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Preface

This book is based on the contributions of several authors and is an attempt to describe the
roles human activities play in causing geohazards. Human activities can directly cause geo-
hazards and result in loss of life and property. Human activities can also indirectly cause
geohazards through man-made climate change. This book discusses examples of geoha-
zards, their history, and their formation process. The book emphasizes and differentiates the
direct roles and indirect roles—through climate change —human activities can have in caus-
ing various geohazards. In the end, the risk of these man-made geohazards and the risk as-
sessment are discussed.

Each chapter keeps the authors’ notations that thus vary from chapter to chapter. These au-
thors notations have been maintained to reduce unintended confusion and errors. Readers
should be aware of this variation.

Section 1

The topic for Chapter 1 of this book has specifically been selected to showcase the historic
extent of geohazard caused by human activities. Chapter 1 studies an ancient case of man-
made geohazard that has occurred in the City of Pompeii, a famous ancient city in Southern
Italy. Before Pompeii was finally demised by the Plinian eruption in the 79 AD, the city was
hit by two alluvial mass flows that damaged the city.

These volcanoclastic deposits emplaced during volcanically quiescent phases of the Somma-
Vesuvius volcano were transported and channelized along stream beds. Some of these ex-
tended to the immediate proximity of Capua Gate, at the northern side of Pompeii. Human
activities played a role when and where an artificial canal was built to supply water to the
City of Pompeii. The canal path continued toward Vesuvius Gate and, then, toward the Villa
of Mysteries. The first flood deposits, released from hyperconcentrated slumps and debris
flows, were not transported through the artificial canal and affected a wide area of the Sarno
Plain. The second flood was caused by the canal’s limited width and produced severe dam-
age in the archaic city. Later, the third flood event caused severe damage in the northern
part of the city. The geological data prove that where human activities are not designed
properly, the water, a resource, can in some cases turn into the cause of a geohazard.

Chapter 2 relates to geohazards caused by mining activities. The chapter presents a method-
ology to analyze geohazards in the form of large-spread landslides caused by mining activi-
ties. This methodology is examined in a case study at coal mine “Suvodol” near the town of
Bitola in the Republic of Macedonia. Various phases of the landslide from initiation to global
instability and reactivation are studied. This landslide geohazard also leads to a secondary
geohazard in the form of mass movements of coal at the toe of the landslide. There was a
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tertiary hazard due to environmental unfriendly gases produced due to the partial self-
burning of coal at the toe of the landslide. This shows a series of direct and indirect natural
and man-made geohazards caused by human activities. The suggested methodology can
serve as an example for possible use in geohazards occurring in coal mining.

Chapter 3 discusses various types of geohazards induced by human activities in the King-
dom of Saudi Arabia (KSA). The chapter identifies main types of human-induced geohazard
formations, distribution, causes, and impacts, illustrated through several case studies in the
KSA. Examples of these geohazards include recent land subsidence and resulting earth fis-
sures, sinkholes, effect on expansive soils, and flash floods, causing significant life and prop-
erty loss. The main human activities discussed in this chapter are groundwater extraction,
infrastructure development, and agricultural activities. The chapter then provides more de-
tails about a human-induced geohazard in the form of earth fissures and sinkhole.

Section 2

The aim of Chapter 4 is to study the relation between rainfall and landslide occurrence in
South Korea. Downscaling a regional climate model (RCM) from the global climate model
(GCM) based on Intergovernmental Panel on Climate Change (IPCC) A1B scenario was em-
ployed in this chapter to develop a model to predict future rainfall. In Chapter 4, to provide
a quantitative correlation between rainfall and landslide occurrence, data on rainfall and
landslides in Korea in the 2000s were analyzed. The correlation was studied between the
occurrence of landslides and daily, accumulated, and maximum hourly intensity of rainfall
volume. Thus, high-risk daily rainfall and its duration are then discerned. Thereafter, the
annual average rainfall and its increase during 1971 to 2010 due to climate change and the
effect on rainfall are studied. The development of downscaling method using GIS and verifi-
cation using observed data as a method to reduce the uncertainty of future climate change
projection are studied at the end of this chapter.

Chapter 5 studies the indirect changes in the scale and impact of geohazards caused by glob-
al warming and environmental change, which indirectly relate to human activities. Exam-
ples are Typhoon Morakot in 2009 and Tohoku earthquake and resulting tsunami in Japan
in 2011. Chapter 5 emphasizes the importance of hazard management to manage risk and
fully understand critical scenarios.

The International Federation of Red Cross (IFRC) and Red Crescent Societies have identified
technological or man-made hazards as events that are caused by humans and that occur in
or close to human settlements. These hazards include environmental degradation, pollution,
and accidents. In this chapter, three case studies of accidents caused by man-made geoha-
zards in Taiwan are studied: a highway in southern Taiwan, a freeway in northern Taiwan,
and an airport runway in the Taoyuan International Airport. The causes and impacts of
these incidents are described to provide lessons about management of man-made hazards.

Section 3

Chapter 6 emphasizes on the damage and risk aspects of geohazards more than the generat-
ing process of geohazards. Some of the discussed aspects are the often neglected damage
evaluation and oversimplified prediction. This oversimplification results in poor under-
standing of risks and mistaking them with a mere expression of probability or likelihood of
geohazards.
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Chapter 6 will use numerous case studies to study technical glossary of risk, damages, cri-
ses, multidimensional consequence analysis, and definition of risk tolerance. This chapter
also focuses on ethical (geoethical) issues linked to geohazard caused by human activities,
mitigation decisions, and possible unintended consequences. This misperception of risks ex-
tends to private, public, corporate, and government entities. Geohazards cast a long and of-
ten misunderstood shadow on human activities, development, and survival. Hence,
understanding how to model geohazard consequences and their risks can help alleviate hu-
man and environmental suffering, resulting in sustainable development. The chapter con-
cludes with the root cause of odd human behavior causing risk as a survivor bias.

Dr. Arvin Farid
Civil Engineering, Boise State University,
United States
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Direct Manmade Geohazards







Chapter 1

The Water Supply System of Ancient Pompeii

(Southern Italy): From Resource to Geohazard

Maria Rosaria Senatore, Maddalena Falco and

Agostino Meo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64413

Abstract

Pompeii, a famous ancient city in the southern Italy, was finally demised by the Plinian
eruption in the 79 AD, but, long before it was hit by two alluvial mass flows that
damaged the city. These pre-79 AD volcaniclastic deposits had been emplaced by
avalanches, slumps, and associated debris flows (secondary lahars) during volcanically
quiescent phases of the Somma-Vesuvius volcano. These deposits were transported and
channelized along stream beds. Some of these extended to the immediate proximity of
Capua Gate, at the northern side of Pompeii, where an artificial canal was built to supply
water to the city. The canal path continues toward Vesuvius Gate and then, toward Villa
of Mysteries. The flood deposits were released from hyperconcentrated slumps and
debris flows. The first flood event, not transported through the artificial canal, took place
before the foundation of the city (764 BC) and has affected a wide area of the Sarno Plain.
The second one, occurred during the fourth century BC, was caused by the canal’s
limited width and produced severe damage in the archaic city. Instead, the third flood
event occurred in 170 BC and caused severe damage in the northern part of the city. The
geological data prove that the water, as resource, in some cases can turn into a
geohazard.

Keywords: geological stratigraphy, sedimentology, water supply, artificial canal, flood
event, ancient Pompeii

1. Introduction

Pompeii, a famous ancient city in the Southern Italy, is located southeast of Naples in the Sarno
Plain at the base of the Somma-Vesuvius volcano and about 2 km from the present Tyrrhenian

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N
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coastline (Figure 1). The Sarno Plain is part of the Campania Plain, a wide Plio-Pleistocene
tectonically depressed area (graben) bounded by Mesozoic and Cenozoic carbonate mountains.
The graben is partially filled by alluvial, transitional, and marine deposits that are interbedded
with pyroclastic deposits mainly from the eruption of the Somma-Vesuvius [1]. The geography
and the development of land and population of the Campania Plain have all been conditioned
by the volcanicactivity [2—4]. The Late Pleistocene and Holocene volcanicactivity of the Somma-
Vesuvius is characterized by catastrophic Plinian and sub-Plinian eruptions, followed by inter-
Plinian and quiescence phases [5-8]. During the settlement of Pompeii, the volcanic activity was
weak or absent and the population ignored how danger was the area.

CAMPANIA PLAIN

Figure 1. Location map of the Campania Plain — Gulf of Naples. Pompeii, other population centers, and geographic
features are showed.

Pompeii was founded at the end of the seventh century BC by the Oscans, a population from
central Italy [9, 10]. The town was built on a lava flow or on a separate volcano [11] associated
with eruptive events of the Somma-Vesuvius.
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Long before its major destruction by the well-documented earthquake in 62 AD [12, 13], and
its final demise from the Plinian eruption in 79 AD (called the Pompeii eruption; e.g., [14-17]),
Pompeii was damaged by two alluvial mass flows [18, 19]. These pre-79 AD volcaniclastic
deposits had been emplaced by avalanches, slumps, and associated debris flows (secondary
lahars) during volcanically quiescent phases of the Somma-Vesuvius volcano [20]. These
deposits were transported and channelized along stream beds, some of which, extended to the
immediate proximity of the northern wall of the city. Nowadays, there are no obvious rivers
that would indicate how gravity flows would have reached into the walled city, but there is a
stream, named Conte Sarno Canal, extending from the base of the Pizzo D’Alvano Mount
(1133 m elevation; Figure 1) about 15 km to the northeast from Pompeii. On the northeastern
side of the city, the stream shows a large bend (meander) due to the sudden change of the
topographic relief occurred as a result of the barrier caused by the lava mound upon which
Pompeii was built. The stream originally flowed from the Avella Mountains (Figure 1) and,
during the Samnite occupation of the city (V-IV century BC), was associated with springs
located at the base of the Pizzo D’ Alvano ridge [21]. Borehole data collected northwest of the
city indicate that a fluvial system reached Pompeii outside of Capua Gate (Figure 2). Accord-
ing to [18], the fluvial system was an artificial branch of the Conte Sarno Canal that was diverted

Cipmiim Gale Nala Gale

Vesuvius Gato Sarno Gate
5 i

Villa af the
i My=teries

Legend: b
@ Fxcavation Marion Gate %

*‘ Guand Tower
I Castellum Aguae

* Wateraheel

B Unexcaved Arca

Figure 2. Archaeological area of Pompeii. The archaic part of the city and other archaeological features are showed and
the position of archaeological excavations and of unexcavated areas is located. The numbers correspond to the topo-
graphic elevation.
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toward west and had most likely been excavated to supply the city with water. It was con-
structed by Samnites as evidenced from the modifications performed along the path of Conte
Sarno Canal discovered by [21].

This chapter has two aims: the first is to show the characteristics and the path of the artificial
canal discovered to the north of Pompeii, which provided water to the city; the second is to
detail the flood units by new borehole data carried out in the south of the ancient city.

Previously the historians studying Pompeii have long suggested that the city’s water needs
were derived from the Sarnus River (modern Sarno River; Figure 1), the largest fluvial system
in the area [22-24]. However, nowadays, the modern Sarno channel is positioned to the
southeast and south of Pompeii, and the meandering course of the ancient Sarnus River and
its delta, identified by analysis of the sediment collected in boreholes, was located at least 1 km
south and southwest of the ancient city walls [18, 24-29]. Moreover, the elevation pattern within
the city shows that Capua and Vesuvius gates are both positioned at highest elevations
(Figure 2). Therefore, they occupy strategic points for distribution of the city’s water supply.
It was from here that water of the artificial canal, entering into the city, discharged by gravity,
was able to activate three water wheels (Figure 2) located at the edge of the archaic city [30,
31]. However, this artificial canal was also very dangerous because it had been the cause of
two of three floods that led to extensive damage to the city. In fact, Senatore et al. [18] have
identified, both within the city and outside it, three units referred to debris-flow deposits dated
between the eighth and the second century BC. These mass flows are interpreted as having
been triggered primarily by intense rains and channelized via the stream that once extended
from high reliefs toward Pompeii and, then, through the artificial canal that reached the city.
According to these authors, one of these events may have been partially responsible for urban
decline during the fourth century BC. New data on the characteristics and distribution of the
alluvial deposits related to the two more recent flood events will be analyzed. The interpreta-
tion of geological data will prove that a resource, the water, in some cases can turn out to be a
geohazard.

2. Water supply system and flood events

2.1. Method

The aim of the researches, carried out in the Pompeii territory since 1995, has been the
reconstruction of the paleo-landscape prior to the AD 79 Vesuvius eruption by means of
geological stratigraphy and facies analysis. As the studied area is strongly urbanized, about
100 continuous drill-cores were carried out. The detailed stratigraphy of sediments in these
drill-cores has been the base reference to re-interpret about 400 logs of older drill-cores. In this
chapter, the results of analyses of several boreholes recovered to the northwest (C in Fig-
ure 3), south, and inside of the city (F in Figure 3) are detailed.

Several archeological excavations in the city were analyzed (Figure 2 and S in Figure 3). An
electrical resistivity tomography (ERT) profile (TM1 in Table 1 and Figure 3) was recorded on
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the unexcavated front of a dig carried outside of Capua Gate (Figure 2) made by the Japan
Institute of Paleontological Studies of Kyoto [32]. The dig brought to light an artificial canal
and the TM1 ERT profile analyzed by [18] was made to obtain additional information on the
subsurface stratigraphic architecture.

Since 2013, four more ERT profiles were carried out (Table 1 and Figure 3) to reconstruct the
path of the artificial canal. The equipment included an MAE A3000E Georesistimeter. The
electrical-resistivity measurements recorded were processed through the inversion software
RES2DINV by GEOTOMO INTERNATIONAL. The Wenner-Schlumberger and dipole-dipole-
array methods were employed as a measure of resistance distribution; Res3DInv software was
used for data interpretation. Additional information on the geoelectric equipment and settings
used are available in two internal reports [33, 34].
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Figure 3. Position of: (C) boreholes passing through the channel units; (F) boreholes passing through flood units; (S)
excavations in the city; and (TM) electrical resistivity tomography (ERT) profiles. Section traces are also indicated.

Tomography Interelectrode spacing Electrode number Profile length Trending Maximum depth reached

™1 50m 24 115 m N350°E 20.0m
T™M2 19m 48 89.3 m N344°E 17.0m
T™M3 2.5m/5.0 m 72 182.5m N350°E 23.0m
T™M4 50m 24 115.0 m N340°E 22.5m
T™M5 25m 48 117.5m N330°E 23.0m

Table 1. Length, interelectrode spacing, electrode number and maximum depth below the modern topographic surface
reached by each TM profile are listed.
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Drilling of the cores was performed without the use of circulation fluid to better preserve
sedimentary structures, textures, and fabric. Macroscopic characters of the core sediment were
defined by a caliper for granules and pebble-size clasts while the grain-size of sand was
determined optically by using visual comparison charts. These also allowed to assess clast
rounding, sphericity, and sediment sorting. The sediment color was determined by means of
the Munsell Soil Color Charts [35], and the thickness of sediment units was defined accord-
ing to [36]. Selected samples were also analyzed and statistical parameters were even calculated
using standard methodologies [37, 38]. Graphic stratigraphic logs were plotted of each drill-
core examined.

The sediment cores and logs that constitute the geostratigraphic archive for the study area are
stored at the Laboratory of Applied Researches of the Soprintendenza Archeologica at
Pompeii.

The AMS radiocarbon analysis reported by Senatore et al. [18] is used to insert the identified
units in a chronostratigraphic framework. The base map of Figures 3 and 7 is an official
georeferenced topographic map produced at 1:5000 scale.

The geological interpretations were integrated with the available archeological information.

3. Results

3.1. Stratigraphic units to northwest of Pompeii

The stratigraphic units, identified in the boreholes carried out northwest of Pompeii (Fig-
ure 3), are composed mostly of volcaniclastic deposits both in primary deposition (eruptive
products) and secondary deposition (reworked deposits). Their thickness is from centimeters
to several meters, with a highly variable lateral distribution.

Seven stratigraphic units have been identified in a section trending northeast-southwest (from
A to B in Figure 3). From the topographic surface, they are (Figure 4):

- Ucl represents the deposition following the AD 79 eruption and consists of volcaniclastic
sand with brown clay matrix. Plant matter, especially roots, are present. In the upper unit, the
sediments are mixed with material linked to the human activity, mainly fragments of brick and
pottery. The thickness ranges from few centimeters to 3 m. The basal contact is always sharp.

- Uc2 represents part of the AD 79 eruption deposits and consists of two layers of pumice. The
first one is composed of gray pumice, several centimeters in diameter in a volcaniclastic fine
sand matrix. The second one is composed of white pumice, few centimeters in diameter. In
some cases, the gray and white pumice are mixed to form a single layer. The thickness of the
unit is from about 2 m to about 5 m.

- Uc3 represents the Roman and pre-Roman deposits and consists of brown coarse to fine well-
rounded volcaniclastic sand. Rounded pumice (few centimeters in diameter) and lapilli clasts,
and angular and subangular fragments of artifacts and of animal bones are found in this unit.
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Figure 4. Cross section (A and B) showing the stratigraphic architecture of the units that constitute the northern Pompeii
succession (position in Figure 3).

The character of the Uc3 deposits allows to define a fluvial channel and the Uc2 deposits as a
channel fill while the Ucl deposits cover the previous units hiding the preexisting morpholo-
gies.

- Uc4 is constituted by dark gray, coarse to very fine volcaniclastic deposits with rounded
centimetric pumice and lapilli clasts. These deposits are found in the C5 borehole, showing a
thickness of about 5 m, and in the C4 borehole with a thickness of 12 m. They are typical of
transitional environment and have been correlated to the well-known Bottaro ridge deposits
[18], cropping out southwest to the archeological site. They represent an ancient shoreline with
radiocarbon age of about 3600 yr/BP [39].

- Uc5 is composed of dark yellow, silty clay deposits with centimetric, rounded, gray pumice
and lava clasts. They are found in the C4 borehole with a thickness of about 10 m. The character
of the sediment, well known in other analyzed boreholes, allows the correlation to a marine
environment linked of the Messigno ridge deposits [18, 23], cropping out southeast to the
archeological site inland to the Bottaro ridge. Messigno ridge also represents an ancient
shoreline with radiocarbon age of about 5600 yr/BP [39].

The Messigno and Bottaro ridge deposits are found at higher elevations than those with the
same age studied in other tectonically stable areas. Significant Holocene ground movements
at Somma-Vesuvius area are in fact recorded [40-42].

- Uc6is constituted by very dark brown, silty clay deposits with weathered white pumice clasts,
some millimeter in size, and some remains of roots. This layer is a paleosol and is present at
the base of C4 borehole below the Messigno ridge deposits with a thickness of several
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centimeters, in the C1 borehole at the base of the Uc3 unit, and on the top of the Uc7 unit with
a thickness of 2 m. This is lacking in the C2 and C3 boreholes, probably due to an artificial
excavation.

- Uc7 is represented by the scoriaceous top of the lava layer that constitutes a morphological
high on which the ancient city was built. This unit is found in the C1 borehole where, below
the scoriaceous layer, the lava is present; while in the C2 borehole, the scoriaceous layer is just
reached. The Uc7 unit is considered the base of the northwestern Pompeii succession.

3.2. Electrical resistivity tomography profiles

Four electrical resistivity tomography (ERT) profiles were acquired to obtain additional
information on the subsurface paleogeography based on the water content in the sediment
referring to the resistivity values that are from about 10 ohms/m, indicating high humidity up
to water presence in the sediment, to 2900 ohms/m, indicating complete absence of water.

The profile trend is NNW-SSE (Figure 3). Table 1 shows the length, interelectrode spacing,
electrode number and maximum depth below the modern topographic surface reached by
each TM profile.
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Figure 5. Electrical resistivity tomography (ERT profiles; location in Figure 3) showing the characters of the artificial
canal (see text for detail) (TM1 modified from [18].

The TM1 profile shows two resistivity anomalies (AN1 and AN2), with resistivity values
ranging between 222 ohms/m and 129 ohms/m (Figure 5). These anomalies are interpreted,
respectively, as the levee and axis of an artificial canal since this profile was performed on the
unexcavated dig-front of an archeological excavation outside of Capua Gate (Figure 2) and
made to examine the subsurface beneath the 79 AD eruption deposits [18]. The archeological
excavation has revealed the presence of an artificial canal, which is in the coincidence of the
anomaly AN2 on TM1 of Figure 5, as there is a close match with regards to both its position
relative to electrodes and its depth beneath the present topographic surface. The AN1 on TM1
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represents the levee of the canal (see Figure 6 in [18]). Resistivity values ranging between
382 ohms/m and 659 ohms/m, recorded at the base of profile, are interpreted as the top of the
lava layer on which the channel is excavated and Pompeii was built.

Two other ERT anomalies are identified on TM1 (AN3 and AN4 in Figure 5) that have generally
circular shapes, one of which (AN4) occurs in the archeological area that has not yet been
excavated. Anomaly AN3, positioned near the wall, presents a series of concentric resistivity
values, which range from 129 ohms/m at the periphery to 14.6 ohms/m at the center of the
feature. These values suggest the presence of sediments characterized by high humidity or,
possibly, water content. The characteristics of anomaly AN3, the base of which is at the same
depth as that of the channel mapped in the excavation, have suggested an anthropogenic
structure, probably linked to the water supply distribution to Pompeii [18]. Anomaly AN4,
with circular profile and smaller size than AN3, has resistivity values at its center comparable
to those of the channel (222 ohms/m and 129 ohms/m). This is interpreted as a smaller
channeling feature such as a duct or conduit that was probably related to the city’s water
distribution system as well [18].

The other four ERT profiles were carried out to trace the path of the artificial canal excavated
to carry water to the city, starting from the wide meander of the stream flowing from the inland
mountains. In the TM2 profile (Figure 5), the canal is identified between electrodes 50 and 76
and between about 7 m and 14 m in depth while the resistivity ranges from 10 ohms/m to
114 ohms/m. In the TM3 profile, the canal is identified between electrodes 70 and 85, and at
depth from 5 m to about 20 m. The resistivity ranges from about 50 ohms/m to 114 ohms/m.
In these two profiles, the shape of the channel is unnatural, clearly artifact, to allow the flow
of the water in the canal by gravity.
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Figure 6. Electrical resistivity tomography (ERT profiles; location in Figure 3) showing the characters of the artificial
canal (see text for detail).
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TM4 and TM5 profiles show the canal between electrodes 35-55 and 25-32, respectively, where
the depth is from about 2 m to 10 m (Figure 6). The resistivity values are between 10 ohms/m
and 114 ohms/m.

Figure 7 shows the path of the canal, which develops from Capua Gate, where, according to
[18], a water basin and a conduit, supplied water to Pompeii. The water, entering the city, was
then distributed utilizing the gravity. In fact, as stated before, the elevation is greater in this
area, and it gradually decreases toward Stabia Gate and the archaic part of the city on the edge
of which, the flowing water activated the water wheels (Figure 2). The channel path continues
toward Vesuvius Gate, touching a farm (Villa Rustica Suburbana) with a foundry [43, 44] and
then toward Villa of Mysteries.
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Figure 7. Reconstruction of the path of the artificial canal made by means of ERT profiles and sediments collected in
the C boreholes.

The low-resistivity values recorded on the ERT profiles, in connection with the canal, indicate
sediment characterized by high humidity up to contain water. They suggest that the canal
incision, even today that it is filled by sediments, represents a preferential path for the water
flow below the topographic surface.

3.3. Mass gravity flow units

Three flow units, termed Ufl, Uf2, and Uf3 (Figures 8 and 9), from the lava base of the
succession upward, have been identified in the boreholes carried out the city and the sur-
rounding area (Figure 3). Root structures at boundaries between the units indicate that some
time has elapsed between the deposition of different mass-flow events.
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Figure 8. Cross sections: (1) through the flood units (F) to north of Pompeii; (2) through the flood units to south of
(position in Figure 3). Capua gate is the place where the water enters into the city (position in Figure 2).

- Uf1 is composed of massive volcaniclastic deposits with rounded volcanic clasts, rounded to
angular fragments of animal bone and plant matter. The unit has a thickness from 1 to 5 m,
and rests on the lava upon which Pompeii was built (F1 and F2 in Figure 8(1)). The radiocarbon-
dated animal bone fragments provided a calibrated age of 764 years BC [18].
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Figure 9. The flood units cropping out in the archaeological excavation and laterally to the Guard Tower door (see text
for details).
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- Uf2isidentified within and outside city walls (Figure 8(1 and 2)), and is constituted of massive
volcaniclastic deposits, mainly structureless, or with some thinner cross or planar lamination
at the base unit. The matrix is prevalent, with clasts randomly oriented, or, some, may show
imbricate structures. The clasts are represented by rounded volcanic clasts and calcareous
pebbles, rounded to angular fragments of brick and ceramics, plaster, animal bone, and plant
matter. This unit has an average thickness of ~2 m. In the archaic city, the Uf2, between two
construction levels, incises Ufl and covers an older building level (S2 in Figure 9). It can be
reconstructed that the older dwelling, built upon Uf1, has been damaged by the Uf2 deposits.
Subsequently, a new structure was built at a higher elevation upon the Uf2 and was used until
its destruction by the 79 AD eruption.

Pre 173

lopographic

surface

Figure 10. Guard Tower (position in Figure 2): the door is below the AD 79 topographic surface and on its left the Uf3
section crops out (see S1 in Figure 8).

- Uf3 is composed of matrix-prevalent volcaniclastic deposits with randomly distributed clasts
that commonly comprise rounded volcanic clasts and rounded to angular fragments of pottery,
plaster, animal bone, and plant matter. These deposits have an average thickness of ~1 m,
occurring along the northern city wall (F1 and F2 in Figure 8(1)). In F3, Uf3 buries an ancient
road trending from the city toward Villa of the Mysteries (Figures 3 and 8(1)). Section S1 (in
Figure 9) is located laterally to the door of a Guard Tower (Figures 2 and 10) and shows the
Uf3 character. The Guard Towers were added to the city wall during the second century BC



The Water Supply System of Ancient Pompeii (Southern Italy): From Resource to Geohazard
http://dx.doi.org/10.5772/64413

[45]; the tower doors, openings at their base, nowadays, occur beneath the topographic surface
of the AD 79 (Figure 10). They have been buried by Uf3 deposits and were used until the AD
79 eruption after the removal of the Uf3 material. The radiocarbon-dated animal bone gave a
calibrated age of 170 years BC [18].

4. Conclusive remarks

The sediment characteristics of the three Uf units indicate that mass gravity mechanisms,
especially debris flow, were the dominant processes responsible for their transport, and the
two younger units had flooded Pompeii causing severe damage to the city. The volcaniclastic
sediment with matrix-supported clasts likely originated as slope collapse and avalanche
displacement from the flanks of calcareous terrains of mountains to the NE (Pizzo D’Alvano
area; Figure 1). During landslides, slumped masses of unconsolidated material can be
transformed to high-concentration debris flows as has been recorded in volcanic areas
elsewhere [46]. Confined within downslope-trending depressions, such as channels, flows can
travel considerable distances toward lowlands by expanding in volume during transport
through a bulking mechanism that involves incorporation of additional sediment and water
[47]. In the studied area, these deposits were released from hyperconcentrated slumps and
debris flows that had incorporated sediment and water during the course of downslope
transport in the fluvial channel. The first flood event, which had not occurred through the
canal, took place in 764 BC, before the foundation of the city was built [18], and has affected a
wide area of the Sarno Plain.

The available data allow to reconstruct the hypothetical phenomena that can be occurred in a
temporal sequence during the emplacement of the second and third flood events, linked both
to the canal built by the Samnitic population for water supply [18]. Therefore, the flow, in the
fluvial channel, reached the great bend to north of Pompeii. Hence it was channeled in the
artificial canal and continued its course within it. In the proximity of the Capua Gate, the canal
width being narrower than that of the fluvial channel, the flow overflowed its banks thus
flooding the city. This event caused severe damage in the archaic city (S2 in Figure 9). Accord-
ing to [18], this flood could have occurred during the fourth century BC. The third flood event,
which took place in 170 BC [18], whose sediments were found only in F1, F2, and F3 boreholes
(Figure 8(1)) and in S1 section (Figure 9), seems to have caused severe damage only in the
northern part of the city.

At the Capua Gate inside the city walls, a duct was discovered under the first floor of a
building [32]. This feature that was filled with sediment of the Uf3 unit may represent the
extension of the duct highlighted by the anomaly AN4 in the TM1 ERT profile [18]. The
sediment of the Uf3 unit was also piled against the entrance door of the building discovered
at Capua Gate. According to [18], itis proven that at the time of the AD 79 eruption, the building
and the duct below the floor were no longer used. It seems that after the mass-gravity flood
event that had deposited the Uf3 unit, the water distribution system at the Capua Gate had to
be abandoned due to its danger for the city. Hence, a new water supply system had to be
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organized. In fact, in 80 BC, a circular water basin was built close to the Vesuvius Gate and was
connected to an aqueduct originating from the mountains northeast of the town named Avella
(Avella Aqueduct [48]). The circular basin was afterwards covered (Castellum aquae, Fig-
ure 3) and was connected to the new Serino Aqueduct, in 20 BC [49-51]. This last water system
was in use until the final demise of the city because of the Vesuvius eruption.

In conclusion the geological data prove that the first system for water supply caused floods
that, in turn, caused severe damage to the city. Hence, the water, usually as resource, in some
cases can turn into geohazard.
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Abstract

This chapter presents a methodology of geohazard analyses caused by mining activities
at coal mine “Suvodol” near the town Bitola in the Republic of Macedonia. The problems
discussed here are connected with landslide with enormous dimensions. The process
of sliding happened in several phases, with initial signs of sliding in 1993. The moment
of global instability happened on October 27, 1995. Until now, several phases of
reactivation are known. Its volume is about 30,000,000 m?. As a result of mass move-
ments, about 8,000,000 tons of coal is concentrated (blocked) at the toe of the landslide.
Upper of the main scarp, spaced about 250 m, the earth-fill dam with a length of about
1000 m exists. The groundwater artesian effects are also present. At the toe of the
landslide, the coal is partially involved in a process of self-burning, and it produces
environmental unfriendly gases. All these aspects show a very specific combination of
natural and man-made hazards that control the stability of the excavation and
environment. The specific approach used to define risk scenarios for is then shown
briefly. The suggested methodology can serve as an example for possible use in some
other problems in coal mines.

Keywords: coal mine, coal self-burning, geohazards, groundwater, landslide, environ-
ment, risk, stability

1. Introduction

It is well-known that efficient designing of engineering activities and safe exploitation in coal
mines is not possible without knowing in detail set of geological, geotechnical, and ground-
water conditions. The main principle is that technology of excavation should always be
carefully adapted to the properties of the natural environment and surroundings. This is of
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special importance having in mind that during the excavation process, there are possibilities
for development of important induced geohazard. The induced geohazards can be connected
with changes of groundwater conditions, stability of the excavation zone, possible settlements
because of dewatering, possible development of coal self-burning process, influence on the
surrounding structures, air and groundwater pollution, etc.

This statement is especially emphasized in cases when the exploitation is close to other
infrastructure and engineering structures, as a case for coal mine “Suvodol” placed on
southwest (SW) part of the Republic of Macedonia (Figure 1).

. o 50 ke,
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Figure 1. (a) Key map illustrating position of R. Macedonia in Europe; (b) position of coal mine “Suvodol”.

The coal mine is a main source for thermal electricity plants with coal production of about
6,500,000 tons per year. More precisely, the analyzed problem in this chapter is related to the
northeast (NE) part of the mine, where during longer time large landslide appeared and caused
lots of difficulties in the normal work of the exploitation systems [1]. It is also a potential danger
for the upstream earth dam, which is spaced about 250 m from the main scarp of the landslide.

To overcome this problem, the authors were involved in several phases of landslide investi-
gations and design phases. The investigations were complex and with large quantity, in order
to prepare data for physical and analytical modelling [2, 3]. Later, the data are used as a base
for stability and dewatering analyses, protection from surface and groundwater, excavation
conditions and so on. The methods are presented within the wider context of an approach to
integrate all the relevant information in a similar way as it is given in rock engineering design
and construction. Namely, the methodology of developing the so-called rock engineering
systems (RES) is firstly introduced in [4]. Here, we will present the used approach in devel-
oping geotechnical engineering systems (GES). The entire concept providing overall coherency
in approaching engineering problems at coal mines, where the need to study the interactions
has always been present.

The key question here is to have correctly carried out investigations of the groundwater and
stability conditions at the zone of interaction between the natural environment and the
engineering activities, estimations of risks, etc.
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A framework for this concept has earlier been given in [3], while the methodology and results
are explained in references [2, 3, 5-8].

2. Geological, hydrogeological, and geotechnical conditions of the
analyzed area

The coal mass and the unproductive layers at coal mine “Suvodol” have been formed with a
process of sedimentation in lake conditions during upper Pliocene. The geological composition
is presented with the so-called bottom-coal series with layers of silty sands, productive series
of coal and coal-like clay, and layers on the upper part of coal of volcanic material (the so-called
trepel). The area of mine is investigated, with very detail and using complex investigation
methods in a several phases before opening of the mine, but also during the phase of exploi-
tation. These investigations have been made in the sense of solving the entire geological,
geotechnical, and hydrogeological situation on the terrain. For instance, mapping of the wider
area, investigation drillings, installing of group piezometers, investigations of the chemical
composition of groundwater's, field investigation of filtration coefficient, as well as laboratory
analyses of physical and mechanical properties are applied.

To illustrate geological and hydrogeological conditions, some results are presented in
Figures 2 and 3.
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Figure 2. Schematic of installation of triple piezometer in a borehole B 0/56: al — alluvial sediments; OH - coal-like clay;
1 - interstratified aquifer zone; 2 — aquifer zone at the bottom of clay.
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Figure 3. Detail of geological and hydrogeological composition at one zone of coal mine “Suvodol”: 1 — Aquifer zone
with phreatic line; 2 — Interstratified aquifer zone under pressure; 3 — Aquifer zone at the bottom of the coal layer; 4 —
Designed cut; Q — Quarterian silty sand layer; TR — trepel (aquiclude); C - coal; OH - coal-like clay (aquiclude); S —
silty sands (aquifer); Gn — gneiss; I — free water table; II — piezometric level for the aquifer zone at the bottom of the coal
layer; III — piezometric level for the interstratified aquifer zone under pressure.

Some of the zones at the coal mine are with high lithological heterogeneity, which is the reason
why there is heterogeneity of hydrogeological and geotechnical characteristics. By the help of
installed piezometers, the presence of several physically separated aquifer zones is shown in
Figure 4.

0 100 200 WOm

Figure 4. (A) Engineering geological map of the NE part of coal mine: = — groundwater flow paths for the aquifer
zones; --- 670 --- contour lines of groundwater level; al — alluvial sediments; dI — deluvial sediments; TR — trepel; Gn —
gneiss; (B) Model of the groundwater movement for the interstratified aquifer zone under pressure at the NE part of
the coal mine: ------- 2 e the contour line of equal artesian pressure (in bars); Co-colluvial material (active land-
slide) [51.
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Figure 4A presents a model of groundwater movement for the aquifer zone with free-water
level. Figure 4B presents the model of groundwater flow for the so-called interstratified aquifer
zone under pressure, placed between two layers of coal-like clay. The aquifer zone under
artesian conditions exist also bellow main coal layer with high values of pressures, affecting
stability of the area.

Chemical composition of groundwater is also very important, because it influenced the
installed equipment (pumps) for dewatering (Table 1).

Content of ions pH Ca* Mg* Fe* CI' SO HCO; Free CO* Rest
in mg/l

Aquifer zone with free water table 6.8 20.1 125 04 158 194 7015 - 15.5
Interstratified aquifer zone under pressure 6.5 216 21.8 2.6 184 256 7605 70 6.8
Aquifer zone at the bottom of the coal layer 57 140 243 48 19 436 5493 111 1.3

Table 1. Typical chemical composition of the aquifer zones.

It can be noticed that there are aggressive groundwater components with the presence of gas
(CO,, Radon, and others), which is important from ecological aspect and working conditions
at the mine.

3. Brief overview of landslide elements

The complex geological and hydrogeological elements, combined with excavation for coal
production, were a reason for occurrence of large landslide on the NE part of the mine. The
initial phase of activation was at the end of 1995, but several large reactivation phases were
also present in 1997 and 1998. Some smaller movements were also present in parts of the
landslide continuously till present days. In order to illustrate the scale of the event, the main
elements of the landslide are given in Table 2.

Landslide element Value

Length (m) About 1700

Width (m) Min. 650-Max. 880
Area (m?) About 1,050,000
Volume (m?) About 30,000,000
Depth to sliding zone (m) Min. 14-Max. 55

Table 2. Main landslide elements.
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The most important characteristics for the main kinds of sediments are the high plasticity of
coal-like clay and Pliocene silts, high value of the coefficient of uniformity C, and low shear
strength of coal-like clay and silts with high plasticity. The typical granulometric curves and
the plasticity chart of clay are given in Figure 5.
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Figure 5. (a) Typical granulometric curves of the most characteristic sediments; (b) plasticity chart for coal-like clay.

Graphical presentation of main landslide elements is presented in Figures 6 and 7. From
Figures 6 and 7, it is obvious that the main lithological units are very disturbed and displaced
from their original position. Fortunately, during the process of sliding, the retrogressive
extension of movement stops about 250 m from the earth-fill dam and during the main phase
of activation, there were not injured working stuff.
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Figure 6. Simplified engineering geological map of the landslide in relation to the earth-fill dam [2].
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Figure 7. Presentation of geological composition of the landslide along one profile.

Results from the investigations also indicate that the sliding surfaces are very deep, usually
along coal-like clay and silts with high plasticity (Figure 7).
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To illustrate this, we present the map with relative subsidence and uprising of the field, after
the phase of main activation and the map of the thickness of the landslide (Figure 8) [2].
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Figure 8. Isolines of relative vertical uprising and settlements in meters (left side) and isolines of landslide body thick-
ness (right side).

It is more than obvious that the range of horizontal and vertical displacements is very large,
and the thickness of the landslide body is very high. In one word, the event can be described
as a “small tectonic.”

A lot of secondary scarps and zone of “secondary toe” were also defined. Artesian effects are
directly observed during drilling. A huge quantity of sand was transported from drilling
bottom to the ground surface, because of high artesian pressures and hydraulic gradients.
Analyzing all data, it can be noted that groundwater conditions have the greatest influence on
the stability. The aquifer zone under artesian conditions with gases is especially important.
Another important hazard and very restrictive factor was the process of self-burning, which
happened because of coal's direct exposition on the fresh air.

Shortly, the problem is too complex and unique that every technical action is always connected
with numerous restrictions and risks.

4. Methodology of hazard and risk analyses

Analyzing the behavior of the landslide from the time of its occurrence until present days,
some facts can be underlined such as follows.

* After the main movements, the initial technical measures are applied as unloading and crack
filling in critical zones, in order to minimize any further retrogressive development of sliding
in the dam direction,

* The excavation of the coal was stopped at this area,
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¢ The toe of the landslide was supported with

http://dx.doi.org/10.5772/66140

embankment zone (see Figure 6),

* The hydrostatic influences of the aquifer zones for the zone between the earth-fill dam and

the main scarp was decreased with dewatering wells,

* The entire surface of the landslide was graded and drained for fast atmospheric water

influences, etc.

In addition, there were several phases of smaller landslide reactivations. An important new

element and very restrictive additional factor after the sliding was a process of self-burning,

which happened because of coal's direct exposition on the fresh air. Thus, to minimize these

effects, two main risk scenarios are analyzed (Figures 9 and 10).

Risks with scenario 1
(Do nothing)

Self-burning of the coal lead to the | Self-burning of the coal lead to the |

decreasing of strentgh properties ina | production of environmental
critical zone at the toe of landslide | not-frieldly gasses

. .| |Self-buming and production of
Decreasing of strentgh properties i@ ‘epvironmental not-frieldly gasses
critical zone at the toe of landslide |jeads 1o the lossing of the coal mass
lead to the loose of the support at the and bad working and environmental
toe of sliding \conditions

Result : Longer time stability cannot be insured,
Reactivation of landslide is possible, the losses of the
coal in a process of self-burning is constant

Gas influence on the environment and working media
is present

Figure 9. Presentation of main problems in Risk Scenario 1.

Risks with scenario 2
{To excavate in a most
eritical zone)

Excavation at the toe of landslide is
always critical and not-favorable

from stability aspect |Covering of self-bumning coal with

inert material will lead to the reducing
of gas Im)dutlion but also losing

" 1 Ttk " a
Excavation without "control |of coal mass.

lead for a sure to the unstable
conditions

Result: Scenario 2 is with high risks
during working, local reactivation of
the landslide is possible, but the
controled exavation with parallel
supporting insures optimal excavation
of the coal and minimising of the gass
influences on the environment

Figure 10. Presentation of main problems in Risk Scenario 1.
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Both scenarios have possible negative influences on the environment and working conditions,
but the main argument to accept Scenario 2 was the following.

* The process of self-burning leads to constant loosing of the coal mass and decreasing of the
mechanical properties at the most critical toe zone from stability aspect.

¢ Covering of the zone of self-burning will lead to final closure of this zone.

The named arguments were a reason to apply an engineering solution, not a typical mining
practice, and to accept Risk Scenario 2. Namely, it was decided that it is better to start with
excavation, which will be analyzed in details with all possible negative consequences, as
opposed to allow to lose a high quantity of coal in a process of self-burning, and finally to face
the same situation—to have instability due to decreasing of the volume of the coal in the toe
of the landslide. Shortly, the solution can be explained as a methodology of parallel excavation
and supporting. In phases of decision-making, we used methodology of the so-called interac-
tion-matrix method firstly introduced by [4]. The most important step in this methodology is
to establish the objectives of the project and the analysis. The relevant problems are placed
along the leading diagonal of conceptual interaction matrix. Then, all the interactions are
established, and the problem structure is developed. An example of a relevant interaction
scheme is in a form of Geotechnical Interaction Matrix and is presented in Figure 11.

Factor |
Fl Interaction,  Interaction|
Excavation| 1,2 —1,3
(1,1) |
i i '
' il 1 )
. Factor 2 |
Interaction Coal Interaction|
2,1 =~ selfburning™ 2,3
2,2) |
- _ ;
I R 1
Factor 3 |
Interaction | |Interaction| | Stability
3,1 ~3,2 ~ | conditions |
(3,3) .

Figure 11. Conceptual matrix of interaction between tree basic factors.

F1 group of factors is related to the technology of excavation such as applied excavation and
supporting method, depth of excavation, way of transportation, dewatering concept and so
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on. F2 group is related to the characteristics of self-burning process (area of burning, intensity,

gas production, etc.). Group of factors F3 is related to the stability of the field, defined with
movements of the masses and safety during the work. All possible interactions in a fist place

are defined qualitatively, which is a very important step for engineering judgment and

decisions. Explanations are given as follows.

Interaction 1, 2 means that elements of the excavation can have an influence on the process
of self-burning, because faster and efficient nearby excavation can stop the spreading of
burning in wider areas.

Interaction 1, 3 means that the elements of the excavation have a direct influence on the
stability conditions, because correctly designed and applied technology of excavation create
stable field conditions.

Interaction 2, 3 means that the process of self-burning during longer time has an influence
on the shear-strength parameters and leads to possible unstable conditions (beside other
negative influences).

Interaction 3, 2 shows that the stability of the field is the governing element, which affects
possible access to zones of self-burning.

Interaction 3, 1 means that stability of the field affects the way of excavation technology in
numerous ways.

Interaction 2, 1 means that the process of self-burning influences the excavation process,
because of difficulties in access and in heavy working conditions.

It is obvious that such “simple” matrix shows several complex mutual influences between the
environment and the engineering activities, and all of this shall be incorporated in design.

Based on this approach, detailed stability analyses were prepared for some representative
profiles [6]. The software package SLIDE 5, product of RocScience, is used. The input

parameters are defined earlier during the phases of investigations as well as with back
analyses. The main properties are given in Table 3.

Material type Cohesion C (KPa) Angle of internal friction ¢ (o) Unit weight y (kN/m?)
Disturbed trepel 0 13 15.64

Coal-like clay 0 9-10 16.63

Silty sands 0 21 21.25

Silts with high plasticity 0 11 19.5

Crushed coal in a sliding mass 15 25 11.61

Gneiss 200 50 26

Table 3. Main physical and mechanical parameters of the materials in a sliding mass.
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Figure 12. Typical outputs from stability analyses for initial phases of excavation; (a) before any kind of engineering
activities; (b) hypothetical case without parallel support of the excavated zone.

Different phases of excavations and scenarios are involved in calculating. For example, in
Figure 12a, we illustrate a value of safety factor (FS=1.04) before any kind of engineering
activities. In Figure 12b, we illustrate a hypothetical value of safety factor. This is a case, if we
have a case without parallel support of the excavated zone when the safety factor is bellow
FS=1.

In practice, this case can be explained as a state of allowable deformations in a term of slow
(controlled) sliding, which is expected during initial phases of excavations.
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Figure 13. Simulation of stability if the process of self-burning was not stopped.
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In Figure 13, we give an estimation of the long-term influence of the self-burning process. For
the case in Figure 13, it was estimated that, in long-term, the upper zones of coal will be
transformed into coal ash. Minor unit weight and internal friction angle are used in analyses.
Results show that “new” sliding surfaces can be expected with values of safety factor smaller
than 1 (unstable state).

Figure 14 explains cases of parallel excavation, support, and decreasing of artesian pressure,
when the safety factor has values FS=0.98 and FS > 1.1, respectively.

Fs=0.98 a

i /

L2 Pa.ra!lﬁ;l support

f

10 200 30 o m

Parallel support b
Fs>1.1

Figure 14. Analyzed cases with (a) parallel excavation and support; (b) with parallel excavation, support and decreas-
ing of artesian pressure.

It can be concluded that for all variants, the values of safety factor that are usually not allowed
in the mining practice. On the other side, the designers went into the calculated risk to excavate
some quantity of the coal from one side and from the other to stop the process of self-burning.
The main prerequisite to accept this risk was to apply all measures of surface dewatering and
to have all time visual and geodetic observations during the work for control of possible rapid
movements.

The excavation was conducted with discontinued type of equipment, which can be evacuated
in a fast way if necessary. It can be noted that to date, in total, about 4,000,000 tons of coal are
already excavated at this critical zone, with parallel support at the toe. As expected, minor
gradual movements were observed during excavations.
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5. Conclusions and recommendations

The given analyses are example, but in practice, it is sometimes necessary to deal with unusual
cases that face high risks. This must be not a rule but only exceptions from rules.

All approaches in investigation and design shall completely be adapted to the characteristics
of the natural environment; it is not possible to define the physical model of the terrain. Thus,
we suggest the methodology of analysis presented in Figure 15.

and design process

J

Definition of geological and
geotechnical conditions for some
phase of design with adequate
investigation program

g

Selection of representative parameters

[ Start of the investigation ]

based on statistical analyses, rock
Repetition of the mass and soil classification,
procedure with new extrapolation and physical modeling
data on the next design
step J

Identification of possible hazards as:
sliding, changing of groundwater
regime influences on surrounding etc.

4

Calculations of stability, dewatering
and other geotechnical conditions

g

Definition of the working technology
and risks

4
—(Checking of solution oonvergence)

Yes

g

| Output results and final decision |

Figure 15. Suggested methodology for hazard and risk estimation at surface coal mines.

In every case, this article clearly shows that it is fundamental for successful design of each
engineering activity to be acquainted in detail with the properties and conditions of the work
and natural environment, possible hazards, and risk estimations.

The physical model of the terrain must be the basis for all numerical and mining analyses. We
suggest using the interaction matrix method, as a useful approach in decision-making. Defined
interactions are a good basis for complex analytical and numerical analyses, where the
interactions can be defined with all necessary outputs (safety factors, stress-strain conditions,
groundwater quantities, etc.).
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Such approach can be adapted for numerous engineering problems, but it is necessary to have
a team of specialists in mining, geological, and geotechnical engineering to solve such heavy
engineering problems in an appropriate way.
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Abstract

Different types of geological hazards are induced by human activities in the Kingdom
of Saudi Arabia (KSA). These geological hazards include land subsidence and earth
fissures, sinkholes, expansive soils, and flash floods. A wide variety of recent geological
hazards have been reported in several areas, causing significant human and property
losses. Human activities, most notably groundwater extraction, infrastructure
development, and agricultural activities, have induced unstable conditions. This
chapter provides an overview of the human-induced geological hazard in the KSA,
mainly earth fissures and sinkhole, which represent a scarcely explored topic. This work
identifies the main types of human-induced geological-hazard formations, distribution,
causes, and impacts, illustrated through several case studies in the KSA.

Keywords: earth fissures, sinkholes, human induced, KSA

1. Introduction

Most frequent types of geological hazards observed in the Kingdom of Saudi Arabia (KSA)
can be categorized into sand accumulations; land subsidence and earth fissures; flash floods;
problematic soils; slope-stability problems; karst problems; faults; volcanic activities; and
earthquake hazards. These hazards can be either natural or human-induced. Most of these
hazards have been recorded in the KSA [1]. In this chapter, two types of geological hazards
that are induced by human activities will be discussed. These hazards include earth fissures
and sinkholes. Different types of problems associated with earth fissures and sinkholes,
including water leakage in reservoirs, instability problems, flooding, infrastructure and urban-

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X R



38 Geohazards Caused by Human Activity

area damage, and loss of human life were recognized and evaluated by many authors [2-9].
The government of the KSA has also contributed to the extensive program of the agricultural
activities for the past few decades [10]. These agriculture activities are considered as being of
the largest water consumption, leading to the fast rate of depletion of nonrenewable ground-
water. Analyzing the situation, it was found that:(1) during the period from 1976 to 1993, the
area of agricultural land increased from 1600 to 32,000 km? and was irrigated with fossil
groundwater; (2) water extracted from the aquifer was doubled between 1985 and 1990,
reaching around 21,000 million cubic meters (MCM)/year. Consequently, a significant drop in
the groundwater level was recorded in many regions (e.g., 100 m in the northwest area of the
KSA); (3) it is expected that at the present rates of groundwater extraction, most of the fossil
water will be depleted within 25-30 years. Earth fissures and sinkholes (related to carbonate
and evaporite rocks) are considered to be the most-frequently observed and occurring
geohazards in the KSA. The associated damage due to earth fissures and sinkholes are
expected to increase in the future due to the anthropogenic alterations and the expansion of
development. It was found that from years 2000-2010, the population has increased dramat-
ically and a significant proportion of the population occupy karst areas of the eastern part of
the country (e.g., Ar Riyadh) that leads to increase of vulnerability with respect to human-
induced hazards. Different studies were performed in the KSA dealing with earth fissures and
sinkholes [1, 11-18]. Many authors indicated that the main karst units in the Arabian Platform
are Arab, Hith, Sulaiy, Aruma (Badanah, Zallum), Umm er Radhuma, Rus, Dammam, Dam,
and Sirhan Formations [10, 12-14, 19].

2. Case-study group 1: earth fissures

2.1. Earth fissures’ backgrounds

Earth fissures and the associated subsidence represent a major problem in different countries.
Earth fissures and ground subsidence are related to the downward ground-surface movement
compared with surrounding areas, ranging from strain cracks to large faults, starting from the
ground surface in uncemented sediments [20, 21]. Earth fissures start from great depths below
the surface, as a result of horizontal movement in the aquifers, because of excessive withdrawal
(pumping) of the groundwater from the uncemented reservoir layers, due to loess soil, and
earthquake activities [22, 23]. These earth fissures and subsidence could cause many problems
in different urban and agricultural areas as well as damage infrastructure [24, 25]. Holzer [26]
indicated that earth fissures can extend for a distance of tens of meters to kilometers due to
tensile stresses. Under arid desert conditions, the shortage of groundwater resources and
excessive pumping may cause continuous decline in groundwater levels [27]. When the aquifer
is formed of unconsolidated sediments of high porosity and is interbedded with clay aquitards
of low permeability and high compressibility, the rapid lowering of the groundwater level may
also cause subsidence and possible ground failure in the form of earth fissures. Many authors
documented that earth fissures and land subsidence can be related to groundwater withdraw-
al [28-35].
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2.2. Human-induced earth fissures in the KSA

Earth fissures can be formed in loess soil due to water effect (rain, storms, floods, or leakage
from agricultural irrigation channels and/or from neighboring houses). Earth-fissure and land-
subsidence problems were reported in several areas in the Kingdom of Saudi Arabia causing
damage to infrastructures, buildings, and agricultural areas (Figure 1). There are many
examples of loess-related failures (earth fissures and subsidence) in the KSA such as the areas
north of Jizan city, El-Darb Area, and North of Al-Nai village of Hail Region [1]. Many areas
in the KSA are suffering from excessive groundwater extraction and are consequently sub-
jected to land subsidence and earth fissures [1, 36—43]. Different types of earth fissures were
detected in the KSA according to various reasons, among them are (a) earth fissures associated
with groundwater extraction for agricultural development such as in Wadi Najran, Wadi El
Dawather, Hail Region, Qasim Region, and Al Jouf Region; (b) earth fissures that are related
to clay deposits (swelling and compressed clay deposits) such as in Hail, Al Qasim, and Al
Jouf Regions;(c) earth fissures due to the Khabra deposits, which appear due to the drying
effect such as in Al Jouf, Hail, and Al Qasim Regions; (d) earth fissures that are related to
geological structures and groundwater withdrawal; and (e) earth fissures that are due to
earthquake effects (El Shaqa area, northwest of El Madinah).

Figure 1. Earth fissures distributed in different areas in the KSA.
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2.3. Earth fissures in Tabah village

2.3.1. Tabah area

The old village of Tabah is located ~70 km southeast of the Hail city at a latitude of 27° 02N
and a longitude of 42° 10E (Figure 2a). It is laid on Harrat Hutaymah in an ancient volcanic
crater (Figure 2b). This crater has dimensions of ~1.7 km by ~1.5 km and is filled with fine
sediments and gravel (eroded from the surrounding volcanic tuffs), subsequently, filled with
water forming a groundwater aquifer. The aquifer has been used since few decades until now
by the village for drinking and irrigation. The crater has a low rim where weakly lithified tuff
is exposed. Some Precambrian rocks and dikes are exposed inside the crater due to the erosion
of tuff materials to fill the volcanic vent. The earth fissures are located in the old village of
Tabah, which lies about 1 km southwest of the new Tabah village (Figure 2b). These earth
fissures have been recognized and recorded since 1984. Extensive field investigations have
shown the presence of earth fissures in different types, lengths, shapes, and directions
(Figure 3a). Most of them are shown as ring shapes, forming a concentric zone along the
margins of the volcanic vent (with a dimension of ~0.9 by ~0.7 km). They are deep, wide-open,
and long fissures (more than 4 m deep, 3 m wide, and 600 m long). They spread in the floor of
the village, agricultural areas, and cut through buildings (Figure 3b). Most nearby buildings
and agricultural areas were damaged by these earth fissures. The presence of the earth fissures
in the area leads to migration of most of the population to other areas (New Tabah village).
There are some previous studies conducted in this area such as detailed in Refs. [24] and [36].
These studies indicated that the first earth fissures that were 120 m long were observed in 1981.
Roobol et al. [24] mentioned that extensive earth fissures (as long as 500 m long) happened in
1984, causing damage to buildings. The present typical situation of these earth fissures is
shown in (Figure 2b). The earth fissures in the area are shown as concentric rings (zone). Along
this zone, most of the agricultural areas, village buildings, and concrete walls of the village
cemetery were damaged. These earth fissures are associated with ground subsidence in some
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Figure 2. (a) Location of Tabah village related to the Hail city; (b) Location of earth fissures in the old Tabah village in
relation to the New Tabah village.
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parts, showing a vertical displacement (up to 1.5 m). We believe that these earth fissures and
ground subsidence are not yet completed and will continue in the future.

2 oowm T e e e T

Figure 3. Photographic pictures showing (a) Earth fissures’ distribution, (b) Impact of earth fissures on buildings.

2.3.2. Topography and geology

Analysis of satellite image and topographic map of the study area indicated that the earth
fissures are located between elevations of 1020 m and 1030 m from the mean sea level.
Geologically, the study area consists of the following geological units from the youngest to the
oldest as follows (Figure 4): (1) Khabra deposits (Qk), including silt, clay, and some sand; (2)
Reworked volcanic ash deposit (Qa) consisting of a redeposition of ancient volcanic deposits;

srse APITE
®  Swdy area [ miotze Syenogranie
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Figure 4. Surface geological map of the study area and its surrounding.
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(3) Basaltic tuff deposit (Qt); (4) Alkali olivine basaltic rocks (Qb); (5) Biotite syenogranite rocks
(sgb); (6) Kilab mozogranite rocks (kmg); (7) Laban quartz diorite rocks (Iqd); and (8) Diorite
and quartz diorite rocks (di).

2.3.3. Geophysical investigation and analysis

Geophysical investigation using the electrical-resistivity method was performed and is
presented in this chapter. Electrical-resistivity tomography (ERT) represents commonly used
geophysical techniques for the detection of earth fissures, which has been widely used in the
KSA, producing satisfactory results. ERT is particularly useful in areas with significant
resistivity contrasts. For measurements, four electrical-resistivity lines were performed in the
old Tabah village (Figure 5). The first electrical line has a west-to-east direction with a total
length of 285 m and spacing of 1 m and 3 m between electrodes, while the remaining three
lines have south-to-north direction and lengths of 960 m, 470 m, and 470 m for the second,
third, and fourth lines, respectively. The spacing between the electrical poles is 10 m each.

Figure 5. Distribution of geophysical lines and boreholes in the study area.

Line 1 (L1) moves across the earth fissures with a west-to-east direction. It applied with 1 m
electrode spacing (Figure 6a) and 3 m spacing (Figure 6b). Information collected using this
line shows that the soil in the region, which consists of Quaternary and volcanic ash sediments,
has low electrical resistance up to the maximum depth of the profile (40 m). The decrease in
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the electrical resistance values is related to the water-saturation effect. It reveals the presence
of vertical fissures in the middle part of the electric line (L1) (Figures 6a, b), which represents
the contact line between the water-saturated soil and the Precambrian complex rocks, which
has high electrical resistance. These hard rocks begin from 5 m under the surface and extending
up to 40 m deep.

Line 1 (1m)
Niwwat iom Itewaliiom B B srver = &84 [ .

1 L

e

T

T

=

LLILE
a7 e e
Braiatiwliy b sbaon

Waih Ciratrsss ipsuieg = 0.08 5.

lesatios |yprgpies § BHE svrer = 5.3
it b ..

el N U T S - - wuly Dlectreae Gpaming = 3.9 =,

RS
-

gigiis

T —— - - 31 - - - - il Thevireis Tpesley = 16,0 &

Blrwatied 5y iinn § B prrer = S0 Line 3 {10 m)
s

LB LIR)
] e A em

Wil Wi Gpeniey = 18,8 . |

[lrealis  [pecatien B B0 arer = 5.0
[T

TR

el - - il Clevirede lpecing = V6.8 m.

Figure 6. Electrical-resistivity profiles of different lines:(a) Line 1 with 1 m electrode spacing; (b) Line 1 with 3 m elec-
trode spacing; (c) Line 2 with 10 m electrode spacing; (d) Line 3 with 10 m electrode spacing; and (e) Line 4 with 10 m
electrode spacing. Note: horizontal axes do not have the same scale.
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Line 2 (L2) moves across the earth fissures with a south-to-north direction with a total length
of 950 m, 10 m electrode spacing, and reaches up to 130 m depth (Figure 6c). It is clear that
there is a large underground reservoir with a large thickness as the electrical resistance values
are low. The end of the profile shows the presence of high-resistance materials (solid rocks) at
a depth of 50 m, extending beyond the total depth of the profile (130 m deep). Different deep
earth fissures were detected along the profile and appeared at the contact between sediments
and hard rocks (Figure 6c¢).

Line 3 (L3) moves across the earth fissures with a south-to-north direction with a total length
of 470 m, and 10 m electrode spacing (Figure 6d). It was found that this profile reflects the same
phenomena that have been monitored in Lines 1 and 2 where there is a large zone of water-
saturated sediments (with low electric resistance), which intruded withy hard rocks (with high
electric resistance). The hard rocks appear at a depth between 30 m and 50 m in the middle of
the profile. Various deep earth fissures were detected along the profile at distances of 80 m,
230 m, 310 m, and 390 m from the start point of the line (Figure 6d). These earth fissures mostly
appear along the contact between soil and rocks.

Line 4 (L4) moves across the earth fissures with a south-to-north direction with a total length
of 470 m and 10 m electrode spacing (Figure 6e). It was found that this profile reflects the same
phenomena that have been monitored in Lines 1, 2, and 3 where there is a large zone of water-
saturated sediments (with a low electric resistance), which intruded withy hard rocks (with
high electric resistance). Hard rocks appear as a horizontal layer at a depth of 10 m from the
surface. Various deep earth fissures were detected along this profile (L4) at distances of 100 m,
210 m, and 345 m from the start point (Figure 6e). These earth fissures mostly appear along
the contact between soil and rocks.

2.3.4. Geotechnical investigation and analysis

Two boreholes were drilled in the study area to investigate the subsurface soils and rocks
(Figure 5). Analysis of the boreholes indicated that the sediment layer is characterized by
alternation of sand with silt, clay with silt, sand with clay, and silt and some gravels and
different rocks (Figure 7). These deposits have color ranging from light brown to brown and
a thickness of 19 m (BH 1) to 144 m (BH 2). According to the unified soil classification system
(USCS), these sediments include (a) clay with silt (CL-ML), which are characterized by
liquidity-limit values ranging 18-28, plastic-limit values ranging 12-21, and plastic-index
values ranging 5-7; (b) sand with silt (SM) and sand with silt and clay (SC-SM), which are
characterized by a liquidity-limit value of 13, plastic-limit value of 9, and a plastic index value
of 4.

Rocks are characterized by the following: (a) clay stone is characterized by gray to white color,
includes some clay and silt, highly fractured, the rock-quality designation (RQD) ranging from
very poor to poor (0—40) percent of the recovery ranging from 40 to 100%, and the uniaxial
compressive strength ranging from 0 MPa to 4.3 MPa; (b) sandstone is characterized by brown
color, highly fractured, the rock-quality designation (RQD) ranging from very poor to fair (20-
66), the recovery percent of 100%, and the uniaxial compressive strength ranging from 4.6 MPa
to 7.4 MPa; (c) siltstone is characterized by brown color, moderately to highly fractured, the
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rock-quality designation (RQD) ranging from very poor to fair (0-40), the recovery percent
ranging from 90 to 100%, and the uniaxial compressive strength ranges from 1.4 MPa to
7.2 MPa; (d) igneous rock is characterized by brown color, fine grained, slightly to highly
fractured, the rock-quality designation (RQD) ranging from very poor to fair (0-74), the
recovery percent of 100%, and the uniaxial compressive strength ranging from 1.1 MPa to

15.3 MPa.
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Figure 7. Lithology of boreholes.

2.3.5. Causes of earth fissures

Throughout the abovementioned field, remote-sensing maps, geological, geophysical, and
geotechnical investigations and analysis, the earth fissures and ground subsidence in Tabah
area have been observed to be occurring since many decades ago and still continuing. The
study indicated that these earth fissures were located inside the volcanic crater, which was
deep and open. The volcanic tuffs and agglomerate surrounding the vent were eroded due to
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the effect of rainfall and filled the vent. These earth fissures are related to the development of
agricultural activities, which mainly depend on groundwater withdrawal. Most causes of earth

fissures can be discussed as follows:

a.

The area is characterized by the presence of agricultural areas since few decades ago,
which mainly depend on the groundwater aquifer in the area (Figure 8). According to the

information obtained from residents of the area, the groundwater level was near the earth’s
surface (<50 m below the surface) 30 years ago. As a result of drilling of a large number
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of groundwater wells (for domestic use, irrigation, and road building, which in turn led
to extensive withdrawal of huge amounts of groundwater), the water level declined to the
level of 120 m in 1985 and now lower than 160 m below the earth’s surface.

b. Subsurface materials in the Tabah area is characterized by breccia, gravel, sand, silt, and
clay as well as different rocks such as claystone, siltstone, and sandstone. The sediments
extend to a depth greater than 150 m at Borehole 2 and may increase in the middle of the
area. The thickness of these sediments decreased outwards to about 48 m in Borehole 1
and decreased outwards until igneous rocks appear on the surface.

¢. Asaresult of the topography irregularity, the thickness of the sediments increased toward
the centre of the area and decreased outwards where the solid rocks become near the
surface especially on the sides of the area. As a result of the groundwater withdrawal, the
water level significantly declined, leading to the compression of the sediments. According
to the differential settlement of these sediments, along the edges, the amount of settlement
is small and increases toward the centre of the area. This leads to the appearance of earth
fissures at the contact surface between hard rocks and deep sediments. Some of these
fissures have vertical displacement. Figure 9 shows a model for the earth-fissure devel-
opment. The geophysical and geotechnical investigations confirmed this theory as the
cause of earth fissures.
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Figure 8. An example of agricultural activities in Tabah area.



Human-Induced Geo-Hazards in the Kingdom of Saudi Arabia: Distribution, Investigation, Causes and Impacts
http://dx.doi.org/10.5772/66306

Volcanic deposits

Reworked volcanic deposits

Earth fissures due to Soll settlement

Differential settlements

_:.‘\

Figure 9. Earth fissure development model in Tabah area (modified after Roobol et al. [24]: (a) Before erosion of volcan-
ic deposits; (b) After erosion of volcanic deposits and refill, the vent, water table is very shallow; (c) Current condition,
water table ~160 m deep and earth fissures occurred; and (d) Photograph showing current earth fissures.

3. Case-study group 2: sinkholes induced by human activities in the KSA

3.1. Karst backgrounds

Karstic rocks cover a large area of the Kingdom of Saudi Arabia, mainly in the eastern and
northern parts [44]. Sinkholes, the main manifestation of Karstification on ground surface,
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represent one of the natural geohazards. Most damaging incidents related to the presence of
sinkholes are induced by human activities. Many cases in the KSA illustrate that there is
increasing human impact on the natural environment and aquifers due to the rise in human
development and activity. Interstratal dissolution of these formations and the subsidence of
the overlying sediments has generated numerous large subsidence depressions and sinkholes
[16, 45, 46]. In fact, Ar Riyadh, the capital of the Kingdom, is located on a large inactive
subsidence depression related to interstratal evaporite dissolution [46—48]. A similar situation
is found in other sectors of the country underlain by the Late Cretaceous Badanah and Zallum
formations with interbedded evaporites at shallow depth [49]. Here, extensive tracts are
riddled by khabras that correspond to subsidence depressions generated by interstratal
karstification of evaporites and the subsidence of overlying sediments [50]. Youssef et al. [10]
indicated that a large number of new sinkholes have been discovered in recent years, notably
in Ar Riyadh area, the Al Summan Plateau northeast of Ar Riyadh, in an extensive belt south
of Ar Riyadh extending as far as Sulayyil, in the eastern and northern provinces, and in Jazan
area on the western coast. They indicated that most of the recently documented sinkholes are
related to human activities that may cause dissolution and/or subsidence processes (ground-
water withdrawal, irrigation, water leakage, and overloading), suggesting a significant
induced component. Various types of sinkholes were recorded in the KSA that are related to
human activities [10]. These sinkholes were categorized based on the classification presented
by Gutiérrez et al. [51-53]. Gutiérrez et al. [51-53] classified sinkholes into two types: solution
sinkholes and subsidence sinkholes. They indicated that (1) solution sinkholes are shallow,
enclosed depressions generated by differential lowering of the surface in karstic rocks; and (2)
subsidence sinkholes are resulting from subsurface dissolution and downward gravitational
movement of the materials. The subsidence sinkholes in the adapted classification use two
terms: one related to material affected by subsidence (cover, bedrock, and caprock), and the
second term represents the subsidence mechanism (collapse, suffosion, and sagging). In the
KSA, different types of subsidence sinkholes were recorded including cover- and caprock-
collapse sinkholes, cover-suffosion sinkholes, sagging sinkholes, and complex sinkholes.
Cover refers to unconsolidated deposits; caprock refers to nonkarstic rocks; collapse indicates
the brittle deformation of soil or rock material; suffosion is the downward migration of
unconsolidated cover deposits through conduits; and sagging is the downward bending of
ductile sediments. Complex sinkholes, on the other hand, involve more than one material type
and different subsidence mechanisms. In the current section, different examples of these
sinkholes in the KSA will be discussed in detailed:

1. Cover-collapse sinkholes case study, Al Jouf farm sinkhole: this type of sinkhole is a cover
collapse sinkhole, located at a latitude of 29°46'43.68'N. and longitude of 38°27'37.02"E.
This sinkhole has 40 m diameter and 15 m depth. It occurred in 2006 within a farm circle
(Figure 10a). Geologically, the limestone bedrock of the Sirhan formation is overlain by a
thick Quaternary cover (Aeolian sands capped by a quartz-rich gravel sediments). This
sinkhole is formed due to excessive groundwater extraction, which started in 1989. Recent
measurements of the water table indicated that the water level is at about 205 m deep from
the ground surface. The drawdown of the water table has reached ~100 m.
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Caprock-collapse sinkhole case study, Al Issawiah sinkholes: four sinkholes were recog-
nized in Al Issawiah area, and some of them are caprock-collapse sinkholes. One of them
is located at a latitude of 30°4330.5'N. and longitude of 38°0601E. It is a subcircular
collapse sinkhole with a diameter of 27 m and a depth of 23 m. It is opened on a basaltic
caprock (Figure 10b). Geologically, the Sirhan formation in this area consists of friable
calcareous sandstone, limestone, and shale, unconformably overlain in some areas by
basalt of the Harrat Al Harrah lava field [54]. The basalt is covered by a thin silty soil plus
discontinuous sand dunes and residual basalt boulders. In other areas, the basaltic layer
disappears (Figure 10c). Field investigations indicated that the water table was exposed
at the bottom of the sinkhole; with increasing groundwater exploitation because of
increasing irrigation crops, the depression became dry and the water table declined.

Cover-suffosion sinkholes: cover-suffosion sinkholes develop in areas with karstified
bedrock covered by an unconsolidated soil. These cover deposits may migrate downward
through dissolutional conduits and enlarged joints. This leads to the progressive settle-
ment of the ground surface. This type of sinkhole was recorded in Al Khafji area with a
diameter of 70 m (Figure 10d). Geologically, the area consists of limestone-bearing bedrock
of the Hadrukh formation overlain by a thick low-cohesion sand-gravel cover. This type
is characterized by an ellipsoidal depression, 520 m long and 310 m wide. This sinkhole
was potentially triggered because of lowering of the water table due to groundwater
pumping from the Hadrukh formation and the underlying Dammam karst aquifer.

Sagging sinkholes: sagging sinkholes involve the progressive passive bending of sedi-
ments related to dissolution of underlying soluble material. This type of sinkholes appears
in many areas in the KSA, which are underlain by various formations such as Jilh, Arab,
Zallum, Badanah, and Umm er Radhuma formations. Most of these areas are character-
ized by khabras deposits, which are filled by Quaternary fine-grained deposits. Many
authors indicated that these khabras correspond to large sagging sinkholes relating to
differential, interstratal karstification of the gypsum beds and the progressive ductile
bending of the overlying rock strata [47, 49, 50, 55]. Another example of sagging sinkholes
was documented in the sabkha environment in Jizan area where there was subsurface
dissolution of evaporites, frequently induced by artificial water input into the ground and
caused ground settlement (Figure 10e) [1].

Complex sinkholes: these types of sinkholes result from the combination of two subsi-
dence mechanisms (sagging and collapse processes). Many examples were documented
in different areas of the KSA, including:

Aba Alwrood sinkhole located in Al Qasim Region at the latitude of 26°2552.16'N. and
longitude of 44°0310.69" E. This sinkhole is a sagging and collapsing sinkhole which is
10.5 m long and 7.5 m wide that occurred in 2010 (Figure 10f). Geologically, the gypsum
bedrock is of Jilh Formation of Triassic-age [56].

Turaif sinkhole is located in Al Qasim Region, at the latitude of 26°4926.65'N. and
longitude of 44°0946.83'E. Geologically, this sinkhole area consists of thinly bedded
gypsum, limestone, and shale of the Triassic Jilh Formation [56]. The layers in the sinkhole
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display downward bending, indicating two mechanisms of subsidence, including sagging
and collapsing (Figure 10g).

c.  Bsita sinkhole is located in Al Jouf Region, at the latitude of 30°1116.8'N. and longitude
of 37°511.88'E. This sinkhole has an oval shape with a length of 100 m and width of 60 m
(Figure 10h). Geologically, Palaeocene- and Eocene-age rocks of Mira formation are
exposed in the area. These rocks consist of a thinly bedded silicified limestone and banded
chert [54]. The studied evidence of this sinkhole indicates that the depression corresponds
to a sagging-collapse sinkhole [10].

Figure 10. (a) Cover-collapse sinkhole in Al Jouf farm company area; (b) Caprock-collapse sinkhole in Al Issawiah area;
(c) Caprock-collapse sinkhole in Al Issawiah area; (d) cover-suffosion sinkhole in Al Khafji area; (e) sagging sinkhole in
Jizan area; (f) Bedrock-collapse and sagging sinkhole in Aba Alwrood area, Al Qasim region; (g) Bedrock-collapse and
sagging sinkhole in Turaif area, Al Qasim Region; and (h) Bedrock sagging and collapse sinkhole at Bsita, Al Jouf Re-
gion.
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3.2. Methods of sinkhole investigations

3.2.1. Using geologic and topographic maps

The Kingdom of Saudi Arabia is located on the southern part of the Arabian Plate. According
to the geological maps of 1:250,000 scale, which covers the KSA, an important information on
the distribution of different rock units can be obtained as shown in (Figure 11). The KSA
consists of three main geological zones:

Zone 1: The Arabian Shield, situated on the western part of the KSA. It consists of Precambrian
rocks, locally covered by Cenozoic lava flows [57].

Zone 2: The Arabian Platform, situated on the eastern and northern part of the KSA. It is
characterized by a Phanerozoic sedimentary succession [58]. It includes a significant propor-
tion of carbonate and evaporite karst formations.

Zone 3: The Quaternary sediments cover a narrow coastal strip along the margin of the Red
Sea and the east margin of the KSA. It also covers some areas of Zone 2. According to this map,
it was found that the carbonate and evaporate rocks cover a significant portion of the KSA,
which is exposed on the surface and sometimes covered by other rock formations. Different
types of sinkholes were documented and mapped along Zone 2 [41-43, 46, 49, 59-62].
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Figure 11. Geological map of the KSA showing areas of earth fissures and sinkholes.
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According to topographic maps of 1:50,000 scale, different types of depressions related to
dissolutions were detected and mapped. These depressions have local names (Dahls). The
presence of these depressions can give a good indication of the presence of sinkholes and
dissolution-induced subsidence depressions. Many studies were conducted on these depres-
sions that are mapped in the topographic maps, and they verified that these depressions are
related to dissolution and collapse sinkholes [10]. Some of these depressions (Dahls) on a
topographic map of An Nu‘ayriyah area is shown in Figure 12.
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Figure 12. Topographic map of a small part of An Nu‘ayriyah area showing dahls (potentially sinkhole areas).

3.2.2. Using remote-sensing images

One of the popular, nondestructive methods for detecting karst-related features and sinkholes
is the use of remote-sensing data. These remote-sensing data can be used for recognizing
different surface features that are related to karst phenomena using visual inspection. Different
types of remote-sensing data have previously been used for distribution and recognition of
sinkholes and karst-surface features such as aerial photographs [63, 64] and satellite images
[10, 17]. In the KSA, aerial photographs are very rarely and in a limited manner used for
detecting karst related features. However, Landsat images of 15 m resolution can easily be
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prepared using the fusing technique to sharpen the resolution of 30 m bands 1, 2, 3, 4, 5, and
7 to enhance the resolution to 15 m resolution using panchromatic band 8. These data were
used before to detect surface features (circular features, depressions, and ring structures) that
are related to karstification at An Nu'ayriyah area (Figures 13a, b). Another set of remote-
sensing data was used to detect sinkholes, including the imagery of professional Google Earth.
These high-resolution images were used in different projects in the KSA and give valuable
information about the presence of sinkholes and their time of occurrence. Figures 13c, d shows
some examples of Google Earth high-resolution images with different sinkholes at Al Issa-
wiah area.
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Figure 13. (a) Circular and ring structure features at An Nu'ayriyah area;(b) Circular and ring structure features at An
Nu'ayriyah area; (c) Google-earth map of sinkholes at Al Issawiah area; (d) Google-earth map of sinkholes at Al Issa-
wiah area.

3.2.3. Field investigation using trenching technique and borehole technique

The trenching technique has previously been applied in different investigations by many
authors [10, 63, 65-68]. The trenching method depends on the excavation of trenches at the
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study site, mapping the exposed stratigraphy and structure as well as reconstructing the
deformation history. The trenching technique has been applied in different fields such as
ground instability (landslides) and sinkholes. Many examples were performed in the KSA to
investigate the cover-collapse sinkholes. The trench has to be excavated perpendicularly to the
edge of the sinkhole. Youssef et al. [10] mentioned that the walls of the trench must be cleaned
and, then, logged on graph papers at a rescannable scale using an orthogonal grid of strings
with a spacing of 1 m. Trenching method has various aims, including: (a) internal structure
and subsidence mechanisms investigation (deformation style); (b) checking whether the
sinkhole was an incipient-collapse feature or the reactivation of a pre-existing buried collapse
depression; and (c) reconstructing the evolution of this presumably human-induced sinkhole
to build a prognostic basis.

3.2.4. Detection of subsurface-karst features using geophysical techniques

Electrical-resistivity tomography technique is one of the most commonly used geophysical
methods for the detection of cavities and buried sinkholes in karstic regions. This method
depends on imaging the subsurface materials (according to the bulk electrical resistivity of
each material type) by multielectrode systems [69]. Electrical-resistivity tomography (ERT)
method gives excellent results in areas with significant electrical-resistivity contrasts. This is
expected to occur in karstic terrains where most cavities, with considerable sizes, are filled
with low electrical-resistivity deposits [10, 17, 18, 68, 70-74]. The electrical-resistivity tomog-
raphy (ERT) is very common in the KSA, and reasonable results could be obtained using this
method [11, 17, 18]. Electrical-resistivity and seismic techniques have been applied in different
areas in the KSA and have been successful detecting sinkholes [10, 17, 75].

3.3. Causes of sinkholes

All sinkholes in the KSA are formed according to the presence of underlain cavernous
limestone and evaporites. Formation of these sinkholes could be explained as subsidence and
collapse processes that occurred above old cavities, probably formed during past pluvial
phases. Gutiérrez et al. [53] and Youssef et al. [10] indicated that sinkhole-formation mecha-
nisms can easily be initiated and accelerated by human activities (groundwater withdrawal,
irrigation, and overloading). According to the available information of the sinkholes in the
KSA, there are different anthropogenic factors that trigger the formation of sinkholes devel-
opment including:

1. Excessive groundwater pumping from limestone-formation aquifers: this leads to rapid
water-table decline and loss of buoyant support in the roof of pre-existing cavities and an
increase in the effective stress. In addition, internal erosion processes could happen due
to decline of water table. Different types of sinkholes have been recently recorded under
this type of scenario, especially in the northern and central areas of the KSA (Al Jouf and
Al Qasim Regions).

2. Dissolution of salt rocks and deposits due to infiltration of freshwater (leaking pipes) into
the subsurface salt rocks and deposits: this process has been documented in Jazan area
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where the old Jazan city was built on a salt dome and on the adjacent sabkha areas. The
entire old Jazan city has been abandoned due to the severe damage by subsidence [1].
Irrigation and rainwater infiltration: this leads to an increase in the top-soil unit weight
and a decrease in its strength and cohesion (silt and clay materials). That leads to a
migration of cover deposits though underlying cavities.

3. Loading and man-made vibrations (static and dynamic loads): these lead to the collapse
of unstable cavities. Many examples were documented in the KSA such as the sinkhole at
Al Khobar city, in the eastern province, induced by the load of a vehicle on a road.

4. Excavation: This leads to the surface appearance of cavities underneath. One example of
the appearance of underground cavities was reported during the construction of the
wastewater treatment system in Ar Riyadh city where there are Arab, Hith, and Sulaiy
formations (limestone and anhydrite).
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Abstract

Due to global warming and environmental change, disastrous natural events have
increased in scale and impact, e.g., Typhoon Morakot, in 2009 and 2011 Tohoku
earthquake and resulting tsunami in Japan. Hazard management is becoming
increasingly important, making it a necessity to manage risk and fully understand
critical scenarios. For example, the National Infrastructure Protection Plan of the United
States emphasizes on lessons learned from past disasters. In this chapter, several selected
cases of accidents caused by man-made geohazards in Taiwan are studied.

The International Federation of Red Cross and Red Crescent Societies (IFRC) have
identified technological or man-made hazards as events that are caused by humans and
occur in or close to human settlements. These can include environmental degradation,
pollution, and accidents (such as industrial and transport incidents). Accidents due to
man-made hazards usually take place suddenly and give very limited time for response
for rescue and recovery of function of facilities. Transportation facilities are a typical case.
In this chapter, three hazard case studies are considered: a highway in southern Taiwan,
afreewayinnorthern Taiwan, and anairportrunway inthe Taoyuan International Airport.
The causes and the impacts of the incidents are described. These provide valuable lessons
for managing this type of man-made hazard.

Keywords: infrastructure development, compound disasters, case-based reasoning,
remote sensing, UAS
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1. Introduction

1.1. Background

Climate change is a serious threat that could undo decades of infrastructure development in
developing countries. While climate change is a global phenomenon, human activities are
altering the local environment and will continue to do so. The Intergovernmental Panel on
Climate Change (IPCC) established by the World Meteorological Organization (WMO) and
United Nations Environment Programme (UNEP) has concluded that, over the past century,
surface temperatures have increased, and associated impacts on physical and biological
systems are increasingly being observed [1]. As climate change is altering rainfall patterns
worldwide, scientists predict that wet areas will get wetter, dry areas will become drier, and
storm tracks will move toward the poles [2]. Intensive rainfall has resulted in extreme flooding
and landslides in many parts of the world. Floods in river basins have become the worst natural
disaster, causing casualties, leaving people homeless, and disrupting transportation and
economic activities. Floods have buried farmland and destroyed homes, factories, railroads,
and bridges. Heavy rainfalls also triggered massive landslides.

The International Federation of Red Cross and Red Crescent Societies (IFRC) gave specific
definitions on technological or man-made hazards in recent years. Events that are caused by
humans and occur in or close to human settlements include environmental degradation,
pollution, and accidents. Typical technological or man-made hazards are complex emergen-
cies, conflicts, famine, displaced populations, industrial incidents, and transport accidents.
They are all related to human habitat and modern civilization and can especially impact
transport infrastructure such as highways and airports. Owners and operators of land
transport systems exposed to rainfall-induced hazards are rarely aware of the risk-related
concepts. This lack of knowledge affects the assessment of performance objectives and
development of preventive measures for the sustainability of infrastructure systems with
regard to flood events.

The majority of devastating disasters have occurred as a result of unusually heavy rains. Past
events have highlighted the necessity to adjust the required design performance and specifi-
cation level for new projects. However, these changes may not be cost-effective and require
time to implement. Learning from past events can help facility owners and operators plan
ahead regarding not only the exposure, but also the vulnerability and criticality of infrastruc-
tures. The design according to a specific return period, e.g., 100 years, may be appropriate for
a new single infrastructure element. Assessing the impact of climate change on aging infra-
structure can be difficult. Thus, the challenge engineers face today is not to control nature, but
rather to adapt to it to lessen the adverse impacts of climate change. The wide range of lessons
learned from past incidents can help establish a comprehensive approach addressing infra-
structure security issues impacting the availability and quality of transport networks.

Engineers today apply Internet technology and remote sensing to provide unique solutions
beyond what conventional methodology would normally provide. An unmanned aerial
vehicle (UAV), for example, is an aircraft without a human pilot aboard used to perform
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scientific observations and investigatory tasks. The UAV payload and flight stability has
increased dramatically in recent years, utilizing spatial positioning components, such as Global
Positioning System (GPS) and Inertial Measurement Unit (IMU), which are miniaturized to
extend the flight time. UAVs also have the advantages of real-time wireless video transmission,
low cost, flexibility, and low-level operations beneath clouds. These advantages can compen-
sate for the shortcomings of conventional aerial or space remote sensing due to cloud cover,
thus making UAVs an important aid for traditional aerial photogrammetry in obtaining spatial
data. This technology enables engineers to learn and improve techniques from a new perspec-
tive.

1.2. Importance of this issue

A record high precipitation in southern Taiwan was set with 2,900 mm (114.17 inches or about
9.5 feet) of rain during Typhoon Morakot. On August 10, 2009, a single day record of 1,403 mm
(55.23 inches) was set. According to Chris Burt's, "Extreme Weather" [3], the world record for
3-day rainfall is 127.56" on Reunion Island in 1952. Typhoon Morakot caused what officials
claimed was the worst flooding in half a century. The number of known dead in Taiwan is 15,
while 32 were severely injured. Those figures do not include landslide victims [4].

On April 25, 2010, a landslide occurred on a segment of the Formosa Freeway (Highway No.
3) near Xizhi. A large amount of dirt buried both directions of the freeway. Four cars were
buried under the debris, killing four people. Bad hillside anchoring was blamed as a possible
cause, as it had not been raining at the time of the collapse, and any earthquake had not been
recorded [6].

In July 2014, underground gas lines exploded in the southern port city of Kaohsiung, killing
28. Heavy rainfall caused tremendous difficulties in the rescue efforts. On October 29, 2015, an
EVA Airways Corp. aircraft sustained damage to its left horizontal stabilizer caused by the
impact of a large piece of asphalt during takeoff on the southern runway at Taiwan’s Taoyuan
International Airport.

Although the facilities impacted in these cases are governed by different transportation
authorities, scattered in various terrains with varying magnitude, the incidents share a
common initiating event. This common factor is rainfall. Rainfall can be measured in the
modern era with the global network of precipitation gauges. Surface coverage over oceans and
remote areas is relatively sparse, but reducing reliance on interpolation, satellite clouds, and
precipitation data have been available since the 1970s. Modern engineers may also take
advantage of satellite imaging to develop solutions to mitigate problems.

The developing trends of disaster mitigation and management have focused on risk manage-
ment through analyzing hypothetical scenarios. The National Infrastructure Protection Plan
of the United States emphasizes lessons learned from past disasters. It is believed that the
governing authorities and decision makers in disaster management organizations may reduce
the impact of hazards and the vulnerability of society by utilizing past experience. Executive
actions and preventative measures developed considering history may help reduce the
potential loss of life and property.
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1.3. Purpose of this chapter

The purpose of this chapter is to report three unexpected incidents in detail. All these cases
impacted transportation infrastructure. Areas examined and addressed include the cause of
the disaster; what the engineering solution brought to the problem; and how engineers in
Taiwan can prevent a similar tragedy from happening again.

In addition, the utilization of data acquisition from high-resolution photo images obtained
through the use of UAVs after the incident will be considered. This enables engineers to assess
the current site conditions, perform safety evaluations, and plan mitigation procedures.

2. Case studies

The cases discussed are as follows:

* Collapse of Chung Lin Road in Kaohsiung's Siaogang District - subsidence cracked Chung
Lin Road for the second time within a year in the aftermath of Typhoon Dujuan in September
2015.

* Landslide on Freeway No. 3 - the slope failed at the 3.1-km mark from the northern end, just
north of the Chitu toll station, and collapsed an overpass on April 25, 2010.

* Taoyuan International Airport pavement cracks - Taiwan's largest airport opened on
February 26, 1979. Rain seepage into the pavement caused excessive hydrostatic pressure
during plane take-off.

2.1. Collapse of Chung Lin Road in Kaohsiung’s Siaogang District

The collapse at Chung Lin Road occurred suddenly around 2:00 a.m. on 18th September 2015,
in an area where shield tunnelling was being conducted. Due to the collapse, drinking water
pipes were destroyed, and electricity was interrupted due to the tilting of power poles. In
addition to the inconvenience for residents, nearby petrochemical pipelines were also endan-
gered. This could have jeopardized the supply chains of petrochemical feedstock.

2.1.1. The location of the event

Figure 1 shows the location of the collapse of Chung Lin Road, Kaohsiung City. The collapse
measured 40 m by 10 m. The site is close to the Dalin Refining plant of the Refining Business
Division's Operators of The CPC Corporation, Taiwan. The plant includes a number of
vulnerable facilities. The distance of the collapse to the nearby oil tanks is only a few 100 m.
Fortunately, CPC executed an emergency stop of the transportation of the fluids through the
pipelines, and thus no leakage or explosion was triggered.



Case-Based Reasoning of Man-Made Geohazards Induced by Rainfall on Transportation Systems
http://dx.doi.org/10.5772/64412

-
: * + & +%,
~ : NSNS ST " e e
£ ; y ; o %,
4 & /Ty
: - ,.mw'" N A /
e 5 L o
= : \ v /
"'.'r%\ — g 14 {1(ruzi-em1onhqthnn G ; ; -:;“IP
A Fang 1, 5 , J r-J
‘ﬁ;-e% +-’; g L im g wq_o-»" 4 > 4 r_.% Y 4‘4 £ +
o s, &ﬁf’ 3 X " &£ F
TAIWAN ;,%’-'-‘ et - N
o A s - /
i %9 -
% B\ f
2 o & &
el o8 - b =
- % ' % F
f = S f‘h"‘ qo_' w
A,
0 - + 1,000 }ﬁ"' ’%‘? p’ L
— S

Figure 1. Location of the event.

2.1.2. General description of the event

2.1.2.1. Introduction

Between 2 a.m. and 6 a.m. on September 18, 2015, an accident occurred in the underground
cable shield tunnelling engineering of Taiwan Power Company. It was located underneath the
road from Chung Lin Road intersection to the direction of Talinpu in Hsiaokang District,
Kaohsiung City and caused the road to collapse. In the early stage of the accident, the road
collapse extended to about 40m long and about 10m wide (see Figure 2). Power poles tilted
and caused an electrical outage. Due to safety considerations, the CPC Corporation suspended
the use of 11 hazardous substance pipelines for hydrogen gas, natural gas, pure benzene,
toluene, xylene, fuel oil, crude oil, refined oil product, etc. This closure forced the medium-
carbon light-oil processing factory to shut down, which led to implementing production and
marketing emergency-response measures to avoid affecting Taiwan’s oil supply.

Preliminary estimates show that the direct property loss, resulting from this collapse accident,
is about 500 million Yuan. This includes the plant facility damage of about 280 million Yuan
to CPC Corporation and China Steel Corporation and 220 million Yuan of losses to other
affected business and agencies (Kaohsiung Linhai Industrial Park, Sewage Treatment Plant of
Linhai Industrial Park, Taiwan Water Corporation, Chunghwa Telecom Corporation, Water
Resources Bureau, Kaohsiung City Government, etc.). It is not possible to accurately estimate
the indirect losses such as production suspension at CPC Corporation (where the loss in daily
capacity was close to 40 million Yuan) and the disruption of raw materials to downstream
facilities.
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Figure 2. Destruction of roadway.

2.1.2.2. Preliminary analysis of causes

The accident occurred during the underground cable tunneling project of Taiwan Power
Company. Due to the failure of the shield tunneling engineering machinery occurring 30 m
underground, groundwater flooded into the excavation and caused the road pavement to
collapse. In addition to the underground drinking water pipe failures, trees, and utility poles
around the road tilted as well. Although the accident occurred at about 2 a.m. on the 18" of
September, the construction personnel did not formally close the road and notify the impacted
pipeline and business units until past 6 a.m. In addition, since the underground pipelines were
already damaged, secondary damage occurred during the emergency repair, including oil and
water leakage with the resulting environmental pollution. The collapse area continued to
expand after the initial accident.

2.1.3. Social impacts

This incident highlights the importance of underground pipeline safety management. The
pipeline was buried before the urban area developed. The side-by-side development of the
metropolitan and industrial areas was inevitable due to the limitations of land use. Therefore,
the risks to public safety from accidents such as pipeline leakage, explosion from the hazardous
substance, and public pipelines buried underneath roads are increased, once these facilities
are damaged by the excavation accident.

Itis fortunate that this incident occurred early in the morning during the off-peak traffic period.
Although there were no casualties, it caused the road collapse and closure, direct losses to the
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state business, impacts onto the petrochemical industry operation, and subsequent inconven-
ience to peoples’ lives. The impacts caused by this incident are as follows.

2.1.3.1. Interruption of road passage

In the accident area, the large-scale collapse destroyed Chung Lin Road, causing its closure,
creating inconvenience for local motorists. Fortunately, an emergency road, allowing tempo-
rary motor-vehicle access, was completed about 2 months (November 15, 2015) after the
accident.

2.1.3.2. Interruption of lifeline infrastructure

Due to the severity of the collapse, the infrastructure components around the road were all
seriously damaged. Utility infrastructures, like power-supply equipment, and communication
and public pipelines are also damaged, disrupting the water, power, and gas supplies,
interrupting telecommunications and severely affecting the residents’ normal life.

2.1.3.3. Impact of industry

Because the CPC Corporation closed the underground petrochemical pipelines underneath
the accident area, the affected petrochemical industry facilities were forced to face the crisis of
a production shutdown. Petrochemical raw materials would have to be transported with tank
vehicles or alternative pipelines, thus increasing the risk of hazardous-substance transporta-
tion incidents on the road.

2.1.4. Lessons learned from the event

The aforementioned accident can provide the following lessons.

1. Identifying the risks of the construction method selected beforehand would have
identified potential accident consequences.

2. Immediate communication with local authorities and industries could have reduced the
danger to the public and oil-related pollution.

3. Development of a coordinated contingency plan, in advance, with emergency responders
could have reduced the impact and loss caused by the disaster.

2.2. Landslide on Freeway No. 3

Section-3.1K landslide accident of Freeway No. 3 occurred at Mt. Shihgongge at Location 3.25K
at14:29 p.m. on April 25, 2010. According to statistics, this is the most serious landslide accident
in the past 36 years on Taiwan's national freeway. The worst landslide on the system occurred
near Badu Interchange on the Sun Yat-sen Freeway on September 28, 1974, which caused 36
deaths [5-8].
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2.2.1. The location of the event

The landslide accident occurred in Madong Village, Qidu District, Keelung City. During the
slide, the Dabu Bridge crossing Freeway No. 3 also collapsed onto the freeway mainline, thus
blocking traffic (Figu