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Abstract: Identifying critical road sections that require prompt attention is essential for road agencies
to prioritize monitoring, maintenance, and rehabilitation efforts and improve overall road conditions
and safety. This study suggests a decision matrix with a hierarchical structure that factors in the
pavement deterioration rate, infrastructure safety, and crash history to identify these sections. A
Markov mixed hazard model was used to assess each section’s deterioration rate. The safety of the
road sections was rated with the International Road Assessment Program star rating protocol consid-
ering all road users. Early detection of sections with fast deterioration and poor safety conditions
allows for preventive measures to be taken and to reduce further deterioration and traffic crashes.
Additionally, including crash history data in the decision matrix helps to understand the possible
causes of a crash and is useful in developing safety policies. The proposed method is demonstrated
using data from 4725 road sections, each 100 m, in Addis Ababa, Ethiopia. The case study results
show that the proposed decision matrix can effectively identify critical road sections which need
close attention and immediate action. As a result, the proposed method can assist road agencies in
prioritizing inspections, maintenance, and rehabilitation decisions and effectively allocate budgets
and resources.

Keywords: critical road sections; decision matrix; pavement deterioration; road safety; traffic crash;
road maintenance; mixed Markov hazard model

1. Introduction

Roads play a crucial role in transportation systems and help in the development
and growth of economies. Roads are essential in ensuring the mobility of people, goods,
and services, thus stimulating economic activities. Besides mobility, providing access to
basic services, markets, and employment opportunities are other significant advantages
of roads. Efficient road networks are among the cornerstones in enhancing the nation’s
global competitiveness. Therefore, investing in road infrastructure preservation is vital for
ensuring continued economic growth and social development [1-3].

In order to preserve safe and efficient road networks, it is essential to carry out proper
and timely monitoring and maintenance operations. However, budget limitations make it
usually impossible to monitor and maintain the whole network at a time [4]. Moreover,
not all roads have the same functional and safety conditions. Some road sections are in a
better state and safer for travel compared to others, thus with different timings and levels
of preservation needs. Therefore, it is unavoidable for road agencies to identify critical
road sections to concentrate monitoring and maintenance efforts and improve overall road
conditions and safety.

In assessing critical road sections, the pavement condition can be used as one factor to
evaluate the priority due to its direct effect on mobility and user costs [5,6]. As presented
in Figure 1, the pavement condition can be used in two ways: based on the level of
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deterioration and the rate of deterioration. The prioritization of road sections based
on their level of deterioration considers highly deteriorated sections as critical. This
method is considered reactive as it only identifies the roads as critical after significant
damage has occurred. This approach is mainly used to determine road sections’ priority
for maintenance by establishing different criteria, and numerous studies have suggested
various techniques [7,8]. Criteria related to the pavement condition are fundamental in
prioritizing road sections using those techniques [7]. Consequently, road agencies have
mainly relied on pavement deterioration conditions to identify critical sections in their road
infrastructure management process. For example, in Australia, the Victoria Department
of Transport rates road sections based on roughness, rutting, and cracking. The length of
road sections with distresses at an intervention level is compared to the whole network,
and the resulting percentage is used as a performance measure [9]. Similarly, in the US, the
Texas Department of Transportation rates road sections based on a condition score, which is
calculated using distress and ride quality related to the pavement condition [10]. The same
approach is taken in Ethiopia, where the Addis Ababa City Roads Authority compares
road sections based on the severity of four damage types: potholes, cracks, rutting, and
raveling. Each damage type is assigned a weight, and the road section with the highest
total severity is considered the most critical [11]. However, the pavement-deterioration-
condition-based approach leads to a costly reactive maintenance scheme that does not
address the underlying cause of deterioration.
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Figure 1. Simplified road infrastructure management flowchart. The dotted lines indicate the
suggested proactive approach to be considered in the process.

In addition to creating a basis to evaluate priority, identifying critical road sections
based on the deterioration rate is a proactive approach as it allows early detection. This
method helps identify critical sections which need a detailed investigation to identify
the root cause and take timely action [12,13]. The importance of a proactive approach to
pavement preservation has been acknowledged for a long time [14,15]. Accordingly, much
research focus has been placed on developing advanced methods for the early detection of
pavement distress and to optimize maintenance strategies in order to achieve proactive
pavement preservation. Both distress detection and optimization techniques determine the
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timing for preventive maintenance over corrective maintenance [16-18]. However, these
techniques do not account for the rate at which various road sections are deteriorating,
preventing an understanding of the source of accelerated deterioration and potentially
leading to repeated and costly maintenance. Despite the significance of considering the
deterioration rate when identifying critical road sections, existing knowledge on how to
identify rapidly deteriorating sections is comparably sparse [13].

Another important factor in identifying critical road sections is road safety [19]. With
road traffic crashes being recognized as the eighth leading cause of death globally [20],
enhancing road safety is becoming a vital objective for road agencies. The leading cause
of fatal crashes is due to deficiencies in the safety features of road infrastructure [21,22].
Thus, improving road infrastructure safety conditions can significantly reduce the social
and economic costs resulting from traffic crashes [19,22]. Improving road infrastructure
safety entails the identification of critical road sections that pose a high safety risk.

Road sections with high safety risks can be determined by analyzing either past
crash history or the degree of infrastructure safety. The first approach classifies road
sections with a high record of traffic crashes as critical sections. This approach only takes
effect after a significant number of crashes have occurred and been documented [23]. In
contrast, the second approach assesses road sections’ potential for crashes and the level of
protection against crash severity that they offer, taking into consideration the safety needs
of all road user groups to determine which sections pose the greatest risk [21]. The latter
approach, being proactive, does not necessitate waiting for crashes to happen to assess high-
risk sections, making it preferable to identify critical road sections. However, analyzing
previous crash records along with infrastructure safety data helps enhance road safety.
This is because it provides a deeper insight into the causes and contributing factors behind
crashes. This information can then be used to prevent similar crashes from happening
in the future [21,23]. For example, road segments with safe infrastructure but high crash
history need to be evaluated to determine if the cause is due to other factors (human or
vehicle factors), which can then be considered in road safety policy and regulations. Studies
rarely consider the two approaches together, resulting in a deficiency in comprehending
road infrastructure safety and the underlying causes of crashes, making it challenging to
determine high-risk sections and effective mitigation.

There is an increased research effort in the area of road safety and pavement preser-
vation to ensure safe and efficient road networks. However, previous studies focus on
specific pavement characteristics in relation to safety and tend to consider them as separate
areas [24]. This approach lacks comprehensiveness in integrating pavement preservation
and safety. Furthermore, the essential road features for the safety of non-motorized users
have not been considered when identifying the critical section and road network improve-
ment decisions [25]. Though the pavement condition is one factor in determining safe
roads, features such as the road geometry, the availability of safety infrastructures for
vulnerable road users (e.g., walkways, bicycle lanes, etc.), and the availability of traffic
calming measures play a vital role in assuring safe infrastructure for all. Neglecting to
consider the safety needs of all road users raises concerns about transport equity among
road users. Thus, it is important to evaluate pavement and infrastructure safety conditions
from all road users’ perspectives in identifying critical road sections.

This study aims to develop a practical decision matrix to identify critical road sections
while filling the research gaps. Our contribution here, therefore, is to employ a pavement
condition and infrastructure safety-based proactive approach in identifying critical sections
so that extra economic and social costs due to corrective actions can be prevented. The
study employs the Markov mixed hazard model to estimate pavement deterioration rate
stochastically, whereas the International Road Assessment Program (iRAP) protocol is used
to evaluate the infrastructure safety level of road sections for each group of road users,
including vehicle occupants, motorcyclists, bicyclists, and pedestrians. In addition, the
evaluation of critical road sections also includes the analysis of crash history as an indicator
to identify underlying factors beyond infrastructure, which is beneficial in developing
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safety policies and regulations. To this end, the proposed decision matrix is the first of its
kind, to the authors’” knowledge, in incorporating proactive factors, pavement deterioration
rate and infrastructure safety that considers all road users’ safety needs, and a retroactive
factor, crash history, to identify critical road sections. Furthermore, the decision matrix
is used to form a hierarchy of critical sections based on their criticality levels, allowing
for prioritization and effective decision-making under resource constraints. The proposed
decision matrix is highly practical. Therefore, it is expected to help road agencies make
informed decisions regarding monitoring and preserving their road networks to ensure
safe and efficient mobility.

2. Literature Review

Due to limited resources and a restricted budget, it is crucial to prioritize which
road sections should be monitored and maintained. There are two main approaches to
prioritization: optimization and ranking. Optimization techniques are designed to achieve
a specific goal, such as improving the condition of the road network within the constraints
of a fixed repair budget. These methods determine a collection of road sections that require
maintenance but do not guide the order in which they should be worked on. On the other
hand, ranking methods evaluate the potential road sections for maintenance based on
economic analysis or a composite index. A composite index is the most favorable method
for maintenance prioritization since it is simple and produces nearly optimal results [26].

A prioritization method for road maintenance based on a composite index requires
the establishment of multiple criteria to evaluate each road section. Many studies have
been conducted on applying multi-criteria analysis in road maintenance prioritization, and
various methods have been proposed. Despite the diversity of methods, road condition
has consistently been used as a common criterion. The pavement condition index (PCI)
is a widely used performance indicator for road condition criteria in maintenance prior-
itization [26-28]. PCI value is calculated based on the quantity and severity of different
distresses and ranges from 0 (worst condition) to 100 (best condition). The surface dis-
tress index (SDI) is another index used to measure pavement performance in factoring
road conditions in the road maintenance prioritization process. The SDI is determined
based on the crack area and width, the number of potholes, and the rutting depth. For
example, Hendhratmoyo et al. [29] used the SDI to prioritize urban road maintenance and
reconstruction. Moreover, some studies have used more than one indicator while assessing
pavement performance. For instance, Li et al. [30] used the pavement quality index (PQI)
as a performance indicator for road condition criterion in the maintenance ranking of 26
streets included in their case study. The PQI is calculated by summing up the PCI, the
riding quality index (RQI), the rutting depth index (RDI), and the skid resistance index
(SRI). Likewise, Singh et al. [31] applied the international roughness index (IRI) and rutting
depth. Similarly, Siswanto et al. [32] assessed road conditions based on surface distress
(potholes, deformation, cracking, rutting, shoulder condition, and transverse slope) to
prioritize road maintenance. Another approach used to evaluate road conditions is through
subjective evaluation. For example, Surbakti and Harefa [33] employed the feedback of spe-
cialists through a survey that focused on assessing the state of road surfaces across various
sections. This information was subsequently utilized to prioritize maintenance tasks. While
different methods have been used to evaluate pavement performance, they all prioritize
maintenance for pavements in worse conditions. In other words, road sections with worse
pavement conditions are considered critical and given higher priority for maintenance.
However, prioritizing road sections based on the level of pavement deterioration leads to a
costly reactive maintenance scheme.

The concept of taking a proactive approach to preventive maintenance has been
under consideration since the early 1970s [15,34]. Over the years, many studies have
been conducted, and with the advancements in computer-aided technologies, various
pavement inspection techniques, particularly those related to crack detection, have been
proposed. These techniques help to identify cracks early on, allowing for preventive
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maintenance to be carried out. However, they have limitations when it comes to measuring
crack width and length [16], making it impossible to prioritize maintenance sections
without knowing the severity and extent of the cracks. Additionally, these methods do not
indicate the rate of deterioration, which is useful in evaluating the relative deterioration
of each section and determining the cause of rapidly deteriorating sections. To address
this issue, Obama et al. [35] proposed the mixed Markov hazard (MMH) model, which is
suitable for evaluating different groupings. For example, Han et al. [36] used the relative
road deterioration rate to compare the performance of five asphalt types. However, the
use of the model for prioritizing individual road sections for maintenance has not been
thoroughly investigated.

In addition to the efforts to introduce a proactive approach in road maintenance
schemes, various studies have also been conducted to integrate safety into road mainte-
nance prioritization. Sayadinia and Baheshtinia [7] used a qualitative approach to incor-
porate safety as a criterion in maintenance prioritization. At the same time, other studies
utilized quantitative data related to pavement surface texture, such as skid number and
friction coefficient [26,31]. However, relying solely on skid resistance is insufficient for
assessing the likelihood and severity of a crash. Other factors such as roadside condi-
tions, road characteristics, intersection type and quality, vulnerable road user facilities,
and operating speed need to be considered. Tighe et al. [37] suggested an extensive list
of pavement conditions to consider in incorporating safety into pavement management,
including surface texture, roughness, distress, geometric design, road safety measures,
weather, and delineation. However, their study did not sufficiently address factors relevant
to vulnerable road users. This study provides a valuable reference for evaluating pavement
conditions concerning safety. However, it did not adequately consider factors important for
vulnerable road users, such as intersection type and quality, vulnerable road user facilities,
and speed. Another study by Vaina et al. [38] proposed a road safety inspection (RSI)
approach to evaluate the frequency and severity of crashes and road infrastructure deficien-
cies. This research considers numerous factors contributing to safety, including features
necessary in assessing safety for vulnerable road users, such as intersections. Additionally,
the study also takes into account the crash history. Although this approach integrates
both crash history and infrastructure safety, it is limited in its ability to evaluate safety
for different road user groups separately as the safety levels differ. Moreover, it needs to
comprehensively consider factors such as operating speed and external flow influence that
impact crash likelihood and severity.

This research differs from similar studies in the following ways:

1. It uses a proactive approach to evaluate pavement performance.

2. It considers a comprehensive set of factors to evaluate the safety of infrastructure for
each group of road users separately.

3. Ituses crash history data to assess the underlying causes of accidents, in addition to
the proactive safety assessment of infrastructure.

4. Itintroduces a new decision-making matrix that combines the above three factors and
applies the proposed matrix to prioritize road maintenance in a real case study in
Addis Ababa, Ethiopia.

3. Methodology

A decision matrix is a tool used in the decision-making process by organizing all
relevant factors in a matrix form. This helps the decision maker understand all the factors
involved in the decision and make an informed choice. The study uses pavement dete-
rioration rate, infrastructure safety, and crash history data to create a decision matrix for
identifying critical road sections. The pavement deterioration rate is determined through a
Markov mixed hazard (MMH) model. At the same time, the infrastructure safety condition
of road sections for different road user groups is evaluated using the International Road
Assessment Program (iRAP) protocol, while crash data are acquired from the responsible
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authority in charge of gathering them. The methodology used in this research is presented
in Figure 2.
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Figure 2. Research process diagram.

3.1. Markov Mixed Hazard (MMH) Model

Over time, road pavements deteriorate like any other form of infrastructure. How-
ever, the rate they deteriorate differs due to their heterogeneous characteristics in terms of
structure, loading, environment, and unobservable factors. Understanding the factors con-
tributing to the deterioration, particularly for fast-deteriorating sections, helps determine
the appropriate action. Moreover, detecting those causes before the section’s deterioration
reaches conditions that require high investment to restore can help to preserve pavements
with reasonably minimum cost. Therefore, identifying the critical sections based on their
deterioration rate at an early stage is an important aspect to be addressed. Determining the
deterioration rate in an absolute discrete measurement scale is difficult due to its stochastic
nature and various attributing factors. However, a probabilistic approach based on pave-
ment performance data is possible. Accordingly, the MMH model is proposed to determine
the deterioration rate of road sections in this study.

The Markovian model is widely used to model the deterioration of infrastructure in a
probabilistic way [39]. It is a preferred choice for decision-making due to its practicality
and risk measurement capabilities [39,40]. The MMH model has gained popularity among
the advanced Markovian models [40,41]. Initially, the MMH model, which was developed
by Obama et al. to consider the effect of infrastructure heterogeneity on the hazard rate
and to compare the deterioration rate of infrastructures through benchmark analysis, uses
the maximum likelihood estimator (MLE) [35]. Later, Kaito et al. devised the Bayesian
approach to MMH, replacing the maximum likelihood estimator (MLE) [42]. Application
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of the Bayesian approach overcomes MLE’s shortcomings, such as a requirement for a
relatively large amount of data, sensitivity to outliers, and the local maxima estimation. The
MMH'’s superiority over other Markov models in considering heterogeneity, combined with
its capability to determine the life expectancy of infrastructures and quantify uncertainty,
satisfies the deterioration model’s requirements [41]. The MMH model is used in this
study to assess the deterioration rate of pavement sections due to its advantageous features
and practicality.

Like all Markovian models, the MMH model employs discrete condition states to
express the transition probability of the condition states in the deterioration process. This
paper defines condition states of pavements as i(i =1, ...,]J), wherei = land i = |
present the best and the worst (absorbing state) condition states, respectively. Then, the
period from i = 1 to i = ] can be referred to as the life expectancy. Equation (1) expresses
the transition probability of a condition state i at calendar time 7; to a condition state j at
calendar time 1. The Markov transition probability (MTP) matrix, which represents all
possible sets of transition probabilities within the time interval of z (T, — 17), is presented
in Equation (2). The transition probabilities in the MTP matrix have to fulfill four main
preconditions. The two conditions emanate from the probability property in that a prob-
ability takes a non-negative value, i > 0, and the sum of all possible transitions of a
given condition state should be 1, ij':l 7t;j = 1. The other two preconditions are related to
the deterioration property that there is no chance for a worse condition to regain a better
condition under normal deterioration, unless repaired, i.e., mij =0 fori > j. Since there
is no worse condition than the absorbing state, once reaching the absorbing state in the
deterioration process, the probability of remaining in the same state is certain, 71;; = 1.

i = Prob[fi(mp) = j |G(Ty) = 1] 1)
USTEERE usyi

m=| e
0 N 71']]

The hazard function A;(y;), also known as the hazard rate, is defined as the instanta-
neous rate of change in condition state from i at time y; to i + 1 at y; + dy;, represented in
Equation (3).

i Probdyi < Gi< yi+dyilGi > i}
dy;—0 d]/i

Ai(yi) ©)

The hazard rate, A;, can be expressed as a function of the explanatory variable, x,
and the unknown parameter vector B; = (Bi1 ...,Bim ) and B} is its transpose. Here,
m(m =1, ..., M) represents the number of explanatory variables. Thus, the hazard rate
can be presented as:

A= f(xm s Bim) )
To determine the MTP matrix and other important parameters, such as the deteriora-
tion rate using the MMH model, consider a road network with pavement groups denoted
by k(k =1,...K) and a pavement section in each group denoted by sy (s = 1,..., Sy). Pave-
ment grouping is usually carried out based on characteristics such as pavement type, and
each group k will have a total of Sy sections. The deterioration process for each pavement
group or section is different and is characterized by the heterogeneity factor, eX. Therefore,
utilizing a section that represents the average hazard rate of the entire network (referred to
as the benchmark), 7\15.", for conditioni(i =1, ...,] —1),itis possible to express the hazard
mixture form as:
ANk= A% ek (i=1,...,j—1;s=1,...,5k=1,..., K) (5)

1 1
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It is to be noted that the heterogeneity factor e always has a positive value as it
represents a relative deterioration rate to the benchmark. Thus, when ek =1, it represents
the benchmark condition, and as the value of ¢ increases, the deterioration rate also
increases. The heterogeneity factor e can be in the form of a function or stochastic variable.
It is assumed to follow the gamma distribution with parameters « and 7, i.e., & ~ G(a, 7).
This means that it can be expressed using the following function:

f(ek a, 'y): ” 1(@ (ek)ailexp (i) , (6)

where the cumulative distribution function (CDF) is denoted by I'(.). By taking the product

of gamma distribution parameters, & and -y, the average of the function f (8k T, 'y) can be

obtained, while the variance is ay?. Thus, when the average is set to 1 (i.e., # = 1) and the
variance ay? = %, the probability density function (PDF) becomes:

9(¢ +0) = gy ()" e (02 o

The probability of pavement section s; remaining in condition state i for a time period
longer than y; can be represented by the survival or reliability function using Equation (8).

Ri(y}) = exp (A7) ®

We can rephrase Equation (8) as a transition probability of staying in the same condi-
tion state i, i.e., 77;;, for a time interval of y;, where the symbol [7] indicates a measurable
value. In the same way, if we consider different possible deterioration paths starting from
condition state i, we can calculate the transition probabilities for each step, represented as
Tliiy - -+ , 7T, OVer a fixed time interval of z as follows:

T (zsk :Ek) = exp (—kaEkzsk> )

k) =yt A Aokgk
7Tij (ZSk L€ ) = ZS:i Hm:i mexp(f}\iks Zsk) (10)
-y (e (),

where g (A7) =TT, sy (1=1,..., J=Lj=i+1, ..., jk=1,..., K). Giventhe

Ak Ak
precondition, Z}Zl ;i = 1, 7t can be estimated using Equation (11).
TTij (Zsk : gk) =1- ]s;: Ttij (Zsk : §k> (11)

The possible probability transitions of condition states that constitute the MTP matrix
can be calculated using Equations (9)—(11). However, to fully understand each pavement
section’s hazard rate, 7\?", it is necessary to explain it as a function of the explanatory
variable, ¥°¢, and the unknown parameter vector B; = (B;i1 ..., Bim ) as it is shown in
Equation (4).

Now, to determine the MTP matrix elements, Ttij, a condition inspection data set
&% = (8, ¥ , 2%) is necessary. 8 * is a dummy variable that takes a value of 1 when
H((1)" = i and H((12)" = j, otherwise, it is 0. The life expectancy for a given condition
state i, LE;¥, can be determined by calculating the reciprocal of the hazard function of that
state X?k (i=1, ..., J]—1). To find the total life expectancy from condition state i to the
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final state J, LE?}‘ , can be obtained by summing the life expectancies of each condition state.
Equations (12) and (13) provide the formulas for these life expectancies.

o0 [e) 1
LE}= /0 R (y;")dy;* = /0 exp (—Ajtety )y}t = 5 (12)
i

s J—1 s
LEF =Y/ | LE} (13)

Hence, the application of the MMH model requires a set of inspection data,
&= (8%, xo , Z°%), and determination of the unknown parameter vector B; = (Bi1 ..., Bim )
heterogenelty factor €k, and the hyper parameter ¢. The parameters can be denoted as

= ( Bi, ¢, € > As explained above, the density function 7'[( ) follows the gamma distri-

bution & ~ G(a,v)=¢ ~ G (47 ) and the density function of the hyper parameter

n(¢) also follows a gamma distribution (¢ ~ G(ap,Y0)), where ay = 1 and wy? = %

Thus, the heterogeneity factor is drawn by a hierarchical process, 7 (ek ) =7 (sk : 4)) and

7t(¢) = h( ¢ : ap,Y0). The parameter B; is assumed to follow a multivariate normal distribu-
tion B; ~ Np(pi, Y;). To estimate the parameters using the Bayesian approach, one needs to
use the likelihood function defined by the prior distribution and observed data. The posterior
distribution 71(6 \ ¢) is proportional to the likelihood £(6 \ &) and the prior distribution
71(0). Equation (14) gives the expression for the posterior distribution.

m(0\¢&) o L(6\E)m(0)
L6\ TI 7(B) (2 9) m(g)

=Sk

o T T T T { g (85 Jep (et ) ) (14)

[ exp{ =3B = m) £ (B~ 1)’}

()" e (~¢)

Sampling the values of the parameter 6 = (,Bi, o, sk) directly from the posterior

distribution described in Equation (14) is difficult. Therefore, a non-parametric method
called Markov Chain Monte Carlo (MCMC) is used to estimate the parameter. Interested
readers can refer to the works of Kaito et al. [42] and Han et al. [36] to further explore the
MMH model and the use of MCMC in the parameter estimate.

3.2. International Road Assessment Program (iRAP) Star Rating

The aim of creating a safe road infrastructure is not only to reduce the likelihood of
traffic crashes, but also to make the infrastructure forgiving by minimizing the severity
in the event of a crash. Achieving a safe road infrastructure requires creating a safe road
environment for all road users rather than solely relying on managing road users” behavior
to improve safety. In other words, the road system needs to prevent fatalities and serious
injuries due to crashes that may be caused due to road users’ errors [20,23]. In this regard,
consideration of the road sections’ level of safety for each road user group is vital. To
accomplish this, it is essential to consider the road features that are important for the
safety of each group of road users. However, road safety assessment standards and tools
have been carried out primarily based on motorized vehicle users, which limits their
effectiveness. To address this limitation, the international road assessment program (iRAP)
protocol has become the global standard, with 114 countries having adopted it by 2018,
according to the World Health Organization [20].
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The iRAP protocol utilizes an objective method to evaluate the safety of road sections.
The analysis employs seven different data categories, which consist of 78 attributes that are
used to examine safety. These categories comprise road context and details, midblock data,
roadside data, intersection data, flow data, land use data and facilities for vulnerable road
users (VRU), and speed data [43]. The iRAP assessment process assigns a star rating score
(SRS) to road sections. SRS measures a relative risk of fatality and serious injury for an
individual road user. The safety level is measured on a 5-star scale, with 1-star indicating
the lowest safety standard (highest risk) and 5-star indicating the highest safety standard
(relatively the lowest risk). The star rating for each road user group is assessed for every
100 m road section [44]. As per the global road safety performance target, a road with a
3-star rating or better is considered safe [20]. The computation of SRS is performed using
Equation (15), and the procedure for determining SRS following the iRAP methodology [43]
is described below.

SRSw =Y o SRS =Y " LycX Sucx OSuc x EFlyc x MTyc (15)

where u is the road user group and c is the crash type that the road user group u may be
involved in. The factors considered in the SRS calculation are: the likelihood of a crash, L,
the severity of a crash, S, the operating speed, OS, the external flow influence, EFI, and
median transversability, MT.

The types of crashes that different user groups can be involved in vary. When driving,
vehicle occupants can experience run-off, head-on, intersection, and access point crashes
while driving. In the case of motorcyclists, moving along the road is considered in addition
to the vehicle occupants’ crashes. Bicyclists may experience traveling along the road,
intersection, and run-off (i.e., when the bicyclist departs from the lane) crashes. Pedestrians
may experience crashes while walking along or crossing the road. To calculate the SRS, the
safety performance indicator, for a particular user group, you need to determine the SRS
for each type of crash that the group may encounter and then add them up.

The road environment features influence the likelihood of a crash and its severity.
Such influences are considered in the model through risk factors (modification factors).
For example, eight factors affect the likelihood of a bicyclist’s run-off crash: lane width,
curvature, curve quality, delineation, street lighting, road condition, grade, and skid
resistance. On the other hand, the severity of the bicyclist’s run-off crash is determined by
the distance to roadside objects and the presence of objects. For instance, run-off crashes are
more likely to occur on sharp curves than straight roads. A risk factor or crash modification
factor is utilized to account for this fact. A risk factor of 1, 1.8, 3.5, and 6 for straight,
moderate, sharp, and very sharp curvature, respectively, is used. This means that the
likelihood of a bicyclist’s run-off crash in very sharp curvature is six times greater than
that in a straight road, assuming all other factors are constant. The risk factor values for
all factors influencing the likelihood and severity of a particular crash will be determined
based on the road section’s characteristics. Finally, the likelihood and severity of the crash
will be computed by multiplying the risk factor values of the factors that influence the
likelihood and severity of the crash, which will then be employed in Equation (15).

The calculation of SRS requires consideration of additional factors, such as operating
speed, external flow, and median transversability. The speed at which a vehicle travels can
greatly impact the likelihood and severity of a crash, especially in the case of pedestrian
fatalities, where 90% of deaths occur if a vehicle traveling at 80 km/hr hits them [45].
The risk factor associated with different speeds can be determined from curves that relate
various road user groups and crash types to the speed. For instance, for bicyclists” run-off
crashes at an operating speed of 50 km/hr, the risk factor is 0.011, while the risk factor for
vehicle occupants’ run-off crashes is 0.064. The external flow factor for different crash types
can also be obtained from curves. Median transversability is another factor that should be
considered. This factor takes a value of 1 if a median can be crossed and 0 otherwise, and it
only applies to run-off and head-on crashes involving vehicle occupants and motorcyclists.
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The SRS for a particular type of crash is calculated by multiplying the likelihood,
severity, operating speed, external flow influence, and median transversability values.
Then, by adding up the SRS values for each type of crash in a given road user group, the
overall SRS value for that group can be determined. The final step is to assign a safety star
rating to the road section for each road user group based on the rating bands outlined in
Table 1.

Table 1. Star rating bands.

Star Rating Score

Star Rating  vehicle Occupants Pedestrians
. Bicyclists

and Motorcyclists Total Along Crossing
5 O0to<25 Oto<5 0to<5 0to<0.2 Oto<48
4 25to <5 5to <10 5to <15 02to<1 48to<14
3 5to <125 10 to <30 15 to <40 1to <7.5 14 to <32.5
2 12.5 to <22.5 30 to <60 40 to <90 7.5to <15 32.5to0 <75
1 22.5+ 60+ 90+ 15+ 75+

3.3. Decision Matrix Formulation

This study considers three factors to identify critical road sections: the pavement
deterioration rate, infrastructure safety, and crash history. Each of these factors is further
divided into three levels, with level 1 representing the highest criticality level and level
3 representing the lowest. The pavement deterioration rate is evaluated based on the
heterogeneity factor, and the different percentiles that the heterogeneity values of road
sections fall into determine the corresponding levels. Infrastructure safety levels are
categorized based on star ratings, while the severity of crashes in a road section is used to
categorize the levels based on crash history.

Road sections with a pavement deterioration rate below the road network’s average
rate are slowly deteriorating sections. These sections have a heterogeneity factor value
of less than one and are in the first or second quartile of the heterogeneity value order.
On the other hand, road sections in the third and fourth quartiles are considered to have
a relatively higher deterioration rate. On the other hand, road sections in the third and
fourth quartiles have a relatively higher rate of deterioration. However, the road sections
in the fourth quartile are of particular concern, especially those that fall within or above the
90th percentile. As a result, road sections in the 90th percentile and above are classified as
having a level 1 deterioration rate, D1, while those between the 75th and 90th percentile
are classified as level 2, D2, and those below the 75th percentile are classified as level 3, D3.

According to the United Nations, a road safety rating of 3 stars or higher is considered
safe [20]. While both 1-star- and 2-star-rated roads are unsafe for users, there is a significant
difference in the risk of serious injury and fatality. For example, McInerney and Fletcher [46]
conducted a study and found that the costs of fatal and serious crashes per vehicle kilometer
are 40% lower on 2-star roads compared to 1-star roads. Accordingly, road sections with
a 1-star or 2-star rating are categorized as level 1, 51, and level 2, 52, respectively, while
those with a 3-star or higher rating are categorized as level 3, S3. Similarly, road sections
with a history of fatal and serious injury crashes are categorized as levels 1, C1, and 2, C2,
respectively. In contrast, those with no or minor injury crash history are categorized in
level 3, C3. Table 2 presents the levels based on each factor.

A vector of the level of the three factors (D, S, C) was used to classify the road sections
into three classes. The highest priority was given to CLASS I, which is classified as such
if they have at least one factor with a level 1 category. The road sections in this class
are the most critical and need detailed investigation and urgent action. The second class,
CLASS 11, of road sections have at least one factor in the level 2 category and require
intensive monitoring and planned action. Finally, the least critical road sections are those
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in CLASS 111, which have all vector values at level 3 and only require regular monitoring.
Figure 3 shows the matrix representation of the three classes at the macro level.

Table 2. Road sections’ criticality levels.

Factors
Category Pavement Deterioration Rate  Infrastructure Safety Crash History
(Percentile of ¢) (Star Rating) (Injury Severity)

Level 1 >90th percentile (D1) 1-star (S1) Fatal (C1)

Level 2 75th-90th percentile (D2) 2-star (52) Serious injury (C2)

Level 3 Below 75th percentile (D3) 3-star and above (53) Minor injury (C3)

D3 ‘ c3
Regula onitoring 0 actio
=
o
<
S
° | D2 c2
: 2
- z
=
L
g
>
<C
“ | D1 A C1
Deta estigatio gent actio
D/S S1 S2 S3 S/C

INFRASTRUCTURE SAFETY
Figure 3. Macro level road section criticality decision matrix.

Though all road sections in CLASS I are critical, the criticality level differs across all
sections. For example, while a road section with a vector of (1,1,1) and one with (1, 3, 3)
are both in CLASS I, the former is more critical than the latter because it has a level 1
category in all factors. Accordingly, the first road section needs detailed investigation and
urgent action on pavement and safety, while the second section requires urgency for the
pavement. Therefore, it is essential to establish a hierarchy within the same class in order
to prioritize decision-making under resource constraints. Furthermore, subclasses make it
possible to pinpoint the particular factor that requires greater focus within a specific section.
Therefore, CLASS I is subdivided into five matrix cells from highest to lowest criticality,
denoted as CLASS I(A), (B), (C), (D), and (E). CLASS I(A) represents a vector of
(1,1,1) or (D1,51,C1), while CLASS I(E) represents a vector of (3,1,3) or (D3, 51,C3).
Similarly, CLASS 11 is subdivided into three sections in order of criticality, denoted as
CLASS II(A), (B), and (C). Hence, the decision matrix at the subdivision level can be
considered the micro level. Figure 4 illustrates the matrix with the hierarchical division
within a class.
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CLASS I(E)

Detail investigation/
Urgent action on
Infrastructure Safety

CLASS I(D)

Detail Investigation/ Urgent
action on Infrastructure
Safety, and intensive
monitoring on pavement

CLASS I(A) CLASS I(B) CLASS I(C)

Detailed investigation/ Detailed investigation/ Detailed investigation/
Urgent action on Urgent action on Urgent action on pavement,
Infrastructure Safety Infrastructure Safety and detailed investigation on
and pavement and pavement crash factor

PAVEMENT DETERIORATICN
HSVHO

S$2

INFRASTRUCTURE SAFETY

Figure 4. Micro level road section criticality decision matrix.

3.4. Empirical Setting: Case Study

To demonstrate the proposed method empirically, actual data were employed from
Addis Ababa, the capital city of Ethiopia. Addis Ababa boasts a road network with a total
length of 4843.15 km, consisting of various pavement types of roads, including 1090.11 km
of asphalt concrete, 2249.48 km of dressed stone (cobblestone), 177.02 km of undressed
stone, 678.48 km of gravel, and 648.06 km of unpaved roads [47]. For this study, data
were gathered from 472.5 km of asphalt concrete main roads, which were divided into
4725 sections, each spanning 100 m in length.

International roughness index (IRI) data collected over a three-year period (2018—
2020) were used for pavement deterioration analysis. Following Addis Ababa City Roads
Authority’s (AACRA) road maintenance guidelines, the pavement condition is classified
into five ranks [18]. Condition state 1 denotes the best condition, whereas condition state 5
represents the worst pavement conditions. The ranking is presented in Table 3. Similarly,
road sections’ data necessary for infrastructure safety analysis were obtained from iRAP
which was collected in the same period in collaboration with AACRA. The crash data were
obtained from Addis Ababa City Traffic Management Agency (TMA).

Table 3. Pavement condition rating.

Condition States IRI (m/km) Remark
1 <2 Very Good
2 2<IRI<4 Good
3 4<IRI<6 Fair
4 6 <IRI<8 Poor
5 IRI > 8 Very Poor
4. Results

The proposed method is illustrated using the road network of Addis Ababa City. The
critical sections of the network are determined by analyzing three factors: the pavement
deterioration rate, infrastructure safety, and crash history. The pavement deterioration rate
is evaluated using the heterogeneity factor estimated by the MMH model to identify these
critical sections. Additionally, the safety condition of the sections is assessed using the
iRAP star rating and crash history. The findings of the case study are presented below.

Figure 5a displays the deterioration curve of road sections where the bold red curve
is the benchmark deterioration. The road sections located to the left of the benchmark
have a heterogeneity factor greater than 1, which means they deteriorate relatively faster.
Conversely, road sections with the curves on the right of the benchmark have heterogeneity
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factor values less than 1, indicating a relatively slower deterioration. Consequently, the
road sections on the left have a shorter life expectancy than those on the right. The result
showed that the benchmark section has a life expectancy of 6 years, but the life expectancy
of the road sections varies from 2.4 to 10.7 years.

1 T .

Condition State
w

15

Time (years)

(a)

2000 T T T T T T T T T

1500 |- b

1000 |- .

Frequency

500 - .

0 U 1 L 1 1 1

0 0.5 1 1.5 2 2:5 3 85 4 4.5 5
Hetrogeneity parameter

08 T T T T T T T T T

0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

(b)

Figure 5. Heterogeneous deterioration among the pavement sections. (a) Pavement deterioration
curves where the bold red curve is the benchmark deterioration and (b) dispersion of pavement
deterioration rates as expressed by the heterogeneity factor’s histogram (upper) and density plot
following the gamma distribution in Equation (6) (lower).
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The degree of variation in the deterioration among the road sections can be determined
using a heterogeneity factor. Based on this factor, it is found that road sections with a
heterogeneity factor of 1.31 or higher, at the 90th percentile and above, are categorized to
a level 1 deterioration rate, D1. This value indicates that these road sections experience
deterioration at a rate that is 31% faster than the standard benchmark. Road sections with a
heterogeneity factor between 1.1 and 1.31, at the 75th to 90th percentile, fall under level 2,
D2, while those with a factor less than 1.1, below the 75th percentile, experience a level 3
deterioration rate, D3. The heterogeneity factor varies from 0.68 to 2.16. The distribution of
the heterogeneity factor can be seen in Figure 5b.

Another important finding from the case study analysis is that most road sections in
levels D1 and D2 have a pavement condition state that is fair or better. For instance, out of
the 47.3 km of roads in level 1, D1, 37.8 km (80%) have a pavement condition that is fair
or better, meaning their IRI value is less than six. Similarly, out of 70.7 km of roads with a
level 2 deterioration rate, D2, 57 km (81%) have pavement conditions that are fair to better.
It is noteworthy that the road section with the slowest deterioration rate (a heterogeneity
factor of 0.68) and the road section with the fastest deterioration rate (a heterogeneity factor
of 2.16) both have good pavement conditions with a condition state rank of 2 and an IRI
value ranging from two to four. The iRAP star rating protocol was utilized to evaluate
the safety of the infrastructure for different groups of road users. Addis Ababa has a road
network that is relatively safe for people traveling in vehicles, with only 26% of the sections
being unsafe and receiving a rating of 1 or 2 stars. However, the network is much riskier for
pedestrians, with 61% of the network receiving a 1- or 2-star rating for this group. The road
network is also unsafe for bicyclists following pedestrians, with 52% of the road sections
being unsafe, while it is comparatively safer for motorcyclists, with only 40% being unsafe.
Even though the network is relatively safe for some road users, there are still significant
safety risks for all users. Therefore, the infrastructure safety level of each road section is
represented by the minimum star rating among the four user groups to account for all road
users’ safety risks. As a result, the network has 343.4 km (73%) of unsafe road sections.

The crash data of 467, which happened in the three years period, were obtained
from TMA. Among these, 86% were fatal crashes, 10% resulted in serious injuries, and 4%
caused minor injuries. Of all the crashes, 288 occurred on roads with a 1- or 2-star safety
rating, 94.4% of them resulting in fatal and serious injuries. On the other hand, 179 crashes
occurred on safer roads with 3-star or higher safety ratings.

According to Table 4, CLASS I roads make up 43.2% of the road network, which
is equivalent to 204.1 km. CLASS I roads can be further categorized into CLASS I(A),
CLASS I(B), and CLASS I(C), with level vectors of (1,1,1), (1,2,1),and (1,3,1), respec-
tively. The length of these subcategories is 15.5 km (3.3%), 15.5 km (3.3%), and 16.3 km
(3.4%), respectively. CLASS I roads also include CLASS I(D) and CLASS I(E), which
have level vectors of (2,1,2) and (3,1, 3), respectively. These roads cover 24.6 km (5.2%)
and 132.2 km (28%), respectively. In addition, CLASS II roads make up 37.4% of the road
network, equivalent to 176.4 km. The least critical category of roads, CLASS III, makes
up 19.5% of the road sections, equivalent to 92 km. The map in Figure 6 presents the
distribution of critical sections in the road network.

Table 4. Critical road sections” proportion in the road network.

CLASS Length (km) Percentage (%)
A 15.5 3.3
B 15.5 3.3
CLASST C 16.3 34
D 24.6 52
E 132.2 28

Total 204.1 43.2
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Table 4. Cont.
CLASS Length (km) Percentage (%)
A 25.3 54
CLASS IT B 20.8 4.4
C 130.3 27.6
Total 176.4 37.4
CLASS 111 92 19.5
9°05'N r 1 13

=
=

E
- L
s S W\ g
- " il | -
9%, L g Y
Ty S :
9°N ' J ] —~
L %, ] - P -
£ \/

8°55'N

o '
8°50'N |15 km 1
2 mi : :
1 L Esri, © OpenStreetMap contributors, HERE, Garmin, USGS

38°40'E 38°45'E 38°50'E 38°55'E

Figure 6. Road Network Map Highlighting Critical Sections (Classes I, II, and IIl as 1 (red), 2 (yellow),
and 3 (green), respectively).

5. Discussion

The study suggests using a decision matrix that considers three factors: the rate of
deterioration, infrastructure safety, and crash history. The case study results show that
it is crucial to consider the deterioration rate and infrastructure safety factors to assess
pavement performance and safety proactively. Additionally, analyzing crash history can
assist in identifying the root causes of crashes. The results also show the advantages of
using a hierarchical decision matrix approach when resources are limited. This section
focuses on discussing the findings of the case study.

It is a common practice to consider a highly deteriorated pavement as a critical section
and to consider prioritization based on the level of deterioration for maintenance and repair.
This approach follows corrective action rather than preventative. However, identifying
critical road sections based on the deterioration rate allows for the early detection of sections
with a relatively faster deterioration trend. The difference in the deterioration rates among
the road sections is inevitable due to their heterogeneity. Consequently, the expected
lifespan of the pavement network ranges from 2.4 to 10.7 years, with an average of 6 years.
The variation in the lifespan is reflected in the heterogeneity factor, which ranges from 0.68
to 2.16. This means that some sections deteriorate much faster than others, with rates that
are more than twice the average. The case study results support the importance of using
the deterioration rate to identify critical sections, considering the heterogeneity property,
instead of relying on prioritization based on the level of deterioration.
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If critical sections are identified based on pavement condition ranks, pavements with
“very poor” and “poor” conditions would be given the highest priority since they are highly
deteriorated. However, while evaluating the network using the deterioration rate, only 20%
of the road sections in the level 1 (D1) category is in the highly deteriorated state, whereas
80% is in “fair” or better conditions. Similarly, 81% of the level 2 (D2) pavement sections is
in fair and better conditions. These results indicate that even if the pavement condition
of the road sections is relatively good, they are deteriorating at an alarming rate. In other
words, these sections can potentially reach their worst condition in a relatively short time if
no action is taken. Therefore, early identification of sections with high deterioration speed
can benefit road authorities to investigate the reason and take timely action.

Moreover, the result show that the pavements with the fastest and the slowestde-
terioration rate were in the same pavement condition. Despite having a similar “good”
condition, these sections had life expectancies of 2.4 and 10.7 years, respectively. This
emphasizes the importance of using a deterioration rate to identify critical sections. If
these two sections had been evaluated only based on their current pavement condition
states they would have received the same level of attention. However, considering their
deterioration rates, the section with the highest rate requires the most attention, while the
other requires the least. Therefore, utilizing a deterioration rate helps to account for the
variation in deterioration among the road sections due to heterogeneity, regardless of their
current condition.

The case study results of the safety analysis revealed a correlation between the infras-
tructure safety level and crashes. It was found that the majority of crashes, specifically
61.7%, occurred on unsafe road sections. These crashes also resulted in fatal or serious
injuries 94.4% of the time, which is consistent with an earlier study [38]. Therefore, this em-
phasizes the need for actions to improve the infrastructure safety of roads with 1- or 2-star
ratings. Even if other factors contribute to crashes, enhancing the road infrastructure’s
safety can reduce the severity of crashes. The remaining 38.3% of crashes occur on road
sections with safe infrastructure conditions. Therefore, it is essential to investigate these
incidents to determine their underlying causes and develop appropriate safety policies
and regulations.

According to the case study, 43.2% of the road network, which is equivalent to
204.1 km, is classified as the CLASS I criticality level and requires urgent attention and
detailed investigation. However, addressing all critical sections might be difficult in some
situations due to resource constraints. In such cases, it is necessary to have a hierarchy of
priority within each category as described in the methodology section. For example, an
authority may decide to address the critical sections in phases, with the priority given to
the first three subclasses of CLASS I. In doing so, the critical sections requiring immediate
attention can be reduced to 47.3 km from 204.1 km, which allows for the concentration of
resources to the 10% of the network that demands the most urgent attention.

6. Conclusions

This study proposed a decision matrix to facilitate a proactive road asset management
strategy toward providing safe and effective transportation. By using the pavement deteri-
oration rate obtained using the MMH model as a basis for detecting road sections with a
high rate of deterioration, it is possible to investigate the cause in detail and take prompt
action. Similarly, using the iRAP star rating in evaluating infrastructure safety enables the
identification of high-risk road sections considering all road user groups, allowing appro-
priate action to be taken before traffic crashes occur. As demonstrated in the case study,
this approach effectively identifies critical road sections in advance, favoring preventive
measures over corrective ones and ultimately saving economic and social costs. Moreover,
incorporating the crash history into the analysis provides initial insight to investigate the
potential causes of traffic crashes, which can be used to inform the development of road
safety policies and regulations.



Sustainability 2023, 15, 7244 18 of 20

The case study indicates that using the matrix approach is advantageous in making
informed decisions when identifying critical sections instead of relying on a single factor.
Specifically, this was evident in 132.2 km of road sections categorized as CLASS I (E), where
they were deemed a high priority when evaluated using three factors but would be of lower
priority if pavement deterioration alone was considered. The study also emphasized the
importance of selecting an appropriate performance indicator within the matrix formulation.
The results revealed that road sections with the same pavement conditions could be ranked
as the most or least critical, up on using deterioration rate as a performance indicator. As a
result, the proposed matrix approach provides a comprehensive strategy for identifying
critical sections considering relevant factors and their performance indicators.

The suggested approach is applicable at various levels of decision-making. The macro-
level decision matrix classifies criticality into three categories at the network level, allowing
for an overall evaluation of resource needs. Meanwhile, the micro-level decision matrix
divides criticality into nine categories, providing detailed information on required actions.
The micro-level decision matrix helps with resource allocation by fine-tuning resource
labeling. This hierarchical approach assists road authorities in planning actions within
resource constraints. Furthermore, the approach offers a chance to consider other parts
of the road in addition to the pavement that is necessary for the safety of non-motorized
road users since the safety evaluation is conducted separately for each group of road users
and the course of action is determined based on the assessment. As a result, the proposed
decision matrix can be effectively used to ensure safe and efficient mobility.

The study proposes a decision matrix based on three factors, which could be used
to identify critical sections for monitoring and repair. Future studies can focus on eval-
uating the efficiency and effectiveness of implementing this matrix in prioritizing road
maintenance compared to the conventional reactive approach. Additionally, research can
be conducted to identify the main factors responsible for the heterogeneity of pavement
sections, particularly those with high deterioration rates.
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