicted Minimum
Value

110,633.00 93,581.66 75,257.41 71,093.15 64,934.09

Table 9.
Prediction Results for Extreme Damages in Kenya.

Statistic Value

Minimum 60,340

Median 692,142

Mean 2,817,753

Maximum 23,331,469

Table 10.
Statistics of the Exceedances.

Probability 0.9 0.95 0.99 0.995 0.999

Absolute Error for the Minimum 50,293.000 33,241.663 14,917.407 10,753.149 4,594.092

Relative Error for the Minimum 0.833 0.551 0.247 0.178 0.076

Absolute Error for the Maximum �20,543,049 �16,642,274 26,020,717 92,724,979 818,675,727

Relative Error for the Maximum �0.880 �0.713 1.115 3.974 35.089

Table 11.
Prediction Accuracy for Extreme Damages.
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The test-statistic
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so we fail to reject the null hypothesis. We conclude that the data of natural
disasters in Kenya follow a NB-GP CEVD.

7.3 Prediction study

From the estimation results in Table 7, we can tell that the probability of
damages exceeding 50,000 in any year is approximately 0.4. We now want to
predict the expected maximum and minimum among those exceeding the threshold
in any year with different certainties as explained in section X.
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those exceeding the threshold with probability p, is predicted using:

x̂p ¼ 50000þ σ̂

ζ̂
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Using the parameter estimates in Table 7, the prediction results for p ¼
0:9, 0:95, 0:99, 0:995, 0:999 are given in Table 9.

The predicted maximum damage increases as the probabilities increase while the
predicted minimum damage decreases as the probabilities increase. In other words,
the range becomes larger at higher certainty levels. We can determine the accuracy
of the prediction by comparing the prediction results to the statistics of the
exceedances (Table 10). This can be done using two measures:

1.Absolute Error = Predicted Value - Actual Value

2.Relative Error = AbsoluteError
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From Table 11, all the error measurements for the minimum values are positive,
suggesting that the predicted values are higher than the actual value. This implies
that the NB-GP CEVD tends to overestimate the minimum damage among the
exceedances in any given year. We can also observe how the relative minimum
error for the the minimum damage decreases as the probability increases.

Test statistic p-value
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The Relative error is highest at 0,9 level of certainty and lowest at 0.999 certainty
level. So, accuracy of the predictions increases as the level of certainty increases.
Generally, the distribution performs well at predicting the minimum values of those
exceeding the threshold.

For the maximum values, the predicted values are lower than the actual values at
0.9 and 0.95 probabilities, and higher at p≥0:99. So, the proposed distribution
underestimates the maximum values at probability levels less than 0.95, and over-
estimates them at probability levels greater than 0.95. In addition, the relative
maximum errors are smaller when the predicted values are lower than the actual
ones, as compared to when they are greater. So, the distribution overestimates the
maximum values by a greater margin than it tends to underestimate. IN general, the
NB-GP CEVD performs poorly at predicting the maximum values of the damages
exceeding the threshold.

In overall, the absolute errors are smaller for the minimum values than the
maximum values. This implies that the NB-GPD CEVD performs better at
predicting the minimum values among those exceeding the threshold, than it does
for the maximum values.
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The main goal for this research is to model the extreme damages in Kenya
resulting from natural disasters by considering both occurrence and the magnitude
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of the events. The magnitude of the natural disasters was quantified in terms of the
total number of people affected. We use Excess over Threshold modelling, where
the extreme damages are identified as the points beyond a sufficiently high thresh-
old. The choice of the threshold significantly affects the parameter estimates, so we
use three methods to identify the threshold: mean excess plot, parameter stability
plot and Gertensgarbe and Werner plot. The threshold is found to be at 50,000.

In order to capture both the frequency and magnitude of the natural disasters,
we use Compound Extreme Value Distribution that was proposed by Liu et.al in
1980. We identify the distribution of the number of exceedances to be Negative
Binomial Distribution, while that for the magnitude of the exceedances is approxi-
mated by a GPD. We estimate the parameters of the CEVD using maximum likeli-
hood estimation. The log-likelihood function is not in closed form, so we use PWM
to determine the starting value for the iterations. We then carry out goodness-of-fit
tests using a two-sample Kolmogorov-Smrinov test and a two-sample Anderson-
Darling Test. We find that the NB-GP CEVD is a good fit for the data.

Finally, we carry out a prediction study for the NB-GP CEVD. The probability of
exceeding the threshold in any year is found to be 0.4. We also predict, with
different levels of certainty, the minimum and maximum values expected to be
exceeded and not to be exceeded, respectively in the event of the occurrence of an
extreme damage. We study the accuracy of these predictions by comparing the
predicted values to the actual maximum and minimum. We find that the proposed
distribution tends to overestimate the minimum damage at all the certainty levels.
On the other hand, the distribution tends to underestimate the maximum damage at
p<0:95 certainty levels, and overestimate them at p≥0:99 levels. Generally, we
find that the proposed distribution performs better at predicting the minimum
damages among those exceeding the threshold, than it does for the corresponding
maximum damages.

We conclude that the NB-GP CEVD is a good fit for the distribution of the
extreme damages resulting from natural disaster in Kenya. It performs better at
predicting the minimum value that is expected to be exceeded by extreme damages
as compared to maximum damages expected not to be exceeded.
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Chapter 17

Effects of Earthquakes on 
Buildings in the Ibero-Maghrebian 
Region
José Antonio Aparicio Florido

Abstract

The types of damage caused by earthquakes in buildings are closely related to 
the design and building techniques with which they have been built and the quality 
of the construction materials used. Most of countries with moderate to high seismic 
risk areas have implemented earthquake-resistant standards to prevent the collapse 
of buildings and minimize the severity of the damage. However, every new strong 
shake that occurs around the world reveals bad construction practices that could 
have been avoided, and the inadequacy or non-existence of earthquake-resistant 
standards aimed at reducing vulnerability to non-catastrophic levels. Based on 
the EMS-98 scale, in this chapter we will analyze three case studies of the Ibero-
Maghrebian region that have been using similar construction patterns with similar 
catastrophic results for buildings despite the different dates in which they occurred 
and the different earthquake-resistant standards: SW Cape St. Vincent earthquake 
of February 28, 1969; Al Hoceima earthquake of February 24, 2004; and Lorca 
earthquake of May 11, 2011.

Keywords: earthquakes, damage, buildings, standards, shear cracks,  
X-shaped cracks, plastic hinges, soft-story, vulnerability

1. Introduction

The Ibero-Maghrebian region comprises the southern part of the Iberian 
Peninsula, (including Andalusia, Murcia and Alicante) and North Africa from the 
Atlas range to the Mediterranean sea, bordering Tunisia to the east and the Atlantic 
coast of Portugal to the west, embracing Morocco and Algeria [1]. The seismicity 
of this region is characterized by the N-S to NW-SE convergence between Eurasian 
and Nubian plates [2]―with a possible rotational axis to the north of Canary 
Islands― and by the occurrence of shallow earthquakes (<30 km).

Along this area, between January 1, 1950 and December 31, 2019, 198 earth-
quakes of magnitude M≥5 took place and, of these, 42 shocks (21%) reached inten-
sities ≥VI (Table 1). The most destructive event was that of El Asnam (Algeria) on 
September 9, 1954 with intensity X-XI [3]. However, the largest earthquake in mag-
nitude was that of February 28, 1969 (Mw = 7.8), located in the Horseshoe Abyssal 
Plain, southwest of Cape St. Vincent [4]. This one caused a widespread destruction 
in Portugal, Spain and Morocco, and a moderate tsunami recorded in the tide gauges 
of Cascais (93.2 cm), Lagos (84.3 cm), Cádiz (28.4 cm) [5], La Coruña (12 cm), 
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Date Time Lat. Long. Depth 
(km)

Int. Mag. Epicenter

1950/04/20 17:19:14 339.000 21.000 — VI 5.1 M0 El-Gheicha.AL

1951/03/10 10:38:26 375.950 −39.750 15 VII 5.2 Mw Castillo de 
Locubán.SP

1951/05/19 15:54:26 375.670 −39.170 19 VII 5.3 Mw Castillo de 
Locubán.SP

1953/08/29 14:08:50 358.000 50.000 — IX 5.2 M0 Hodna.AL

1954/09/09 09:28:42 360.000 15.000 — X 6.0 M0 El Asnam.AL

1954/09/09 01:04:37 362.833 14.667 — X-XI 6.7 M0 El Asnam.AL

1954/09/10 05:44:05 366.000 13.000 — VIII 6.0 M0 Tenes.AL

1954/10/10 06:01:48 363.000 18.000 — VI 5.5 M0 Kerba.AL

1954/10/12 19:23:29 362.500 17.000 — VII 6.0 M0 Fodda.AL

1955/06/04 03:41:35 371.333 −36.467 5 VI-VII 5.1 M0 Armilla.SP

1956/04/19 18:38:54 371.917 −36.833 5 VII-VIII 5.0 M0 Purchil.SP

1956/08/16 02:09:40 369.100 −86.067 5 VI 5.0 M0 Gulf of Cádiz

1959/05/24 13:19:38 363.383 45.317 5 VIII 5.1 M0 Bordj Bou 
Arreridj.AL

1959/08/23 22:21:30 355.133 −32.267 20 VI 5.4 M0 South Alboran

1959/11/07 02:32:08 364.000 25.000 — IX 5.1 M0 Bou Medfa.AL

1960/02/21 08:13:33 356.517 42.500 5 VIII 5.5 M0 M’Sila.AL

1960/02/29 23:40:14 304.500 −96.167 — X 6.0 M0 Agadir.MR

1961/02/10 18:52:01 417.250 −61.967 — VI 5.2 M0 Zamora.SP

1964/03/15 22:30:26 361.317 −77.500 30 VII 6.2 MbLg Gulf of Cádiz

1965/01/01 21:38:26 357.000 45.000 — VIII 5.2 MbLg M’Sila.AL

1967/07/13 02:10:21 355.300 −0.1267 5 VII 5.0 MbLg Mascara.AL

1967/08/13 22:07:47 432.950 −0.6767 5 VIII 5.3 MbLg Navarrenx.FR

1969/02/28 02:40:32 359.850 −108.133 20 VIII 7.8 Mw SW Cape St. 
Vincent

1973/11/24 15:22:09 361.000 44.000 — VII 5.1 MbLg Mansourh.AL

1975/05/26 09:11:49 359.000 −176.000 — VI 6.7 MbLg Athlantic 
Ocean

1980/10/10 12:25:23 361.533 14.467 5 IX 6.5 MbLg Chlef.AL

1988/10/31 10:12:59 364.433 26.083 13 VII 5.4 MbLg Blida.AL

1989/10/29 19:09:14 367.483 24.333 5 VIII 5.7 MbLg Mediterranean-
Algeria

1989/12/20 04:15:05 372.250 −73.917 23 VI 5.0 MbLg Ayamonte.SP

1992/10/23 09:11:08 312.200 −43.567 7 VI-VII 5.3 MbLg Morocco

1992/10/30 10:44:01 314.117 −43.833 21 VII 5.1 MbLg Morocco

1993/12/23 14:22:35 367.800 −29.367 8 VI-VII 5.0 MbLg Berja.AL

1994/08/18 01:13:07 354.783 −0.1417 5 VII 5.7 MbLg Mascara.AL

1997/05/21 23:50:45 427.833 −72.583 13 VI 5.1 MbLg Triacastela.SP

2003/05/21 18:44:19 368.187 37.203 — IX-X 6.6 Mw Boumerdès.AL

2004/02/24 02:27:46 351.563 −39.841 — VIII 6.2 Mw Al Hoceima-
Tamassint.MR
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Chipiona (30 cm), Santa Cruz de Tenerife (0.17 cm) and Casablanca (120 cm) [6]. 
On the other hand, the shallowest earthquake (depth = 1.4 km) and the second 
most damaging in this list, with ≈15,000 dead and 70% of all new buildings ruined 
[7], was that of February 29, 1960 in Agadir (Morocco), considered as a moderate 
earthquake compared to its magnitude M0 = 6.0.

These initial considerations show us that the effects of earthquakes are not 
merely a proportional relationship between magnitude and intensity; moreover, 
there are some other parameters and more deterministic in terms of vulnerability, 
such as the distance from the epicenter to populated areas, the depth of the hypo-
center, the geological characteristics of the soils and, mainly, the quality of the 
buildings regarding to the construction techniques, pattern, materials and antiseis-
mic design, which is the subject of this chapter.

2. Method of analysis

To explain the effects of earthquakes on buildings using the same analysis 
criteria, we will use as reference the 1998 European Macroseismic Scale (EMS-98) 
[8], based on the MSK scale, consisting of twelve incremental levels of intensity in 
Roman numerals (I-XII) and six vulnerability classes identified by the first letters of 
the alphabet (A, B, C, D, E and F). The scale also distinguishes and describes four 
types of structures (masonry, reinforced concrete, steel and timber) of which we 
will focus on those of masonry and reinforced concrete (hereinafter, RC) without 
earthquake-resistant design (ERD), the most common in the Ibero-Maghrebian 
region. Both types of construction, masonry (non-engineered) and reinforced 
concrete (engineered), present a vulnerability class A, B or C; classes D, E or F, 
require the implementation of moderate or high ERD measures or the use of steel 
or timber as the main construction material, unusual within the study area. Here, 
as we will see later, the buildings share similar construction patterns and offer up 
the same level of resistance: vulnerability class A or B for masonry buildings, with 
the exception of those made of massive stone or ashlars (class C), and vulnerability 
class C for RC buildings. We will prove, for example, how a building of class A 
located in the Algarve (Portugal) is very similar in terms of construction pattern to 
another of equal vulnerability in Ait Kamra (Morocco); or how a building of class C 
in Lorca (Spain) can be damaged in the same way as a similar one in Al Hoceima.

With respect to the classification of damage, which is carried out by direct 
observation in the field, the EMS-98 scale considers five levels: grade 1, negligible 
to slight damage; grade 2, moderate damage; grade 3, substantial to heavy damage; 

Date Time Lat. Long. Depth 
(km)

Int. Mag. Epicenter

2004/12/04 10:29:59 349.796 −29.722 6 VI 5.0 Mw Hasssi Berkane.
MR

2006/03/20 19:44:23 366.736 55.604 — VII 5.1 Mw Bejaia.AL

2006/04/02 06:44:31 349.373 37.942 — VI 5.4 mb Bou Saada.AL

2008/02/01 07:33:41 368.223 35.288 12 VI 5.0 mb Boumerdès.AL

2011/05/11 16:47:26 377.175 −17.114 4 VII 5.1 Mw Lorca.SP

2016/01/25 04:22:01 356.004 −38.056 12 VI 6.3 Mw South Alboran

Table 1. 
Earthquakes felt with intensity ≥ VI in the Ibero-Maghrebian region between January 1, 1950 and December 
31, 2019. Source: Instituto Geográfico Nacional (IGN).
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located in the Algarve (Portugal) is very similar in terms of construction pattern to 
another of equal vulnerability in Ait Kamra (Morocco); or how a building of class C 
in Lorca (Spain) can be damaged in the same way as a similar one in Al Hoceima.

With respect to the classification of damage, which is carried out by direct 
observation in the field, the EMS-98 scale considers five levels: grade 1, negligible 
to slight damage; grade 2, moderate damage; grade 3, substantial to heavy damage; 

Date Time Lat. Long. Depth 
(km)

Int. Mag. Epicenter

2004/12/04 10:29:59 349.796 −29.722 6 VI 5.0 Mw Hasssi Berkane.
MR

2006/03/20 19:44:23 366.736 55.604 — VII 5.1 Mw Bejaia.AL

2006/04/02 06:44:31 349.373 37.942 — VI 5.4 mb Bou Saada.AL

2008/02/01 07:33:41 368.223 35.288 12 VI 5.0 mb Boumerdès.AL

2011/05/11 16:47:26 377.175 −17.114 4 VII 5.1 Mw Lorca.SP

2016/01/25 04:22:01 356.004 −38.056 12 VI 6.3 Mw South Alboran

Table 1. 
Earthquakes felt with intensity ≥ VI in the Ibero-Maghrebian region between January 1, 1950 and December 
31, 2019. Source: Instituto Geográfico Nacional (IGN).
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grade 4, very heavy damage or partial collapse; and grade 5, destruction or total 
collapse. Buildings with a grade of damage 1 to 3 do not result in structural or 
significant structural damage, being easy to repair and recover, while those of grade 
4 or 5 have severe or complete structural damage and are difficult or impossible to 
recover. In this scientific contribution we will explain these effects in detail based 
on three of the most destructive and best documented earthquakes recorded in the 
study area: southwest Cape St. Vincent, 1969; Al Hoceima, 2004; and Lorca, 2011.

3. Documentary sources

The analysis and description of damage from these selected seismic events is 
based on several documentary sources: available unofficial field reports, official 
reports from public authorities, photographs showing damage to buildings, and 
information provided by news agencies and newspapers.

In the case of the 1969 earthquake, our main source for the area of Portugal is 
the technical report carried out by the seismologist Mário de Vasconcelos Trêpa 
[9] and, for the case of Huelva (Spain), the official reports of Isla Cristina Town 
Council. Regarding the 2004 Al Hoceima earthquake, the analysis will be based 
on the field report made by the technical architect Patrick Murphy Corella [10]. 
Finally, with respect to the 2011 Lorca earthquake we will take as documentary 
source our own field report and photographs taken by emergency managers of the 
Instituto Nacional para la Reducción de los Desastres (IERD) [11].

4. The February 28, 1969 earthquake

The 1969 SW Cape St. Vincent earthquake took place on Saturday, 28th 
February, at 02.40.32 UTC (t0), and was located in the Horseshoe Abyssal Plain, 
coordinates 35.98° N 10.81° W, 200 km away to the SW of Cape Saint Vincent, with 
hypocenter at 20 km depth. Its high magnitude Mw = 7.8 (IGN) caused seismic 
waves to heavily shake Portugal, Spain, and Morocco. Moreover, this seismic event 
is associated with a reverse faulting between Azores and the Gulf of Cadiz in the 
western part of Africa-Eurasia plate boundary, which generated a moderate tsu-
nami recorded in several tide gauges, strongly damaging the Norwegian tanker “Ida 
Knutsen” while sailing in deep waters [12].

4.1 Effects in Portugal

4.1.1 Algarve: an example of bad behavior of buildings of vulnerability A or B

The greatest damage to buildings in Portugal was registered in the Algarve 
region, with total or partial collapses spread over different locations, amplified by 
the so-called site effect [13, 14], that is, the amplification of the seismic waves due 
to the geological characteristics of soils in superficial layers and the soil-structure 
interaction of buildings. Settlements built on younger tectonic formations, such as 
poorly consolidated alluvial soils, felt the shakes more strongly [15], increasing the 
vulnerability of traditional constructions made with extremely poor materials and 
techniques. Most of them had one or two floors supported on load-bearing walls 
made of fieldstone or adobe masonry bound with mud mortar, clay or without 
mortar. These external walls, quite thick and most often strengthened with double-
leaf shape (two walls facing each other, barely joined by a poor mortar), supported 
a gable roof made of wooden logs or struts under a bed of reeds covered with tiles 
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or zinc plates. Therefore, they must be classified as structures of vulnerability 
class A, and hence the effects in Castro Marim, Barão de São Miguel, Vila do Bispo, 
Bensafrim, Fonte de Louzeiros or Silves.

The damage reached greater severity and geographical extension within a radius 
of 50 km around Cape St. Vincent. In Silves, several houses collapsed, and lateral 
loads produced many shear cracks, overturning or toppling of load-bearing walls, 
corner failures and large cracks in the walls of the castle. Figure 1 shows shear 
cracks, with detachment of little pieces of plaster and partial toppling of external 
wall from the upper floor, after loss of connection and possible mutual pounding of 
adjacent buildings with roofs at different levels, in a three-story building of class B 
(grade 3). Bensafrim, 26 km from Silves and closer to Cape St. Vincent, was one of 
the towns hardest hit by the earthquake. More than twenty houses were destroyed 
and around forty suffered the typical damage of buildings of class A: loss of con-
nection between load-bearing walls, corner failure, overturning or toppling of 
external walls, detachment and fall of outer leaf, X-shaped or diagonal cracks, fall 
of plaster, and roof collapse. The primary school, recently built with RC (class C), 
had cracks in several parts (grade 3). An example of corner failure with partial roof 
collapse is described in Figure 2, which should be assessed as grade 4 in building of 
class A. The same description can be made for Odiáxere, a freguesia (municipality) 
of Lagos council, at the distance of 7 km from Bensafrim.

In Vila do Bispo, 8 km from Sagres, many houses of class A were partially or 
completely collapsed and turned into rubble (Figure 3), with a level of destruction 
similar to Bensafrim. Figure 4 shows an example of façade overturning pulling 
down the roof and causing a complete collapse of the structure (grade 5). In other 
photographs we can clearly observe damage of grade 3 in corner failures (Figure 5) 
and grade 4 in the toppling of external wall, seriously affecting the roof (Figure 6). 
Also, the upper body of the church tower of Nossa Senhora da Conceição, built with 
massive stone, ashlars and burnt clay/sand bricks showed a progressive X-shaped 

Figure 1. 
Silves, building of class B with damage of grade 3: (a) shear cracks with detachment of little pieces of plaster; 
(b) partial toppling of external wall. Source: IPMA.
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region, with total or partial collapses spread over different locations, amplified by 
the so-called site effect [13, 14], that is, the amplification of the seismic waves due 
to the geological characteristics of soils in superficial layers and the soil-structure 
interaction of buildings. Settlements built on younger tectonic formations, such as 
poorly consolidated alluvial soils, felt the shakes more strongly [15], increasing the 
vulnerability of traditional constructions made with extremely poor materials and 
techniques. Most of them had one or two floors supported on load-bearing walls 
made of fieldstone or adobe masonry bound with mud mortar, clay or without 
mortar. These external walls, quite thick and most often strengthened with double-
leaf shape (two walls facing each other, barely joined by a poor mortar), supported 
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or zinc plates. Therefore, they must be classified as structures of vulnerability 
class A, and hence the effects in Castro Marim, Barão de São Miguel, Vila do Bispo, 
Bensafrim, Fonte de Louzeiros or Silves.

The damage reached greater severity and geographical extension within a radius 
of 50 km around Cape St. Vincent. In Silves, several houses collapsed, and lateral 
loads produced many shear cracks, overturning or toppling of load-bearing walls, 
corner failures and large cracks in the walls of the castle. Figure 1 shows shear 
cracks, with detachment of little pieces of plaster and partial toppling of external 
wall from the upper floor, after loss of connection and possible mutual pounding of 
adjacent buildings with roofs at different levels, in a three-story building of class B 
(grade 3). Bensafrim, 26 km from Silves and closer to Cape St. Vincent, was one of 
the towns hardest hit by the earthquake. More than twenty houses were destroyed 
and around forty suffered the typical damage of buildings of class A: loss of con-
nection between load-bearing walls, corner failure, overturning or toppling of 
external walls, detachment and fall of outer leaf, X-shaped or diagonal cracks, fall 
of plaster, and roof collapse. The primary school, recently built with RC (class C), 
had cracks in several parts (grade 3). An example of corner failure with partial roof 
collapse is described in Figure 2, which should be assessed as grade 4 in building of 
class A. The same description can be made for Odiáxere, a freguesia (municipality) 
of Lagos council, at the distance of 7 km from Bensafrim.

In Vila do Bispo, 8 km from Sagres, many houses of class A were partially or 
completely collapsed and turned into rubble (Figure 3), with a level of destruction 
similar to Bensafrim. Figure 4 shows an example of façade overturning pulling 
down the roof and causing a complete collapse of the structure (grade 5). In other 
photographs we can clearly observe damage of grade 3 in corner failures (Figure 5) 
and grade 4 in the toppling of external wall, seriously affecting the roof (Figure 6). 
Also, the upper body of the church tower of Nossa Senhora da Conceição, built with 
massive stone, ashlars and burnt clay/sand bricks showed a progressive X-shaped 

Figure 1. 
Silves, building of class B with damage of grade 3: (a) shear cracks with detachment of little pieces of plaster; 
(b) partial toppling of external wall. Source: IPMA.
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Figure 2. 
Bensafrim, building of class A with damage of grade 4: (a) advanced corner failure and toppling of external 
wall with partial roof collapse; (b) loss of connection and drift between load-bearing walls; (c) generalized 
detachment of plaster. Source: IPMA.

Figure 3. 
Vila do Bispo, general overview: (a) loss of the outer leaf of load-bearing walls and detachment of plaster; (b) 
partial toppling of façade wall, pulling down part of the roof; (c) good behavior of a recent construction (class 
B); (d) simple overturning of a freestanding masonry wall; (e) adobe house without apparent damage. Source: 
IPMA.
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crack and fall of pinnacles [15], which means damage of grade 3 in buildings of class 
B. In summary, the traditional construction techniques based on adobe masonry 
and clay mortar showed a high vulnerability and weakness (Figure 7).

Several houses were totally collapsed in Sagres and many others suffered damage 
of grade 2 or 3 in buildings of vulnerability class A. In Figure 8, one single-story 
house with gable roof shows shear cracks, detachment of cornices and tiles, partial 
roof collapse, loss of connection between load-bearing walls and drift from the 
façade with risk of overturning (grade 3). Also, in Raposeira, 5 km east from Vila do 

Figure 4. 
Vila do Bispo, total collapse of building of class A made of mixed fieldstone and adobe masonry, mud or clay 
mortar and roof supported by wooden logs and bed of reeds (grade 5). See the doble-leaf shape on an interior 
load-bearing wall remaining standing. Source: IPMA.

Figure 5. 
Vila do Bispo, building of class A with damage of grade 3 due to loss of connection between load-bearing walls 
and corner failure (left). This two-story house was repaired and is currently in use (right). Sources: IPMA/
Google Earth.
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crack and fall of pinnacles [15], which means damage of grade 3 in buildings of class 
B. In summary, the traditional construction techniques based on adobe masonry 
and clay mortar showed a high vulnerability and weakness (Figure 7).

Several houses were totally collapsed in Sagres and many others suffered damage 
of grade 2 or 3 in buildings of vulnerability class A. In Figure 8, one single-story 
house with gable roof shows shear cracks, detachment of cornices and tiles, partial 
roof collapse, loss of connection between load-bearing walls and drift from the 
façade with risk of overturning (grade 3). Also, in Raposeira, 5 km east from Vila do 

Figure 4. 
Vila do Bispo, total collapse of building of class A made of mixed fieldstone and adobe masonry, mud or clay 
mortar and roof supported by wooden logs and bed of reeds (grade 5). See the doble-leaf shape on an interior 
load-bearing wall remaining standing. Source: IPMA.

Figure 5. 
Vila do Bispo, building of class A with damage of grade 3 due to loss of connection between load-bearing walls 
and corner failure (left). This two-story house was repaired and is currently in use (right). Sources: IPMA/
Google Earth.
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Bispo, a crack arose on the façade of the hermitage of Nossa Senhora de Guadalupe, 
running from the gable to the apex of the ogival arch of the entrance, from top to 
bottom, crossing the rose window [15]. This chapel dates from 14th century and 
was built with load-bearing walls made of massive stone, with pillars of ashlars 
embedded and supporting a ribbed vault built with the same material. The entire 
structure was reinforced with solid buttresses around the side walls and toothed 
ashlars in the corners; therefore, it should be assessed as damage of grade 2 in a 
building of vulnerability class C.

Figure 6. 
Vila do Bispo, building of class A with damage of grade 4: (a) loss of connection between load-bearing walls; 
(b) toppling of external wall; (c) collapse of roof made of wooden logs and bed of reeds. Source: IPMA.

Figure 7. 
Vila do Bispo, typical house of vulnerability class A built with raw materials: load-bearing walls made with 
adobe bricks, doors and windows with lintels, and wooden logs supporting a tiled roof over a bed of reeds. 
Source: Google Earth.
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A similar description could be made for Portimão, located 40 km to the east. 
According to Trêpa's report, this town was “undoubtedly, the most affected city 
in the whole territory”. However, there is no specific information of damage that 
would allow us to confirm this statement. Figure 9 shows the partial detach-
ment and toppling of the outer leaf of the external wall from the second floor of 
a two-story building of class B, with the subsequent fall of a cornice section and 
detachment of tiles (grade 3) due to a hammering effect between the wooden joists 
supporting the roof and the top of the load-bearing walls.

4.1.2 Fonte de Louzeiros: the maximum intensity in the whole macroseismic area

Fonte de Louzeiros is a small rural hamlet located 7 km at east of Silves. In this 
settlement of sixteen houses at the time, the most of buildings were total or partially 
collapsed. The earthquake caused all type of damage mentioned above: X-shaped 
cracks, corner failures, overturning of load-bearing walls and roof collapses; almost no 
house could be rebuilt. As an exceptional example, in Figure 10 we can see one of the 
few buildings left standing and showing the patched damage of a corner failure. About 
95% of these single-story buildings of vulnerability class A suffered damage of grade 5.

Some seismologists have assigned to this place intensity VIII, the maximum 
level of destruction in the whole macroseismic area [16], although other researchers 
extend this isosist, in general, to the Algarve region [4] or enclose it to the Cape St. 
Vincent and surroundings areas [9, 15, 17, 18]. But this particular case of Fonte de 
Louzeiros, with a total destruction of buildings of vulnerability class A, does not 
correspond to an area of intensity VIII but rather to intensity IX, or at least VIII-IX 
[19]. Therefore, it is consistent to raise the damage recorded in Fonte de Louzeiros 
to intensity VIII-IX, where “a bombing would not have been worse”, literally “wiped 
off the map”, as defined by the Diario de Lisboa on March 2, 1969.

4.1.3 Alentejo coast, Setúbal and Lisbon: the transition to vulnerability class C

Outside the Algarve region, the intensity of the damage decreases slightly, except 
along the Atlantic coast between Aljezur and Setúbal, where the effects reached 

Figure 8. 
Sagres, building of class A with damage of grade 3: (a) loss of connection of load-bearing walls with drift of 
façade, and (b) detachment of cornices and tiles with partial roof collapse. Source: IPMA.
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level of destruction in the whole macroseismic area [16], although other researchers 
extend this isosist, in general, to the Algarve region [4] or enclose it to the Cape St. 
Vincent and surroundings areas [9, 15, 17, 18]. But this particular case of Fonte de 
Louzeiros, with a total destruction of buildings of vulnerability class A, does not 
correspond to an area of intensity VIII but rather to intensity IX, or at least VIII-IX 
[19]. Therefore, it is consistent to raise the damage recorded in Fonte de Louzeiros 
to intensity VIII-IX, where “a bombing would not have been worse”, literally “wiped 
off the map”, as defined by the Diario de Lisboa on March 2, 1969.
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Sagres, building of class A with damage of grade 3: (a) loss of connection of load-bearing walls with drift of 
façade, and (b) detachment of cornices and tiles with partial roof collapse. Source: IPMA.
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Figure 9. 
Portimão, two-story building of class B with detachment and toppling of the outer leaf of the external wall on the 
second floor, due to a hammering effect between the wooden joists supporting the roof and the top of the load-
bearing walls (grade 3). The lack of shear cracks indicates a ground displacement from back to front. Source: IPMA.

Figure 10. 
Fonte de Louzeiros, building of class A rebuilt after the 1969 earthquake, showing the repair mark of a corner 
failure (dotted line). Inside the white circle is visible the red color of the clay used to join the adobe masonry. 
Source: Google Earth.
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intensity VII, or VI-VII in the Lisbon district. In São Teotónio, Longueira, Vila Nova de 
Milfontes, Cercal and Sines, midway between Cape St. Vincente and Setúbal, many 
houses of class A collapsed. The rural village of Longueira, completely built with the 
same construction techniques of the Algarve, was razed; and the same situation occurs 
in Vila Nova de Milfontes and Cercal, where only the RC buildings (class C) per-
formed well. In Odemira, partial roof collapse can be observed in buildings of class A 
(grade 4), due to the hammering effect of the wooden logs supporting the roof against 
the top of the load-bearing walls, to which they were not well anchored (Figure 11).

Compared to the previous locations, the city of Sines felt abnormally strong 
vibrations of soils, probably influenced by geological conditions and site effect. 
Some houses of class A or B total or partially collapsed (grade 4 or 5) and other 
buildings of class C as the City Hall, the church of São Salvador and the hospital 
suffered significant damage with fall of apparently non-structural elements. 
Further north along the coast, in Grândola, 38 km northeast, buildings of class B 
(simple stone) had a good behavior with some shear cracks and detachment of non-
structural elements (grade 1 to 3), but twenty houses of class A (adobe masonry) 
had to be rebuilt of demolished because of corner failures, overturning of load-
bearing walls, roof collapse and fall of plaster and cornices (Figure 12).

Finally, in Setúbal and Lisbon the structures of vulnerability A and B had been 
widely replaced a long ago by those of class C (monumental and RC buildings), 
contributing to a lower level of destruction. Even so, in Setúbal some old houses 
collapsed, and shear cracks arose everywhere. Ceramic shops were specially shaken, 
with high material losses of facilities and merchandise. The factory of Pinhal Novo, 
built of RC supporting structure with hollow clay floor slab blocks over RC beams 
(class C), became a mountain of debris (grade 5), due to the scarce rigidity of 
column-beam joints and the use of smooth steel rods (not corrugated) within the 
core of RC frames. The information available for Lisbon allows us to assess damage 
of grade 2 in buildings of class C and grade 3 for class B, with a lot of cars buried in 
rubbles by the fall of plasters, bricks, cornices, eaves, chimneys, balconies, windows 
and other non-structural elements form buildings of class C, with similar conse-
quences as we will see later when analyzing the 2011 Lorca earthquake.

Figure 11. 
Odemira, damage of grade 4 in adobe masonry house of vulnerability class A: (a) detachment of plaster; (b) 
partial roof collapse due to the strong pounding of wooden logs against the top of the load-bearing wall. Source: 
IPMA.
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(class C), became a mountain of debris (grade 5), due to the scarce rigidity of 
column-beam joints and the use of smooth steel rods (not corrugated) within the 
core of RC frames. The information available for Lisbon allows us to assess damage 
of grade 2 in buildings of class C and grade 3 for class B, with a lot of cars buried in 
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and other non-structural elements form buildings of class C, with similar conse-
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Figure 11. 
Odemira, damage of grade 4 in adobe masonry house of vulnerability class A: (a) detachment of plaster; (b) 
partial roof collapse due to the strong pounding of wooden logs against the top of the load-bearing wall. Source: 
IPMA.
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4.2 Effects in Spain

4.2.1 Severe damage limited to Guadiana/Guadalquivir strip

In Spain, as happened during the earthquake of November 1, 1755, the shocks 
were felt most strongly in western Andalusia, near the border with Portugal, along 
the strip between the rivers Guadiana and Guadalquivir. It is undoubtedly due to the 
increasing human settlement on young soils formed by sedimentary alluvial depos-
its from both rivers, tributaries streams and other intermediate rivers such as Tinto 
and Odiel. In the city of Seville, the seismic event caused a widespread partial fall 
of non-structural elements in buildings of class B or C (as in Setúbal, class A is not 
very representative, practically nonexistent) and moderate damage not higher than 
grade 3 to monumental buildings (class C) as La Giralda, Torre del Oro, Alcázar, 
Museum, Navy Command Headquarters, City Hall, Telefónica building, Post Office 
building and Cathedral.

However, in the western half of the province of Huelva, the level of damage was 
remarkably similar to that of the Algarve region, due to the analogy between the 
construction patterns, especially with regard to buildings of class B or monumental 
buildings of class C (adobe masonry structures were less common in this geographi-
cal area). About 274 buildings in the city of Huelva were damaged, 1 completely 
ruined and 18 partially collapsed. Several photographs published in newspapers 
allow us to diagnose grade 3 in residential buildings of class B and grade 2 and 3 in 
monumental buildings of class C (Cathedral, Iglesia de la Milagrosa, the Town Hall, 
etc.). In the surrounding villages little damage of grade 4 or 5 was recorded, with 
the exception of Ayamonte and Isla Cristina.

4.2.2 Widespread damage to buildings of class A and B in Isla Cristina

Isla Cristina and Ayamonte are two Spanish towns located in the province of 
Huelva, at the mouth of the Guadiana River, very near the border with Portugal just 
10 km from Castro Marim. Obviously, there was a very close relationship between 
the damage caused by the earthquake and the fact that both towns were settled over 

Figure 12. 
Grândola, damage of grade 4 in a house of class A (adobe masonry): (a) advanced corner failure not 
compromising the roof; (b) general detachment of plaster. Source: IPMA.
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sedimentary soils. In Ayamonte, a few houses that already showed a previous state 
of abandonment collapsed, and only were recorded a few cases of fall of beams and 
roofs, or cracks in some load-bearing walls and infill partitions. But in Isla Cristina, 
7 km away, damage of grade 4 and 5 was widespread.

The historical and archival reports provided to us by the Town Council of Isla 
Cristina ―unfortunately, there are no photographic documents― are not very 
descriptive in relation to the damaging effects in this place. Three expert teams that 
carried out the disaster evaluation limited their analysis to estimating that 65% of 
the total number of buildings in this municipality were damaged (≈ 350 houses), 
resulting 21 of them in partial or total collapse and completely uninhabitable (grade 
4 or 5). With this scarce official information available and based on the photos pub-
lished by the press, we can compare this level of destruction with this one observed 
in Bensafrim or Vila do Bispo, in the Algarve region, but in an area 130 km further 
away from the epicenter with respect to the Portuguese towns here mentioned. 
Therefore, the site effect is also evident in the Guadiana estuary.

4.2.3 Clocks

The earthquake took place in origin (t0) at 02.40.32 UTC (IGN), but P waves 
reached the seismographic stations of Spain and Portugal at different times depend-
ing of the epicentral distance (UTC): Lisbon, 02.41.20; Coimbra, 02.41.41; Porto, 
02.41.52; San Fernando, 02.41.30.5; Toledo, 02.42.07; Canarias, 02.42.08; Granada, 
02.42.09; and Barcelona, 02.43.10. In San Fernando we take as reference the record 
of the official seismic bulletin of the Real Observatorio de la Armada (ROA).

Just at 03.45 suddenly stopped the clocks of the City Halls of Cádiz, El Puerto de 
Santa María and the Compañía de Seguros building located in Plaza de Neptuno, 
Madrid. In Lisbon, the clock on the main façade of the Estação do Sul (railway sta-
tion) stopped at 03.44 local time (+1 UTC), although the time gap is probably due 
to a lack of synchronization between local and UTC time. In Huelva, the clock of 
the Catedral de la Merced stopped at 03.41 and in Palencia, 860 km from the epicen-
ter, the City Hall clock also stopped at 03:45, because the machinery had come out 
of its gear due to the strong motion. Surely this was the same cause that made all the 
other clocks to stop.

4.3 Effects in Morocco

The earthquake caused strong shakes in Marrakech, Safi, Casablanca, Tétouan, 
Rabat, Salé and Tangier, among other sites in Morocco. In Salé, two houses that 
already had a previous state of ruin collapsed, and in Rabat some houses in the 
surrounding area (class A) were ruined. However, in Agadir the earthquake had not 
been felt.

The available macroseismic data from Morocco is very scarce, mainly due to the 
coincidence of an episode of severe flooding caused by a powerful storm that left 
torrential rain, flash floods and rivers bursting their banks along the Atlantic coasts 
and in the Moroccan Atlas. In the region of Casablanca-Settat (formerly named 
Dukala-Abda) large areas of crop fields were flooded and affected by landslides, 
with three villages submerged under waters. In the city of Salé, a short distance 
north of Rabat, a house collapsed due to the riverine flooding of the river Bou 
Regreg, forcing the evacuation of its residents. In Kenitra, 35 km north of Rabat, the 
roads were cut by flooding and 100,000 hectares of crop fields were devastated by 
the rainfall. Also, 39 houses were washed away by the floodwaters 120 km north of 
Rabat, leaving some villages isolated. Further inland, in the middle of the Atlas, 95 
houses were left with water over rooftops. These widespread floods in much of the 
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sedimentary soils. In Ayamonte, a few houses that already showed a previous state 
of abandonment collapsed, and only were recorded a few cases of fall of beams and 
roofs, or cracks in some load-bearing walls and infill partitions. But in Isla Cristina, 
7 km away, damage of grade 4 and 5 was widespread.

The historical and archival reports provided to us by the Town Council of Isla 
Cristina ―unfortunately, there are no photographic documents― are not very 
descriptive in relation to the damaging effects in this place. Three expert teams that 
carried out the disaster evaluation limited their analysis to estimating that 65% of 
the total number of buildings in this municipality were damaged (≈ 350 houses), 
resulting 21 of them in partial or total collapse and completely uninhabitable (grade 
4 or 5). With this scarce official information available and based on the photos pub-
lished by the press, we can compare this level of destruction with this one observed 
in Bensafrim or Vila do Bispo, in the Algarve region, but in an area 130 km further 
away from the epicenter with respect to the Portuguese towns here mentioned. 
Therefore, the site effect is also evident in the Guadiana estuary.

4.2.3 Clocks

The earthquake took place in origin (t0) at 02.40.32 UTC (IGN), but P waves 
reached the seismographic stations of Spain and Portugal at different times depend-
ing of the epicentral distance (UTC): Lisbon, 02.41.20; Coimbra, 02.41.41; Porto, 
02.41.52; San Fernando, 02.41.30.5; Toledo, 02.42.07; Canarias, 02.42.08; Granada, 
02.42.09; and Barcelona, 02.43.10. In San Fernando we take as reference the record 
of the official seismic bulletin of the Real Observatorio de la Armada (ROA).

Just at 03.45 suddenly stopped the clocks of the City Halls of Cádiz, El Puerto de 
Santa María and the Compañía de Seguros building located in Plaza de Neptuno, 
Madrid. In Lisbon, the clock on the main façade of the Estação do Sul (railway sta-
tion) stopped at 03.44 local time (+1 UTC), although the time gap is probably due 
to a lack of synchronization between local and UTC time. In Huelva, the clock of 
the Catedral de la Merced stopped at 03.41 and in Palencia, 860 km from the epicen-
ter, the City Hall clock also stopped at 03:45, because the machinery had come out 
of its gear due to the strong motion. Surely this was the same cause that made all the 
other clocks to stop.

4.3 Effects in Morocco

The earthquake caused strong shakes in Marrakech, Safi, Casablanca, Tétouan, 
Rabat, Salé and Tangier, among other sites in Morocco. In Salé, two houses that 
already had a previous state of ruin collapsed, and in Rabat some houses in the 
surrounding area (class A) were ruined. However, in Agadir the earthquake had not 
been felt.

The available macroseismic data from Morocco is very scarce, mainly due to the 
coincidence of an episode of severe flooding caused by a powerful storm that left 
torrential rain, flash floods and rivers bursting their banks along the Atlantic coasts 
and in the Moroccan Atlas. In the region of Casablanca-Settat (formerly named 
Dukala-Abda) large areas of crop fields were flooded and affected by landslides, 
with three villages submerged under waters. In the city of Salé, a short distance 
north of Rabat, a house collapsed due to the riverine flooding of the river Bou 
Regreg, forcing the evacuation of its residents. In Kenitra, 35 km north of Rabat, the 
roads were cut by flooding and 100,000 hectares of crop fields were devastated by 
the rainfall. Also, 39 houses were washed away by the floodwaters 120 km north of 
Rabat, leaving some villages isolated. Further inland, in the middle of the Atlas, 95 
houses were left with water over rooftops. These widespread floods in much of the 
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Moroccan territory made communications difficult, and the authorities and rescue 
teams focused on the effects of the floods rather than the effects of the earthquake. 
As a consequence, under the impact of two natural phenomena at the same time 
and along de same disaster area, it is difficult to distinguish which damages are due 
to the floods, to the earthquake or to the combined effects of both episodes.

5. The Al Hoceima earthquake of February 24, 2004

The Al Hoceima earthquake of February 24, 2004 took place at 02:27:46 UTC, at 
coordinates 35.1563 N -3.9841 W, south of the Alboran Plain, in the Mediterranean 
Sea near the Strait of Gibraltar, with epicenter north of Tamassint (Morocco). The 
magnitude of this seismic event was Mw = 6.2 (IGN) and there are no data about its 
depth, so it is estimated that it must have been very superficial <5 km. To have an 
approximate idea of the superficiality and energy released, the main shock was fol-
lowed by more than 760 aftershocks over Mw>3 during the following two months.

5.1 The failure of traditional construction patterns

This earthquake hit the province of Al Hoceima, especially the city so named, 
the municipality of Imzourem and the villages of Ait Kamra and Izemmouren. The 
rural houses in this geographical area of Morocco, most of them of vulnerability 
class A, were built using the traditional construction pattern, very similar to those 
we have just highlighted in the most rustic areas of the Algarve, with more emphasis 
in Fonte de Louzeiros: single-story load-bearing walls made with unworked raw 
materials and unskilled masonry techniques, supporting a brittle roof of wooden 
logs in parallel under a bed of reeds tied together with rope or wire, all covered by 
a layer of water-repellent mortar and, occasionally, with a plastic film interposed 
acting as waterproof element (Figure 13a). The load-bearing walls were made up 

Figure 13. 
Ait Kamra, traditional house pattern: (a) partial collapse showing the doble-leaf load-bearing walls, 
fieldstone masonry bonded with mud mortar and roof of wooden logs and canes covered with a plastic film 
(blue) and layer of water-repellent mortar (grade 4, class A); (b) handmade joist of hollow bricks assembled 
with a single steel rod. Source: P Murphy.
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of two faces of field stone masonry (double-leaf) not anchored between them, and 
poorly bonded with high porosity and low adhesion mud mortar. The bending of 
the walls in both directions due to reverse horizontal forces caused the inner detach-
ment of the double-leaf masonry and the subsequent bowing, peeling, and over-
turning or collapse of the external skin. Shear cracks also caused widespread wall 
collapses and massive corner failures and fall of roofs, pulling down huge amounts 
of debris (Figure 14). The use of hollow bricks assembled with a single steel rod to 
form a handmade joist as reinforcing element for the roof did not provide greater 
rigidity or better connection between roofs and load-bearing walls (Figure 13b).

5.2 X-shaped damage, a seismic evidence

Regardless of the function of the walls (infill, load-bearing, retaining, etc.), type 
of building materials (adobe, stone, brick, gray concrete block…) and vulnerability 
class (A, B, C…), not all cracks should be exclusively interpreted as a result of 
seismic shaking. In general, wall cracks are caused by the effect of five recognized 
forces: tension, compression, bending, torsion, or shearing. But only when cracks 
have a diagonal shape it can be inferred that they have been generated by shear 
stress or a combined effect tension-shearing or bending-shearing. Shear or diagonal 
cracks may be due to earthquakes, but also―and most frequently―to a slope 
in the ground, poor foundations, landslide, soil composition (i.e., expansive clays), 
geological conditions, etc., which can lead to subsidence or settlement processes.

In April 2019, during a brief field visit to the Roman ruins of Baelo Claudia 
(Tarifa, Spain), an ancient city where some geologists have believed to find evi-
dence of great destruction caused by a sequence of earthquakes between the 1st and 
3rd centuries BC, we certainly observed shear cracks in the summa cavea of the the-
atre, bowing of a load-bearing wall in a vomitorium arch, and expulsion of voussoirs 
in another arch near the parascenium that looked like piano keys shifted (Figure 15). 
We can firmly state that these structural damages were not induced by earthquakes 
because they occurred after the reconstruction works of this archeological site 
carried out in the 1980s and without seismic events to justify them. Rather, these 

Figure 14. 
Ait Kamara, corner failure pulling down the roof slab (grade 4, class A). Source: P Murphy.
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effects can be explained by the instability and slope of the ground, as well as a bad 
combination between the weight of the structure, the insufficient foundations, and 
the progressive and slow landslide.

A single shear crack only proves the existence of a one-way displacement force. 
However, X-shaped cracks are unmistakable signs of lateral and reverse forces 
that result in a very characteristic diagonal crack pattern. The best candidates are 
earthquakes due to the effect of S-waves and surface waves, particularly Love waves, 
which transmit loads in opposite directions. In Al Hoceima, this type of damage is 
found in any vulnerability class buildings (A, B or C). Figure 16 shows a very striking 
case, where the X-shaped damage completely surrounds the load-bearing walls on the 
ground floor of a four-story residential building of vulnerability class B in Imzourem 
(grade 3). There are no shear cracks on the upper floors, which is a clear indication 

Figure 15. 
Baelo Claudia, roman ruins (theatre): bowing of a vomitorium wall (left) and expulsion of voussoirs near the 
parascenium (right), which show a tensile stress in the direction of the slope. Source: J A Aparicio.

Figure 16. 
Imzourem, X-shaped damage completely surrounding the load-bearing walls on the ground floor of a four-story 
residential building of vulnerability class B (grade 3). Source: P Murphy.
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of a soft-story damage, which will be discussed later. X-shaped cracks are sometimes 
blurred by the loss of outer leaf or toppling of the external walls (Figure 17).

The effects of this diagonal tension cracking are also common in infill walls of 
RC structures where, except in case of collapse, are clearly visible. They spread 
from lower to upper floors, with a more severe impact on the ground floor after 
receiving the loads of seismic shaking. In this case, the positive aspect is that these 
infill walls are not structural elements, unlike in buildings of class A or B, and must 
be assessed as damage of grade 3 in buildings of vulnerability class C, unless the RC 
frame structure has been seriously damaged. When X-shaped cracks cross external 
infill walls located between discontinuities or openings arranged for windows and 
doors, and the location and depth of these cracks coincide with a RC frame column 
that ends up being damaged, it can result in a very characteristic type of damage 
called “short column” or “captive column” (Figure 18). This effect is caused by the 
modification of the expected proportional distribution along the column body of its 
deformation ability under the influence of lateral loads [20], due to a partial confin-
ing of RC frames and a lesser stiffness of a free portion of the column less supported 
by partitioning brickworks. The consequence is a shorter column that concentrates 
most of the shear stress, i.e., a major part of the column ductility is lost.

Figure 17. 
Examples of X-shaped damage clearly visible in a single-story class A house (above) and blurred by loss of 
outer leaf in a four-story residential block (below). Source: P Murphy.
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5.3 Bad practices in RC frames and soft-story damage

The housing blocks in Al Hoceima were conceived on the basis of a wrong construc-
tion pattern very widespread throughout the Ibero-Maghrebian region, with some par-
ticularly distinctive features. The partial and total collapse of grade 4 and 5 observed in 

Figure 18. 
Imzourem, short column effect in a three-story residential block of vulnerability class C (grade 4). On the 
right, a detail of the damage is shown. Source: P Murphy.

Figure 19. 
Alhucemas, soft-story failures: (a) tilting of RC frames on the ground floor; (b) soft-story damage with clear 
X-shaped crack on the infill wall; (c) collapse of ground floor due to a previous soft-story damage. Source: P 
Murphy.
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RC structures are due to several key defects for the results. The use of non-corrugated 
steel rods in the vertical and horizontal elements of RC frames is one of the most 
important errors, because it does not prevent the rebar from sliding inside the concrete 
core; the longitudinal steel rebars were thick enough to support the weight and height 
of the structure but not the lateral deformations and bending from additional loads; 
and the stirrups were not hooked in the correct way to prevent the openning and 
separation from the steel mesh. Moreover, in the column-beam joints, the stirrups are 
placed at the same equidistance as in the rest of the column body, not providing the 
necessary rigidity to prevent it from plastifying when the columns are forced to tilting.

But the most damaging and characteristic construction pattern of the 2004 Al 
Hoceima earthquake is undoubtedly the soft-story failure. The distribution of the 
residential buildings was as follows: four or five floors high, densely partitioned in 
upper flats by interior infill walls embedded between the RC frames and a ground 
floor less partitioned or completely diaphanous for use as garage in most cases or 
as small stores. These walls help to stiff the RC frames, reducing the bending of 
the columns under horizontal displacements of the structure. In areas of moderate 
to high seismic risk, the upper floors, which are highly rigidized, perform like an 
unique and solid block that sends all the elastic stress to the ground floor frames. As 
a consequence, the conections between the column heads on the first floor and the 
slab on the second floor come under load. If the column-slab joint is not reinforced 
with the stirrups needed, the column would be excesively bended, producing a type 
of failure called “plastic hinge“ [21]. As a consequence, irreversible tilting of the 
structure or collapse can occur (Figure 19a), transferring the damage in many cases 
to the upper floors, due to the strong impact during the fall (Figure 19c).

6. The Lorca earthquake of May 11, 2011

The epicenter of the Lorca earthquake (Spain) of May 11, 2011, Mw = 5.1 (IGN), 
was located about 4.5 km from downtown and was preceded by another less violent 
event of Mw = 4.5, widely felt one hour and 45 minutes before the main shock. The 
very short distance, shallow depth of the hypocenter (5 km) and geological condi-
tions such as soft soils and, probably, progressive subsidence due to the massive 
exploitation of aquifers in the Guadalentín Valley, caused or increased a widespread 
and rough damage not precisely to the most vulnerable structures of class A or B, 
but to monumental and, mainly, residential buildings of class C which, as in the 
case of Setúbal, had been replacing traditional construction patterns. Two buildings 
collapsed and in the following weeks and months almost 1,164 houses and 45 indus-
trial facilities and warehouses had to be demolished, with unrecoverable structural 
damage. The two collapsed buildings were the church of Santo Domingo (class C, 
but of low resistance) and a four-story residential block of RC frames (three hous-
ing floors and basement for garage), that had been evacuated after the first shaking.

This seismic event in a relatively modern city with a majority presence of RC 
structures is a powerful evidence that moderate earthquakes of magnitude M<6 can 
cause a great destruction and that the failure of non-structural elements can also 
lead to catastrophic consequences. In this case study of seismic behavior of build-
ings, we will only focus on the effects on class C residential buildings.

6.1 The absence or inadequacy of earthquake-resistant standards

Since the adoption of RC structure as the most widespread construction prac-
tice, four earthquake-resistant national standards have been approved in Spain: 
1968, 1974, 1995 and 2002. The continuous updating of these legal provisions in a 
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5.3 Bad practices in RC frames and soft-story damage

The housing blocks in Al Hoceima were conceived on the basis of a wrong construc-
tion pattern very widespread throughout the Ibero-Maghrebian region, with some par-
ticularly distinctive features. The partial and total collapse of grade 4 and 5 observed in 

Figure 18. 
Imzourem, short column effect in a three-story residential block of vulnerability class C (grade 4). On the 
right, a detail of the damage is shown. Source: P Murphy.

Figure 19. 
Alhucemas, soft-story failures: (a) tilting of RC frames on the ground floor; (b) soft-story damage with clear 
X-shaped crack on the infill wall; (c) collapse of ground floor due to a previous soft-story damage. Source: P 
Murphy.
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placed at the same equidistance as in the rest of the column body, not providing the 
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to high seismic risk, the upper floors, which are highly rigidized, perform like an 
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of failure called “plastic hinge“ [21]. As a consequence, irreversible tilting of the 
structure or collapse can occur (Figure 19a), transferring the damage in many cases 
to the upper floors, due to the strong impact during the fall (Figure 19c).

6. The Lorca earthquake of May 11, 2011

The epicenter of the Lorca earthquake (Spain) of May 11, 2011, Mw = 5.1 (IGN), 
was located about 4.5 km from downtown and was preceded by another less violent 
event of Mw = 4.5, widely felt one hour and 45 minutes before the main shock. The 
very short distance, shallow depth of the hypocenter (5 km) and geological condi-
tions such as soft soils and, probably, progressive subsidence due to the massive 
exploitation of aquifers in the Guadalentín Valley, caused or increased a widespread 
and rough damage not precisely to the most vulnerable structures of class A or B, 
but to monumental and, mainly, residential buildings of class C which, as in the 
case of Setúbal, had been replacing traditional construction patterns. Two buildings 
collapsed and in the following weeks and months almost 1,164 houses and 45 indus-
trial facilities and warehouses had to be demolished, with unrecoverable structural 
damage. The two collapsed buildings were the church of Santo Domingo (class C, 
but of low resistance) and a four-story residential block of RC frames (three hous-
ing floors and basement for garage), that had been evacuated after the first shaking.

This seismic event in a relatively modern city with a majority presence of RC 
structures is a powerful evidence that moderate earthquakes of magnitude M<6 can 
cause a great destruction and that the failure of non-structural elements can also 
lead to catastrophic consequences. In this case study of seismic behavior of build-
ings, we will only focus on the effects on class C residential buildings.

6.1 The absence or inadequacy of earthquake-resistant standards

Since the adoption of RC structure as the most widespread construction prac-
tice, four earthquake-resistant national standards have been approved in Spain: 
1968, 1974, 1995 and 2002. The continuous updating of these legal provisions in a 
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relatively very short period of time shows that the heavy damage caused during the 
succesive seismic events occurred in this country with intensities ≤VII (Table 2), 
have highlighted the inadequacy of each previous earthquake-resistant standard. 
All of them have been imposing more rigorous technical requirements and guide-
lines for the construction of new buildings and major rehabilitation works but have 
not prevented structures built under the previous rules from being exposed to the 
risk of collapse or seismic damaging. In addition, the rule currently in effect also do 
not guarantee the absence of damage to new buildings raised after the effective date 
of the law and only aims to avoid the immediate collapse of the structures.

Date Time Lat. Long. Depth 
(km)

Int. Mag. Epicenter

1950/04/04 03:06:22 433.000 −60.000 — VI 4.6 MD Teverga

1950/05/02 07:37:46 381.500 −13.333 — VI 4.0 MD Archena

1950/07/01 12:19:44 371.000 −25.333 — VI 3.8 MD Gergal

1951/03/10 10:38:26 375.950 −39.750 15 VII 5.2 MD Castillo de 
Locubín

1951/05/19 15:54:26 375.670 −39.170 19 VII 5.3 MD Castillo de 
Locubín

1953/09/28 21:41:10 411.333 −15.833 — VII 4.7 MD Used

1954/01/08 16:33:50 369.333 −38.833 — VII 4.2 MD Arenas del 
Rey

1955/11/27 20:30:08 373.017 −24.583 5 VI 4.1 MD Bayarque

1956/04/19 18:38:54 371.917 −36.833 5 VII-VIII 5.0 MD Purchil

1956/04/22 15:56:14 372.800 −36.100 5 VI 3.7 MD Calicasas

1956/04/29 14:54:29 371.833 −36.833 — VI — Albolote

1956/05/03 01:03:43 373.867 −35.967 5 VI 4.3 MD Iznalloz

1956/05/14 09:57:32 371.833 −36.833 — VI — Albolote

1956/06/05 11:41:24 371.717 −70.983 5 VI 4.2 MD Punta Umbría

1956/08/16 02:09:40 369.100 −86.067 5 VI 5.0 MD Golfo de 
Cádiz

1958/01/16 15:13:38 381.000 −0.6000 — VI — Guardamar 
del Segura

1958/02/05 10:18:25 384.583 −0.7350 5 VI 4.7 MD Petrer

1958/06/18 14:24:17 389.000 −15.250 10 VI 4.3 MD Hoya-Gonzalo

1958/12/22 02:48:16 381.833 −11.167 — V-VI 4.0 MD Fortuna

1959/08/23 22:21:30 355.133 −32.267 20 VI 5.4 MD Alborán Sur

1960/06/01 06:18:54 380.967 −0.9117 5 VI 4.4 MD Redován

1960/11/14 20:10:26 370.283 −53.283 5 VI 4.5 MD Pruna

1960/12/05 21:21:47 356.900 −66.217 5 VII 4.9 MD Golfo de 
Cádiz

1961/02/10 18:52:01 417.250 −61.967 — VI 5.2 MD Zamora

1961/09/03 23:33:13 419.333 −20.833 — VI-VII 4.6 MD Aguilar Río 
Alhama

1962/05/03 23:27:22 438.850 −70.150 5 VI 4.3 MbLg Cantábrico
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Date Time Lat. Long. Depth 
(km)

Int. Mag. Epicenter

1963/01/19 20:50:29 382.167 −10.500 — VI 3.3 MbLg Abanilla

1964/01/29 01:47:53 370.583 −36.233 5 VI 3.7 MbLg Dílar

1964/03/15 22:30:26 361.317 −77.500 30 VII 6.2 MbLg Golfo de 
Cádiz

1964/06/09 02:33:35 377.367 −25.667 5 VII 4.8 MbLg Galera

1964/09/09 09:39:45 370.850 −36.200 5 VII 4.3 MbLg Otura

1967/08/03 00:34:13 383.567 −12.883 5 VI 3.9 MbLg Jumilla

1969/02/28 02:40:32 359.850 −108.133 20 VIII 7.8 Mw SW Cape St. 
Vincent

1970/03/14 15:48:09 424.800 16.800 — VI 4.3 MbLg Ílles de 
Cerdanya

1972/03/16 21:31:32 374.200 −22.450 5 VII 4.8 MbLg Partaloa

1976/09/26 04:29:20 388.867 −0.5933 5 VI 4.0 MbLg Aielo de 
Malferit

1977/06/06 10:49:12 376.450 −17.283 9 VI 4.2 MbLg Lorca

1979/01/16 00:55:16 428.883 −71.517 80 VI 3.6 MbLg Becerreá

1979/03/20 21:53:56 371.633 −38.017 5 VI 4.1 MbLg Chimeneas

1979/06/19 03:55:53 371.483 −35.967 5 VI 3.2 MbLg Cájar

1979/06/20 00:09:06 372.483 −34.917 60 VI 4.5 MbLg Beas de 
Granada

1979/07/30 00:55:25 371.133 −36.733 5 VI 3.7 MbLg Alhendín

1979/07/31 21:43:20 371.167 −36.033 5 VI 3.9 MbLg Gójar

1979/11/25 01:56:27 368.650 −37.733 5 VI 3.4 MbLg Lentegí

1979/12/18 05:47:34 428.883 −71.633 20 VI 4.2 MbLg Becerreá

1980/11/11 10:59:46 378.333 −52.150 5 VI 4.1 MbLg Hornachuelos

1988/08/20 13:03:03 372.067 −37.667 2 V-VI 3.9 MbLg Chauchina

1989/12/20 04:15:05 372.250 −73.917 23 VI 5.0 MbLg Ayamonte

1991/08/14 10:32:08 387.550 −0.9600 2 VI 4.1 MbLg Caudete

1993/12/23 14:22:35 367.800 −29.367 8 VI-VII 5.0 MbLg Berja

1995/11/26 05:39:40 380.383 −12.700 2 V-VI 4.1 MbLg Alguazas

1995/11/29 23:56:28 428.167 −73.033 9 VI 4.6 MbLg Triacastela

1995/12/24 14:29:21 428.600 −73.150 15 VI 4.6 MbLg Baralla

1997/05/21 23:50:45 427.833 −72.583 13 VI 5.1 MbLg Triacastela

1999/02/02 13:45:17 380.963 −15.014 1 VI 4.7 MbLg Mula

2005/01/29 07:41:32 378.535 −17.555 11 VII 4.8 Mw Aledo

2011/05/11 15:05:13 377.196 −17.076 2 VI 4.5 Mw Lorca

2011/05/11 16:47:26 377.175 −17.114 4 VII 5.1 Mw Lorca

2016/01/25 04:22:01 356.004 −38.056 12 VI 6.3 Mw Alborán Sur

Table 2. 
Earthquakes felt with intensities VI to VII in Spain between January 1, 1950 and December 31, 2019. Note that 
earthquakes of magnitude M < 5 can also cause effects of intensity VII in direct relation to the shallowness. 
Source: Instituto Geográfico Nacional (IGN).
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relatively very short period of time shows that the heavy damage caused during the 
succesive seismic events occurred in this country with intensities ≤VII (Table 2), 
have highlighted the inadequacy of each previous earthquake-resistant standard. 
All of them have been imposing more rigorous technical requirements and guide-
lines for the construction of new buildings and major rehabilitation works but have 
not prevented structures built under the previous rules from being exposed to the 
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In Lorca, most of the damaged RC housing blocks had been built in three dif-
ferent construction periods: before the first anti-seismic standard of 1968, during 
the period from 1968 to 2002, and after 2002 standard, in use on the date of this 
earthquake. But none of these technical rules devoted enough extension to deal with 
the coupling conditions of non-structural elements, with the consequences that 
will be discussed below. The first RC housing blocks in Lorca began to be built from 
the early 1950s onwards, in a period of time marked by the international blockade 
and economic situation of autarchy (self-production) of the Spanish government 
after the Second World War. Faced with the impossibility of importing raw materi-
als, steel rebars of low quality and scarce quantity were used for the two essential 
elements of RC frames: beams and columns. In fact, several patents were developed 
in Spain to create RC beams containing up to only two steel rebars [22].

However, although it seems difficult to explain, older RC buildings did not 
suffer a greater damage than those built after the 2002 standard. In Figure 20 
we can appreciate slight shear cracks in the façade of pre-1968 RC buildings, not 
showing apparent structural damage or deformations of RC frames on the ground 
floor, despite the lower stiffness due to the lack of infill walls (grade 3, class C). 
Paradoxically, in Figure 21 we have the complete collapse of the four-story resi-
dential block mentioned above, built during the transition period to the 2002 
earthquake-resistant standard. This means that improving rules does not always 
implies improving resistance.

6.2 The hazard of non-structural elements

The typical design of residential buildings in Lorca is formed by a RC support-
ing structure (columns and beams) and double-leaf external walls separated by an 
inner cavity, used as thermal insulation, filled with expanded polystyrene sheets. 
The internal wall is made of hollow brick, and the external wall of unplastered solid 
red brick. This external panel was not confined into the RC frame, but externally 
attached with mortar to the structure, acting rather as cladding or load-bearing 
wall and not properly as infill wall. In addition, the two brick walls were not tied 
together with any kind of coupling element, and the lack of plaster, which serves as 
cohesive mesh and grip for the bricks, provided less resistance to the external face.

The 2011 Lorca earthquake caused nine fatalities due to the fall of these non-
structural elements from façades (Figure 22) and the evident cause-effect rela-
tionship led to a conclusion that became an axiom: non-structural elements also 

Figure 20. 
Lorca, shear cracks in pre-1968 RC buildings of class C (grade 3). There is apparently no evidence of structural 
damage, and on the ground floor (left) the columns forming an evident soft story have no sign of tilting. Source: 
IERD.
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kill [23]. This damage took place in several steps: (1) formation of shear cracks in 
the infill walls caused by cyclic reverse movements of the ground due to seismic 
shaking; (2) detachment and drift of external walls from RC frames; (3) bend-
ing and fall of cladding and external walls. Figure 23 shows the different types 
of damage here described: shear cracks cause the detachment and loss of stone or 
marble cladding and the toppling of the outer leaf of the masonry wall, made in 
this case with hollow bricks (grade 3, class C). After the collapse of the wall, the 
expanded polystyrene sheets are exposed outside the inner cavity of insulation. The 
drift between brick infills, with no connecting elements between them, is also clear. 
However, there are no shear cracks in the cantilever plaster at the top of the building 
entrance, which proves the high vulnerability of the infill wall design. The same 
situation occurs in Figure 24, at a moment prior to the external wall detachment, 
appearing X-shaped cracks by reversal of shear forces.

The lateral loadings were stronger in ground floors, due to the same widespread 
and wrong conception of structural design exposed in the case of Al Hoceima: the 

Figure 21. 
Lorca, complete collapse of RC residential building (grade 5) designed under the earthquake-resistant standard 
prior to the 2002 standard: (a) the three slabs are completely collapsed without any gap to allow survival; (b) 
plastic hinges and overturning in the direction of the slope of the street; and (c) plastic hinge in the adjacent 
building caused during the collapse, wedging against the base of the column. Source: IERD.
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Figure 20. 
Lorca, shear cracks in pre-1968 RC buildings of class C (grade 3). There is apparently no evidence of structural 
damage, and on the ground floor (left) the columns forming an evident soft story have no sign of tilting. Source: 
IERD.
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kill [23]. This damage took place in several steps: (1) formation of shear cracks in 
the infill walls caused by cyclic reverse movements of the ground due to seismic 
shaking; (2) detachment and drift of external walls from RC frames; (3) bend-
ing and fall of cladding and external walls. Figure 23 shows the different types 
of damage here described: shear cracks cause the detachment and loss of stone or 
marble cladding and the toppling of the outer leaf of the masonry wall, made in 
this case with hollow bricks (grade 3, class C). After the collapse of the wall, the 
expanded polystyrene sheets are exposed outside the inner cavity of insulation. The 
drift between brick infills, with no connecting elements between them, is also clear. 
However, there are no shear cracks in the cantilever plaster at the top of the building 
entrance, which proves the high vulnerability of the infill wall design. The same 
situation occurs in Figure 24, at a moment prior to the external wall detachment, 
appearing X-shaped cracks by reversal of shear forces.

The lateral loadings were stronger in ground floors, due to the same widespread 
and wrong conception of structural design exposed in the case of Al Hoceima: the 

Figure 21. 
Lorca, complete collapse of RC residential building (grade 5) designed under the earthquake-resistant standard 
prior to the 2002 standard: (a) the three slabs are completely collapsed without any gap to allow survival; (b) 
plastic hinges and overturning in the direction of the slope of the street; and (c) plastic hinge in the adjacent 
building caused during the collapse, wedging against the base of the column. Source: IERD.



Natural Hazards - Impacts, Adjustments and Resilience

322

soft story effect. In this construction pattern, the upper floors are more partitioned 
for residential use than the ground floor, commonly used for open-plan commercial 
premises, garage, or other purposes. Given this so unbalanced stiffness distribution, 
the building performs like a rigid block that swings over RC frames of the ground 
floor, resulting in shear cracks, corner failure, X-shaped or diagonal cracks, partial 
or complete overturning of infill walls or, in the worst case, plastic hinges that do 
involve structural damage.

Figure 23. 
Lorca, shear cracks caused the detachment and loss of stone cladding and the toppling of the outer leaf of the 
brickwork wall (grade 3, class C). Source: IERD.

Figure 22. 
Lorca, debris fallen on vehicles and sidewalk. The center of the street is free of danger. In Lorca, people died 
while walking or looking for protection near the façades. Source: IERD.
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6.3 Miscalculations lead to catastrophic results

The only collapsed building in Lorca was designed under the earthquake-
resistant standard of 1995. Following the technical requirements of this regula-
tion, the RC frames, columns and beams, were reinforced by four longitudinal 
steel bars enclosed by vertical stirrups placed at regular intervals, including the 
column-beam or column-slab joints. In addition, the stirrup ends were bent at 90°, 
without forming a hook around the longitudinal rebars. In Figure 25a–c, each RC 
column is made up of four longitudinal steel rebars and stirrups with 90° hooks 
(Figure 25d). The 1994 earthquake-resistant standard required four rebars per 
column in areas with expected gravity acceleration values <0.16 g and eight rebars 
per column in areas with acceleration ≥0.16 g (m/s2). The maximum estimated 
value for the municipality of Lorca was 0.12 g; therefore, the collapsed building 
studied here, built in 2001, fulfilled the construction requirements at the time. 
Afterwards, the 2002 standard reduced to 0.12 g the acceleration value needed to 
force the implementation of eight rebars per column, but it was too late. Obviously, 
this building ―and many others of similar design― had used inadequate 
construction parameters that were to be approved the following year, stablishing 
stricter technical requirements more consequent with the behavior of RC frames 
under acceleration values ≥0.12 g.

As said above, the effective acceleration value was 0.37 g, that is, three times 
higher than the value for which the structure had been engineered. With this 
level of vulnerability, these RC structures, with four rebars per column arranged 
for maximum accelerations of 0.12 g, would hardly have been able to withstand 
the effective accelerations of 0.37 g without suffering severe damage. The design 
miscalculation of RC frames was 2/3 lower than the real value. If initial calcula-
tions had been overestimated, the damage would have been considerably reduced; 
but reinforcing structures with steel material means a significant increase in 
 construction costs.

Several photographs taken in the affected area show the difficulty of the 
RC frames in other residential buildings to resist the violence of the horizontal 

Figure 24. 
Lorca, loss of stone cladding, fall of window lintel and X-shaped crack on external wall about to fall down. 
Source: IERD.
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forces. As an example of better structural behavior, in Figure 26 we can observe a 
complete damage in a double-leaf infill wall in a housing block with overturning 
of internal and external faces, but without apparent cracks in the RC frame and 
with no signs of plastic hinges or deformation in the column-beam joint (grade 
3, class C). On the contrary, in Figure 27 the loss of cladding allows us to clearly 
appreciate the occurrence of shear cracks at the base of the column-beam con-
nection of the second floor, implying in all cases a moderate structural damage. 
It is due to the much more stiffness of the slab, which overloads the column 
resistance by sending all the energy of horizontal forces to the column base, not 
reinforced with an adequate seismic-resistant design. This damage, although less 
frequently, is not exclusive to the column-beam or column-slabs joints and can 
also occur in the middle body of the column (Figure 28), especially in case of 
short-column effect.

The damage to the column-beam joints of RC frames is consequence of the lack 
of steel reinforcement at the coupling node. As shown in Figure 25, the stirrups 
have a regular equidistance along the column as in the beam-column joints; as a 
result, the RC structure plastifies. A greater number of stirrups in the coupling 
node, progressively reducing the distance between them towards the intersec-
tion core, would increase the structure resistance and distribute the displacement 
energy along the full length of the columns, not transferring all the cyclic reversal 
of loads to the column-beam joints (Figure 25f). In addition, in areas with a moder-
ate to high level of seismicity the stirrups should be anchored to the longitudinal 
rebars, overlapping 135° hooks [24] to avoid the opening of the closed-loop and 

Figure 25. 
Lorca, details of the RC residential block collapsed in Lorca, showing the four-rebar cores of beams and 
columns: (a) and (b) show the regular equidistance between the stirrups near the column-beam joints; (c) 
beam with similar arrangement of rebars; (d) drawing of the four-rebar longitudinal distribution used in this 
building with stirrup ends bent at 90°; (e) more adequate design for seismic resistance, with eight rebars and 
stirrup bent at 135°; (f) correct way to reinforce the RC column-beam joints. Source: IERD.
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outward bending of the rebars (Figure 25e). The Turkish Earthquake Code 2007 
and Indian Standard IS13920-1993 are two examples of the implementation of these 
earthquake-resistant requirements.

Figure 26. 
Lorca, complete overturning of double-leaf wall with overturning of both brickwork faces, but without 
apparent cracks in the RC frame. Source: IERD.

Figure 27. 
Lorca, cracks in the column-beam base suggest the incipient formation of a plastic hinge. The loss of cladding is 
due to a hammering effect with the adjacent building. Source: IERD.
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7. Conclusions

After the occurrence of earthquakes it is necessary to carry out a detailed field 
report, taking all the detailed photographs possible, to document and analyze the 
behavior and vulnerability of buildings according to the magnitude, distance and 
depth of the seismic event, in relation to the construction techniques used in the 
past and the adequacy of the current construction standards. The reconstruction 
of a territory severely affected by earthquakes cannot be planned using the same 
wrong techniques or with the standards in force that have demonstrated its inad-
equacy. Otherwise, a future earthquake with identical or higher parameters will 
again cause the same level of destruction.

For a resilient and sustainable reconstruction of devastated areas, a thorough 
review of the earthquake-resistant building standards and construction require-
ments is needed, aiming to ensure the resistance of structures to the higher stresses 
expected in the macroseismic area. A more precise seismic microzonation for 
smaller sectors is also required to get accurate structural strength calculations; the 
case of Lorca studied in this chapter shows that within the same city considered as 
a whole within the same level of seismic acceleration, specific points can undergo 
much greater accelerations, probably due to geological anomalies or discontinui-
ties of the ground. Lessons learned like the ones we have discussed in this chapter 
should help to avoid repeating the same errors in other places. For this reason, it 
will be necessary to rethink whether the current construction patterns are a good 
example of good practices, whether they require a modification or reinforcement 
of the structural design, or whether they should be changed by other patterns more 
consistent with seismic activity in the area. It is also very important to note that 
the increase in costs of implementing earthquake-resistant systems in buildings 
will normally be much less than the volume of economic losses caused by earth-
quake damage.

Figure 28. 
Lorca, X-shaped cracks in infill walls and loss of concrete in the middle body of the RC column suggest a soft 
story effect. Source: IERD.
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It is evident that the buildings designed under previous or obsolete constructive 
standards will continue to be vulnerable even when reinforcement works are carried 
out, so it would be a good preventive task to carry out or review the seismic vulner-
ability maps, identifying the construction patterns used in each point of the map, 
their level of vulnerability and types of possible damage here described. It is also 
very important that the population be aware of the behavior of each type of struc-
ture in each city or neighborhood where they live, and customize the recommenda-
tions to the public on how they should respond during and after an earthquake at 
each time and place. Finally, it should be said that no country is exempt from being 
affected by a seismic disaster and therefore we must continue making efforts to 
increase the buildings resistance. Because inadequate construction patterns can 
be repeated and many buildings are exposed to the risk of collapse in very large 
geographic areas that can encompass several countries, it would be a great oppor-
tunity to improve earthquake-resistant designs by applying the goals of the 2030 
Agenda, especially the goal 11 “cities”, to significantly reduce the number of deaths 
and people affected, and substantially decrease the direct economic losses caused 
by disasters.
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Figure 28. 
Lorca, X-shaped cracks in infill walls and loss of concrete in the middle body of the RC column suggest a soft 
story effect. Source: IERD.
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