JES, Vol. 51, No. 2, Mar 2023 DOI: 10.21608/JESAUN.2023.175063.1182 Part A: Civil Engineering

Journal of . Ll _
Engineering Sciences Aidiigl) o glall [
Faculty of Engincering iyl At e G o
Assiut University b gl Azala _—
journal homepage: http://jesaun.journals.ekb.eg LT

Integrated Safety-Pavement Maintenance Management System
(SPMS) for Local Authorities in Egypt

Received 16 November 2022; Revised 10 January 2023; Accepted 10 January 2023

Mohamed Gaber? Abstract

Aboelkasim Diab?

Emad Elbeltagi? Road maintenance management is a fundamental strategy for achieving
Amr M. Wahaballa** the infrastructure sustainability. In Egypt, maintenance decision depends

............. only on the pavement condition, and traffic safety is not considered.
This study aims to develop an integrated safety-pavement management
system that enables managing roads network according to the available
funds and assures the safety concept throughout the service life of roads.

Keywords It develops a probabilistic performance model and an optimization
Accidents, Pavement, decision tool based on roads condition, safety levels, and maintenance
Maintenance, Management, costs to provide a proper maintenance decision. The system was
Safety, Optimization validated for the road network in southern Egypt. Results show that an

inadequate maintenance budget causes a decrease in safety levels and
pavement conditions in some sections due to late maintenance decisions.
However, the results indicate the applicability for determining the
economic maintenance plan which keeps safety at the targeted level and
enhances the pavement performance through the network by saving 27
million Egyptian pounds through the analysis period.

1. Introduction

Road network as a means of national transportation is considered a supporting element for social
life. Since the year 2014, the road network in Egypt has witnessed large developments in the field
of construction. This development is aimed at increasing investments in the country. Since these
improvements started, Egypt jumped from 118th to 28th globally in the road’s quality index [1].
Moreover, the traffic accident rate has decreased by 24.5% [2]. Constructing new roads is important
for the economic growth, but keeping these new roads and the existing ones in good condition is a
challenge that road authorities must admit to find better solutions and promote the community's
prosperity. On one hand, road pavement condition deteriorates with time due to many causes such
as traffic loading, materials, aging, environmental effects, construction deficiency, design
inadequacy, etc. [3]. If no suitable action is taken, the overall performance of the roads network will
degrade. Maintenance of roads networks is an important solution to improve the system. A
pavement management system (PMS) is a means which enables the decision-makers to maintain the
roads network in a proper condition [4]. The PMS can help road agencies in identifying the state
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condition of the pavement; evaluate the required funds to improve the condition of pavement up to
the needed level and selecting the best treatments based on the available funds [5].

On the other hand, traffic safety is an important aspect of the transportation system that must be
preserved at a suitable level. However, previous PMS research has not considered traffic safety, or
it has been studied separately during the analysis of PMS. This paper aims to incorporate traffic
safety into PMS to develop an integrated safety-pavement management system (SPMS). The
proposed system is mainly based on a performance model, a management decision technique, and a
safety model. The performance model considers traffic volume classes and pavement deterioration
rate and predicts the probability of pavement condition. Then, the system was adapted by a
maintenance decision tool to analyze the maintenance strategies through the analysis period. The
management decision is concerned with preserving pavement conditions and traffic safety to an
acceptable level based on a performance model and a safety model. The applicability of the
proposed integrated safety-pavement management system was tested for a case study on the
southern road network in Egypt. The next section reviews the literature concerning PMS and
section 3 describes the methodology of developing an integrated safety-pavement management
system. Section 4 provides the results of applying the proposed methodology on an existing road
network. Finally, section 5 presents a summary and the main conclusions of this research.

2. Literature review

Pavement condition evaluation is an important step in the PMS. The maintenance decision requires
a good understanding of the deterioration rate of the pavement to predict the effect of the
maintenance scenarios and reach the preferable treatment [6]. The pavement deterioration model is
considered as a key element of the maintenance decision process for road networks [7]. Prediction
models are classified into two types, deterministic and probabilistic. The deterministic models
predict a single value of the dependent variable, while the probabilistic models produce a range of
attributes and can recognize the random nature of pavement performance [8]. Probabilistic models
are preferable to deterministic ones because the distribution range of pavement conditions that are
produced by probabilistic models works on improving decision-making for maintaining the road
network [9]. Moreover, probabilistic models are more realistic than the deterministic approach
because they can capture uncertainty through the prediction process for pavement performance [10].
As a type of probabilistic model, the Markov chain model is widely used by many researchers to
form the deterioration model. Abaza [11] developed a deterioration model using discrete-time
Markov. The transition probabilities in the proposed model were based on two groups of pavement
defects which represent cracking and deformation defects. It was found that the model gives a
realistic image of the distribution profile of pavement condition through the analysis period. In
addition, ref. [12] used the Markov technique to predict the future condition of the pavement. The
results confirmed the feasibility of the Markov technique in predicting future pavement conditions.

The PMS should be capable of producing the optimum maintenance plan for road networks.
Reaching the appropriate treatment options for pavement sections through the analysis period
requires a maintenance decision tool [13]. Mathematical techniques such as linear, nonlinear,
quadratic, and integer were the choice of many researchers to formulate their optimal decision for
pavement management. Garza et al. [14] proposed a decision-making methodology for pavement
maintenance optimization at the network level based on linear programming using the target level
of pavement performance and annual budget as constraints. They tested the applicability of this
system and the results showed that it was able to find optimal decisions for road maintenance. A
mixed integer nonlinear programming model has been established in [15] to find optimal
maintenance decisions by minimizing maintenance costs over the planning period of pavements.
The complexity of the mathematical methods and the time needed to calculate the optimal solution
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are increased when maintenance decision involves many variables. So, they are not preferable to be
applied for large networks [16]. Many researchers used the genetic algorithm (GA) technique to
overcome these drawbacks. GA is one type of evolutionary algorithms (EAs) that solve
optimization problems based on natural selection techniques [17]. Yang et al. [18] used GAs to
schedule the optimal strategies for road maintenance based on maximizing the condition of the road
sections and minimizing the maintenance cost for the whole network during the planning period. In
ref. [19], an optimization model was developed for the overload roads network in Indonesia using
GA. The constraints of their model were overloading and budget constraints. They found that the
model reveals the optimal solution for maintenance cost and pavement condition.

Although the optimization methods help to find the suited maintenance solution for the road
networks through their operating period, they may need many constraints to form the optimum
decision through the targeted period of the analysis [20]. In most of these methods, the complexity
and the time needed to calculate the optimal solution are increased when the maintenance decision
embraces many variables [16]. Many researchers used the prioritization approach to overcome this
problem. Building an efficient prioritization program for road maintenance requires a deep
knowledge of all influencing factors. Rutting and the cracking extent have been considered as
influencing factors in the maintenance prioritization process [21]. Dessouky et al. [22] considered
road conditions, ride quality, and structural adequacy as effective items in prioritizing the road
sections for maintenance. In [23] and [24], the influence of traffic volume was involved in the
process of road prioritization for maintenance management. Also, in ref. [25], it was declared that
the functional class of the road has significant importance in identifying and recognizing
maintenance priorities. Similarly, pavement age and maintenance cost were also distinguished to be
of high importance when setting maintenance priorities [26]. If several factors are considered,
multi-criteria decision-making (MCDM) can be a suitable choice for the maintenance prioritization
plan. MCDM works on structuring the problem of decision and helps in reaching a better
understanding of it [27], [28]. The application of MCDM in the process of maintenance
management for roads provides reasonable and effective maintenance plans. In the multi-criteria
approach, the decision-maker assigns the weight of each factor, which helps in reflecting the
relative importance of each factor in the prioritization process [29], [30].

Analytical Hierarchy Process (AHP) is one of the commonly applied MCDM methods. AHP can
help in determining the prioritization solution for infrastructure projects [31]. The essential steps in
the AHP are the hierarchy structuring, establishing the pairwise comparisons, and testing for
consistency [32]. In the hierarchy structure, the specialists in the field of the decision problem make
pairwise comparisons for all items in the hierarchy levels [24]. The pairwise comparisons work on
identifying the relative weight of importance for the considered factors using a relative importance
scale [33]. However, the traditional way of comparison will be complicated and ineffective for large
variables [34].

The benefit of the AHP in identifying maintenance priorities is highlighted in many studies.
Almeida et al. [23] developed a priority system to prioritize the road sections for maintenance
management using AHP. They considered climatic conditions, some social aspects, and traffic as
influencing factors. They concluded that the AHP was a valuable approach in dealing with the
priority decision process for the sections in the road networks. Farhan and Fwa [35] worked on
finding an approach that can help in the priority decision for road networks. Three AHP forms were
used: the absolute AHP, the ideal-mode relative AHP, and the distributive-mode relative AHP.
These three models were tested for the maintenance decision process. As a result, they found that
the absolute AHP was more efficient than the other models.

Despite the advantages of the prioritization approach, it does not focus on finding long-term
solutions to the maintenance management process for roads network [36]. This study is directed to
overcome this limitation by developing a long-term prioritization system that corporates the
maintenance solutions for road networks from a continuous vision. The system used probabilistic
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modeling to predict future performance and the AHP technique because of their benefits that were
illustrated in the literature.

Despite these contributions, the PMS does not introduce a comprehensive solution that can provide
safety, and the problem of road accidents still needs a solution as the systems of pavement
management focus mainly on the condition of the infrastructure [37]. Road accidents represent a
serious problem. At the global level, the number of deaths due to road accidents reaches more than
1.35 million people annually [38]. Safety on road networks is of the priority for all road
stakeholders [39, 40]. Applying the appropriate prediction process can give accurate prediction for
the studied problem. Regarding the prediction process, artificial neural networks (ANNSs) have been
applied and used in many engineering research [41, 42]. In the field of road accident prediction,
many researchers identified accident occurrence probability using accident prediction models and
sensitivity analyses [43]. Several techniques have been used to predict traffic accidents (e.g.,
regression models [44], fuzzy logic [39] and artificial neural networks [45], [46]).

Safety concerns are rarely considered in the maintenance decision. Many researchers showed a
fundamental relationship between pavement conditions and safety on the road. In the previous study
by [39], about the development of the road traffic accident model, the role of pavement condition on
the accident rate was explored. Their results indicated that the accident rate increases in bad
pavement conditions. Also, there are some researchers tried to predict accident frequency to
measure the safety performance of road networks [47], [48]. Meanwhile, other researchers
highlighted the social cost effect of road accidents [49], [50]. In addition, some researchers worked
on studying the effect of road accidents on the national income [51]-[53]. Researchers suggested
some measurements by which roads accidents occurrence can be eliminated [54], [55]. However,
the improvements of safety concerns are always made separately and not considered during the
analysis of PMS.

Few local studies focused on PMS, (e.g. [56]) developed a multi-objective optimization model
using GAs for minimizing budget cost with maximizing area of the network. The model was
applied to forecast pavement performance during lifetime of road networks with the use of
pavement condition index. In [57] and [58], PMS was developed by predicting pavement condition
index using Markov Chain models. In [59], a PMS framework including pavement condition
evaluation using pavement condition index was introduced using Markov Chain models for repair
fund allocation for planning maintenance actions. Transition probability matrix was developed
based on historical data. Their pavement management optimization model was developed using
GAs. In [60] and [61], regression and artificial neural network models were presented to predict
international roughness index (IRI) as a function of distresses based on comprehensive long-term
pavement performance database of 506 sections with 2439 observations. The models were proposed
for IRI prediction as a function of age, initial IRI, severities of transverse and alligator fatigue
cracks, and standard deviation of the rutting depth. The regression analysis and artificial neural
network yielded reasonable prediction accuracy. As shown from Table 1 to the best of the authors'
knowledge, there is no previous research that takes the safety concept through maintenance
management analysis. In this paper, we consider the safety concept in the maintenance management
decision for the short and long-term analyses.

The review of the literature indicates that the probabilistic model is preferable to the deterministic
model. Therefore, it is used herein to predict pavement performance. Also, recent studies show the
benefits of GA and AHP in the decision-making process, so they are used to find the optimal
maintenance solutions and ranking pavements sections. Most studies in the pavement management
field considered the budget as a constraint while doing life cycle analysis for road maintenance.
Some studies dealt with safety concerns by developing a measurement to eliminate accidents and
enhance the safety concept on the road without taking it as a main element in the analysis process.
Literature sets limits in incorporating traffic safety within PMS due to data availability limitations.
This paper aimed at developing a pavement management system that corporates the safety concept
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and the maintenance management for roads network from a sustainable vision and makes the safety
concern impeded through the suggested strategies for road management. The contribution of this
paper is twofold:

. Developing a PMS valid for short-term and long-term applications.

. Incorporating traffic safety into PMS to produce a new management system (SPMS).

3. Methodology

The methodology in this paper is aimed to develop SPMS which takes into consideration the
characteristics of the roads network in Egypt. The proposed system classifies the roads network into
three patterns (north-west-south). This paper focuses on the southern zone of Egypt. Desert and
agricultural roads were selected due to data availability as shown in Figure 1 (the roads connecting
the green nodes). These roads have the same climatic characteristics and a speed limit. Traffic
volume has three levels (high-medium-low), and pavement condition for these roads was obtained
from the Egyptian General Authority for Roads, Bridges, and Land Transport [62] and a field
survey. As shown in Figure 2, the proposed SPMS is mainly based on a performance model and a
safety model developed based on main inputs for this zone (network pavement and climatic
conditions, traffic characteristics and analysis period). The estimations of these models provide the
pavement and safety conditions of the studied zone. These estimations and the available budget are
the inputs for a management decision technique that produces the suggested scheduling of
pavement maintenance as will be described in the following sections. Firstly, the pavement
condition performance is calculated, and then the optimum analysis is evaluated based on the
optimization model and the prioritization approach which considers the safety level. Finally, the
final maintenance management scheduling is done based on the prioritization model.

Table 1: Comparison with relevant studies

Finding long-term solutions to the
Reference | Optimization | Prioritization Safety model maintenance cost for the whole
network during the planning period
[14] v x x N
[15] \ x x \
[18] \ x x V
[19] v X X X
[21] to [25] x \ x x
[35] X \/ X X
\/
[39], [49], N 9 developed 9
[50] separately and not
within PMS
[56] \ x x \
[57], [58] v x x
[59] \ x x \
[60], [61] N x x N
[11], [12] v x 3 v
This paper v v Integrated in PMS v
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Fig. 1. The studied roads (the roads connecting the green nodes)

Fig 2: The steps of the proposed SPMS

3.1. Pavement Performance Model

Following many previous research (e.g., [11, 12, 57, 58, 59], Markov chain models were selected in
this study to define condition performance models for the pavement management system. In this
method, transition probability matrix (TPM) is used in order to predict future pavement conditions.
This section discusses the generation of transition probability matrix from historical data which will
be used in the forthcoming steps of the pavement management system. Markov chain model was
applied to form a deterioration model which represents pavement performance deterioration. The
transition probability matrix (TPM) as shown in Table 2, was used in the modeling methodology to
present the probability of pavement condition transitioning from one condition state to another (Pi;),
and the proportion method was used to develop TPM as shown in Equation (1) [12]. If the
pavement is currently in the state Pj, then it shifts to the state Pj at the next step with a probability
represented by P;, j, this probability is called transition probability.

Pij=nij/ni )
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where nj is the number of pavement sections in the condition state i before the transition and njj is
the number of pavement sections that transition from state i to state j through a period. The initial
road condition is expressed by the present vector-matrix [Po] as indicated in Equation (2).

Po = [S5, S4, S3, S2, S1] 2)

where, S1 to S5 indicate the percentages of road sections that are very bad, bad, fair, good, and
excellent conditions, respectively. The pavement condition was represented by the pavement
condition index (PCI) [63]. The distribution of pavements condition at any year t through the
analysis period was calculated based on the TPM as shown in Table 2, according to Equation (3)
[64] :

P(t) = P(t-1)*TPM (3)
In TPM, pavement condition p is calculated for the overall road based on the conditions of different

road sections. As the roads have the same climate condition and speed limit, TPM was developed
based on the traffic volume. Table 3 shows the classification of traffic volume [62].

Table 2: Transition probability matrix

S Condition state at year t+1

>

k= P1 1-P1 0 0 0
% 0 P2 1- P2 0 0
o . . . . .

C

2 : : : : :
S 0 0 0 PS 1-PS
8 0 0 0 0 1

Table 3: Classification of traffic volume [62]

Traffic volume classification Average daily traffic (ADT)
Low <4600 vehicle/day
Med 4600:10800 vehicle/day
High >10800 vehicles/day

Identifying the present condition of pavement has a great importance in predicting future
conditions. The pavement condition is represented by a vector matrix. The elements of the vector
are the percentage of the of road sections that belong to each of the five different states of pavement
condition (S1-S5). This vector is determined from the pavement condition survey data as detailed in
Section 4. The present condition distribution was made based on the pavement condition for the
period between years 2019 and 2020 according to the available data as shown in the following state
vector:

Po= [0.1, 0.15, 0.15, 0.3, 0.3]

Then the distribution of pavement condition at any year (t) through the analysis period was
calculated as follows [64]:
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P(t) = P(t-1) *TPM = P (0) * TPM (4)

where, po is the condition state vector at t=0. After determining the distribution of pavement
condition at any year t, the future state (FS) value can be determined by multiplying the state vector
at year t by the index state vector [IS] as indicated in Equation (5) [64].

FS = Po* TPM * S| (5)

3.2. Defining the safety limits

Road management means improving its performance through physical and sensible meanings.
Physical meaning can be made by increasing the condition limit to a preferable degree while
sensible meaning can be monitored from mobility and safety concerns. The SPMS in this paper
takes into consideration the safety concern throughout the analysis period. Improvements in road
width, speed, pavement condition, and traffic signs can reduce accidents on the roads. In this study,
a moderate level of safety was involved based on the results of the safety model according to the
available budget and limitations. The safety model was developed using simple regression and a
multilayer perceptron (MLP) neural network modeling. In the simple regression model shown in
Equation (6), the accident rate (AR) was taken as the independent variable while road width, speed,
pavement condition, traffic signs condition, and traffic volume were taken as dependent variables.
The MLP was used in developing the accident model as it is a common type of feed-forward
network. Figure 3 shows the structure of MLP. The structure of MLP consists of three layers: a
hidden layer, an output layer, and an input layer. In the input layer, the mission of the neurons is to
distribute the input signals x; to the other neurons in the hidden layer j. Then the neurons in the
hidden layer work on summing and giving weights to the coming input signal Wjj. Then the value of
the output Y; can be calculated based on Equation (7). In developing the neural network model,
several structures for the neurons in the input and the output layers were tested to reach the proper
consistency between the actual and predicted results. The accuracy of these models was examined
based on the coefficient of determination and the root mean square error.

Yi=Lo + 1 X1 + 2 X2 + ...+ n Xn (6)
were,

Yi= the dependent variable.

X110 Xn= the value of the n'" independent variable.

Poto [ = regression coefficients

Improvements in these factors can reduce accidents on the roads. In this study, the medium level of
safety was processed according to the results of the safety model, as the higher levels of safety
require more money to be reached and may exceed the available budget.

Yj =f {3z, Wijxi} (7

where, f is a radial basis function, a sigmoidal, or a simple threshold function. This process is
reiterated in the output layer for developing the neural models.
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Input Layer Hidden Layer(s) Cutput Layer

Fig. 3: The structure of the multi-layered perceptron networks

3.3. Defining the optimal treatment for pavement sections

The proposed SPMS in this study includes a maintenance decision tool to select the appropriate
repair action for roads network sections. This study integrated optimization technique and iteration
approach to provide two ways for the decision makers to take the optimal action. The decision-
makers can find the best solution using optimization and make changes according to the situation
using the iteration process at the same time in an easy manner. The form of the optimization is
shown in the following equations:

S
. T
minfy = > ¥ Kper # Co(1+ 9" (®)
S5=1
S
max f, = 25‘:1 Yi=1 PClyg ©)
Subject to,
Xrse=[0,1] 1<t<T,1<s<S (10)
PCl.gt < PClipy 1<t<T,1<s<S (11)
(Y ST X *Cr) < B, 1<t<T,1<s<S (12)
where,

S is the number of road sections

T is the number of study years

PCI,; is the pavement condition index after a treatment r is applied to section s in a year t

X, €qual 1 if a treatment r is applied to section s in a year t, otherwise it equal 0, » € R (0,1,2,3)
R (0,1,2,3): are the four predefined treatment strategies available

Co: Is the cost of the road maintenance during at the base year

(1 + g)tis the increase rate in maintenance cost during study period. The typical cost growth rate g
in Egypt is assumed between 10.25 to 12.25 % [62].

B;: is the road maintenance budget available within year t

As shown in Equations (8) and (9), the model formulated above considers minimizing the total cost
of maintenance that can be conducted through the analysis period for pavement sections as the
objective function for the maintenance and rehabilitation actions of roads. Equation (11) shows that
the pavement conditions should be equal to or higher than a minimum threshold level of road
condition (PCl,y,-). The pavement condition threshold value considered in this study is based on the
safety model. In this model, four decision variables are considered. They show the repair and

133



Mohamed Gaber et al., Integrated Safety-Pavement Maintenance Management System (SPMS) for Local Authorities in Egypt

rehabilitation frequency within the planning period. There are 4 predefined treatment strategies
available, R (0, 1, 2, 3), where 0 means “no maintenance”, 1 refers to “minor maintenance”, 2
denotes “resurfacing” and 3 is “rehabilitation”. The maintenance decision is also constrained by
economic limitation as shown in Equation (12) to assure that the needed cost for maintenance
strategies is within the available budget throughout the analysis period.

3.4. Priority approach

The situation of road maintenance management in Egypt is based on the condition of the road and it
does not take into consideration any other factors. The classification of road conditions is shown in
Table 4 [62]. The proposed system works on overcoming this drawback. Therefore, it concentrates
on identifying the essential factors that affect the prioritization process for the sections on the road
networks based on a questionnaire analysis for the responses of 74 road experts. The final list of
the most important factors was as follows: accident rate, traffic volume, cost of repair, pavement
condition, road class, and failure probability. Then a questionnaire survey was conducted by the
specialists to rate these 6 factors based on their ranking on a scale from 1 to 5. Where 1 represents
the least importance and 5 represents the ultimate importance. A comparison matrix was set based
on the survey questionnaire as shown in Equations (13) and (14). Then, the consistency ratio CR
was defined as indicated in Equation (15). The consistency index was calculated using Equation
(16). The value of RI is calculated as shown in Table 5 [65]. The six factors represent the main
criteria in the prioritization process; these criteria involve sub-criteria as shown in Figure 4. Finally,
the priority order degree for maintenance (POM) was calculated based on Equation (17). The value
of CR is equal to zero. So, consistency is achieved as the value of CR is lower than 0.1. Then the
priority score for maintenance was calculated based on the factors' weights and scales.

Table 4: Road condition classification [62]

PCI Description
81:100 Excellent condition
65:80 Good condition: some minor deficiencies
45:64 Fair condition: cracking spread in a moderate stage within the section.
25:44 Bad condition: with high deterioration
<25 Very bad condition: out of service

Accident Traffic

Pavement Cost of Failure
rantas [ s luirmes |

conditicn repair l probability _|
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S s High Probebimy
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Vary b
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Fig. 4: The Considered Criteria and Sub-Criteria in the Prioritization Process

134



JES, Vol. 51, No. 2, Pp. 125-147, Mar. 2023 DOI: 10.21608/JESAUN.2023.175063.1182  Part A: Civil Engineering

Table 5: The random index values [65]
n 2 3 4 5 6 7 8 9 10
R.I | 0.00 | 059 | 090 | 1.12 | 1.24 | 1.32 | 1.41 | 145 | 1.49

aii aij ain
A= 1/aj  aj ajn (13)
Uani 1an 1/am
Axy=nsxy (14)
CR =CI/RI (15)
Cl= Amax— nin—-1 (16)

where,

A: indicates the comparison matrix

y: indicates the eigenvector

n: represents the dimension of the matrix
Cl: is the consistency index

RI: random index, and

Amax: is the largest Eigenvalue.

Subject to,
Cr < B, (18)

Yj: factor weight

Rij: the scale of factor j for road i

Cr: is the cost of the road maintenance during the period T, and
B;: is the road maintenance budget available within year t

4. Results and discussion

To test the proposed methodology, 8 sections from the southern zone road network in Egypt were
selected. The characteristics of the selected sections are shown in Table 6. The system makes a
comparison with the available budget to schedule the final list of road sections for maintenance
management. As shown in Table 7, the system provides four strategies for maintenance decisions
with their cost in Egyptian pounds (LE) (1$=24 LE). Table 8 describes a sample of the collected
data. Table 9 shows the relative weights of the 6 factors resulting from the questionnaire survey that
was calculated using the eigenvalue method (Equations10-12). The methodology of the proposed
management system was applied and tested for the studied sections. At first, the pavement condition
was identified, and the predicted condition was obtained using the deterioration model. The TPM
was constructed based on the data between years 2019 and 2020 for the road sections [62]. Eighty-
six (86) sections with section length of 2 km, are used for creating the TPM for the normal
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deterioration performance. Table 10 provides a sample for PCI values. The TPM was developed as
shown in Table 11 and the models results were compared with the real data for each road. The
results indicated a clear association between the real and predicted values for pavement condition
from the developed models. Table 12 shows that the prediction accuracy of safety model is high
with determination coefficients of 0.95 and 0.92 for neural network and regression models,
respectively. Then, management decision actions through the analysis period were determined for
each section based on the decision model. The GA was tested for the following characteristics: the
population is 100, the iterations number is 10000, the crossover is 0.75, and the mutation is 0.3.
The priorities of these sections for the maintenance management process are indicated in Table 13
and Figure 5. The results show that secl has the highest priority degree for immediate maintenance.

Table 6: The characteristics of the studied sections

Section Length (km) Type Width (m)
SEC1 20
SEC2 18
SEC3 18
gggg 13 Two ways 115
SEC6 16
SEC7 18
SEC8 20

Table 7: The available maintenance strategies

Strategy Description Cost
Ro No Maintenance --
R1 Minor Maintenance 89 LE/m?
Rz Resurfacing 178 LE/m?
Rs Rehabilitation 300 LE/m?

Table 8: Sample of accident data

. . road shoulder No. of No. of

Accident type Alignment width width Weather deaths injuries
Car to truck 11.50 2 3
Single car . 11.25 . 1 5
Car to car Straight 11.50 2 Fine 0 2
Car to truck 11.25 1 2

Table 9: Relative weight of the factors

Factor Weight
Accident rate 0.16878
Traffic volume 0.155122
Cost of repair 0.156098
Pavement condition 0.17561
Importance of road 0.182439
Risk of failure 0.161951
Amax = 6
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Table 10: Sample of pavement condition index for road sections [62]

. PCI
Road Section 2019 2020
1 76 78
2 77 69
3 65 59
85 73 71
86 81 72

Table 11: Transition probability matrix

L Condition state at year 2020

S8 0.5 0.5 0 0 0

g %‘ g 0 0.666667 0.333333 0 0

S o 0 0 0.454545 0.54545455 0

og 0 0 0 0.75 0.25

0 0 0 0 1
Tablel2: Fitting accuracy of safety models
Model fitting accuracy Neural network Regression model
R? 0.95 0.919
RMSE 0.0004 0.00051
Table 13: The priority of sections for the first year
Road Accident Traffic Cost of repair Pavement Road Risk of failure
sections rate volume condition importance

Secl High High Rehabilitation V. bad Main High probability
Sec2 Medium Med Minor Bad Arterial High probability
Sec3 High Low Resurfacing Bad Acrterial High probability
Sec4 Medium Med Resurfacing Fair Main Med probability
Sech Medium Med Resurfacing Bad Main High probability
Sec6 Medium Med Minor Fair Aurterial Med probability
Sec7 High Med Resurfacing Bad Main High probability
Sec8 Medium High Resurfacing Bad Main High probability

There are two scenarios to determine the maintenance management strategies for the whole network
(which are presented here in those eight sections). In the first scenario, the allowable budget covers
the network requirements so all sections will be maintained. The analysis of this scenario is shown
in Figure 6 and Table 14. Figure 6 shows the overall condition for all roads sections through 5 years
analysis period. The pavement condition and safety level were estimated using the developed
prediction models based on the available data for the period between years 2019 and 2020 [62].
Table 14 indicates the maintenance strategies for all sections through the analysis period. All
sections have taken the needed maintenance based on their condition. In section 1 for example the
needed maintenance in the first year was rehabilitation because of its bad condition while for the
second year there is no maintenance needed as the condition in this year is in the targeted
performance level. Table 14 showed that the most suggested strategies based on the decision model
results are 0 and 1 which are related to “do nothing” and minor maintenance, while strategies 2 and
3 which refer to resurfacing maintenance and reconstruction, respectively are not common through
the analysis period (5 years). This seems logical because strategies 2 and 3 are more costly, so they
should be practiced less than the other maintenance strategies. It gives a sign that the decision
module is performing well.
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Figure 6 illustrates the condition of pavement with maintenance and compared it with the situation
when there is no maintenance will be applied. It reveals that the application of the optimization
module causes an immediate increase in pavement state at the year of application and therefore an
improvement in pavement service life.

The total cost of maintenance management for scenario 1 is indicated in Figure 7. The figure
explains that the needed cost to reach the optimum performance level for all sections in the first
year is 400 million LE because of the low condition of all road sections this year. But the cost in the
second year is 25 million LE as the performance of the road sections requires fewer improvements
this year. The total needed budget to do the maintenance requirements through the analysis period is
827 million LE. The safety concern was checked for all sections through the analysis period of
maintenance management based on scenario one as shown in Figure 8. It can be shown that all
sections achieve the desired safety level.

3.5 4

3.039024

3 2.86439 2.850732
2.669269 2.69561
2.526829
- 2.358049 2.331708
- | |
[] l
Secd

Secl Sec2 Sec3 Secs Sec6 Sec7 Sec8

= r
(5] (o] (5]
L 1 L

Priority degree for maintenance
—-
1

Fig. 5: The final rank of the road sections according to the POM value for Year 1

Table 14: Maintenance strategies for the road sections based on scenario 1

Secl Sec5
Year 2020 | 2021 | 2022 | 2023 | 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy 3 0 1 0 0 Strategy 2 0 0 1 1
Sec2 Secb
Year 2020 | 2021 | 2022 | 2023 | 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy 2 0 0 1 0 Strategy 1 1 0 1 1
Sec3 Sec7
Year 2020 | 2021 | 2022 | 2023 | 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy 2 0 1 0 2 Strategy 2 0 0 1 1
Sec4 Sec8
Year 2020 | 2021 | 2022 | 2023 | 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy 2 0 0 0 1 Strategy 2 0 0 1 1
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Fig. 8: The safety levels based on scenario 1

In the second scenario, the available budget for preserving the network is restricted. Therefore, the
prioritization methodology was applied. Road sections were ordered based on their maintenance
priority. The final ranking order of the road sections was compared to the available budget which
was considered as 200 million LE/year. The analyses of this scenario are shown in Table 15 and
Figure 9. Table 15 indicates the maintenance strategies for all sections through the first 5 years of
the analysis period. Some sections have not acquired the needed maintenance because of the
restricted budget and their priority results. In sec 6 for example, there is a shift in the maintenance
program in the first year to be implemented in the second year. But in sec 1, there is no shift in its
maintenance program due to the high priority of this section. Figure 9 indicates the effect of this
scenario on the pavement condition performance through the analysis period. In sec 6 for example,
there is a drop in the condition performance in the first year because of delaying the maintenance
strategy.

The system provides a comprehensive and deep concept for the decision-makers to manage road
networks and know the effect of the decision. Table 16 shows the effect of delaying maintenance on
cost expenses for all road sections. In sec 6 for example, there is a saving in the cost expenses in the
first year by 18.6 million LE. But there is over expense cost of 38 million LE in the second year.
The negative sign was used to indicate the expenses, while the positive sign indicates the cost-
saving due to the prioritization system. Figure 10 indicates the cost flow diagram for scenario 2. In
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this scenario, the maintenance program was applied based on restricted funding. Therefore, the road
sections were maintained based on their prioritization degree. The restricted budget for the
maintenance decision worked on delaying some repairs according to the priority of the section.
Therefore, there would be a backlog for the fewer priority sections in some years. However, the
total percentage of the backlog did not exceed 15%. The safety concern was checked for all sections
through the analysis period of maintenance management based on scenario 2 as shown in Figure 11.
It can be shown that there is a drop in safety level in some sections due to late maintenance
decisions because of the inadequate budget for the maintenance decision work delaying some
repairs according to the priority of the section. Therefore, there will be a decline in the safety level
for some sections of the network. However, there is a cost-saving due to the prioritization program
reaching 27 million LE.

Compared with the previous relevant literature, the proposed SPMS differs from other road
maintenance models and PMS as the previous systems of pavement management focus mainly on
the pavement condition and did not regard the safety aspect in the analysis process as shown in the
literature of [14,15,16,17,33]. Also, the proposed SPMS differs from the direction of some
researchers in the safety field (e.g., [49], [50]) because they separately developed the safety model
and not considered it in the PMS.

Table 15: Maintenance strategies for the road sections based on scenario 2

Secl SecS
Year | 2020 | 2021 | 2022 | 2023 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy | 3 0 1 0 0 Strategy 0 2 0 1 1
Sec2 Sec6
Year | 2020 | 2021 | 2022 | 2023 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy 0 2 0 1 0 Strategy 0 2 0 1 0
Sec3 Sec?
Year | 2020 | 2021 | 2022 | 2023 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy | O 0 2 0 1 Strategy 2 0 0 1 1
Sec4 Sec 8
Year | 2020 | 2021 | 2022 | 2023 2024 Year 2020 | 2021 | 2022 | 2023 | 2024
Strategy | O 2 0 1 1 Strategy 2 0 0 1 1
Tablel6: The difference in expenses between scenarios 1 and 2
Year 2020 2021 2022 2023 2024
Secl 0 0 0 0 0
Sec? 39377250 -43708748 0 0 0
Sec3 39377250 0 -23844646 0 35125037
Secd 57753300 -64106163 0 -34900439 0
Sec5 42002400 -46622664 0 0 0
Sec6 18559200 -26021952 0 0 28174172
Sec7 0 0 0 0 0
Sec8 0 0 0 0 0
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Fig. 11: The safety levels based on scenario 2

5. Summary and conclusions

In this paper, an integrated safety-pavement management system (SPMS) for local authorities in
Egypt was developed. Firstly, the Markov technique was used to predict pavement condition
performance in terms of pavement condition index (PCI). The performance model considered three
traffic volume classes, high, medium, and low. The model also considered maintenance effects on
the condition of the pavement. Then, the system was adapted by a maintenance decision tool to
analyse the maintenance strategies through the analysis period for different sections in the road
network. The management decision in this study tackled the economic solutions for maintenance
decisions and the safety concern through the service life of roads using maintenance trigger value
for pavement sections at a condition threshold equal to 3 which was obtained from the safety model.
The applicability of the model was tested for a case study in the southern roads network of Egypt.
The main findings of the proposed system can be listed as follows:
e The proposed system considers the integration between performance, cost, and safety in its
analysis.
e The program works on accelerating the analysis process and facilitating it for the decision-
maker as a user of the system.
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e The proposed system can help decision-makers in finding the best strategies for maintenance
management and keep safety through road networks based on any target level of funding.

e The results indicated the applicability of the system in determining the economic maintenance
management plan which keeps the pavement performance at the targeted level and enhances the
safety of the roads network in Egypt by saving 27 million Egyptian pounds ($1.13 million)
through the analysis period.

Highway agencies in Egypt have limited facilities for the assessment of pavement conditions and
maintenance requirements, such as equipment and funds, therefore, the detailed assessment of
individual pavement sections may not be conducted. This research main goal is to develop a
practical method for managing large road networks. PMMS is proposed to accommodate both the
network level and project level needs. The proposed method can optimize decisions at the network
level (which road should be repaired and when) as well as at the project level (best type of repair for
road elements). Data availability limitation was the main challenge of this research, thus more up to
date data should be applied in further researches on this topic.
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