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Preface

Highway engineering is an engineering discipline branching from civil engineering that in‐
volves the planning, design, construction, operation, and maintenance of roads, bridges, and
tunnels to ensure safe and effective transportation of people and goods. The book Highway
Engineering includes the main topics and the basic principles of highway engineering and
provides the full scope of current information necessary for effective and cost-conscious con‐
temporary highway. The book reflects new engineering and building developments, the
most current design methods, as well as the latest industry standards and policies. This
book provides a comprehensive overview of significant characteristics for highway engi‐
neering. It highlights recent advancements, requirements, and improvements and details the
latest techniques in the global market. Highway Engineering contains a collection of the latest
research developments on highway engineering. This book comprehensively covers the ba‐
sic theory and practice in sufficient depth to provide a solid grounding to highway engi‐
neers. This book helps readers maximize effectiveness in all facets of highway engineering.
This professional book as a credible source and a valuable reference can be very applicable
and useful for all professors, researchers, engineers, practicing professionals, trainee practi‐
tioners, students, and others interested in highway projects.

The book Highway Engineering consists of six chapters.

Chapter 1 represents a solution algorithm for optimizing traffic signal timings in urban road
networks by considering reserve capacity with an equity constraint. It is well known that the
variation of signal timings in a road network may cause an inequity issue with regard to the
travel costs of road users traveling between origin-destination (O-D) pairs. That is, the users
may be influenced differently by changing traffic signal timings. In this context, the bilevel
programming model is proposed for finding reserve capacity for signalized road networks
by taking into account the equity issue. In the upper level, the reserve capacity is maximized
with an equity constraint, while deterministic user equilibrium problem is dealt in the lower
level. In order to solve the proposed model, a heuristic solution algorithm based on harmo‐
ny search combined with a penalty function approach is developed. The application of the
proposed model is illustrated, for example, road network taken from literature.

In Chapter 2, transportation-architecture-people-focused triple, urban transportation, design
of transportation systems, pedestrian-oriented design, and pedestrian-walkable spaces will
be emphasized. However, by analyzing the effects of pedestrian dynamics, transport sys‐
tems aim to present a mechanism with an improved model that will define dynamics for the
first time to explain the processes underlying design decisions. Four hundred and twelve
healthy volunteers were selected from 18 to 65 years of age. First, three-dimensional (3D)
virtual city is designed to understand the experiences of the pedestrians. Later, it was pro‐



vided to navigate the three-dimensional virtual glasses in the city where the broadcasts
were designed. During this navigation, pedestrian dynamics were observed, and spaces
where pedestrians cautioned were identified. Following this determination, the “attractive”
locations will be shown on the macroscale, and with the eye-tracking method, it has been
determined why “attractive” spaces are “attractive.” In both virtual city navigation and
analysis with eye-tracking technology, the cognitive activities of the broadcasts were tested
with electroencephalogram (EEG). This approach will in general bridge an empirical and
theoretical link between transport and architectural literature in understanding pedestrian
movements/behaviors, combining architectural-pedestrian interactions with transport re‐
search. However, by analyzing the way-finding behavior, the study interprets its effects on
the spatial area.

Cargo security during road transportation particularly presents a current topic in the context
of transport safety. One of the key factors influencing the magnitude of impact (acceleration
coefficients) during transportation is the quality of the road networks. Acceleration coefficient
values directly affect the rate of inertia forces influencing the cargo. Given that the inertia
force magnitudes (acceleration coefficients) are not known prior to commencing the actual
transport, acceleration coefficient values known from regulations or otherwise (for example,
empirically) certainly established values must be used. Values of acceleration coefficients
were established in EN 12195-1, a regulation typically used within the European Union.

Chapter 3 covers the approaches of the above mentioned standard and provides comparison
of acceleration coefficients established through regulations with those measured. Data (coef‐
ficient acceleration) from both highway transport and unpaved roads (in off-road condi‐
tions) were measured and statistically processed for comparison purposes. The
transportation model presented subsequently demonstrates differences in the magnitude of
inertia forces using three sets of data—acceleration coefficients obtained from the standard,
from highway transport, and from off-road transport. At the same time, these secured car‐
goes were set into an insufficient context, where unsuitable or insufficient security of the
cargo represents one of the significant risks in the occurrence of an accident. From the user’s
(drivers) point of view, a road is a unique linear infrastructure although it is clear for the
driver that such a linear infrastructure consists of an open terrain (open roads) and occasion‐
ally a closed environment (tunnels). Since the two environments present different safety is‐
sues, the related analyses are usually conducted on the field by different experts; those
conclusions are sometimes not well interlinked and harmonized, leading to safety gaps par‐
ticularly, but not only, in the transition areas. Joint safety analyses conducted at the same
time by a group of road safety and tunnel safety experts can fill such a gap and increase the
safety level of the whole infrastructure. During the year 2016, an international group of road
safety experts and tunnel experts visited five road sections with open roads and tunnel in
Europe and performed joint safety analyses together with the infrastructure managers.

In Chapter 4, the above mentioned analyses were conducted according to a predefined exper‐
imental procedure to check the effectiveness of the joint analyses with respect to the usual
ones. The key results are that joint safety operations in tunnels and open roads are possible
and extremely useful: their cost can be very low when well planned. Most mega project infra‐
structure such as highway construction requires an enormous amount of cost. This situation
might be a problem to developing countries that have limited national budget plan. On the
other hand, the capability to transfer the funding of infrastructure depends on the project
attractiveness to the private sector. The evaluation to involve in the project should be support‐
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ed by a significant value of money from the business perspective. Optimum feasibility plays a
vital role in bridging the partnership between the government and private interests.

Chapter 5 uses a case study of highway project development of Trans-Sumatra Highway
Road (TSHR) that spans about 2,700 km to elaborate on how project feasibility can be im‐
proved through creative method. Value engineering (VE) approach as systematic ways to
generate innovative ideas by combining multidiscipline background perspective is used.
The study shows that additional functions for the project include integration with motorbike
toll road, dry port, and railway line. Others also include tourism, fiber optic, and service
area development. The innovative ideas have contributed to the significant increase in the
internal rate of return (IRR) to the project from 7.79% to 12.76%. The chapter also formulates
institutional scheme through build-operate-share-transfer (BOST), which administers gov‐
ernment role in the project development.

Chapter 6 discusses thickness and elastic modulus of each pavement component, which
then become input to elasticity analysis or finite element computation to calculate the serv‐
ice life of the highway. As an application was multichannel analysis of surface wave
(MASW) measurement on a highway in North Jakarta. The measurement was carried out on
highway traffic in Jakarta. The street was heading to Tanjung Priok, the port of Jakarta. The
number of stacking was 10 to overcome traffic noise. The result of MASW measurement in
terms of elastic modulus and thicknesses of pavement layer becomes an important input of
finite element analysis to compute fatigue damage of pavement components.

Dr. Hamid Yaghoubi
Director of Iran Maglev Technology (IMT)

Iran
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Reserve Capacity Model for Optimizing Traffic Signal
Timings with an Equity Constraint
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Provisional chapter

Reserve Capacity Model for Optimizing Traffic Signal
Timings with an Equity Constraint

Ozgur Baskan and Cenk Ozan

Additional information is available at the end of the chapter

Abstract

This paper represents a solution algorithm for optimizing traffic signal timings in urban
road networks by considering reserve capacity with an equity constraint. It is well
known that the variation of signal timings in a road network may cause an inequity
issue with regard to the travel costs of road users travelling between origin-destination
(O-D) pairs. That is, the users may be influenced differently by changing traffic signal
timings. In this context, the bilevel programming model is proposed for finding reserve
capacity for signalized road networks by taking into account the equity issue. In the
upper level, the reserve capacity is maximized with an equity constraint, whereas
deterministic user equilibrium problem is dealt in the lower level. In order to solve the
proposed model, a heuristic solution algorithm based on harmony search combined
with a penalty function approach is developed. The application of the proposed model
is illustrated for an example road network taken from a literature.

Keywords: reserve capacity, equity constraint, penalty function, bilevel programming,
harmony search

1. Introduction

For decades, the term reserve capacity has been utilized for optimizing traffic signal timings as
an objective. As known, it has been usually applied to signalized intersections and is defined as
demand multiplier for existing origin-destination (O-D) demand matrix by considering cycle
time, saturation capacity, green timings, and other corresponding constraints. Up to now,
many researchers have carried out several works on this concept. The concept of reserve
capacity was firstly applied by Webster and Cobbe [1]. They used the explicit formulation
and calculated the reserve capacity of a signalized junction. Afterward, Allsop [2] formulated a
linear program to calculate it for more complex signalized intersections. This approach pro-
posed by Allsop [2] has been improved by using different saturation flows between stages by
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Yagar [3, 4]. Wong [5] used the reserve capacity model to investigate the priority junctions and
roundabouts. Wong and Yang [6] enhanced the reserve capacity model to a signalized road
network with user equilibrium assignment. In their study, it was investigated that how the
existing O-D demand matrix may be enlarged by providing that the link flows are operated
under their capacities. Ziyou and Yifan [7] used two different objectives such as the reserve
capacity and the link capacity expansion. For this purpose, they developedmultiobjective solution
algorithm, which aims to maximize the reserve capacity and to minimize the investment costs of
link capacity expansions by considering signal timings. Ge et al. [8] provided a new approach to
investigate how the reserve capacity is influenced by information of the road users. Results
emphasized that the increase on the reserve capacity is not affected subsequently with the increase
in information of the road users. Ceylan and Bell [9] developed a novel approach to calculate
reserve capacity of a signalized network. In their study, optimum values of offsets, common cycle
time, and the green times are investigated using genetic algorithm by taking into account stochas-
tic user equilibrium link flows. Chen et al. [10] defined a new index related to capacity and
reliability to determine demand multiplier for a signalized road network. The reserve capacity
model is improved by considering the new developed index using a bilevel programming (BP)
model. Chiou [11] proposed a new approach to find the demand multiplier in the context of
reserve capacity with equilibrium constraints. Miandoabchi and Farahani [12] proposed an inte-
grated model, which combined the problem of arrangement of lane directions and lane additions
in urban road networks in terms of the reserve capacity. Chiou [13] developed a bilevel program-
ming model to maximize the network’s capacity. A hybrid-search heuristic method has been used
to obtain maximum capacity of the road network by minimizing the total delay in terms of signal
timings. The method has been applied to signalized road test networks. The results show that the
developed algorithm outperforms the classical methods in terms of minimizing the delay. Wang
et al. [14] proposed two bilevel programming models: one aims to maximize the reserve capacity
in the network by using stochastic user equilibrium link flows, whereas the other one deals with
maximizing reserve capacity by considering continuous network design problem. The significant
result of their work is that the reserve capacity cannot always be increased by informing of the
road users in the network. Xiao et al. [15] developed a reserve capacity model based on zone level
to obtain maximum increase in travel demand and to investigate how the use of maximum
capacity in the network influences the land-use development. For this purpose, the genetic
algorithm has been used to solve the bilevel programming model and the proposed model is
applied to a small numerical test network. The results reveal that the proposed reserve capacity
model can be used for land-use planning in urban road networks. Recently, Han and Cheng [16]
aimed to maximize the reserve capacity with a tradable credit scheme in the context of the
stochastic user equilibrium. Numerical examples showed the advantage of the use of tradable
credit scheme in maximizing reserve capacity in a given road network.

A short review of the literature shows that the studies for optimizing traffic signal timings
within the context of reserve capacity ignored a significant issue. As known, the equilibrium
travel costs between O-D pairs are influenced positively or negatively after changing the traffic
signal timings in a road network. This may lead to different results for the road users traveling
between O-D pairs. Consequently, the inequity problem is generated for the different road
users travelling among O-D pairs on a road network. Therefore, the equity issue should be
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considered to implement more equitable signal control by the local authorities in order to
prevent its negative effects on some road users traveling between O-D pairs. For decades,
equity issue is started taking into account by researchers for solving some transportation
problems. For example, Meng and Yang [17] examined the benefit of distribution between the
road users and the inequity problem related to the continuous network design problem with
regard to travel costs of users before and after applying a project related to network design.
Yang and Zhang [18] proposed a bilevel programming model for the toll-design problem in a
given road network by considering the equity constraint.

In the light of overview of literature, this study aims to improve the literature by considering
the equity issue and the term of reserve capacity in the signal control problem, in order to
provide equitable traffic signal timings on a given road network. A bilevel programming
model with an equity constraint on the upper level is developed for determining the highest
demand multiplier by setting traffic signal timings on a road network. We use the penalty
function method to transfer the equity constraint as a penalty term to upper level objective
function and then use harmony search (HS) method to solve it. In the lower level, the user
equilibrium (UE) assignment in which the road users follow the user equilibrium principles of
Wardrop is carried out using Frank-Wolfe (FW) algorithm proposed by Frank and Wolfe [19].
The rest of the paper is organized as follows: in the next section, an example is given to show
the inequity problem occurred after changing the traffic signal timings. Section 3 presents the
bilevel-heuristic solution algorithm with an equity constraint. In addition, the penalty function
approach is given by incorporating HS approach. In Section 4, the numerical application of
proposed model is presented. Conclusions and future studies are remarked in Section 5.

2. Inequity issue in the signal control problem

Consider a simple road network to show the inequity issue arises by changing the traffic signal
timings. The road network has two O-D pairs (1!4, 2!4) as can be seen in Figure 1. The travel
demands between the given O-D pairs are q14 = 450 and q24 = 350 vehicles per hour, respec-
tively. It is assumed that dashed intersection is signalized as shown in Figure 1. The travel cost
function used in the example road network is

ta xað Þ ¼ t0a þ
xa
Ca

þ 1� σað ÞΨ (1)

where xa is the flow on link a, t0a is free-flow travel time, Ca is the capacity of link a, Ψ is the
cycle time, σa is the green-time ratio, and ta(xa) is travel time for link a. The parameters for the
example road network are presented in Table 1.

It is supposed that the cycle time is 80 s for the signalized intersection numbered 3 in Figure 1.
Let σ be the ratio of effective green time to cycle time on link 2, and it is taken as 0.5 for current
situation. In this case, the green-time ratio on link 3 is 0.5. It is assumed that the behavior of the
road users’ route choice follows the UE conditions. In this case, the equilibrium travel costs
between O-D pairs can be easily obtained using the FW algorithm as follows:
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Z14 ¼ 3:67, Z24 ¼ 3:75 (2)

where Z indicates the equilibrium travel cost for O-D pair w in W on the example road
network. Suppose the local authority of road network has decided to decrease the green-time
ratio on link 2 to 0.30. After applying of this arrangement, equilibrium travel costs between
O-D pairs will be

Z14 ¼ 3:59,Z24 ¼ 4:10 (3)

Eq. (3) implies that after decreasing the green-time ratio on link 2, the equilibrium travel cost
from origin 1 to destination 4 is decreased and the travel cost from origin 2 to destination 4 is
increased. This result means that the road users travelling between O-D pair (2-4) cannot get
any benefit from this implementation. Consequently, the inequity problem exists among the
road users travelling between O-D pairs. To minimize such negative effects of signal timing
setting on a given road network, equity issue should be taken into account. For this purpose,
Eq. (4) is proposed to show the level of changing equilibrium travel cost of each O-D pair
before and after adjusting the signal timing.

2 

 3 

4 1 
1 

2 
4 

3 

Figure 1. A simple road network.

Link no. t0a Ca σa

1 3.5 1500 –

2 1.5 1200 σ

3 1.5 1500 1� σ

4 1.0 1500 –

Table 1. Parameters of travel cost function.
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max
w∈W

Zw � Zw

Zw

����
���� ≤ β (4)

where Zw and Zw are defined equilibrium travel costs between O-D pair w in W before and
after adjusting the traffic signal timing, and the parameter β is used to characterize the level of
equity. This equation ensures that the variation of equilibrium travel cost of each O-D pair after
adjusting traffic signal timing does not exceed a predetermined value.

3. Formulation of the problem

Let us assume that a road network has a set of links, A and a set of intersections, N. Its existing
O-D demand matrix is represented as q. Assume that a factor ξ is used to increase the existing
O-D matrix, and thus the increased O-D matrix can be represented as ξq. Link flow x can be
determined by considering the demand multiplier ξ and the green-time ratio σ for signalized
intersections on a given road network. Thus, the objective function can be written as given:

max
ξ, σ

u ¼ ξ (5)

subject to

max
w∈W

Zw x ξ;σð Þð Þ � Zw

Zw

����
���� ≤ β (6)

xa ξ; σαð Þ ≤ paCa σα; sað Þ (7)

Giσi ≥bi, ∀i∈ I (8)

Eq. (6) represents the constraint of equity and Eq. (7) is related to the link capacity constraint in
which pa represents degree of saturation for link a and sa is the saturation capacity on link a. In
Eq. (8), σi is a vector of green-time ratio for intersection i∈ I , and matrix Gi and vector bi are
variables, which depend on the stage configuration of a given signalized intersection (see for
details [20]). The equilibrium link flows, xa(ξ, σa), and corresponding travel costs for O-D pairs,
Zw x ξ;σð Þð Þ, are obtained by solving user equilibrium traffic assignment problem given below:

min
x

X
a∈A

ðxa

0

t∗a w; σað Þdw (9)

subject to
X
k∈K

f rsk ¼ ξDrs ∀r∈R, s∈ S, k∈Krs (10)

xa ¼
X
rs

X
k∈Krs

f rsk δ
rs
a, k ∀r∈R, s∈S, a∈A, k∈Krs (11)

Reserve Capacity Model for Optimizing Traffic Signal Timings with an Equity Constraint
http://dx.doi.org/10.5772/intechopen.70883

5



f rsk ≥ 0 ∀r∈R, s∈ S, k∈Krs (12)

where t∗a is the travel cost of all users on link a∈A. Eq. (10) represents that the sum of the route
flows between O-D pair, r-s, has to be demand between same O-D pair. Eq. (11) shows that the
flow on a link is to be the sum of the route flows which use this link. Eq. (12) is related to the
non-negativity. Since the UE traffic assignment problem is convex, there are different methods,
which are able to solve this problem efficiently. One of them is the Frank-Wolfe (FW) method.
Indeed, this method is developed for quadratic optimization problems but it is also suitable for
obtaining equilibrium link flows on transportation road networks [21, 22]. Therefore, the
equilibrium link flows depended on the travel costs between O-D pairs and demand multiplier
are calculated by using the FW method in this study.

In order to represent travel costs of users on link a, we suppose that it consists of two compo-
nents such as flow-dependent running time and a stop delay arises from signal control at any
intersection. This definition can be written as

t∗a ¼ α1ta xað Þ þ α2 1� σað ÞΨ , ∀a∈A (13)

where ta is the travel time on link a∈A, α1 and α2 are the values of travel time and stop delay,
respectively. The right side of the Eq. (13) represents the stop delay occurred due to signalized
intersection. If the considered intersection is not signalized, this term will be zero. It means that
travel cost of all users on link a equals to its travel time. The link travel time ta(xa) can be
determined by using Bureau of Public Roads function as given below:

ta xað Þ ¼ t0a 1þ 0:5� xa
Ca

� �2
" #

(14)

where t0a is the free-flow travel time on link a∈A. Considering the reserve capacity maximization
problem, the objective function given in Eq. (5) should be evaluated as minimization problem
in keeping with the principles of the HS algorithm. Moreover, the constraints of Eq. (5) should
be incorporated into the objective function by using the penalty function approach.

min
ξ,σ

u ¼ 1
u
þ θ

max max
w∈W

Zw x ξ;σð Þð Þ � Zw

Zw

����
����� β; 0

� �

þ
X
a∈A

max xa � paCa; 0
� �þ

X
i∈ I

max bi �Giσi; 0ð Þ

2
664

3
775 (15)

subject to Eqs. (9)–(12)

where the first term of Eq. (15) is the inverse of the function u, which is the maximization
problem, its second term is the penalty function in which θ is used as constant of the penalty,
and so u is the minimization problem which will be solved by using the HS algorithm.
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3.1. Bilevel programming model

As known, the bilevel programming (BP) model used for the solution of complex engineering
problems is NP-hard. Even if the BP model has some disadvantages due to its non-convexity, it
would be beneficial for taking into consideration the connection between interrelated prob-
lems. It is obvious that the BP model has two levels such as upper and lower levels. Even
though both upper and lower levels are convex separately, the convexity of the both levels
together cannot be ensured. This can be evaluated as a major disadvantage of the BP model.
So, the exact algorithms such as Branch-Bound method can be incapable for the solution of the
problem. In the context of reserve capacity, the upper levels deals with finding the maximum
value of capacity by considering traffic signal timings while user’s reactions to this changing
are determined in the lower level with regard to equilibrium link flows. This mutual interac-
tion can be evaluated by using the BP model effectively. On the other side, there has been
increasing trend for the use of meta-heuristic algorithms in solving the BP model in recent
years. Therefore, we used the harmony search (HS) algorithm for the solution of the BP model
in this study. The HS algorithm is developed by Geem et al. [23]. As known, the musical
process performed in an orchestra in order to reach the best harmony is the source of inspira-
tion of this algorithm. The members of an orchestra try to reach the best harmony by making
practices, just as searching of the global solution of a given problem can be controlled by some
procedures in the HS. The HS algorithm uses four parameters for the solution. The first one is
the harmony memory size (HMS), which represents number of population in the harmony
memory (HM). The second one is the harmony memory considering rate (HMCR), which is the
probability of the use of the HM to diversify the population. The third one is the pitch
adjusting rate (PAR), which represents whether the pitch adjustment is required or not; and
lastly the number of improvisations (NI), which represent the number of iterations (see for
details [24, 25]). The procedure of the HS algorithm is summarized within the context of the
reserve capacity maximization in order to brevity of the chapter as following:

Step 0: Set the HS parameters (HMS, HMCR, PAR, and NI) and network related parameters. The
values of parameters HMCR, PAR, and HMS vary between 0.70–0.95, 0.20–0.50, and 10–50,
respectively, which are proposed in order to obtain satisfying performance by Geem [26]. There-
fore, HMS, PAR, and HMCR are used as 10, 0.45, and 0.85 in this study, respectively.

Step 1: Populate the HM with green-time ratio σa for each link a∈A (i.e., link connected with
signalized intersections) and demand multiplier (ξ).

Step 1.1: Solve the lower level problem (i.e., UE traffic assignment problem) by considering the
variables (σ , ξ) generated in Step 1. After obtaining UE link flows, the objective function value
of each harmony vector is calculated by using Eq. (15).

Step 2: Considering memory consideration, a new vector is calculated. The first member of the
new vector is selected by using the HMCR parameter from the HMwith probability of HMCR.
The rest members of the vector are selected in similar way. On the other hand, the probability
of the (1-HMCR) is used in order to decide whether the member of the new vector is selected
from the feasible solution space.
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Step 3: This step is related to decide whether the adjustment of the pitch is required or not. For
this purpose, the PAR parameter is used and it varies between 0 and 1. After memory consid-
eration step, the members of the new vector are increased or decreased with the probability of
PAR by considering bw which is an arbitrary bandwidth (see for details [23]). The use of the
probability of (1-PAR) provides that the corresponding value of the member of the new vector
remains unchanged.

Step 4: Solve the lower level problem for the new vector. Then the corresponding objective
function value is calculated by using Eq. (15).

Step 5: All objective function values stored in the HM are sorted from the best to the worst, and
if the objective function value of the new vector is better than the worst one in the HM, the new
vector is included into the HM instead of the worst one.

Step 6: Termination criterion. The algorithm is ended, if the number of iterations reached its
maximum value. Otherwise go to Step 2.

The flowchart of bilevel-heuristic solution algorithm based on the HS is given in Figure 2.

4. Numerical application

The proposed bilevel-heuristic solution algorithm has been applied to example test network,
which consists of 19 links, 13 nodes, and 4 O-D pairs as shown in Figure 3. The corresponding
link parameters, such as free-flow travel time and saturation capacity, are given in Table 2.

Figure 2. Flowchart of the bilevel-heuristic solution algorithm based on the HS.
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Figure 3. Example test network.

The number of link Free-flow travel time t0a (s) Saturation capacity sa (vehicle per hour) Green-time ratio σ

1 270 5000 σ

2 270 3000 1

3 270 6000 1�σ

4 450 6000 1�σ

5 270 6000 1�σ

6 270 6000 σ

7 270 3000 1

8 270 6000 σ

9 270 3000 1�σ

10 270 5000 σ

11 270 3000 1

12 270 6000 1�σ

13 405 4000 1

14 270 6000 1�σ

15 270 2500 1

16 270 3000 1

17 270 3000 σ

18 540 4500 σ

19 270 4000 1

Table 2. Link parameters used in the test network.
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The gray filled nodes are considered as signalized intersections as shown in Figure 3. Each of
all signal-controlled intersections has two stages and their cycle time is assumed as 90 s. On
the other hand, maximum and minimum values of the green-time ratio for each signalized
intersection are 0.8 and 0.2, respectively. The O-D demands between nodes 1 and 2, nodes 1
and 3, nodes 4 and 2, and nodes 4 and 3 are 1500, 1000, 1000, and 1500 vehicle per hour,
respectively. The maximum degree of saturation flow pa is assumed as 0.9. Further assump-
tions are made on the values of travel time and stop delay and they are considered as α1 = 20
and α2 = 40 $/hour [20].

The convergence graph of the bilevel-heuristic solution algorithm can be seen in Figure 4. It is
assumed that the algorithm is terminated, when it reached the considered maximum number
of iterations, namely 300. Taking into account of minimum and maximum values of green-time
ratio, the proposed algorithm increases gradually the demand multiplier especially after 25
iterations. While the value of demand multiplier was about 1.1 at the first iteration, it reached
the value of 1.55 with increasing of about 36% at the final iteration. It is obvious that this result
has been achieved with taking into account the constraints of the link capacities, equity
parameter, and signal timings. The equity parameter of β was fixed as 0.1 for this solution.

In this context, we have shown the equilibrium link flows after increasing total demand with
multiplier of 1.55 as seen in the network given in Figure 5. While the total demand between
four O-D pairs was 5000 before applying the demand multiplier to the network, it reached to
7777 vehicles per hour as shown in Figure 5. It should also be emphasized that there is no flow
on the links numbered 8 and 9, which arises from the fundamental principle of the UE
assignment. Another significant issue is that the links that carry lowest and highest flows are
17, 13, and 19.

It is pointed out that even then the links approaching to the signalized intersections in the
network are operated under their capacities. This can be seen in Figure 6. In Figure 6, the gray
bars represent capacities of the links approaching to signalized intersections, whereas the black
bars show the equilibrium link flows. As can be seen in Figure 6, even though the equilibrium
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Figure 4. Convergence graph of the bilevel-heuristic solution algorithm.
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flows on the links numbered 3, 4, and 18 are quite high, they continue to serve under their
capacities.

The significant parameters of the links approaching to the signalized intersections are given in
Table 3. The green-time ratios are also obtained after running the bilevel-heuristic solution
algorithm under fixed value of parameter β as shown in Table 3. When we consider the
signalized intersection numbered 5, which has two approaching links, namely 1 and 3, the
green-time ratio has found 0.61 for the link 1 and 0.39 for the link 3. Since each of the signalized

Figure 5. Equilibrium link flows after applying demand multiplier.
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intersections has two stages, the sum of green-time ratios of two links is equal to one. In
addition to this, we have shown also the capacities of links which are calculated taking into
account degree of saturation, saturation capacity, and green-time ratio. Again, it can be seen
that the flows of the considered links are operated under their capacities.

In order to test the effect of parameter β on the solution algorithm, it has been run for different
values for β and the corresponding results are given in Table 4. While parameter β is increased
from 0.05 to 0.20, the objective function values decrease in similar ratios. On the other hand, the
demand multiplier increases since its value is inversely proportional to the objective function
value. The reason for this is that the local authority pays less attention to the equity, so this leads
to an increased travel demand in the network. Another significant result of this test is the objective
function value and demand multiplier remain stable after a value of 0.15 of equity parameter β.

5. Conclusions

This study aims to optimize traffic signal timings in terms of reserve capacity by taking the
equity constraint into account. In order to create more equitable networks, this phenomenon
should be taken into consideration in optimizing traffic signal timings. Thus, the road users

The number
of link

Equilibrium flow xa
(vehicles per hour)

Saturation capacity sa
(vehicles per hour)

Green-time
ratio σ

Capacity paCa(σa, sa)
(vehicles per hour)

1 1188 5000 0.61 2745

3 1969 6000 0.39 2106

4 1920 6000 0.39 2106

5 1338 6000 0.39 2106

6 1820 6000 0.61 3294

8 0 6000 0.61 3294

9 0 3000 0.39 1053

10 1704 5000 0.61 2745

12 768 6000 0.39 2106

14 768 6000 0.39 2106

17 367 3000 0.61 1647

18 2333 4500 0.61 2471

Table 3. The parameters of the links approaching to signalized intersections for β = 0.1.

β = 0.05 β = 0.10 β = 0.15 β = 0.20

Objective function value uð Þ 0.672 0.643 0.640 0.640

Demand multiplier (ξ) 1.488 1.556 1.562 1.562

Green-time ratio (σ) 0.607 0.610 0.590 0.590

Table 4. Obtained results using different values of equity parameter β.
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in the network are similarly taken advantage by changing traffic signal timings. For this
purpose, we developed a bilevel-heuristic solution algorithm based on the HS. While the
demand multiplier and green-time ratio are found in the upper level by considering the
equity issue, capacity, and signal timings constraints, the UE link flows are determined in
the lower level by using the FW algorithm. First, we showed the inequity problem for the
users by changing traffic signal timings in a small test network. Results of this small test
emphasized that the equity issue should be taken into account to benefit equally for all road
users between O-D pairs by changing traffic signal timings. On the other hand, the middle-
sized test network has been used in order to show the usability of the proposed solution
algorithm for optimizing traffic signal timings with regard to the reserve capacity. It has been
found that the proposed algorithm is able to maximize the reserve capacity for optimizing
traffic signal timings by considering the equity issue. Results also show that the links in the
test network are operated under their capacities, even the demand is increased about 1.5
times for fixed value of equity parameter. Another significant result of this study is that the
proposed reserve capacity model is sensitive to the different values of equity parameter β. As
the value of β is increased, the value of demand multiplier also increases. This arises from
that the authority pays less attention to the equity in high values of β so this leads to an
increased travel demand in the network.
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Abstract

In the study, transportation-architecture-people-focused triple, urban transportation, 
design of transportation systems, pedestrian-oriented design and pedestrian walkable 
spaces will be emphasized. However, by analyzing the effects of pedestrian dynamics, 
transport systems aim to present a mechanism with an improved model that will define 
dynamics for the first time to explain the processes underlying design decisions. Four 
hundred and twelve healthy volunteers were selected from 18–65 years of age. First, three-
dimensional (3D) virtual city is designed to understand the experiences of the pedestri-
ans. Later, it was provided to navigate the three-dimensional virtual glasses in the city 
where the broadcasts were designed. During this navigation, pedestrian dynamics were 
observed, and spaces where pedestrians cautioned were identified. Following this deter-
mination, the “attractive” locations will be shown on the macroscale, with the eye-tracking 
method, it has been in both virtual city navigation and analysis with eye-tracking tech-
nology, the cognitive activities of the broadcasts were tested with electroencephalogram 
(EEG). This approach will in general bridge an empirical and theoretical link between 
transport-architectural literature in understanding pedestrian movements/behaviors and 
combining architectural-pedestrian interactions with transport research. However, by 
analyzing the way-finding behavior, the study interprets its effects on the spatial area.

Keywords: pedestrian dynamics, transportation architecture, human behavior, 
pedestrian-based design, neuro-architecture science

1. Introduction

In recent years, pedestrian dynamics (movements and behaviors) have been linked to safety 
[1]; building evacuation [2]; transportation [3, 4] and physics, urban planning, and real-
time practice [5]. Many different methods have been developed to understand pedestrian 
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dynamics, among which the most commonly used are the “cellular automata model” [6, 
7]; “The social force model” [8, 9] and the “agent-based model” [10, 11]. At the same time, 
the visual perceptions that surround the tracks during the course of the road respond posi-
tively/negatively [12, 13]. In other words, “visual perception” and “environmental stimuli” 
are two important influences that affect the dynamics of the pedestrian. Studies in the lit-
erature show that visually is related to pedestrian dynamics (movement and behavior). In 
many pedestrian models developed, because of the difficulties of real-time simulations of 
the pedestrians, the selection sets (directions) are divided into a limited number, then the 
desired walking direction of the pedestrians; the desired walking speed is determined by 
specific rules and mechanisms. However, in the models of previous pedestrian dynam-
ics, the arc was regarded as the main dynamic, visual and other stimuli were ignored. 
Pedestrians are affected by many factors (stimulants) when walking in the city. Even if the 
objects are attractive enough, they can re-establish their standing in front of them. Although 
movement is a major influence on behavior, the interaction between the visual and the 
environment of the pedestrians is one of the inferences in the literature. However, in pedes-
trian dynamics, pedestrian-visual-environment relation, movement and/or behavior should 
be considered as directly affecting. One of the goals of this work is to develop a simu-
lation model that can reveal realistic pedestrian dynamics and explain its mechanism. In 
this model, the effects of “architectural structures” on pedestrian dynamics, which are not 
mentioned in the literature, are examined. The developed model is called “attention-based 
visual motion (ABVM).”

This model tests the pedestrians, architectural visual attractors and then examines the 
characteristics of the attractor and the cognitive state of the stimulus to see whether the 
pre-defined roots of attention will dissipate. A three-dimensional (3D) small-scale city 
was designed for the model and different architectural stimuli were placed in the city. 
These different stimuli, distinctive façade designs and urban furnishings can attract direct 
attention of the pedestrians. It should not be forgotten that transportation design should 
benefit from simultaneous analysis of strategic and macroscopic cognitive states of pedes-
trians. The features of the stimuli (external attractors) in the 3D virtual city are defined 
and evaluated along with the necessary visually appealing characteristics of how these 
stimuli affect the pedestrian dynamics.

Existing studies in the literature have examined pedestrian dynamics in the context of 
transportation science. Besides, the analyses mentioned above have been made in the 
urban design scale, but the same methods have always been emphasized as methods. 
Moreover, none of these studies have examined in detail how pedestrian movements 
and/or behavior affect and shape the design. The study will evaluate this question in 
terms of design and cognition and will examine it both in the spaces where the pedestri-
ans move constantly and in the space scale. The main aim of this study is to determine 
the effects of pedestrian dynamics  (pedestrian movements and behaviors), visual and 
perceptual environment and architecture and to determine the architectural effects of 
these dynamics.
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2. Material and method

In this study, it is aimed to determine the effects of pedestrian dynamics on visually and 
behaviorally structured environment and transportation systems and to determine the contri-
bution/effect of architectural design. Depending on this purpose, the research will be carried 
out in three different parts, and three different research methods will be used in the study in 
stages and/or at the same time. In the study, this method, which is called the multiple analy-
sis method, is a platform where three analytical techniques come together (Virtual Reality 
Glasses (3DVRG), eye tracking and electroencephalogram (EEG)) to interact with each other. 
This study generally analyzes pedestrian behavior in three different ways (eye tracking, 3DVR 
and EEG). Especially in the context of making sense of human movements, it is thought that 
the use of multiple analysis techniques together will be meaningful in the analysis of pedes-
trian dynamics.

2.1. Participants

Four hundred and twelve healthy volunteers were selected from 18–65 years of age. Two hun-
dred and one man and 211 women have been participated in this experiment. Average age of 
man participants: 38,55. The average age of women is 35.66. Participants were informed about 
not taking any alcohol products 24 hours before the experiment. Since the participants should 
not use certain psychiatric medication, this question was asked during the election. It has 
been confirmed that there is no problem in the normal vision of the participants. In addition, 
participants should not use glasses or lenses, as the eye-tracking device used is not superior in 
feature, so only participants who have good vision and no apparatus are selected.

2.2. Instruments

An electroencephalogram (EEG) is a test used to evaluate the electrical activity in the brain. 
One 14-channel EEG was used for the experiment. These EEG channels have been used in 
this experiment: AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8 and AF4. Also, we used 
eye-tracking technology that eye-tracking data are collected using either a remote or head-
mounted “eye tracker” connected to a computer. With eye-tracking technology, it is possible 
to determine where participants “look” and “for how long.” However, 3D virtual reality 
glasses were used to make participants feel themselves in the virtual city environment. The 
recorded brain signals include artifacts such as muscle movement, eye blinking and so on. 
The signals were downsampled further to 128 Hz.

The eye-tracking device used in the experiment is binocular (double eye) tracking with data 
acquisition frequency of 120 Hz, eye movements can be recorded with 0.5° recording error. 
The refresh rate of the device was 120 Hz. The instrument can be individually calibrated in 
a very short time for each participant before the experiment. In the scope of the study, the 
eye-tracking measurements used were determined as “visual attention pattern” and “total 
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fixation time.” The visual angle of the screen used in the experimental phase is 32 × 29 and the 
visual angle of the stimuli is about 16° × 18°.

2.3. 3D virtual city

A virtual city is designed so that the pedestrians can feel themselves in the real environ-
ment. In this virtual city, there are elements such as walkways, buildings made according 
to different architectural styles, city furniture, landscapes and showcases. The movement 
of the pedestrians in the designed city was provided by the wii commander. The city has 
been visited in daylight. Because the 3D render in the daylight is more realistic and makes 
people more adaptable to the atmosphere. Examples of the designed 3d city are shown in 
Figure 1.

People who are seen in the city figure also act in the experiment. However, the vehicles act like 
people, which make the work more realistic.

2.4. Procedure

The total time for the entire experiment was set at 450 seconds. Three hundred seconds of 
this is a city tour. In the city tour, this part of experiment was conducted using 3D glasses. 
Participants passed the rest phase after 300 seconds. During this time, the software designed 
for this study identified “spaces explored for more than 10 seconds.” These are called 
“attractive spaces.” The participants were then again tested with eye tracking apparatus 
and maintained for 150 seconds. The experiment was terminated and removed from the 
participant list in order to feel symptoms such as dizziness and nausea during use of the 
virtual 3D glasses.

Participants are equipped with an EEG device and a virtual reality glasses during naviga-
tion. In order to be able to measure the net responses of the pedestrians, it was ensured that 
the EEG records were abstracted from different stimuli. The areas where they have been 
standing on the tracks are determined by video recordings. That is, if the pedestrians are too 

Figure 1. 3D urban area.
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much to witness on a space (building front, walkways, landscaping, etc.), the system records 
the attractive space. Therefore, it will be possible to have information about why it stays so 
long and to be able to conduct a detailed examination. In detail, the test scheme is shown in 
Figure 2.

3. Data analyze

Many features are used in the literature to classify EEG data in brain-computer interface (BCI) 
for various mental tasks. Some of these are: band powers [14], power spectral density [15], 
autoregressive and adaptive autoregressive parameters [16], time-frequency features [17–20] 
and inverse model-based features [21–23]. In 1998, Norden E. Huang from NASA proposed a 
new signal analysis method named Hilbert-Huang transform (HHT) and it is applied to ana-
lyze nonlinear and non-stationary signals and was regarded as an important progress since 
the fast Fourier transform (FFT) [24]. Huang et al. [24] stated that the HHT method includes 
two steps. In the first step, the original data will be transformed into an intrinsic mode func-
tion (IMF), which satisfying the requirements of the Hilbert transform, by the method of 
empirical mode decomposition (EMD). In the second step, Hilbert transform method will be 
used on each order of IMF above to calculate its instantaneous frequency. All those results 
can be used to create an integrated time-frequency figure finally. In this study, Hilbert-Huang 
transformation, which is a classical time-frequency analysis method, was chosen.

According to [25, 26], for a real-valued g (t) time series, the Hilbert transform can be obtained 
as in Eq. (1).

  g (t)  = H {g (t) }  =   1 __ π   P  ∫ 
−∞

  
∞
     
g (τ) 

 ____ t − τ    (1)

In Eq. (1), P represents the basic value of the complex integral Cauchy.

Figure 2. Experiment flowchart.
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The Hilbert transformation given in Eq. (1) gives the analytic binary virtual part for the real 
data g(t) to obtain. However, to an original analytical signal, g (t) allows us to reach in Eq. (2).

  g (t)  = g (t)  + ĝ (t)  = G (t)   e   jθ (t)    (2)

The instantaneous frequency for the resulting signal, if the signal is a single component, θ(t) 
of the phase function is easily obtained by taking the derivative of the time in Eq. (3).

  w (t)  =   dθ (t)  ____ dt    (3)

4. Experimental result

4.1. EEG data analyze

Given the features extracted from each participant’s EEG data, the analysis attempted to 
determine which of the α, β, γ, θ ∧ δ components of the EEG exhibited the highest mutual 
information with the objects that reflect the individual participant’s preferences. During each 
of the different EEG channels, the normalized mutual information between the class tag and 
each of the four main EEG band powers was determined. Mutual information has been deter-
mined between 0 and 1. The detailed illustration of this is shown in Figure 3.

One of the most rewarding results of the study is a clear difference between the mutual infor-
mation values obtained by symmetric channels in the left and right hemispheres in each of the 
EEG bands during city tour. It is thought that this difference shows asymmetrical activities in 
terms of strength of the EEG bands while making decisions about the places, the streets and 
their combination of the two, the triple combination preferred by the participants. Because 
some of the participants were concentrated on the street where the shops were concentrated, 
others were only directed toward the landscape areas. F3, F4 and O1 channels exhibited the 

Figure 3. The normalized mutual information between the class tag and each of the four main EEG band powers.
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highest mutual information in delta band. Delta oscillations are present in the background 
EEG activity not just in sleep, but in awake state and are thought to be generated by cortical 
networks [27]. Also, these oscillations play a significant role in large-scale cortical integration 
[28–30]. There are studies confirming the usability of the delta channel to distinguish the 
striking objects [31, 32]. It is noteworthy that the importance of the delta band during partici-
pant’s way-finding preferences. In other words, serious subjects were taken especially in the 
channels F3 and F4 in the subjects who had difficulties in their preference of direction. During 
the way-finding of participants, information was observed in AF3, AF4, F3 and F4 channels, 
especially in those who have difficulty making decisions. The information of these channels 
indicates that this activity is predominantly in the frontal lobe.

Participants were observed to have differences in theta band when they inserted the eye-
tracking device and questioned their preferences in detail. Theta band exhibited very high 
mutual information with the preference in the frontal region, especially in the channels F3, 
F4, FC6 and AF4. Theta band was especially associated with female participants, especially 
if there is a shopping mall between their preferences. That is, 78% of the female participants 
spent a long time in front of the stores. Therefore, mutual information was observed in the O2 
and P8 regions in the case of detailed examination with eye-tracking technology. On the other 
hand, this information was observed only in the P8 region in some of the male participants. 
If the Theta band is thought to be associated with emotional situations [33, 34], it should not 
be surprising that this region differs in women. However, it was observed that they were 
standing in front of participants in the moment of passing Atatürk posters placed in certain 
shadows of the city. When they stopped, there was an increase in theta band in 83% of the 
participants.

Regarding the beta wave, the highest mutual information values are seen especially in the 
temporal and occipital regions in the city. In the eye-tracking phase, the frontal regions were 
again displayed with changes in the reference beta-spectrum. However, it is noteworthy that 
the changes in the F7 and F8 channels in brain activity during the eye-tracking phase, espe-
cially the façade’s restoration feature. This can be interpreted as an indication of the changes 
in the emotional mode of people in the old built environment. Participants were encouraged 
to analyze that part of trying to pause in high-intensity horticultural gardens while tour-
ing landscape areas. A total of 394 people standing in colorful gardens recorded significant 
increases in beta bands in the occipital region. After leaving the colored garden and turning 
completely toward the green areas, the beta waves in the occipital area were recorded as 
declining. This may be an indication that the beta wave behaves in accordance with the color 
stimulus.

The highest spectral changes in F4 and P8 and O2 were observed, supporting the importance 
of both frontal and parietal regions in the gamma band.

According to the flow chart of the experiment, the participants are looking at a stimulus twice. 
In other words, they first look at the places that they see during the city tour and are deter-
mined to be interesting by using the eye-tracking device for the second time. The EEG device 
records in both stages. The areas that participants often identify as “attractive places” are 
listed below:
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• Shopping center: The mall has designed modern façade. Participants have spent a long 
time viewing the broad front of the building.

• Historical street: While the participants are walking around the city center, there are five 
different streets to visit. Nearly all participants (96%) needed to visit the historic street.

• Atatürk bust and photographs: They spent a long time in front of the busts and photo-
graphs of Atatürk, the person with the highest degree of nationality.

• City square: The city square is the urban area where people can walk, sit and have living 
areas.

• Boutique stores: Stores are often attracted to women. On the other hand, posters and post-
ers which are used as design items on the store also increase the attractiveness.

• Landscapes: Nearly all (98.7%) of the people have spent a large part of their time to see and 
even navigate the landscape area.

The relationship between the navigation in the modern areas and the historical sites has been 
examined. Beta and theta waves were used to help identify the relationship between these 
areas.

As shown in Figure 4, only the EEG is moving around the city (beta wave), showing mutual 
information in the back of the brain. However, in a more detailed analysis using eye-tracking 

Figure 4. The difference between pedestrian brain map and pedestrians who make city tours with EEG device and those 
who examine both EEG and eye tracking.
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technology, mutual information was observed in both the middle and frontal regions. But in 
theta wave, this information is not as remarkable as beta.

Here, there was an increase in brain activity, especially when walking through urban squares 
and green areas of the arcades. In addition, activities were recorded on both the beta and theta 
waves in areas where they prefer color landscapes rather than green landscapes and where 
there are colorful landscapes during this city tour.

The shops were placed in different locations on the walk and promenade routes of the 
designed 3D city. Some of these shops are ground floor and some are in the first floor. In this 
case, the interest of the pedestrians has been researched. When women’s brain maps were 
examined, there was no difference between boutiques on the ground floor and boutiques on 
the first floor. So whether you are in the ground floor or the first floor is almost the same level 
of interest and attraction. However, both women and men spent more time in historical sites. 
Located on a modern street, the shopping center is focused on the spot after it has entered the 
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Figure 5. Number of spaces where each participant has held more than 10 seconds in the city tour.
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Accordingly, the total duration of the focusing of the female participants during the excur-
sion of the city to the details of the stimuli is longer than that of the male participants. This 
supports the view that the female participants are more interested in the stimuli (building 
façade, shops, etc.).

It is also possible to visualize the focus of participants’ cognitive environment details with 
heat maps [37–39]. Heat maps show where participants look more at stimuli and are graded 
on a range of colors ranging from light green to red. The areas shown in green indicate that 
participants have fewer focuses, whereas the areas shown in red indicate that participants 
have more focus.

Figure 6 shows the details of some of the analyzed areas, which we can also call visual atten-
tion pattern.

In the section of the visual attention pattern examined separately for women and men, it is seen 
how much attention the female participants are paying attention to. As seen from the heat maps, 
males are usually concentrated on the “building entrance” directly. However, a large propor-
tion of female participants were initially identified as “logos.” We can see that this female cogni-
tive behavior is not only in shopping mall structures but also in many store entrances.

5. Discussion

Findings include that the effects on the pedestrian moods of building facades, the green space 
on their health and the data about urban environments on their social interactions.

Behaviorally, people are often satisfied without going out of the green areas, but it has been 
found that the excitement understood from the analysis of the EEG records has increased in 
areas with more delicate landscape.

Naturally, it is thought that pedestrians prefer colored landscapes to green landscapes. The 
green areas that are the transportation axes to landscaping areas are preferred. In other words, 

Figure 6. Detailed display of visual attention pattern of some places.
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the greening of the landscaping areas leads people to that point emotionally. This finding is 
very important for the design of walking paths. Because, if the designer wants to finish the 
hiking trail with landscaping areas, then designing the landscape along that trail is worth-
while in terms of giving people the feeling of directing them there.

However, in general, low spatial frequency components (large lines) have a high contrast, 
and high frequency components (small lines) have a low contrast. Simply, the scenes in the 
nature have lines that tend to exclude each other; so no lines appear in the picture when they 
are added. Therefore, in the nature, repetitive situations do not strike the eye; all the design 
elements are spread in a certain order. But this is not the case in urban scenes. Urban scenes 
violate the rule of nature: buildings tend to have regular, repetitive patterns due to the com-
mon use of design features such as unnatural landscapes, transportation systems and faulty 
restorations. There are studies [40, 41] in which the natural landscape structures positively 
affect the human brain. However, it is quite interesting that as a contribution to all studies, 
landscape areas also prefer “more colorful” areas of spring.

The shopping center is positioned within the city’s modern buildings. An easy and central 
place has been chosen for vehicle access. However, a walkway has been connected in terms 
of reaching the arcades.

Because of this, the pedestrians have passed through many vehicles and reached the shop-
ping center. This was detected by EEG, which increased the fear and anxiety mood during 
the transportation. From here, it can be thought that the pedestrians may be a problem to 
“pedestriate” from different vehicle routes until reaching such a central structure. Therefore, 
it would be appropriate to connect the pedestrian roads to the shopping centers and even to 
separate these roads from the roads.

From the architectural point of view, it is quite natural that the façades of the shopping center 
are closed and usually covered with advertisements. Therefore, it is noteworthy that in the 
analysis made by eye-tracking technology, the advertisement which is close to the entrance 
gate rather than the advertisement which is bigger is attracting attention. In other words, it is 
determined that the most focus point is seen from the eye-tracking heat map of the advertise-
ment near the front entrance door. This shows that the closest ad to the frontline is the most 
striking when it comes to architectural design of the shopping center front.

The city square is an area where both women and men enjoy their time. However, the correct 
design of these areas is crucial both in terms of user satisfaction and design success. Another 
important feature of urban squares is that all transportation is united. In the 3D city that is 
designed, it is seen that the pedestrians move toward the city center. After reaching the center 
of the city, it was seen that the pedestrians were looking for a seating area or even heading 
toward outlying people.

The “green living areas” located in certain areas of the city center are located within the city. 
Almost all participants turn toward these areas. The artificial pools that are placed in the said 
space are the other preferred points. Therefore, it is seen that in urban centers, people turn to 
artificial pools first and secondly to green living areas and then to other living areas, starting 
from the orientation (moving toward that point) and eye-tracking data. Therefore, the satisfac-
tion of broadcasting in the design of urban centers is much more important than in other places.
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It has been determined that the springs have more time in the city than in other areas even 
if they are directed to the historical area designed in the city. At this point, it is particularly 
striking that women look more closely at the historical cities compared to men who travel 
more slowly. It is seen from the eye-tracking analysis that women are looking at the building 
facades while visiting the historical city, even examining some architectural items (beaks, 
beads, etc.) in detail. In addition to this, men’s trips to historical cities have been determined 
from a general point of view. At the beginning of the modern constructions that started at the 
end of the designed 3D city, both women and men had right-lobe activities.

There are different boutiques that are designed and placed in different parts of the virtual 
city (by the side of the walkway, in the middle of modern buildings, next to the old city, etc.). 
These are small shops from different sectors such as footwear stores, electronic gadgets, books 
and stationery and music centers. It is observed that women spend more time in all kinds of 
boutiques than men and even spend a long time in front of the stores. On the other hand, in the 
direction of the data obtained from the eye-tracking technology, it was determined that women 
first looked at the brands of the magazines and later they looked for the entrance doors.

The point of interest is the similarity of the reaction with the eye-tracking technology of the 
female volunteers participating in the experiment from almost all ages. So, first they were 
interested in the magazine brand and then examined the entrance door details. In the EEG 
records, more dominant information was observed in women in the right brain region.

Therefore, aesthetic concern in the design of a woman’s boutique keeps the front panel. 
Conversely, most of the male participants (85%) have not observed any movement in this region. I 
mean, when you go shopping for a boy, you get cheap, good quality, you care about your worries.

We had these results by measuring how the brain affected the images of natural and urban 
scenes. There are two ways to measure productivity; the first is to build simple computer 
models in the form of calculating the views of nerve cells. Any kind of design broken from the 
nature in the study leads to an increase in brain activities. It was observed that participants 
who spent time in areas not particularly affected by nature of urban areas, especially con-
structed from gummy concrete, glass, were active in both brain regions. In addition, a differ-
ent fluctuation was observed especially in the frontal lobe compared to other lobes.

It may be thought that the pedestrians are seriously forcing the brain in designs that are 
completely human in nature and do not benefit from the slightest object of nature. In other 
words, such images make more effort to process the brain. One of the most striking aspects 
of the work is that it is irritating to distinguish nature from the design rule, and it has been 
detected both by cognitive and eye-tracking technology that artificial surroundings harm 
human beings. In addition, participants were found to move 1.4 times faster than digger sites 
in order to avoid such ultra-modern areas.

The worries and anxieties that arise in the fields of broadcasts reduce their satisfaction; thus, 
turning navigation into a negative direction. At the same time, it is evident that traveling in 
such spaces affects people emotionally.

It is remarkable that spatial studies of aesthetics are questioned and design is questioned [42, 43]. 
The role of design in different disciplines such as the effect of light design, the mathematical view 
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of visual images [44], the research ability of design in terms of neuroscience [45], the meaning of 
building facades and human perception [46, 47].

However, in this study where the analysis and effect of transportation systems are discussed, 
it can be seen that while the transportation systems are designed, both the utilization of archi-
tectural discipline and the support of different disciplines such as brain science and cognitive 
science will facilitate the design of the systems and even turn them into a certain system.

6. Conclusion

Analyzing how the built environment influences your brain through blood-based research, 
the transport engineer or architects can provide you with the insight necessary to make 
healthier and more socially conscious designs.

Designing the system by following the behavior of the pedestrians and the user-oriented 
nature of this system will be appropriate in terms of future living spaces. It should be assumed 
that designs in which both transportation systems and architectural disciplines coexist are 
human-centered. Therefore, if the first focal point of the design is thought to be “human,” 
then the human-oriented design logic will also be true. However, in order to be able to do this, 
deriving conclusions from the behavior and viewing of the pedestrians can open up both the 
strength of design and the correct design of the delivery systems. In this study, the areas in 
which emotions they feel when they navigate in the virtual environment are analyzed by EEG 
and then found “attractive” are analyzed by eye-tracking technology. As a result, it has been 
found that people are more likely to spend more time in areas where water and landscaping 
are enjoyed, which they like more about nature. It has been determined that people are more 
“comfortable” in such spaces. However, in the areas where modern structures exist, “uneasi-
ness” and “anxiety” conditions have increased during the trips. These places are among the 
most important finds to see the bushes look good and do not focus.

The design should have areas that are not just about the look, but that can be functional as 
well as the look that they can experience, suitable for its purpose, capable of raising the qual-
ity of life, improving our health, social behavior and productivity.
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Abstract

Cargo security during road transportation particularly presents a current topic in the
context of transport safety. One of the key factors influencing the magnitude of impact
(acceleration coefficients) during transportation is the quality of the road networks.
Acceleration coefficient values directly affect the rate of inertia forces influencing the
cargo. Given that the inertia force magnitudes (acceleration coefficients) are not known
prior to commencing the actual transport, acceleration coefficient values known from
regulations or otherwise (for example, empirically) certain established values must be
used. Values of acceleration coefficients were established in EN 12195–1, a regulation
typically used within the European Union. This chapter covers the approaches of this
standard and provides comparison of acceleration coefficients established through reg-
ulations with those measured. Data (coefficient acceleration) from both highway trans-
port and unpaved roads (in off-road conditions) were measured and statistically
processed for comparison purposes. The transportation model presented subsequently
demonstrates differences in the magnitude of inertia forces using three sets of data—
acceleration coefficients obtained from the standard, from highway transport, and from
off-road transport. At the same time, these secured cargoes were set into an insufficient
context, where unsuitable or insufficient security of the cargo represents one of the
significant risks in the occurrence of an accident.

Keywords: transportation, cargo security, transport model, acceleration coefficient, inertial
force, accident rate

1. Introduction

The growing demand for cargo transport is related to the increase of transport performance in
road transport. This is evident not only in Europe but also in the Czech Republic, which is a
transit state for road haulers.
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In 2015 in the Czech Republic, 438,906,000 tonnes of cargo was totally transported. Compared
to 2010, it is more than a 23.3% increase (355,911,000 tonnes) [1].

Studies and statistics show that in the last decade, the gross weight of goods in containers
handled in European ports increased by 30%. Many roads are already overloaded, because
over three quarters of the total cargo volume (76.4%) in Europe is carried on roads [2]. The
road infrastructure, which is highly loaded and often overloaded, is increasingly damaged,
and annual maintenance often fails to provide the required quality of road infrastructure.

According to the data from the Road Transport Services Center (established by the Ministry of
Transport of the Czech Republic), over half of vehicles are overloaded during weight checks.
The number of weight checks surpasses 2000 per year [3].

Road quality (among others) directly affects the inertia force effect of cargo during transport.
Generally, for a damaged road that has considerable unevenness (holes, potholes, etc.),
higher values of acceleration coefficients can be assumed, which directly affects the value of
inertia forces.

Load securing, also known as cargo securing, is the securing of cargo for transportation.
According to the European Commission Transportation Department, it has been estimated
that up to 25% of accidents involving trucks can be attributed to inadequate cargo securing [4].

From the point of view of the safety of cargo transport, one must consider the value of
assumed inertia forces affecting the cargo and secure (fasten) the cargo with appropriate
fastening means that correspond to the assumed inertia forces. The estimated quarter of
traffic accidents, where an incorrect or insufficient load attachment is identified as a cause,
are usually a combination of greater than the expected inertia forces and inappropriate
attachment.

Determining the magnitude of the inertia for transport is possible using accelerometers and the
appropriate calculation (e.g., using the relevant European standards). However, the size of the
inertial forces must be known in advance and a suitable and sufficient method of fixing the
cargo should be chosen accordingly. For this purpose, the empirically determined and statisti-
cally evaluated acceleration coefficients are used, which are part of EN 12195-1—Safety—
Part 1: Calculation of securing forces, valid in the European Union.

The shortage is mainly at statistical processing, which is “averaged” for Europe. However, it
is evident that the quality of the transport infrastructure and possibly also the quality of
the various categories of roads differ significantly, not only when comparing several
European countries but also within a given country. The Czech Republic is not an exception.
Differences can be identified between repaired (upgraded) and older (not repaired) sections of
the same road.

The aim of the chapter using the case study is to point out the deficiencies in the use of the
abovementioned empirically determined and statistically processed values of acceleration
coefficients. This thesis will subsequently be demonstrated within the framework of the
performed transport model.
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2. Acceleration and its impact on cargo securing

Acceleration, as well as vibrations, may adversely affect cargo transport. This is especially the
case when, for some reason, cargo is detached and subsequently damaged. As a result of the
detaching of the cargo, other technical elements such as fasteners (e.g., straps), transport means
(e.g., pallets, containers), or the means of transport itself may be damaged. In some cases, injuries
to the operator may occur. Such cases occur mainly in international traffic, where the goods are
transported over long distances by more modes of transport (within multimodal transport).

A relatively self-contained area is also an incorrectly located center of gravity of the handling
unit due to inappropriate loading—whether it is a container unit, a unit using an exchangeable
extension, or a balancing of its own means of transport. In such cases, the appropriate handling
and transport unit may be removed from the transport—most often in the case of air transport,
where the requirement to place the center of gravity of handling and transport unit (container
unit) is most strict.

A bigger problem, which may be caused by incorrect placement of the center of gravity of the
handling and transport unit, is a particular problem during handling and transport in the case
of container units designed for multimodal transport. In such cases, such a handling and
transport unit (container) may not meet the requirements of the relevant international stan-
dard (ISO) [5], which states the basic load distribution condition in standardized ISO container
type 1 (see Figure 1).

A simple condition relating to 60% of the weight of the load in the half of the container unit can
be transformed, using the balance on the lever into the maximum deviation of the center of
gravity of the container unit �10% in the x-axis (see Figure 1). Figure 1 shows a situation
where the center of gravity in the x-axis is moved by the maximum possible deviation to the
left, i.e., the position of the center of gravity of the x-axis container unit is 10%.

Figure 1. Load distribution in ISO containers. Source: modified from Refs. [5, 6].
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The x-axis is the longitudinal axis according to the standard marking in relation to the move-
ment of the means of transport (see Figure 2).

It is worth mentioning that much software is designed to load containers. The software
contains conditions that ensure the permissible location of the center of gravity of the container
unit and is usually supplemented by the same condition for the y-axis (according to the
standard marking of the axis perpendicular to the x-axis, i.e., the axis of movement of the
means of transport). With sensitive loads, this condition can be tightened and is available with
certain software products.

Simply said, if the cargo of the handling and transport unit (or the direct means of transport) is
properly distributed and secured, it is assumed that the abovementioned negatives (risks) will
not occur. Obviously, there may be unexpected situations when cargo can be detached during
handling, especially loading, unloading, and shipping.

The issue will be examined from the point of view of the possible cause of a traffic accident due
to insufficient or improper attachment of the cargo at handling and transport unit. Cases
where an accident or similar unexpected situation occurs will not be further investigated.

Determining the magnitude of the inertial forces stems from Newton’s second law of motion,
which defines the force as the product of mass—in this case, the mass of the load (m) and the
acceleration (a). For the purposes of the transport model, the magnitude of the inertia force at
given axis will be relevant, not its vector expression (direction):

F ¼ m∙a (1)

Acceleration can be defined as corresponding acceleration coefficient (i.e., for the respective
x-, y-, or z-axis) that is dimensionless in the context of the values of acceleration coefficients
used, which are determined (empirically measured) normatively (see EN 12195-1), multiplied
by gravitational acceleration (g):

a ¼ cx,y,z∙g (2)

Although gravity acceleration ranges from 9780 ms�2 on the equator to 9832 ms�2, which
corresponds to the Earth’s pole [8], for the needs of multimodal transport, logistics and

Figure 2. Inertia forces in individual axes. Source: modified from Sdruzeni ridicu [7].
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transport generally use a rounded value of 10 ms�2. Such accuracy of input data is not relevant
in practice, and the advantage of rounding the gravitational acceleration is that the slightly
higher value of the gravitational acceleration ensures a slightly higher value of the resulting
inertial force. In the context of the above, the requirement for attachment is stricter, and from
the point of view of the liability for damage, those responsible for the loading are protected by
a hypothetical “reserve” given by the “stricter” load-bearing requirement.

After verification of the correct cargo attachment, inertia forces at all three axes (x, y, z) are
identified. Their values are determined by their relation to the attachment method. For the
purposes of this chapter, attachment methods using fastening straps will be further discussed,
which are among the most used methods of fixing in road transport, especially for standard-
ized pallet units.

For determining the value of inertia forces, the appropriate formulas (e.g., using the EN 12195–1)
serve that best consider the abovementioned facts, i.e., attachmentmethod and attachment means
used. The use of fastening straps—the most commonly used attachment method—is further
examined, the method of gripping the handling and transport unit (pallet unit). In such cases,
EN 12195-1 identifies the formula for calculating only inertia forces in the x-axis (Fx), longitudinal
force actuated by the load, and in the y-axis (Fy), transverse force actuated by the load [9]:

Fx ¼ cx-μ � czð Þ �m � g
2n � μ � sinα � fs N½ � (3)

Fy ¼ cy-μ � cz
� � �m � g

2n � μ � sinα � fs N½ � (4)

where cx, cy, and cz are acceleration coefficients in individual axes, μ is the friction factor, m is
the mass of the load, g is the gravitational acceleration, fs represents the safety factor and the
number of fastening straps, and finally, the angle αwhich holds the strap to the floor (horizon-
tal plane).

This calculation can be performed using normative values of acceleration coefficients and
friction factors. The accuracy and usability of the normatively determined values of the accel-
eration coefficients are discussed within the chapter. In the case of friction factor, some differ-
ences (inaccuracies) caused by the use of other materials may occur. It is most advantageous to
use the friction factor directly from the manufacturer. This is commonly stated, especially in
the case of nonslip coating surfaces.

The value of inertia force in z-axis (Fz)—vertical force actuated by the load—is not considered
because it is sufficiently assumed to be less than at least one of the above inertia (Fx or Fy).
Consequently, the fulfillment of the condition is assumed:

Fz ≤Fxð Þ ∨ Fz ≤ Fy
� �

(5)

It is clear from formulas (3) and (4) that the standard is working with a certain degree of
abstraction, which is not only due to the absence of calculation of the value of inertia force in
z-axis (Fz) but also due to other assumptions. For these reasons, the authors included the safety
factor (fs), which “artificially” increases the value of the resulting inertia forces (for the x- or
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y-axes) by 10 and 25%, respectively. The following text assumes fs = 1.25. The inclusion of a
safety factor in the calculation results in the offsetting of the above abstraction rate and ensures
the practical use of the calculation, while it also ensures its relative simplicity.

In practice, software products are used for simplicity, which usually speeds up the determination
of inertia forces. However, the basis of calculation and input data is identical to the above-
described “manual” approach. Thus software products will no longer be considered, and empha-
sis will be centered on input data (accelerator coefficient values) and calculation methodology.

The chapter will also focus on input values of acceleration coefficients. Normally, set values of
these coefficients are characterized by several shortcomings. The first is their “averaging,” i.e.,
the empirically determined values are statistically evaluated, and the exact method of their
determination is not given in EN 12195-1. It can only be assumed that the resulting value of
individual acceleration coefficients was based on the mean values that were increased by the
“safety factor” analogue, which should include a high rate of abstraction in determining
values and, above all, allow their practical use.

In particular, the values of acceleration coefficients do not consider the extreme fluctuations of the
individual acceleration coefficients in the transport. To rely on a hypothetical basal vector (the
highest empirically mentioned values of the acceleration coefficients in all three axes) would
certainly not be effective. However, it should be considered under greater observation. The mea-
surements made from empirical analyses (see below in Chapters 4 and 5) show that, in some cases,
especially in roads in poor or bad technical conditions, extreme fluctuations pose a big problem.

Even double and higher rates of normatively determined values of acceleration coefficients are
not an exception, and the data found that they represent more than 0.67% of all values, even in
the case of the highway. The situation on lower class roads can be expected to be even worse,
and the occurrence of extreme fluctuations is more likely.

Another lack of normative values of acceleration coefficients, which to a certain extent is
related to the previous, is the non-consideration of infrastructure type (quality). This can be
demonstrated (ad absurdum) to compare inertia forces during transport by road (or first-class
roads) and off-road transportation (see Figure 3).

At the first sight, there is a visible difference between the central part of the chart, which
represents the ride on off-roads, and the marginal ones that represent the highway from Brno
to Vyškov and, after field training, back from Vyškov to Brno.

Off-road transport has very limited impact upon normal commercial transport and is only
interesting for integrated rescue systems or the army. However, based on the data (see below),
one may assume a graduation of the magnitude of the acceleration coefficients in relation to
the roads of given classes, especially on their quality. The eventual inclusion of off-road
conditions can only serve as a logical addition to extremes, identifying both the best consid-
ered roads (highways) and the worst alternative (off-road).

Specific road quality of a given class, of course, must be generalized, but the output would
offer a set of acceleration coefficients for a given type of infrastructure (road). Such an
approach would ensure an effective consolidation concept, i.e., the use of fastening methods
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with such load-bearing capacity of the fastener that it would provide sufficient protection of
cargo carried against the inertial forces in all three axes. On the other hand, there would be
no second extreme, and it is an “over-dimensioning” fixation according to the philosophy of
Just in Case.

Just in Case’s philosophy is known primarily from the history of inventory theory [10], i.e.,
maintaining inventory in every case represents the opposite of Just in Time philosophy. This
approach can easily be demonstrated in the case of the use of fastening straps, where the load-
carrying capacity of the entire fastening system (more straps) can be measured in a variable
manner by a suitable combination of the binding capacity of individual straps and their
number. The result would be a use of the optimal number of fastening straps to provide
optimal protection against inertial forces in handling and transporting the cargo.

This solution offers the optimal proportion between sufficient fastening to avoid damage to
cargo or using other technical means and the number of fastening straps, not only their
number but also the time required for their placement and tension, including subsequent
removal and reverse logistics.

3. Highways in the Czech Republic and accident rates

In the Czech Republic, there are a total of 55,737.5 km of roads and highways (year 2015). This
number has remained virtually unchanged since 2010 (55,751.9 km). Highways represent a rela-
tively small share (only 1.4% from a total length of 776.0 km). Roads of “very good” quality also
include the Class I roads, which include expressways. Their total length in 2015 was 6244.9 km.
The percentage of highways and Class I roads in the total road network is nearly 12.6%.

Figure 3. Values of acceleration coefficients (Brno–Vyškov and return).
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However, this category does not include local roads owned by individual municipalities,
which are often in a worse technical condition. The total length of local roads is 74,919.0 km.
If we compare the length of highways and Class I roads to total length of roads and local roads
(130,656.5 km), their share would be very small: less than 0.6% of highways and 5.4% of
combined highways and Class I roads [1].

Due to the assumed lower occurrence of extreme variations (values) of acceleration coefficients
on highways and Class I roads, the normative values given in EN 12195-1 can be used for these
purposes. However, in the remaining 98.6%, respectively, 87.4% of cases may vary and the
assumed values of the coefficients of acceleration (or resulting inertial forces) may be higher.
Therefore, there is a real risk that cargo will not be appropriately (sufficiently) attached to the
vehicle for these purposes. If we include local communications, the situation would dramati-
cally worsen.

Compared to the European Union, the Czech Republic is considered relatively average in road
network length, including its length of highways (see Transport Yearbook 2015). The compar-
ison of the Czech Republic with neighboring states is interesting, as some disproportions can
be identified here; for example, Poland is significantly larger, both in terms of size and number
of inhabitants, yet has only roughly twice the length of highways compared to the Czech
Republic. Germany, on the other hand, has a 17 times longer length of highways than the
Czech Republic. Austria has more than double and Slovakia only half the length of highways
in the Czech Republic.

Over the past 8 years (data available only until 2013), there is a different trend in the volume of road
freight transport in the European Union. In the Czech Republic, the increase in tonne-kilometers
transported exceeds 26.3% (an increase from 43,447 tkm to 54,894 tkm from 2005 to 2013). For
neighboring countries and certain other countries of the European Union, the situation is often
different for the same period examined. Poland recorded one of the largest increases in the volume
of road freight transport in the European Union, by more than 121.4%. Germany is relatively
stagnant, with a slight decrease by 1.4% over the period under examination. Austria recorded a
larger decrease of more than 34.6%, and finally, the situation is similar in Slovakia to that in the
Czech Republic, and the Slovak volume of road freight transport grew by almost 33.6% [1].

Accidents in road transport are a large long-term problem. In the Czech Republic, despite
several preventive measures, the number of accidents failed to fall. Such measures include a
suitable setup of the transport system, better information for drivers, as well as measures to
reduce the risk of injury or death by road users—especially of a technical nature for vehicles
and transport infrastructure.

The total number of road traffic accidents in the Czech Republic in 2005 was 25,239. In 2010, it
was only 19,676; however, in 2015, it rose again to 21,561 [1, 11–13].

This increase in the number of road traffic accidents is caused by the steady increase of vehicles
(see Table 1) registered in the Czech Republic, a comparable situation as in the rest of Europe.

It is clear from Table 1 that, although there was a slight increase in the number of accidents
between 2010 and 2015 (less than 9.6%), the increase in the number of vehicles registered in the
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assumed values of the coefficients of acceleration (or resulting inertial forces) may be higher.
Therefore, there is a real risk that cargo will not be appropriately (sufficiently) attached to the
vehicle for these purposes. If we include local communications, the situation would dramati-
cally worsen.

Compared to the European Union, the Czech Republic is considered relatively average in road
network length, including its length of highways (see Transport Yearbook 2015). The compar-
ison of the Czech Republic with neighboring states is interesting, as some disproportions can
be identified here; for example, Poland is significantly larger, both in terms of size and number
of inhabitants, yet has only roughly twice the length of highways compared to the Czech
Republic. Germany, on the other hand, has a 17 times longer length of highways than the
Czech Republic. Austria has more than double and Slovakia only half the length of highways
in the Czech Republic.

Over the past 8 years (data available only until 2013), there is a different trend in the volume of road
freight transport in the European Union. In the Czech Republic, the increase in tonne-kilometers
transported exceeds 26.3% (an increase from 43,447 tkm to 54,894 tkm from 2005 to 2013). For
neighboring countries and certain other countries of the European Union, the situation is often
different for the same period examined. Poland recorded one of the largest increases in the volume
of road freight transport in the European Union, by more than 121.4%. Germany is relatively
stagnant, with a slight decrease by 1.4% over the period under examination. Austria recorded a
larger decrease of more than 34.6%, and finally, the situation is similar in Slovakia to that in the
Czech Republic, and the Slovak volume of road freight transport grew by almost 33.6% [1].

Accidents in road transport are a large long-term problem. In the Czech Republic, despite
several preventive measures, the number of accidents failed to fall. Such measures include a
suitable setup of the transport system, better information for drivers, as well as measures to
reduce the risk of injury or death by road users—especially of a technical nature for vehicles
and transport infrastructure.

The total number of road traffic accidents in the Czech Republic in 2005 was 25,239. In 2010, it
was only 19,676; however, in 2015, it rose again to 21,561 [1, 11–13].

This increase in the number of road traffic accidents is caused by the steady increase of vehicles
(see Table 1) registered in the Czech Republic, a comparable situation as in the rest of Europe.

It is clear from Table 1 that, although there was a slight increase in the number of accidents
between 2010 and 2015 (less than 9.6%), the increase in the number of vehicles registered in the
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Czech Republic has become much more significant in both most important segments (for
passenger cars and trucks). This increase was observed between 2010 and 2015, when the
number of accidents increased by almost 13.8% for passenger cars and nearly 10.6% for trucks.
Compared with 2000 (2000–2015), the increase is very significant: almost 49% for passenger
cars and nearly 138% for trucks.

A positive trend is in the number of people killed within 30 days of the accident, which has
steadily declined since 2000 (with few exceptions in 2002, 2007, and 2014). In 2015, it dropped
to half its level of 2000 (see Table 2).

In the case of the number of injured, there was also a significant decrease between 2000 and
2015 (almost 16.9%), yet the trend has increased in recent years. Between 2010 and 2015, this
statistic grew by nearly 10.6%.

A certain lack of statistics at the national level is caused by the absence of a distinction between
technical causes of accidents and specific types of technical defects. Section 6.2.1 of each
transport yearbook classifies road traffic accidents according to location and type, but the
technical cause is not shown. These statistics are recorded by certain traffic haulers in their
information systems. Unlike aggregated statistical data from the Czech Republic, it is generally
not publicly available and thus serves only to manage the operation and vehicle fleet of the
relevant entity (hauler) [14].

In other words, if the carrier fails to publicize its own data collection, it is not possible to
determine from official statistics how many times a road traffic accident occurred due to
improperly or insufficiently secured cargo.

Number/year 2000 2005 2010 2015

Road traffic accidents 25,445 25,239 19,676 21,561

Passenger cars* 3,438,870 3,958,708 4,496,232 5,115,316

Trucks* 275,617 415,101 584,921 646,792

*Vehicles registered in the Czech Republic.
Source: Refs. [1, 11–13].

Table 1. The development of road traffic accidents in the Czech Republic and the number of vehicles in the selected
segment.

Number/year 2000 2005 2010 2015

Killed* 1486 1286 802 738

Injured 32,439 32,211 24,384 26,966

*Number of those killed in road traffic accidents within 30 days from the date of the accident.
Source: Refs. [1, 11–13].

Table 2. Number of people killed or injured in road traffic accidents in the Czech Republic.
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4. Statistics: evaluation of acceleration coefficients

The basic approach to the statistical evaluation of measured data is a demonstration of
extremes—values of acceleration coefficients on the highway and their comparison with values
measured on unpaved roads (off-road). Comparison with the normative values of the acceler-
ation coefficients is also part of the comparison.

The basis for statistical evaluation is the graph in Figure 3, which illustrates the situation
where a group of drivers is transported to a training location on an unpaved road (off-road)
and then returns. The chart in Figure 3 contains raw data, which was subsequently cleaned up
by a part of the transport at the city and breaks between the beginning of training rides on
unpaved roads (off-road) and between drivers who took part in those trainings. In total, there
were six drivers, and one of them provided transport to training from Brno to Vyškov
and return.

The aim of the evaluation is a statistical analysis of the measured acceleration coefficients, to
find point and interval estimates of the parameters of the partial files and to compare the
parameter estimates using statistical tests. The acceleration coefficients for individual
axes from the set of measurements taken on the highway and unpaved road (off-road) are
compared.

Statistical analysis was performed by the test of normality, which was graphically verified
using a Q-Q plot [15]. Normality testing was performed using predetermined skewness and
kurtosis coefficients [16]. These tests showed slight deviations from normality, especially
during the testing of skewness of distribution; however, the graphic analysis failed to reveal
significant deviations from normality. Theoretical quantiles and the corresponding empirical
quantiles were approximately in a straight line. For illustration, Figures 4 and 5 show the Q-Q
plots for the given training rides on the unpaved road (off-road) and the measured acceleration
coefficients in the x- and y-axes [17].

Figure 4. Q-Q plot: unpaved road (off-road)—acceleration coefficients at coordinate x. Source: Vlkovsky et al. [17].
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Due to the large scale of compiled sets (more than 5000 data in each set) asymptotic confidence
intervals are used, and asymptotic statistical tests are based upon assumptions of asymptotic
normality of the observed characteristics [15, 16].

Data is the averaged output of the four measuring devices (accelerometers), and the
values are compared with the basal variation of the acceleration coefficients given by the
standard [9]:

vn ¼ 0:8; 0:6; 1:0ð Þ: (6)

The measurement for the z-axis started at 1 g, i.e., the value of 1 g of the basal variant
corresponds to 2 g on the measuring device. From the measured data, two statistical files were
created, which were cleaned by a ride through the city and the vehicle’s stop time due to the
replacement of the drivers.

The first set was measured on the highway (index 1), and its range is n1 = 6148. The second set
was measured on unpaved communication (index 2), and its range is n2 = 5257. For both sets,
the basic characteristics of the mean and sample standard deviation were then determined as
the expected value μ and standard deviation σ. In addition, for individual axes the number of
values was set that exceeded the value given by the standard. The relative frequency of
numbers was an estimate of parameter θ, which indicated the probability of exceeding norms.
Estimated characteristics matched with both the first set of data obtained by measuring on the
highway by index 1 and for the second set of data obtained by measurement on unpaved road
(off-road) by index 2. The estimates were supplemented with 95% confidence intervals for each
parameter [17].

The comparison of both data files (file 1 and file 2) was performed by comparing the standard
deviations σ1 and σ2, then comparing the mean values μ1 and μ2, and comparing the proba-
bilities θ1 and θ2. Comparisons are made for each axis (x, y, z).

Figure 5. Q-Q plot: unpaved road (off-road)—acceleration coefficients at coordinate y. Source: Vlkovsky et al. [17].
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Using these confidence intervals, statistical tests were then performed at the significance level
of 5% (significance level) to compare individual pairs of the parameters. Calculated confiden-
tial intervals were based on the methodology described in [15, 16].

It can be seen from Table 3 that the mean values of the acceleration coefficients in each of the
axes (x, y, z) between sets are obtained on the highway and unpaved road (off-road). Unpaved
roads (off-road) are statistically significant at 5% of the significance level. On the other hand,
the variability of the comparison sets is statistically significant in each axis. The variability of
acceleration coefficient values measured on the highway is significantly statistically lower than
the variability measured on unpaved roads (off-road). Also, the probability values of exceed-
ing the norm in each of the axes are statistically significant. Probability of exceedance is higher
(as expected) on unpaved roads (off-road) [17].

5. Transport model

The transport model is designed to illustrate the differences between the evaluated files (see
chapter 4) and to demonstrate the effect of the extreme values of the acceleration coefficients on
the resulting inertial forces (Fx,y) that affect the cargo during transport.

The basis of the designed model is the creation of basal variants for both measured sets—the
values of the acceleration coefficients detected on the highway and on unpaved roads (in off-
road). Basal variants are created as the average of the three largest (in absolute value) fluctua-
tions in each of the axes within a given set. Input values are summarized in Table 4, including
the time at which the fluctuations occurred. Values in z-axis are cleared by 1 g in terms of
displacement of the measurement axis, i.e., the value of gravitational acceleration (1 g).

Based on the highest values in Table 4 and their average, basal variations are created for both
data files (n1, n2). Shock direction—the sign is not considered; the value of the acceleration

Confidence interval for Acceleration measurement in the axes

x y z

PE LB UB PE LB UB PE LB UB

σ1/σ2 0.904* 0.881 0.928 0.914* 0.891 0.938 0.778* 0.758 0.799

μ1-μ2 �0.008 �0.0251 0.0097 �0.013 �0.0305 0.0050 0.008 �0.0028 0.0188

θ1-θ2 �0.0141* �0.0228 �0.0054 - 0.0157* �0.0307 �0.0007 �0.0156* �0.0231 �0.0081

*Means significant difference between parameters of the first and the second dataset at a 5% significance level.
PE—parameter estimation; LB—lower boundary of 95% confidence interval; and UB—upper boundary of 95% confidence
interval.
Source: Vlkovsky et al. [17].

Table 3. Statistical tests of equality.
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Table 3. Statistical tests of equality.
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coefficient is used, i.e., all values in Table 4 are taken at absolute value. The resulting basal
variants are:

v1 ¼ 1:9067; 2:4583; 2:3667ð Þ: (7)

v2 ¼ 4:8617; 3:4508; 4:2642ð Þ: (8)

The model is created under the following assumptions:

• the cargo is transported (attached) to a Tatra T-810;

• the cargo consists of a model pallet unit, which has a height of 1600 mm and is designed
using a standard EUR pallet 1200 � 800 mm;

• the cargo on the pallet unit is fixed by default use of shrink film, and the fastening method
is not the subject of the model;

• cargo weight of the pallet unit is 500 kg;

• the pallet unit is fastened with commonly available tie-down straps; the subject of the
model does not determine the number or type of tie straps;

• the pallet unit is located longitudinally in relation to the direction of movement of the
vehicle (x-axis);

• the source of data is created by basal variants (see above), and the normative values of the
acceleration coefficients are given by EN 12195-1; and

• the formula and other necessary input data from EN 12195–1 are used for the calculation.

The model pallet unit and the method of its attachment are shown in Figure 6, from which it is
possible to determine the angle α required to determine the magnitude of inertia forces.

From Figure 6, it is possible to determine the angle α from the known width of the vehicle’s
cargo space (2506 mm) and parameters of pallet unit (1200 � 800 � 1600 mm). The distance of
the pallet unit heel to the anchor point (k) is then:

2506� 800ð Þ=2 ¼ 853 mm: (9)

Acceleration measurement in the axes-extremes

x y z

Time(n1) 10:22:07 10:22:44 10:23:01 10:22:08 10:22:12 10:23:01 10:22:07 10:22:08 10:22:44

Value (n1) �2.0900 �1.7225 �1.9075 �2.7425 �2.3675 2.2650 2.3725 2.5650 2.1625

Time(n2) 8:29:14 8:59:07 9:51:01 8:29:14 8:35:01 9:03:27 8:35:01 9:03:27 9:22:36

Value (n2) 4.9675 4.2175 �5.4000 �3.8200 2.3500 �4.1825 4.1000 4.2700 4.4225

Table 4. Input values of basal variants.

Analysis of Highway Acceleration in Regard to Cargo Security
http://dx.doi.org/10.5772/intechopen.70829

47



Using the trigonometry function, tangent can be calculated angle α with the height of pallet
unit (v) and the distance of pallet heel from anchoring point (k):

tgα ¼ v=k (10)

after using values:

tgα ¼ 1600=853 (11)

α ¼ 61:94
�

(12)

The input values of the model for fitting into formulas (3) and (4) are shown in Table 5. For
clarity, the magnitude of the inertia forces in the x- and y-axes will be examined. The Fz value is

Figure 6. Method of fixing the model pallet unit. Source: Vlkovsky et al. [18].

Variable Value Unit Note

Norm Highway Off-road

Fnx,y ? — — N Inertial force – norm

F1x,y — ? — N Inertial force – highway

F2x,y — — ? N Inertial force – off-road

cx 0.8000 1.9067 4.8617 — Coefficient of acceleration (x)

cy 0.6000 2.4583 3.4508 — Coefficient of acceleration (y)

cz 1.0000 2.3667 4.2642 — Coefficient of acceleration (z)

μ 0.4 0.4 0.4 — Coefficient of friction

m 500 500 500 kg Mass of cargo

g 9.81 9.81 9.81 ms�2 Gravitational acceleration

fs 1.25 1.25 1.25 — Safety factor

n 1 1 1 pc Number of lashing straps

α 61.94 61.94 61.94 � Angel – among strap and floor

Table 5. Input values of transport model.
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not calculated because formula (5) is assumed to be valid. The value of the inertia forces in the
x- and y-axes will be calculated using the normalized acceleration coefficients (vn), basal
variant 1 (v1), and basal variant 2 (v2).

The following designation is used to differentiate individual inertia forces with different
input data:

• Fnx—inertial force in the x-axis using normatively determined acceleration coefficients (vn)

• Fny—inertial force in the y-axis using normatively determined acceleration coefficients
(vn)

• F1x—inertial force in the x-axis using basal variant 1 (v1)

• F1y—inertial force in the y-axis using basal variant 1 (v1)

• F2x—inertial force in the x-axis using basal variant 2 (v2)

• F2y—inertial force in the x-axis using basal variant 2 (v2)

After using the three variants of input data into formulas (3) and (4), the results are shown for
overview at Table 6.

As apparent from the results in Table 6, acceleration coefficients significantly affect the
resulting inertia force influencing cargo (affecting the fastening strap within the transport
model). When using acceleration coefficients stipulated as normative, the cargo “behaves”
according to expectations, meaning that resulting inertia forces in the x- and y-axes are rela-
tively small. Even with the inclusion of the safety factor, they do not correspond to as little as
5000 N, which basically corresponds to the cargo weight (500 kg).

Forces, ratio Value Unit Note

Fnx (for vn) 3.474 N —

Fny (for vn) 1.737 N —

F1x (for v1) 8.338 N —

F1y (for v1) 13.128 N —

F2x (for v2) 27.410 N —

F2y (for v2) 15.156 N —

F1x : Fnx 2.40 — Inertial ratio in the x-axis – norm:highway

F2x : Fnx 7.89 — Inertial ratio in the x-axis – norm:off-road

F2x : F1x 3.29 — Inertial ratio in the x-axis – highway:off-road

F1y : Fny 7.56 — Inertial ratio in the y-axis – norm:highway

F2y : Fny 8.73 — Inertial ratio in the y-axis – norm:off-road

F2y : F1y 1.15 — Inertial ratio in the y-axis – highway:off-road

Table 6. Values of inertial forces in x and y axes and their ratios.
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However, when hypothetic basal variants v1 and v2 are used, the situation becomes very
different. The magnitude of the inertia forces is significantly greater on both axes, both in the
case of highway and unpaved road (off-road).

When considering the greater of the affecting inertia forces, the required securing force of the
strap is in the case of a highway 7.56� greater (F1y) than in the case of an inertia force arising
from normative-stipulated values of acceleration coefficients (Fny). On an unpaved road (off-
road), the situation is presumably even worse because an inertial force value of 27,410 N (F2x)
on the x-axis was calculated from the measured values, corresponding to nearly eight times the
value of the inertial force calculated based on norm-stipulated values of acceleration coeffi-
cients (Fnx). In a simplified way, one might say that, using this extreme value, a cargo
“behaves” as if it weighed 2741 kg instead of 500 kg.

Should the data from the moment of transportation (including sustaining the direction of
impact) be used to construct the model, where the greatest acceleration coefficient value was
measured (�2.7425 in the case of a highway and �5.4000 for off-road conditions, respectively),
the situation would be as follows (see Table 7).

As apparent from Table 7, extreme inertial forces affect the cargo in isolated cases, fundamen-
tally exceeding expected values. In the case of a value of �5.4000 for off-road conditions, the
value of the respective inertial force affecting the cargo (securing strap) is �43.051 N. If we
abstract it from its direction, it is 12.39� greater than the expected value corresponding to the
acceleration coefficients from the EN 12195–1 norm. The cargo therefore “behaves” as if it
weighed 4305 kg.

6. Conclusion

The importance of researching cargo securing in road transportation is apparent both from the
study presented (chapter) and, in particular, from the estimated number of accidents caused by
improperly or insufficiently secured cargo. The significance of cargo securing also rises in the
context of multimodal transportation where the manipulation and transportation units must
be prepared for the transportation effects in more than one form of transportation. With few

Forces Value Unit Note

Fnx 3.474 N For normative values of cx, cy, and cz

Fny 1.737 N For normative values of cx, cy, and cz

F1x �9.215 N Measured at 10:22:08, for cx = �0.0350, cy = �2.7425, and cz = 2.5650

F1y �32.729 N Measured at 10:22:08, for cx = �0.0350, cy = �2.7425, and cz = 2.5650

F2x �43.051 N Measured at 9:51:01, for cx = �5.4000, cy = �0.5925, and cz = �1.1075

F2y �1.298 N Measured at 9:51:01, for cx = �5.4000, cy = �0.5925, and cz = �1.1075

Table 7. Values of inertial forces – extremes in x and y axes.
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exceptions, road transport is a necessary part of the door-to-door concept of multimodal
transportation.

The initial requirement should be the collection of relevant data concerning accidents that are
typically unavailable on national level. A specific overview regarding the number of accidents
caused by improper or insufficient cargo securing would enable a strict focus on the specific
causes of accidents and taking adequate measures. Such statistics would also verify, or dis-
prove, the significance of impact (acceleration coefficients) on various types of surfaces, in
different countries and for various types of vehicles and cargo.

However, the problem is not only in obtaining the data but also in their suitable statistical
processing. Each isolated differentiation should not be considered in the case of a common
cargo, but statistically significant divergences should be included in calculations. Further
analysis including occasional extreme divergences is necessary in the case of sensitive cargo
(dangerous, fragile, etc.) that may cause extensive damage to property and injuries to the
driver or other road traffic participants.

A separate area for further study is also the services of the integrated emergency system, as
well as the army, where the requirements are very specific. The outputs, particularly for
unpaved roads (off-road conditions), would be particularly effective and useful for these two
segments.

Another area of study will be the differentiation of approaches to cargo securing according to
the expected transport route—road networks used. This is an analogy to the multimodal
transportation where, at least implicitly, the “worst” form of transportation is considered. In
this case, from the perspective of the basal variant, the form of transportation where the effect
of inertial forces is expected to be greatest is considered “worst.” The resulting model would
reflect magnitudes of acceleration coefficients for various road networks, for example,
according to standard classification:

a. Highways, speed roads, and Class I roads

b. Class II and III roads (possibly including local roads)

c. Unpaved roads (off-road conditions)

The respective basal variant would be used for the category given, having been identified
using sufficient scientific methods. Aside from standard statistics tools, there is also an option
to use the method of spectral analysis or possibly Fourier transform.

The use of upgraded software supposes that it would serve as a welcome addition to existing
software and could reflect the type of road, specifically the variants mentioned, and would be
of indisputable advantage.

Software support should enable the verification of expected inertia forces, as well as dynamic
simulation, for example, on the basis of the MSC ADAMS Multibody Dynamics (MBD) soft-
ware that provides the opportunity to create mathematical models of transport vehicles and
analyze cargo stress during vehicle movement.
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Abstract

From the user’s (drivers) point of view, a road is a unique linear infrastructure although 
it is clear for a driver that such a linear infrastructure consists of open terrain (open 
roads) and occasionally closed environment (tunnels). Since the two environments pres-
ent different safety issues, the related analyses are usually conducted on the field by 
different experts; those conclusions are sometimes not well interlinked and harmon-
ised, leading to safety gaps particularly, but not only, in the transition areas. Joint safety 
analyses conducted in the same time by a group of road safety and tunnel safety experts 
can fill such a gap and increase the safety level of the whole infrastructure. During the 
year 2016, an international group of road safety experts and tunnel experts visited five 
road sections with open roads and tunnel in Europe and performed joint safety analy-
ses together with the infrastructure managers. Such analyses were conducted according 
to a predefined experimental procedure to check the effectiveness of the joint analyses 
with respect to the usual ones. The key results are that joint safety operations in tunnels 
and open roads are possible and extremely useful: their cost can be very low when well 
planned.

Keywords: road safety inspection, open roads, tunnels, transition areas, joint safety 
operations

1. Introduction

The issue of road safety inspections in tunnel was discussed in two workshops held at 
the European Social and Economic and Social Committee (EESC) by a group of interna-
tional stakeholders in February and May 2013: a debate that was initiated about operations 
such as Road Safety Audit (RSA) during the design process or Road Safety Inspection (RSI) 

© 2017 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



after opening to traffic, according to the prescriptions of the Directive 2008/96/EC (Road 
Infrastructure Safety Management – RISM). Such operations could be beneficial for risk 
prevention in tunnels, but the Directive 2008/96/EC does not apply to road tunnels, which 
are covered by Directive 2004/54/EC (on tunnels safety management): a formal interpre-
tation of the two Directives may lead to a barrier to the safety inspection of the whole 
infrastructure.

In fact, from the user’s (drivers) point of view, a road is a unique linear infrastructure although 
it is clear for the driver that such a linear infrastructure consists of open terrain (open roads) 
and occasionally closed environment (tunnels). The driver wants to receive the same high 
safety levels, without being interested to know all the details of the ‘infrastructure safety 
chain’ that produces such safety.

On the other hand, from the infrastructure managers’ point of view, the road is surely not 
a unique linear infrastructure, because producing and managing safety in a closed environ-
ment (tunnels) is much more demanding and extreme than in an open road infrastructure.

Due to different characteristics of a tunnel (e.g. level of visibility, design, enforcement of traf-
fic regulations, etc.), it is important to look at the safety perception of drivers in this envi-
ronment, otherwise called—subjective safety [1] in normal conditions, as well as in critical 
scenarios. The users’ perspective was also analysed in 2010 [2], revealing several causes of 
fear induced to users.

In order to find a common harmonised approach in tunnel and open road safety management, dur-
ing the year 2016, an international group of road safety experts and tunnel experts visited five road 
sections with open roads and tunnel in Europe and performed joint safety analyses together with 
the infrastructure managers in the framework of the European Project ECOROADS [3] (Table 1).

Test site, country Dates of the joint 
visits

No. of experts 
(core team)

No. of 
observers

No. of other 
experts

Tunnel type 
and length

Length of open 
road inspected

Kennedy Tunnel, 
Belgium

07–08 March 2016 3 3 6 Two tubes, 
690 m each

1200 m

Krrabe Tunnel, Albania 05–06 April 2016 4 4 5 Two tubes, 
2230 and 
2500 m

1500 m

Tunnel Rennsteig, 
Germany

17–18 August 
2016

3 3 4 Two tubes, 
7916 m 
each

400 m

Tunnel Strazevica, 
Serbia

27–28 September 
2016

3 1 12 Single tube 
745 m

650 m

Tunnel Demir Kapija, 
Former Yugoslav 
Republic of Macedonia

18–19 October 
2016

4 0 9 Single tube 
554 m

400 m

Table 1. Basic data of the five joint safety operations.
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Such analyses were conducted according to a predefined experimental procedure foreseeing 
the figure of a ‘facilitator’ in charge to maintain the contacts between the group of experts, 
several external observers, and the infrastructure manager, as well as to ensure an adequate 
feedback after the visit (Figure 1).

The effectiveness of the joint analyses respect to the usual ones was fully confirmed, and 
their main aspects related to the definition of the transition area and common check lists are 
reported in the following sections.

Figure 1. Roles and responsibilities of parties involved in the joint safety operations.
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http://dx.doi.org/10.5772/intechopen.71734

57



Figure 2. Transition areas are represented by sections 2 and 4.

2. Definition of the ‘transition area’

For the scope of the joint safety analysis, the transition area between an open road and a tun-
nel covers areas both inside and outside the tunnel.

As a minimum requirement, it is intended to be the sum of:

a. The distance calculated as the distance covered in 10 s by a vehicle travelling at the speed 
limit before the tunnel portal, and

b. the stopping distance inside the tunnel after the portal, for a vehicle travelling at the speed 
limit, if not identical with design speed. Such a distance has been defined in the ECORO-
ADS project by using a longitudinal friction coefficient of 0.40 (wet surface, high speed) 
and a 2-s reaction time. This gives the following stopping distances from various vehicle 
speeds (Table 2):

This minimum rule obviously applies to the opposite direction and also—maybe slightly 
modified due to reduced speed within the tunnel—at the exit of the tunnel and in the same 
direction (Figure 2 for each direction).

This area, actually its length, may only be extended after a common agreement of the expert 
team during a joint safety operations’ briefing meeting, who provided a sound justification 
for its modification. This need may emerge from other parameters, such as the speed men-
tioned above, road marking, signage, lighting, infrastructure design, and should then be 
considered.

Approaching speed (85th percentile) 70 km/h 90 km/h 120 km/h

Stopping distance (with t = 2 s, fl = 0.40, no grade %) 87 m 130 m 208 m

Table 2. Stopping distances.
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Five joint safety operations performed during the ECOROADS project highlighted that such 
transition areas often presented the more critical road safety issues.

Since the common procedures adopted by the project have been validated through the success 
of the joint safety operations, the simplified scheme in Figure 3 can be successfully adopted by 
each infrastructure manager by using the checklist described in Section 4.

3. Conclusions

When managing the real traffic flows in the real infrastructure, there is a need for coordinated 
actions. This particularly applies to the transition areas where two different infrastructures 
(‘open roads’ and ‘tunnels’) meet, which leads to the need to develop a harmonised safe traf-
fic management.

During the operations in the five test sites, there was a good level of involvement of infra-
structure managers (of tunnels and open roads) and the core group as defined in the scheme 
of the previous Figure 1.

A multitask procedure was adopted to allow an experimental deployment of a multidisci-
plinary and multifunctional team of international experts.

ECOROADS has been funded by the HORIZON 2020 Programme [5]; the project collected 
42 feedback forms from the expert group. Due to the rotation of the figures involved, all the 
members of the core groups were observers in at least one joint safety operation. There was 
widespread consensus on the following added value of the joint safety operations:

• Working in a mixed team (safety/tunnel experts), mixture of experiences from different 
countries

Figure 3. Simplified scheme of the joint safety operations.
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• Common/coordinated approach for open roads—transition area—tunnel in one project 
that guarantees a harmonised safety approach in the traffic management, respecting the 
different technical characteristics in each area

• Exchange of knowledge and best practices

• Opportunity to visit and see the tunnel from inside and see traffic and driver’s behaviour 
both inside and outside the tunnel (‘feel the traffic on my own’)

• Opportunity to examine the tunnel without traffic

• Close collaboration between road safety experts and tunnel safety experts regarding the 
common view of the transition area as a whole

• Mainly, the view of road safety experts on the part of the road in the tunnel with its specific 
characteristics can be very conducive to evaluate the total safety of the road in a closed 
environment (tunnel).

Acknowledgements

The study of the joint safety operations has been financed by the European Research and 
Innovation programme HORIZON 2020, through the project ECOROADS.

A. Appendix: check list for transition areas

Before and after tunnel entrance/exit, according to Figure 2; checklists for open roads can be 
found in [4], and the ones for tunnels can be found in [3].

Site: ….

Direction: ….

Date: … … ….. Time: … ..

Weather conditions: … … … …..

Traffic conditions: … … ….

Expert’s name: … ….

Role (Roads/Tunnels): ….

Transition Area (open road tunnel or vice versa): from km …. + …..… to km …. + …..….

Please use a separate check list for the opposite direction or in the case of multiple road-tunnel 
sections (Table 3).
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Characteristics No. Questions Yes (✓)
No (X) Comments

1. Function, 
operating 
elements, and 
surrounding/
road 
environment

1 Is there any information about previous RSA/ RSI or other safety 
assessment (Tunnel Safety Inspection) final results relevant to this area? 
Have these results and the relevant recommendations been taken into 
consideration?

2 Are there any issues from accident data if available?

3 Is the Tunnel
- a twin tube tunnel (two monodirectional tubes),
- a single tube tunnel, bidirectional
- an urban Tunnel

4 Is the design or the current situation of the tunnel according to its 
category?

5 Are there radio rebroadcasting frequencies and is the radio frequency 
adequately communicated to the users?

6 Is there information provided to the users about their correct  
behaviour while driving through a tunnel (use headlights, avoid 
sunglasses, keep distances, observe signs and signals, switch  
the radio on, and tune to indicated  
frequency)?

7 Is there information provided to users about the possible incidents in 
tunnels and appropriate reaction of the users?

8 Are there special lanes for HGVs or reduced speed limit for  
trucks? Is this affecting traffic flow? Is overtaking of trucks  
prohibited?

9 Is there water supply provided near portals?

10 Is there gradual reduction of speed from open road to the tunnel speed 
limit?

11

12

13

2. Portal 1 Does the tunnel portal have a safe design for all vehicle  
types? Funnel shape and gradual height reduction is  
recommended.

2 Is there a risk of heavy vehicles hitting the tunnel ceiling or walls?

3 Are the portals sufficiently shielded?

4 Does the entrance have a slowing down effect due to its design (not 
informative, dangerous, confining)?

5

6

7
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Characteristics No. Questions Yes (✓)
No (X) Comments

3. Cross section 1 Is the paved area narrowed and lateral clearance reduced at entrance 
causing speed reduction and driving in more distance to tunnel sidewalls?

2 Is the same number of traffic lanes maintained outside and inside the tunnel?

3 Are the different traffic lanes’ widths sufficient?

4 Is crossing the central reserve ensured outside each portal?

5 In bidirectional tunnels, are appropriate means used along the median for 
separation of the two directions of traffic?

6

7

4. Alignment, 
horizontal, and 
vertical

1 Is the alignment towards tunnel satisfactory (straight, not on curve)?

2 Is the crossfall appropriate?

3 Is the longitudinal gradient >3%? Is it ≤5%, according to the Directive? Or 
geographically this was not possible?

4

5

6

7

8

9

5. Intersections/
Interchanges

1 Are there junctions inside or before-after the tunnel?

2 Is direction signing adequate?

3 Are there dangerous weavings?

4

5

6. Traffic 
signals/ITS

1 Are there traffic signals?

2 Are signals well ahead the portal (150–200 m), where the drivers do not 
pay attention, as they are focused to the tunnel entrance?

3 Can drivers see the traffic signals ahead of the portals in good time? Are they 
before the entrances to ensure the closure of the tunnel in case of emergency?

4 Are there VMS systems? Which are there categories of information 
(congestion/breakdown/accident/fire/open-close-divert/speed limit/lanes 
allocation to vehicle categories)?

5 Are the VMS messages understandable? Are they only in text or 
accompanied by pictograms?

6 Is it possible to post speed limit signs at sufficient intervals to safely 
reduce driving speeds?

7 Is there need for ATC?

8

9

10
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geographically this was not possible?

4

5

6

7

8

9

5. Intersections/
Interchanges

1 Are there junctions inside or before-after the tunnel?

2 Is direction signing adequate?

3 Are there dangerous weavings?

4

5

6. Traffic 
signals/ITS

1 Are there traffic signals?

2 Are signals well ahead the portal (150–200 m), where the drivers do not 
pay attention, as they are focused to the tunnel entrance?

3 Can drivers see the traffic signals ahead of the portals in good time? Are they 
before the entrances to ensure the closure of the tunnel in case of emergency?

4 Are there VMS systems? Which are there categories of information 
(congestion/breakdown/accident/fire/open-close-divert/speed limit/lanes 
allocation to vehicle categories)?

5 Are the VMS messages understandable? Are they only in text or 
accompanied by pictograms?

6 Is it possible to post speed limit signs at sufficient intervals to safely 
reduce driving speeds?

7 Is there need for ATC?

8

9

10
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Characteristics No. Questions Yes (✓)
No (X) Comments

7. Traffic 
signing, 
marking, and 
lighting

1 Is there proper distance between signs, harmonised with the driving 
speed?

2 Are there any objects/reasons of distraction of drivers from  
concentrating on tunnel entrance (irrelevant  
signs/advertisements?

3 Are signs succinct in form and repeated for clarity?

4 Are signs perceivable, simple, readable, credible,  
reliable, memorable, and easily to understand  
(also for non-nationals)?

5 Are signs and signals well dimensioned, coloured, lighted,  
and repeated frequently in a proper way?

6 Is information system complicated? Are written instructions  
numerous?

7 Are there warning signs before the last interchange that a  
tunnel is ahead to avoid stressful driving, over-height  
vehicles, and provide exit of vehicles carrying dangerous  
loads?

8 Is horizontal signing used at the roadside edge?

9 Road markings – Are profiled markings used? Is there a need for LED 
lighting?

10 Are rumble strips (acoustic lane markings) located ahead of  
the portals?

11 Is the right illumination level chosen at the entrance  
zone, transition zone? Does the illumination level  
satisfy all lanes?

12 Is the entrance into the tunnel adequately lighted?

13 Is there adaptation lighting (adjustment of the light  
intensity level) at the beginning and end of the  
lighting/tunnel?

14 Are the sight conditions at entrance poor (ocular blinding,  
stray light, etc.)?

15 Is the vehicles’ headlights usage obligatory and this clearly 
communicated with appropriate signing?

16 Is the entrance zone designed to provide as low adaptation  
luminance as possible?

17

18

19
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Characteristics No. Questions Yes (✓)
No (X) Comments

8. Roadside 
features and 
passive safety 
installations 
(incl. 
plantings, civil 
engineering 
structures, and 
other obstacles)

1 Are there restraint systems/ guardrails?

2 Is there a need for guardrail in the portal zone? And is the guardrail 
in case well anchored and extended back both outside and inside the 
tunnel?

3 Are there passive objects for minimising the consequences of accident 
at the portal area? Are there crash cushions and impact attenuators? Of 
which type?

4 Are there lay-bys for emergency, height controls etc., ahead of the portal?

5 Are there emergency phones?

6 Are there buildings, installations, and equipment for operational reasons 
(e.g. winter service)? Are their location (distance from carriageway—more 
than 7 m aside, distance from portal—not more than 50 m), architectural 
design, access roads, and other characteristics appropriate?

7 Are there paths for service or emergency vehicles to U-turn before the 
tunnel entrance? Are they grade separated (bidirectional tunnels) or at 
grade (unidirectional)?

8 Is there need for refurbishment to avoid risks for users from degradation 
of outdated equipment?

9

10

11

12

13

14

Table 3. Check list.
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Abstract

Most mega-project infrastructure such as highway construction requires an enormous 
amount of cost. This situation might be a problem to developing countries that have lim-
ited national budget plan. On the other hand, the capability to transfer the funding of 
infrastructure depends on the project attractiveness to the private sector. The evaluation 
to involve in the project should be supported by a significant value for money from the 
business perspective. Optimum feasibility plays a vital role in bridging the partnership 
between the government and private interests. The study uses a case study of highway 
project development of Trans-Sumatera highway road (TSHR) that spans about 2700 km to 
elaborate on how project feasibility can be improved through creative method. Value engi-
neering (VE) approach as a systematic way to generate innovative ideas by combining mul-
tidiscipline backgrounds perspective is used. The study shows that additional functions for 
the project include integration with motorbike toll road, dry port, and railway line; others 
also include tourism, fiber optic, and service area development. The innovative ideas have 
contributed to the significant increase in the internal rate of return (IRR) to the project 
from 7.79 to 12.76%. The study also formulates institutional scheme through build operate 
sharing transfer (BOST) which administers government’s role in the project development.

Keywords: infrastructure, feasibility, highway, innovation, mega-project, value engineering

1. Introduction

Highway encourages connectivity among regions to expand economic development in a nation. 
It also eases the traffic flow in developing areas, improves the distribution of goods and services, 
and provides equity development among regions in a country [1, 2]. The benefits of highway con-
struction directly affect the mobility and accessibility of people and goods and time travel as well 
as the other benefits of the regional competitiveness and national gross domestic product [3, 4].

© 2017 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



Countries such as France, Spain, the United States, Canada, South Africa, China, and Australia 
have invested in highway project to support their economic enlargement [5]. The construction 
of infrastructure is argued as one of the solutions to improve the level of competitiveness in 
price logistics. The strategy will increase more transactional activities and contribute to the 
macroeconomic development.

Indonesia is a developing country located in South East Asia region, which has a popula-
tion almost 262 million inhabitants in 2016 [6]. According to the Ref. [7], the state attempts 
to construct toll road project since 1973 and currently operates 987.44 km that span over the 
country. Despite its massive construction during the past five years by the government, the 
total operated highway is left behind from other nations. Japan has developed 8358.3 km of 
expressway [8]; Korea manages 4193 km of the toll road and expects to operate 6160 km in 
2020 [9] and Malaysia as the neighboring country already has 1820 km of toll highways [10]. 
As the motorway plays a significant role in national competitiveness, expansion of the project 
is required in Indonesia.

The country attempts to build new highway road in the western part of the country called 
Trans-Sumatera Toll Road (TSTR) to connect raw material resources to the processing indus-
try. Despite the benefits generated from highway project development, investment cost 
becomes the main issues that must be encountered besides land acquisition [11, 12]. The proj-
ect requires 300 trillion rupiahs or equal to US$ 24 billion for 2700 km of highway develop-
ment. The government of Indonesia has insufficient funds to accommodate all the required 
highway construction and thus should take other options by transferring part of the financing 
obligation to the private investors [13].

Researcher and academicians discussed that the project attractiveness was started by an opti-
mum feasibility [14, 15]. TSTR has a low financial rate of return of about 7.79%. The figure rel-
atively low compared to minimum attractiveness rate of return (MARR) from infrastructure/
transportation investors’ perspective more than 10% in the country. Consequently, companies 
hesitate to be involved when the project profoundly compromises their cash flow. Ref. [16] 
also supported the argument that highway project will succeed when the route is at a dense 
population and high-income corridor. Considering those problems, improving the feasibility 
by taking into account added value to the project becomes crucial.

The study will use value engineering (VE) approach in an attempt to improve project feasibil-
ity. VE has been implemented in various countries to improve the project or product devel-
opment through a cost reduction or additional advantage by proposing significant benefits 
over cost [17, 18]. The United States has implemented VE approach during the past 30 years 
by including the method into the National Highway System (NHS) project that receives assis-
tance with a total cost of $50,000,000 or more. VE is proven to improve transportation project 
performance and successfully saved 5.9% from the total cost of the project in 2015 [19].

The study contributes to the body of knowledge application of value engineering for high-
way development. The method offers optimum value that can attract investor in financing 
the project. The result of this study is also expected to be used for similar context not only in 
transportation but also for other value-added creations.
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2. Literature studies

Value engineering (VE) is a problem-solving technique that combines knowledge from differ-
ent backgrounds organized in a team to conduct a thorough analysis and generate alternative 
solutions to targeted problems [20]. VE also defines as the multidisciplinary team attempt to 
evaluate the project by using particular standard through VE job plan for improvement. It 
generates alternatives and further investigates to meet the requirements of safety, quality, 
operations, maintenance, and aesthetics [21, 22].

Value engineering concept is broadly focused on how values can achieve a balance among 
time, cost, and quality. Value can be generated from four combinations. First, maintain the 
functions and quality while cost is reduced. Second, maintain cost while at the same time 
increase the functions and quality. Third, increase function and quality while reducing the 
cost. Last, increase functions and quality while reducing the cost.

Function as a primary element in value engineering aims to become foundation and catalyst 
of innovative solution. The function is categorized into the primary and secondary function. 
Basic function is a reason for why the system is created or basis for the existence of a product. 
On the other hand, the secondary function is an indirect use that aims to support the basic 
functions. Furthermore, the cost is the sum of expenses in developing, producing, and apply-
ing product or project and often called as life-cycle cost (LCC). Elements of LCC consist of 
investment cost, financing cost, operational cost, maintenance cost, cost of change, tax, and 
salvage value.

A fast diagram is a tool that shows logic diagram from functions of the item, subsystem or 
facility that illustrated through graphics and aims to test the reliability of identified func-
tions [17]. There are four types of fast diagram models such as classical fast model, hierar-
chy function model, technical fast model, and customer-oriented fast model. The Classical 
fast model illustrated the interrelationship between functions in “HOW-WHY” logic. On the 
other hand, hierarchy function model used hierarchy graphic from functions listed vertically. 
Furthermore, the technical fast model is another form of classical fast model but adding “all 
the time” function, “one-time” function, and “same time” function or “caused by” function in 
the diagram. Last, customer-oriented fast model is developed to reflect customer as the one 
who determines value in function analysis process. This function adds supportive functions: 
attract users, satisfy users, assure dependability, and assure convenience. The study follows 
the technical fast model to achieve targeted outcomes of the project. The sample of the techni-
cal fast model can be seen in Figure 1.

In general, the diagram has six components such as scope line, critical path, critical path func-
tions, higher level and basic function, secondary and causative function, and supporting func-
tion. The description of each component is as follows:

• Scope line

Functions placed between two vertical lines. In the technical FAST diagram, there are two 
scope line: left scope line and right scope line.
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• Critical path

Functions are placed on the critical path to fulfill users’ expectation. While the critical path 
is determined, functions inside the scope of the project can be categorized into critical path 
functions and supporting functions. On the other hand, functions categorized outside the 
scope of the project are higher-order function and causative function.

• Critical path functions

Functions at critical path have to place the order from the highest level to the lowest level 
or from left to right. The highest level function inside the scope of a project is called the 
basic function. Other functions at critical path inside the scope of a project are called 
required secondary functions.

• Higher level function and basic function

Highest-order functions are placed outside the scope of the problem or left side of the left 
scope line. These functions require accomplishing user needs and becoming the reason 
why the project existed. Higher-order function is also responding “WHY” from a basic 
function, while in contrary, basic function answer “WHY” from the higher-order function.

• Secondary function and causative function

The secondary function is all functions at the critical path with lower level from the basic 
function. The level of these functions is determined by HOW-WHY questions.

Figure 1. Technically oriented FAST diagram. Source: [23].
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• Supporting functions

Supporting functions are functions inside scope line that are not located at critical path.

3. The Trans-Sumatera highway project

The Trans-Sumatera highway road project is one of mega-project infrastructures that is 
located in an island in the western part of the country called Sumatera Island. The project is 
estimated to stretch about 2700 km and forecasted require 330 trillion rupiahs. It shall con-
nect eight mainland provinces out of 10 provinces in the area. The project is expected as part 
of Asian Highway network and includes on Master Plan on ASEAN Connectivity (MPAC).

The project is expected to generate benefits such as accelerate the logistic flow of goods and 
services distribution as well as open up opportunities about 97 thousand jobs during the 
project life cycle. It also contributes to the regional development indirectly and improves the 
property price in competitive ways [24].

Ministry of public works has been developing the route by taking flat topography on the 
western path of the island. The concept is divided into two corridors: a South-North corridor 
act as the primary corridor from Lampung province to Aceh province. On the other hand, 
West-East Corridor serves as the connecting corridor and comprises of three parts such as 
Palembang-Bengkulu, Pekanbaru-Padang, and Medan-Sibolga. The results show a different 
financial rate of return (FIRR) in each section and overall produce 7.79%. As the feasibility is 
below the minimum rate of return (MARR) of transportation companies, most investors tend 
to hold back their involvement. The government attempts to propose two bidding processes, 
and none of them were a success to financial close.

As the government tries to accelerate economic development, the construction of infrastruc-
ture is necessary for people’s mobility and services. Thus, enabling added value to support 
financial and microeconomic growth should be created.

4. Developing conceptual design of Trans-Sumatera highway road

Conceptual design of the highway firstly was conducted by considering population, and eco-
nomic landscape expressed by gross regional domestic product (GRDP) on the Sumatera island. 
Location quotient (LQ) was used to generate potential regencies and cities for the highway path. 
LQ analyzes and estimates the local economic basis and offers financial flexibility by taking into 
account industrial portfolio. Many sectors have been applying the method for a similar purpose 
from food, marine, and carbon emission [25–27]. It is expressed by a mathematical model as 
follows:

  LQ =   ei / e ____ Ei / E    (1)
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where LQ is location quotient in a regency/district, ei is GRDP for i sector in a Regency/dis-
trict, e is GRDP for the whole compared sector in a Regency/district, Ei is GRDP for i sector in 
the province, and E is GRDP for i whole compared sector in the province.

The LQ assess the potential sectors for each regency and cities on eight provinces on the island. 
The result will be considered as an input to determine the route of the project. The highway 
should connect regencies/districts that have a substantial impact on the whole island. Thus, a 
comprehensive route planning by taking into account potential commodity becomes significant 
to increase the project feasibility. The concept of the highway road can be seen in Figure 2. In 
total, the eight provinces in Sumatera island is connected. Overall, the entire length of the route 
is about 2427.15 km with 2102.10 km of lowlands, and 325.05 km of hills.

5. Value engineering on Trans-Sumatera highway road

The value engineering in the study follows VE job plan and collaborates varied background 
in the process [29].

5.1. Information phase

In this stage, data gathering is practically being used to identify the project in more detail. The 
data and information are generated from journal articles, government and research reports, 

Figure 2. Conceptual design of Trans-Sumatera highway road. Source: [28].
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regulation, and policy and other related activities. The output was presented but not limited 
as follows:

• Project objectives

The government has been an attempt to construct the project that stretches over Bakauheni 
to Aceh connecting not only cities but five airports and six main ports. The project is expected 
to support economic corridor on the island that mainly relies on natural resources, pro-
cessing industries, and agriculture products. The project is also part of ASEAN and Asian 
Highway Network which was signed at 61st UN ESCAP on 26–28 April 2008, Shanghai.

• Project benefits

The project aims to improve goods and services distribution especially among Sumatera and 
Java Island. As current artery road in the area is of over capacity and mostly of poor condi-
tion, the project construction will accelerate economic growth and reduce logistics cost. The 
project is also believed to allow employment during construction to the operational stage.

• Scope

The project is in the conceptual design phase which assesses the route and potential added 
value to increase the project feasibility.

• Concept design existing

The project comprises of two corridors that estimated to plan about 2700 km and fore-
casted require 330 trillion rupiahs. The central corridor is from Lampung province in the 
southern part of Sumatera to Aceh province in the northern part of Sumatera. On the 
other hand, connecting corridor consists of three sections: the city of Palembang at South 
Sumatera to Bengkulu, the city of Pekanbaru at Riau Province to the city of Padang at West 
Sumatera, and Medan-Sibolga both in North Sumatera.

5.2. Function analysis phase

The phase was conducted by identifying function by setting up the scope of the problem, 
order function, primary function, and others through a FAST diagram. It is a logical model 
tool that is used to identify, classify, develop, and select functions that contribute to higher 
value and benefit to the project development. The FAST diagram can be seen as shown in 
Figure 3.

5.3. Creativity phase

This phase evaluates the functional analysis in the previous stage by taking into account more 
detail potential on the project. It will update the previous FAST diagram model by including 
extended functions and extended processes. The revised concept design is shown in Figure 4.

5.4. Evaluation phase

The evaluation of the study is conducted by considering the project life cycle cost. The addi-
tional function that has been identified has to increase the feasibility, thus attracting private 
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Figure 4. Revised FAST diagram. Source: [28].

Figure 3. Initial FAST diagram.
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investors. When the function was unable to generate financial benefits, the function can be jus-
tified through other advantages such as economic growth, job opportunity, and many others. 
The project life cycle cost is discussed in the following scenario.

6. Financial scenario

In evaluating the financial scenario, life-cycle cost approach is used by considering mid 
scenario for every identified function. It considers initial cost, operational and mainte-
nance cost, and revenue. Several assumptions are proposed for estimation boundary which 
retrieved from Statistics Indonesia and other reliable sources. The discount rate is about 
6.81%, inflation ranging from 1.63 to 5.95% depends on the sector, and project life cycle is 
about 40 years.

6.1. Single function

The new route of highway concept spans about 2527 km consist of 6 corridors and 22 sections. 
The initial cost is followed by the unit cost from the ministry of public works where the road 
on lowland is about 106.6 million rupiahs/km, and road on hilly terrain is about 164 million 
rupiahs/km. Revenue is generated by considering three scenarios of tariff and divided by 
main and connecting corridors. The scenario is as follows:

• Low scenario tariff: Main corridor = 150 rupiahs/km

                                        Connecting corridor = 300 rupiahs/km

• Mid scenario tariff: Main corridor = 300 rupiahs/km

                                        Connecting corridor = 300 rupiahs/km

• High scenario tariff: Main corridor = 300 rupiahs/km

                                        Connecting corridor = 600 rupiahs/km.

In term of low tariff scenario, 7 out of 22 scenarios generate negative net present value (NPV) 
that indicates the low internal rate of return (IRR). The average IRR at this scenario is about 
7.25%. Middle tariff scenario produces 19 scenarios that show positive NPV. The average is 
higher than low tariff scenario as about 11.34%. Tebing Tinggi-Lima Puluh section is the low-
est IRR about 4.88%. The low figure is caused by a high construction cost in contrast with low 
projected volume trip during 40 years of the operational stage. High tariff scenario proposes 
20 scenarios with a positive NPV. The average IRR at this scenario is about 12.61%. Despite 
producing higher IRR, the scenario also shows sections with negative NPV such as Tebing 
Tinggi-Lima Puluh and Sigli-Banda Aceh. As financial engineering was unable to increase the 
sections into the targeted feasibility, additional functions were further proposed. The detail of 
the scenario can be seen in Table 1.
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Highway section Length Tariff scenario 1 Tariff scenario 2 Tariff scenario 3

NPV IRR (%) NPV IRR (%) NPV IRR (%)

Pekanbaru-Medan 
(main corridor) 547.2 Tariff IDR 150/km Tariff IDR 300/km Tariff IDR 300/km

Bakauheni-Bandar 
Lampung

85.8 Negative 4.31 Positive 8.55 Positive 8.55

Bandar Lampung-
Metro-Kota Bumi

102.3 Positive 11.92 Positive 17.32 Positive 17.32

Kota Bumi-Kayu 
Agung

185.3 Positive 7.21 Positive 12.32 Positive 12.32

Kayu 
Agung-Palembang

63.8 Positive 7.67 Positive 13.04 Positive 13.04

Palembang-
Pangkalan 
Balai-Sekayu

110 Positive 11.30 Positive 18.63 Positive 18.63

Palembang-
Pekanbaru (main 
corridor)

494.8 Tariff IDR 150/km Tariff IDR 300/km Tariff IDR 300/km

Sekayu-Meranti 
Panjang-Jambi

151.5 Negative 2.87 Positive 7.37 Positive 7.37

Jambi-Rengat 184.9 Positive 7.76 Positive 13.17 Positive 13.17

Rengat-Pangkalan 
Kerinci-Pekanbaru

158.4 Positive 7.03 Positive 11.99 Positive 11.99

Pekanbaru-Medan 
(main corridor) 581.4 Tariff IDR 150/km Tariff IDR 300/km Tariff IDR 300/km

Pekanbaru-Pematang 
Duri-Dumai

133.2 Positive 10.22 Positive 16.55 Positive 16.55

Pematang Duri-
Rantau Prapat

191 Positive 6.86 Positive 11.99 Positive 11.99

Rantau Prapat-
Pematang 
Siantar-Raya

135 Negative 5.39 Positive 10.35 Positive 10.35

Pematang Siantar-
Tebing Tinggi-Medan

93.08 Negative 10.90 Positive 17.60 Positive 17.60

Tebing Tinggi-Lima 
Puluh

29.12 Negative 1.57 Negative 4.88 Negative 4.88

Banda-Aceh Medan 
(main corridor) 480.2 Tariff IDR 150/km Tariff IDR 300/km Tariff IDR 300/km

Medan-Langsa 118 Positive 9.68 Positive 16.16 Positive 16.16

Langsa-
Lhokseumawe

136.8 Negative 6.72 Positive 12.27 Positive 12.27

Lhokseumawe-Sigli 145.5 Negative 3.61 Positive 8.78 Positive 8.78

Sigli-Banda Aceh 79.9 Negative 2.61 Negative 6.58 Negative 6.58
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6.2. Multifunction

The concept integrates highway with other potential function such as dry port, fiber optic, 
tourism, rest area, and services, as well as railway and motorbike integration. Each function 
is investigated with the initial cost, operation, and maintenance cost and revenue for 40 years 
of operation. Rest area and tourism development were identified as the two most contributing 
functions in term of revenue. It was followed by railway integration, dry port, motorbike integra-
tion, and fiber optic. The projected revenue for each additional function can be seen in Figure 5.

Compared to the single function, the highway with multifunction concept generates more 
revenue for the project. Low tariff in multifunction concept produces 200 billion rupiahs in 
2060 compared to 160 billion rupiahs for the single function. Moreover, the mid tariff on 
multifunction concept surpasses the revenue from mid tariff and higher tariff scenario of the 
single-function concept. It produces 350 billion rupiahs in 2060 compared to 330 billion rupi-
ahs and 290 billion rupiahs, respectively. The projected revenue for multifunction and single 
function can be seen in Figure 6.

Life cycle cost in multifunction simulated through 8 alternative scenarios. Each alternative 
differed from the active function and elaborated with IRR, NPV, and payback period (PbP). 
Alternative A recommends including all additional functions, while some others inactivated 
the additional function. The simulation can be seen in Table 2.

Highway section Length Tariff scenario 1 Tariff scenario 2 Tariff scenario 3

NPV IRR (%) NPV IRR (%) NPV IRR (%)

Pekanbaru-Padang 
(connecting 
corridor)

212.9 Tariff IDR 300/km Tariff IDR 300/km Tariff IDR 600/km

Pekanbaru-
Bangkinang

50.4 Positive 7.06 Positive 7.06 Positive 11.96

Bangkinang-Paya 
Kambuh

72.5 Positive 7.78 Positive 7.78 Positive 12.97

Paya Kambuh-
Batusangkar-Padang

90 Positive 12.41 Positive 12.41 Positive 19.65

Palembang-
Bengkulu 
(connecting 
corridor)

211.1 Tariff IDR 300/km Tariff IDR 300/km Tariff IDR 600/km

Sekayu-Lubuklinggau 116.1 Positive 9.55 Positive 9.55 Positive 15.37

Lubuklinggau-
Bengkulu

95 Negative 5.13 Negative 5.13 Positive 9.81

Average IRR Average 
IRR 7.25 Average 

IRR 11.34 Average 
IRR 12.61

Table 1. Life cycle cost analysis of highway function.
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In terms of the low tariff, alternative E generates higher IRR with the lowest PbP about 8.30% 
and 34.39%. Despite lower IRR and higher PbP, alternative A provides more NPV compared 
to the alternative E. Similar issue also shows for mid and high tariff where alternative E pro-
poses higher IRR and PbP, yet alternative A suggests higher NPV.

Alternative E suggests excluding tourism for the project. However, the tourism acts as one of 
the highest contributor to project revenue. With such valuable attractiveness, excluding the 
sector is no longer an option. As a result, alternative A that includes all additional functions is 
proposed as the best scenario for the project development. The detailed comparison for each 
alternative in terms of the financial feasibility is shown in Table 3.

Figure 5. Projected revenue for each additional function on the conceptual design. Source: [28].

Figure 6. Projected revenue comparison for multifunction and single function. Source: [28].
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7. Public-private partnership

The scheme will evaluate division of responsibility between the government and private on the 
life cycle of the project from initial cost, operational and maintenance cost, as well as revenue. 
The financing scheme consists of three scenarios:

• Scenario A: Government share 60% and private 40% for the initial cost.

• Scenario B: Government share 50% and private 50% for the initial cost.

• Scenario C: Government share 40% and private 60% for the initial cost.

Each scenario is followed by cost sharing on operational and maintenance cost where the 
private contributes 60, 50, and 40%. Revenue will also be shared where the private obtains 
from 80 to 50%.

Alternative Highway road Rest area Tourism Dry port Railways Motorcycle Fiber optic

A √ √ √ √ √ √ √

B √ √ √ √ √ x x

C √ √ √ x x √ √

D √ √ √ x x x x

E √ √ x √ √ √ √

F √ x √ √ √ √ √

G √ x x √ √ x x

H √ x x x x √ √

Table 2. Life cycle cost simulation for multifunction conceptual design.

Alt Low tariff Intermediate tariff High tariff

NPV (million 
IDR) IRR (%) PBP NPV (million 

IDR) IRR (%) PBP NPV (million 
IDR) IRR (%) PBP

A 83,743,843 8.29 34.47 398,199,357 12.71 20.72 501,149,460 13.77 19.62

B 83,609,123 8.29 34.46 397,025,087 12.70 20.45 498,935,639 13.76 18.65

C 76,617,476 8.22 34.76 379,764,988 12.66 20.52 471,407,089 13.63 18.83

D 76,482,757 8.22 34.76 378,590,718 12.65 20.52 469,193,268 13.61 18.88

E 78,811,227 8.30 34.39 380,774,195 12.84 20.22 471,231,753 13.82 18.59

F 72,121,410 8.13 35.27 375,411,362 12.58 20.74 467,195,903 13.57 20.00

G 67,054,074 8.13 35.35 356,811,930 12.71 20.54 435,064,376 13.60 19.02

H 60,062,427 8.04 35.36 339,551,832 12.66 20.59 407,535,826 13.45 19.19

Table 3. Scenario on eight alternative for multifunction conceptual design.
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In evaluating the best scenario, three considerations are being used from the comparison of 
IRR and MARR, revenue weighting score, and weighting score of operational and mainte-
nance cost. Revenue weighting score for private shall be the lowest. When IRR reach expected 
MARR with the lowest revenue, calculation using higher revenue is not necessary. A similar 
scenario is also conducted on the O&M cost. When the highest O&M cost contributes to reach-
ing IRR over MARR, then lower cost is no longer needed.

7.1. Scenario A

The scenario A consists of 12 initial scenarios from A.1 to A.12. Firstly, parameter about IRR 
minimum is conducted, and 6 scenarios are passed. Second, revenue weighting score for pri-
vate to gain expected MARR (12%) is evaluated, and it generates three available scenarios 
from A.2, A.6, and A.10. Last, weighting score of operational and maintenance cost produces 
two most potential scenarios consisting of A.6 and A.10.

Both scenarios regulate private responsibility on initial cost and operational and maintenance 
cost as well as private’s revenue from the project. A.6 scenario produces 12.48% of the inter-
nal rate of return (IRR) with a positive NPV. The private on initial cost and operational and 
maintenance cost shall contribute about 60 and 50%, respectively. In this scenario, private will 
obtain 70% of revenue from the project. On the other hand, A.10 scenario produces IRR for 
about 12.31% with a positive NPV. In the scenario, private has different contribution percent-
age on operational and maintenance cost, that is, about 60%.

7.2. Scenario B

The scenario B consists of 12 initial scenarios from B.1 to B.12. Similar treatment was also 
conducted as scenario A. The scenario generates two most potential scenarios B.7 and B.11.

B.7 scenario produces 12.63% with positive NPV. The scenario suggests that the private con-
tributes 50% of initial cost and operational and maintenance cost. They reserve the right to 
gain 60% of revenue. Moreover, B.11 scenario produces close IRR to B.7 about 12.43% and a 
positive NPV. Private obtains 60% of revenue by contributing 50% of the initial cost and 60% 
of operational and maintenance cost.

7.3. Scenario C

The scenario C consists of 12 initial scenarios from C.1 to C.12. Similar treatment was also 
conducted as scenario A and scenario B. The scenario generates two most potential scenarios 
C.8 and C.12.

C.8 scenario produces 12.86% with positive NPV. The scenario regulates private responsibil-
ity and rights for initial cost, operational and maintenance cost as well as revenue by 40, 50 
and 50%, correspondingly. C.12 generates 12.60% of IRR and a positive NPV. The private 
should invest 40% of initial cost and 60% of operational and maintenance cost. They will gain 
50% of revenue from the investment.
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7.4. The proposed scenario

As 6 scenarios have been generated, then the most optimal financing scheme by the division 
of responsibility between government and private shall be conducted. All the scenarios show 
similar IRR about 12%. The comparison for each scenario can be seen in Table 4. It shows the 
investor responsibility for initial cost to revenue.

From the 6 available scenarios, the C.8 scenario is recommended for the division of responsi-
bility between the public and private partnership. In public perspective, government contrib-
utes sunk cost about 60% from the project but gains revenue about 50% which can be used as a 
capital investment to support other infrastructure projects. For private, they contribute higher 
operational and maintenance cost compared to other scenarios and share equal income for 
the revenue. As the initial cost for private is only at 40%, the IRR produces competitive value. 
The proposed scheme aims to benefit public interest without compromising private income 
from the project.

8. Institutional scheme

The financing scheme produces an optimum scenario which increases the IRR value from 
10.59 to 12.86%. As the project uses more than one function, it is argued that a consortium 
which accommodates multidiscipline sector should be established. The project is consisted 
of nine main stakeholders: the joint venture company, investor, consultant, insurance institu-
tion, national bank, multilateral bank, contractor, operator, and user.

The joint venture company consists of six different sectors such as transportation, telecom-
munication, tourism, port, railway, and industry. They should collaborate with the govern-
ment to institute a business entity which shall manage the project. Investor is supported by a 
national bank and shares the cost with companies in the joint venture. On the other hand, the 
multilateral bank shall support government through soft loan. The detail institutional scheme 
is shown in Figure 7.

Scenario Initial cost (%) OM cost (%) Revenue (%) IRR (%)

A.6 60 50 70 12.48

A.10 60 60 70 12.31

B.7 50 50 60 12.63

B.11 50 60 60 12.42

C.8 40 50 50 12.86

C.12 40 60 50 12.60

Table 4. Comparison for optimal scenario.
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9. Conclusion

Value engineering (VE) has successfully improved the highway project by creating innova-
tion and additional function. Value for money project reaches through the transformation of 
a single-function project into a multifunction project. The VE process generates dry port, fiber 
optic, tourism, rest area, and services, as well as railway and motorbike integration to meet 
the innovative conceptual design of highway development.

Compared to the single function project that produces 7.79%, the multifunction of TSTR proj-
ect proposes a rate of return of about 10.59%. The study elaborates financing scheme that is 
suitable for government and business through public-private partnership. The system pro-
posed as build operate sharing transfer (BOST) where government play roles on each project 
life cycle. Government contributes 59% in the initial stage and 40% in the operational and 
maintenance stage, and obtains 21% from the projected revenue. The public-private partner-
ship scheme increases rate of return from 10.59 to 12.76% and a positive net present value 
(NPV). The study also generates institutional scheme that regulates related stakeholders from 
investors, joint venture structure, consultant, to the contractors for a division of responsibility 
for the project life cycle.
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Figure 7. Institutional scheme on the project.
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Abstract

In highway engineering, one needs to know the information about the thickness and 
elastic modulus of each pavement layer. The thickness and elastic modulus of each pave-
ment component then become input to elasticity analysis or finite element computation 
to calculate the service life of the highway. An application was Multichannel Analysis of 
Surface Waves (MASW) measurement on highway in North Jakarta. The measurement 
was carried out on highway traffic, because we were not allowed to stop traffic of one of 
the busiest roads in Jakarta. The street is heading to Tanjung Priok, the port of Jakarta. 
However, we acquired fairly good data by applying stacking method. The number of 
stacking was 10 (ten) to overcome traffic noise. After inversion, we came up with the 
result of MASW measurement of the pavement. The result of MASW measurement in 
terms of elastic modulus and thicknesses of pavement layer becomes important input of 
finite element analysis to compute fatigue damage of pavement components.

Keywords: Multichannel Analysis of Surface Waves, MASW, surface waves, pavement

1. Introduction

In highway engineering, it is required to know the information about the thicknesses of pave-
ment components and values of elastic modulus of pavement components. It is preferred to have 
nondestructive methods than destructive method (drilling method). The nondestructive methods 
are quicker to carry out than the destructive methods. More importantly, the pavement is not 
disturbed, i.e., no holes are required to be patched. Surface waves are employed in this non-
destructive method. The method utilizes surface waves to determine the thickness and shear 
wave velocity of each layer. This chapter describes the procedure and methodology of surface 
wave method using multichannel recording. This method is popularly known as Multichannel 
Analysis of Surface Waves (MASW). This chapter further discusses the application of MASW 
method to busy highway in Jakarta. The high traffic noise was overcome by a recording technique 

© 2017 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



known as stacking technique. This technique added to the fact that surface wave has the largest 
amplitude than other body waves (P and S waves) [1] resulted in good field data.

2. Methodology

The nondestructive method employed here is carried out by means of generating seismic 
waves on the surface. If one generates an impulsive source at the surface, it propagates seis-
mic body waves (direct, refracted, reflected, scattered, guided, and air waves) and seismic 
surface waves (fundamental, higher modes, and scattered). The frequency content of the 
impulsive signal is very wide from nearly zero Hz until infinite Hz as can be seen from Fast 
Fourier Transforms computation below (Figure 1):

The pavement structure has strong layer in the upper layer and softer layer underneath. In 
this situation, the Snell’s law governs that the wave would be refracted down if it meets inter-
face between strong layer and soft layer. This is the main reason, the body wave method, i.e., 
refraction method cannot be applied (Figure 2).

By hammer blow, one generates impulsive signal and propagates body waves and surface 
waves into the pavement system. If one sets up an array of receiver sensors, i.e., geophones 
or accelerometers, he acquires shot gather, which is a recorded time series file of receiver sen-
sors. An example of shot gather is shown in Figure 3.

Figure 2. Generalized structure of an Asphalt system [2].

Time Frequency 

FFT Amplitude Amplitude 

Figure 1. FFT relationship between time duration of a signal and its spectrum.
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As it can be seen from the shot gather, the dominant event of arrival waves is surface waves, 
because their amplitude is very large compared to body waves (P or S waves). For the surface 
waves, people usually assume they contain fundamental mode. They actually contain higher 
modes too. However, up to now, the inversion algorithms usually ignore the higher modes. 
As hammer hit the surface, the surface waves propagate through the pavement system. The 
high frequency component (the small wavelength component) propagates through the upper 
thinnest pavement layer, whereas the lower frequency component (the larger wavelength) 
will propagate and vibrate through the deeper pavement layer. As the result of this process, 
there is velocity  discrepancy between the high-frequency component, which travels with 
velocity of first layer, and lower frequency component, which travels with velocity of deeper 
layer (material). This  velocity discrepancy is called dispersion, which means velocity as func-
tion of frequency (wavelength) (Figure 4) [3].

The shot gather from the hammer blow can be considered as time series:

  f (t)  =  a  0   +  ∑ 
n=1

  
∞
    ( a  n   cos   2𝜋𝜋𝜋𝜋nt ____ T   +  b  n   sin   2𝜋𝜋𝜋𝜋nt ____ T  )    (1)

2.1. Forward modeling

If we have soil model on the left, the time series (shot gather) would be on the right (Figures 5–7):

The field records we acquired from the field then undergo data processing with the flow:

1. Compute Fast Fourier Transform (FFT) to the shot gather f(x, t):

  F (ω)  =   1 ___ 2π    ∫ −∞  ∞    f (t)  .  e   −i𝜔𝜔𝜔𝜔t  dt  (2)

Figure 3. An example of shot gather obtained from hammer blow on the surface.
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and we obtain F(x, ω) record, and:

2. Redo the Fast Fourier Transform (FFT) to F(x, ω):

  F (c, ω)  =  ∫ −∞  ∞    F (x, ω)  .  e   i𝜔𝜔𝜔𝜔  x __ c    dx  (3)

where c = the phase velocity of the surface wave; ω = the angular frequency; x = distance of 
the sensor.

The whole process can be described in the following flow chart (Figures 8–11) [5]:

(a)

(b)

Figure 4. (a) Hammer blow as the source of energy. (b) Hammer blow would propagate many wavelength (frequencies).
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Figure 5. A soil model with velocity of 1000 m/s [4].

Figure 7. Combination of soil model with velocity of 1000 m/s and of 1730 m/s [4].

Figure 6. A soil model with velocity of 1730 m/s [4].
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At this point, we analyze the waves, which are received by geophones from the spectrum 
F(c, ω), i.e.:

C: surface waves (fundamental mode).

B: surface wave (Higher mode).

A: body waves.

Figure 8. The shot gather.

Figure 9. After FFT computation one obtains F(x, w).

Figure 10. Finally one obtains spectrum velocity with respect to angular frequency F(c, ω) [4].
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For inversion purpose, we pick the surface wave (fundamental mode) only which is character-
ized by larger amplitude and lower velocity.

To record the surface waves, we employ geophones sitting on aluminum platform called land 
streamer, so there is no need to drill the surface of the pavement [7].

After picking the fundamental mode of the surface waves, one has the field dispersion curve 
to be inverted by utilizing commercial inversion program to come up with shear velocity 
profiles, i.e., velocity of shear wave with respect to depth. The inversion programs themselves 
are of many different kinds. We only focus on least square inversion program (Figure 12) [8].

2.2. The highway application

As an illustration of the process above, let us look at the real application, i.e., MASW 
(Multichannel Analysis of Surface Waves) measurement on the busy street in North Jakarta. 
The traffic was not allowed to be stopped, since it could disrupt the economic arteries of Jakarta 
and the street was heading to the Tanjung Priok, Jakarta’s port. Therefore, we carried out the 
measurement side by side with busy traffic. The equipments employed are seismic data logger 
seistronix 24 bit, OYO geophones 4.5 Hz, and land streamer. The field parameters were (a) near 
offset (distance between the weight drop blows and the first geophone) was 18 m, (b) inter dis-
tance among geophones was 3 m, and (c) number of geophones was 12 geophones (Figure 13).

Even though a lot of street noise, we managed to acquire a fairly good data by applying stack-
ing technique, which is basically we add up the records from the same source offset distance:

   a  t   =   1 __ N    ∑ 
i=1

  
N
     S  i    (4)

where Si = amplitude of ith record; N = number of repetition; at = amplitude of stacked record.

Figure 11. Pattern recognition of wave type in spectrum velocity with respect frequency [6].
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Using this technique, random noise will add up to the same amplitude and after dividing it by 
number of repetition becomes one amplitude over number of repetition, whereas adding up 
coherence signal would result in number of repetition times original amplitude. After divid-
ing it by number of repetition, we obtain initial amplitude. In this method, we suppress the 
traffic noise as one over number of repetition (Figure 14).

After stacking method, this shot gather was acquired as follows (Figures 15 and 16):

The FFT computation was carried out and resulted in spectrum F(c, ω) as follows (Figure 17):

18 m 3 m 

Geophone 4.5 Hz

12 geophones 

Figure 13. Field configuration of MASW measurement along with field measurement parameters [9].

Figure 12. A land streamer.
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Figure 14. MASW data acquisition using land streamer on busy street.

Figure 15. The record of field shot gather.
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The fundamental mode corresponding to surface layer (the one which is extending to high 
frequencies) was picked and come up with the dispersion curve to be inverted/matched using 
commercial software “SWAN” as follows (Figures 18 and 19):

Figure 16. The weight drop used to generate vibration in repeat fashion (stacking method).

Figure 17. Picking the fundamental mode of surface layer.
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Figure 19. The profile of surface layer of the pavement.

Figure 18. The dispersion curve of surface layer matching.
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The second branch of spectrum corresponding to the fundamental mode of surface waves 
from deeper layer was picked as follows (Figures 20–23):

Figure 21. Curve matching of dispersion curve from deeper layer.

Figure 20. Picking the fundamental mode of surface waves from deeper layer.
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Tables 1 and 2 were combined to come up with Table 3, which is the complete shear wave 
velocity profile of the pavement.

Figure 23. Profile of complete shear wave velocity of the pavement.

Figure 22. Profile of shear wave velocity with respect to depth of deeper layer (subgrade).
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3. Conclusion

The MASW (Multichannel Analysis of Surface Waves) as nondestructive test for highway 
engineering was described. A real application to road on North Jakarta was discussed. The 
measurement was carried out on busy street, but the measurement was success. The results in 
terms of elastic modulus and thickness of each pavement layer could be used for calculating 
pavement service life using finite element analysis. The disadvantage of this method is that 

Thickness(m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density

0.2 0.0 700.0 1399.0 0.33 1.8

0.2 0.2 350.0 699.0 0.33 1.8

0.5 0.4 250.0 500.0 0.33 1.8

3.0 0.9 220.0 440.0 0.33 1.8

3.9 220.0 440.0 0.33 1.8

Table 1. Results of inversion process of shallow layers.

Thickness (m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density

4.0 0.0 182.0 364.0 0.33 1.8

5.5 4.0 195.0 390.0 0.33 1.8

7.4 9.5 484.0 967.0 0.33 1.8

10.1 16.9 551.0 1101.0 0.33 1.8

27.0 554.0 1107.0 0.33 1.8

Table 2. Results of inversion process of deeper layers.

Thickness (m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density (gr/cc)

0.2 0 700 1399 0.33 1.8

0.2 0.2 350 699 0.33 1.8

0.5 0.4 250 500 0.33 1.8

3 0.9 220 440 0.33 1.8

5.5 4 195 390 0.33 1.8

7.4 9.5 484 967 0.33 1.8

10.1 16.9 551 1101 0.33 1.8

27 554 1107 0.33 1.8

Table 3. Results of combination of processes of shallow and deeper layers.
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the thickness and shear wave velocity of the layers is along long line, not one point thickness 
and velocity. In some application such as in construction inspection, it is desired to have the 
thickness and velocity at one point.
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