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Abstract 
 

In order to improve operational efficiency of traffic road, it is necessary to carry out the exploration on the reliability of 
road network. The connectivity reliability is the critical index to calculate the reliability of the road network. Based on the 
joint failure modes of fatigue cracking and permanent deformation, the connectivity reliability model of road network 
was established, which was further introduced into the reliability analysis of road network system. By considering the 
influences of different OD (Origin-Destination) pairs and their weighting coefficients on the system reliability, the 
reliability model of complex road network of multiple OD pairs was finally constructed. Furthermore, connectivity 
reliability of complex road network was calculated on the basis of the Monte Carlo method and the breadth-first search 
method. The influences of the different road elements and nodes on the system reliability were analyzed by the numerical 
examples. In addition, the influences of reinforcement and expansion of the road network on the system reliability were 
also evaluated. Results show that, although the presented models based on multiple OD pairs and its different weighing 
coefficients are closer to the actual road network system, it is safer to define the road network reliability by single OD 
pair. Moreover, the failure of the nodes, especially those adjacent to the starting node, causes more damages to the road 
network system than the road section does, which decrease the reliability of the road network system. The recovery of the 
road sections adjacent to the starting nodes can not only effectively improve the reliability of the system but also reduce 
economic costs. 

 
  Keywords: Joint Failure Modes; Weighting Coefficient of Multiple OD Pairs; Connectivity Reliability of Road Network; Reinforcement 

and Expansion of Road Network 
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1. Introduction 
 
With the rapid development of construction of urban road, 
the congestion problem of urban road traffic has attracted 
more attentions. Thus, the analysis on connectivity reliability 
model of road network plays a key role in dealing with this 
problem. Presently, the scope of studies on the traffic 
network reliability mainly includes three aspects, namely 
connectivity reliability [1-3], travel time reliability [4-6] and 
capacity reliability [7-9]. The connectivity reliability was the 
earliest research field among the research on the road 
network reliability. It began to attract more concerns after 
the earthquake in Kobe, Japan. After multiple 8-magnitude 
earthquakes took place in China, the research on 
connectivity reliability became one of the most popular 
research field [10-15]. Only when the road network remains 
connective, the normal travel can be guaranteed. Therefore, 
the connectivity reliability is the critical index to calculate 
the reliability of the road network. 
 
2. State of the Art 
 
The connectivity reliability was firstly proposed by Mine 
and Kawai in 1982 [16]. They defined it as the probability of 
the connectivity between two points in the road network. In 

1989, Iida and Wakabayashi studied the connectivity 
reliability of the special OD pairs based on the minimal path 
set algorithm and cut set algorithm [17],which extended the 
connectivity reliability of two points in road network to the 
whole network. Bell et al. adopted the graph theory to 
calculate the connectivity reliability [18]. In their study, only 
two running states (complete connection and complete 
interruption) were considered, and the importance of the 
road section was ignored. In 1996, Hu presented a new 
method to compute reliability of disjointed network [19]. In 
2005, Stephen and David proposed a way to estimate the 
probability distribution of total network travel time [20].In 
2008, Zhang et al. initially presented the network capacity 
reliability index based on topological structure [21]. In 2009, 
Erik investigated the way in which the geographical 
disparities depended on the road network structure and travel 
patterns. He proposed aggregate supply-side as well as 
demand-side indicators, and combined them in statistical 
regression models [22]. In 2014, Kenetsu developed two 
models which simultaneously estimated the value of travel 
time and its reliability based on the route choice behavior of 
risk-averse driver [23]. In 2015, Chong et al. presented a bi-
level programming model based on the unblocked reliability 
of urban network [24]. 

Among the previous studies on connectivity reliability of 
the whole network, the road structural reliability and 
network reliability were treated as two main research 
subjects that were independent from each other from the 
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perspective of macro management. However, there is an 
inevitable link between these two subjects. The road 
structural reliability is the foundation of researching the road 
network reliability. The change of the road structural 
reliability must affect the pavement bearing capacity, which 
can determine the road bearing traffic flow. The change of 
the traffic flow of road section will influence the traffic flow 
of the adjacent road. At the same time, the whole road 
network reliability will also undergo changes. Therefore, it 
is essential to explore the reliability of road network on the 
basis of the road structure reliability. In addition, graph 
approaches are usually used in the traditional connectivity 
reliability calculation. This kind of method is with high 
accuracy and can be applied into the connectivity reliability 
calculation of low density and small-scale road network. 
Nevertheless, it is not applicable to the large-scale and 
complicated traffic network because the calculation amount 
is too huge and it is difficult to reflect the real situation of 
the road network. The traditional calculation of connectivity 
reliability of road network is mostly based on single OD 
pairs. Even if multiple OD pairs are introduced into the 
reliability calculation of road network, the model can’t 
distinguish the different effects between different OD pairs. 
In fact, different OD pairs have a different influence on the 
road network performance and damage probability. Thus, by 
considering the importance of different OD pairs, the road 
network reliability evaluation can be better complied with 
the actual situation. 

The remainder of this study was organized as follows. 
Section 3 established the reliability model based on the joint 
failure modes of fatigue cracking and permanent 
deformation, and calculated the reliability of asphalt 
pavement structure. By introducing the structural reliability 
into the road network connectivity analysis, the connectivity 
reliability model of road network was constructed based on 
the complex multiple OD pairs and weighting coefficients. 
Furthermore, the Mote Carlo method and the bread-first 
search method were utilized to obtain the connectivity 
reliability of the complex road network system. Section 4 
analyzed the influence of the road section and nodes failure 
on the connectivity reliability of road network system 
through numerical examples. Moreover, this section 
discussed the effect of reinforcement and expansion of the 
road network on the reliability recovery of road network. 
Finally, Section 5 summarized the conclusions. 
 
 
3. Methodology 
 
3.1 Reliability of Asphalt Pavement Structure Under 
Multiple Failure Modes 
 
3.1.1 Fatigue cracking failure mode 
The transfer functions of fatigue cracking failure mode are 
generally utilized to calculate the number of load repetitions 
that lead to the failure of the pavement. In this study, the 
transfer function of fatigue cracking is taken as the following 
form: 
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tfc EcN −− ⋅⋅= ε                                (1) 
 

where 
fcN  is the cumulative number of standard axle 

load repetition that produces 20% cracking area; tε  is the 
tensile strain at the bottom of asphalt surface layer; 1E  is the 

elastic modulus of asphalt surface layer; 1c , 2c , and 3c  are 
regression coefficients of the fatigue cracking equation. 
	
3.1.2 Rutting failure mode 
The relationship between the cumulative number of standard 
axle load repetition that leads to permanent rutting 
deformation and the vertical compressive strain at the top of 
the subgrade is described as the following transfer function: 
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Where 

rN  is the cumulative number of standard axle 

load repetition that produces 12.7mm rutting; cε  is the 

vertical compressive strain at the top of the subgrade; 4c  

and 5c  are regression coefficients of the rutting equation. 

	
3.1.3 Reliability of asphalt pavement structure 
As for most of the practical engineering structures, there are 
actually multiple failure modes. Thus, the reliability of the 
asphalt pavement should be defined as the system reliability. 
For the asphalt pavement structure, the system will fail if 
either fatigue cracking or rutting occurs. The failure 
probability of two failure modes of the pavement structure 
can be expressed as follows: 
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where iZ is the functional equation (i=1, 2 represents 

fatigue cracking and rutting event respectively). Its function 
is given as follows: 
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where dN  is the limiting number of traffic cycling load 
repetition. 

The Monte Carlo Method is widely applied in reliability 
analysis of engineering structures. Function M(x) is utilized 
to denote the failure state (M(x)=1) or the safe state 
(M(x)=0), and x is random variable that depends on 
parameters such as material, load, and structure size. Based 
on generation algorithm, a sequence of input variable ix  is 
obtained according to the joint statistical distribution. Then 
the failure probability of the asphalt pavement structure can 
be estimated by the following formulation: 
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where sN  is the total simulation number of Monte Carlo 

Method. 
Firstly, fatigue cracking and rutting are determined 

respectively by the tensile strain tε  at the bottom of the 

asphalt surface layer and the vertical compressive strain cε  
at the top of the subgrade. The pavement design general 
software KENPAVE is utilized to predict the critical strain 
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tε and cε . Secondly, according to the equations of (1) and 
(2), the number of load repetitions that produce fatigue 
cracking and rutting respectively is obtained. Finally, the 
failure probability function (3) is solved by Monte Carlo 
Method. Furthermore, the joint failure probability based on 
two failure modes and the reliability of asphalt pavement 
structure are obtained.  

 
3.2 Road Connectivity Reliability of Complex Road 
Network with Multiple OD Pairs  
 
3.2.1 Reliability of road section 
Based on the above failure modes, the reliability of the road 
section is described as follows: 
 

),( drdfcijk NNNNPR <<= 																									 	 	 (6) 
 

where ijkR  is the reliability of the k-th road section of the 
j-th path of the i-th OD pair. 
 
3.2.2 Reliability of path 
The path is a route from the starting point of any OD pair to 
the ending point. It is composed of multiple road sections in 
series. Thus, the path reliability can be defined as: 
 

∏
=

=
m

k
ijkij RR

1
																																		 	 	 		(7) 

 
where ijR  is the reliability of the j-th path of the i-th OD 

pair. 
 

3.2.3 OD pair reliability 
The OD pair is regarded as multiple paths in parallel, shown 
as follows: 
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where iR  is the reliability of the i-th OD pair. 

 
3.2.4 The traditionally defined reliability of road 
network 
The reliability of road network is expressed as follows: 
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where R 	is the traditionally defined reliability of the 

road network. 
 
3.2.5 The improved reliability model with multiple OD 
pairs and its weighing coefficients 
Previous calculation method of the road network reliability 
is based on the average reliability of all the OD pairs. 
However, the relative importance of different road sections 
and nodes haven’t been considered. Therefore, the road 
network reliability model should be improved as follows: 
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where netP  is the reliability of road networks based on the 

presented model, )(iPOD  is the reliability of the i-th OD pair, 
( )w i  is weighting coefficients of the i-th OD pair, and n  is 

the number of all OD pairs. When the number of nodes is m, 
( )1=
2

m m
n

− . 

The weighting coefficient of the i-th OD pair is 
expressed as follows: 
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where 1α  and 2α  are weighting coefficients of 

population numbers and GDP respectively, 1 2+ =1α α , iP  is 
the population of the i-th OD pair, iG  is the GDP of the i-th 
OD pair, P  is the population of all OD pairs, and G  is the 
GPD of all OD pairs. 

 
3.2.6 The calculation of the connectivity reliability of 
road network 
Based on the Monte Carlo method, the connectivity 
reliability of road network is calculated through MATLAB 
programming. The implementation procedure is shown in 
Figure 1. 

Firstly, some parameters are predefined including road 
section numbers r, reliability matrix of road section a(i,j) (i 
and j are the nodes of the road section), connectivity 
coefficient matrix A(i,j) (A(i,j)=1 when the road section with 
nodes i and j is connective, or A(i,j)=0), and failure 
information matrix of road section c(nS, 2n ) (nS denotes 
simulation number, and n signifies node number.) Secondly, 
the demand connectivity reliability of road sections is 
postulated to obey the uniform distribution in the interval of 
[0, 1]. When the demand connectivity reliability of road 
section is lower than the connectivity reliability, then the 
road sections are linked, which means A(i,j)=1, or A(i,j)=0. 
Besides, the failure information matrix of road section c is 
assigned. Thirdly, the road section of the network is 
searched by breadth-first-search method, in order to judge 
the connectivity of the OD pair. If connective, the 
cumulative time NF increases by one time, or it will not 
increase. Loop computation is performed to acquire 
satisfying simulation numbers. Finally, the connectivity 
reliability of road network can be obtained. 
 
 
4. Result Analysis and Discussion 
 
4.1 Example 
As shown in Figure 2, a certain area of the road network in 
Shanghai is selected as the computational example. The 
improved reliability model is chosen to calculate the 
reliability of the road network. 

According to the above road network system, some main 
road sections are chosen to be analyzed and marked in red, 
as shown in Figure 3. Finally, the simplified road network 
system is obtained and presented in Figure 4. 
 There are 15 nodes (N1~N15) in the road network 
system, including 22 road sections (R1~R22), and 9 OD 
pairs (N1→N7, N1→N11, N1→N15, N2→N7, N2→N11, 
N2→N15,N3→N7,N3→N11,and N3→N15). 
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Fig. 1. The calculation procedure of the road network connectivity 
reliability 

 
 

 
Fig. 2. A certain area of the road network in Shanghai 

 

	
Fig. 3. The sketch graph of road network 
 

	
Fig. 4. The simplified road network system 
 
 The road section reliability is based on the joint failure 
modes of structure. The weighting coefficients of population 
and GPD are both 0.5. All the road sections reliability and 
path parameters are shown in Table 1 and Table 2 
respectively. 
 
 

Table 1. The road section reliabilities in the network system 
Road section number 1R  

2R  
3R  

4R  
5R  

6R  
7R  

8R  
9R  

10R  11R  
Reliability 0.76 0.80 0.72 0.83 0.93 0.81 0.86 0.71 0.84 0.73 0.91 

Path number 12R  13R  
14R  

15R  
16R  

17R  
18R  

19R  
20R  

21R  
22R  

reliability 0.87 0.72 0.81 0.77 0.85 0.75 0.79 0.88 0.90 0.91 0.81 
 
Table 2. Parameters of all road sections in the network system 

Road section number 1R  
2R  

3R  
4R  

5R  
6R  

7R  
8R  

9R  
10R  11R  

4/10iP  0.075 0.048 0.056 0.033 0.074 0.078 0.043 0.038 0.051 0.065 0.075 
4/10iG  820 140 550 100 570 700 650 600 480 560 250 

Path number 12R  
13R  

14R  
15R  

16R  
17R  

18R  
19R  

20R  
21R  

22R  
4/10iP  0.045 0.068 0.051 0.023 0.078 0.068 0.047 0.018 0.031 0.045 0.055 
4/10iG  620 240 350 130 670 400 350 200 580 660 350 

 
In this study, the breadth-first-search method is combined 

with the Monte Carlo method, which is used to calculate the 
reliability of all OD pairs in the road network system. The 

simulation number is one hundred thousand. The reliability 
results of all OD pairs and the weighting coefficients are 
listed in Table 3. 
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Table 3. The reliabilities of all OD pairs in road network system 

OD pair 
Start 1N  

1N  
1N  

2N  
2N  

2N  3N  
3N  

3N  

End 7N  
11N  

15N  
7N  

11N  
15N  

7N  11N  
15N  

Reliability 0.8581 0.8837 0.8717 0.9225 0.9444 0.9338 0.9240 0.9493 0.9311 
Weighting coefficient 0.2050 0.2285 0.2671 0.1255 0.1526 0.1854 0.1067 0.1393 0.1660 

 
As shown in Table 3, the minimum reliability of all OD 

pair is 0.86 and the maximum is 0.95. The weighting 
coefficients of different OD pairs are different, so that the 
relative contributions of different OD pairs are also diverse. 
Based on Equation (10), the reliability of road network 
system is calculated as 0.9067. When this value is compared 
with the different single OD pair results shown in Table 3, it 
can be found that the accurate system reliability cannot be 
evaluated by using a single OD pair. For example, the 
system reliability based on the OD pair N3→N11 is 0.9493, 
whereas the reliability based on multiple OD pairs model is 
0.9067. The maximum error between them reaches 4.26%, 
and it is not safe. Therefore, the improved evaluation model 
in this study is closer to the real engineering situation, which 
can lay a good foundation for the computation and analysis 
of the reinforcement and expansion of more complex road 
network systems. 
 
4.2 The Influence of Failure and Reinforcement of Road 
on System Reliability 
 
4.2.1 Road section failure 
On the basis of the above example results, the influence of 
the failure of road section and nodes on system reliability is 
further analyzed. In this study, only one OD pair (N1~N15) 
is selected, while all the other parameters remain unchanged. 
The simulation time is one hundred thousand under the 
Monte Carlo method.  

There are three forms of road section failures, namely 
the adjacent road section failure, the second adjacent road 
section failure and non-adjacent road section failure. Three 
cases are chosen to be analyzed, and their system reliabilities 
are respectively calculated and shown in Table 4- 6.  

 
Table 4. The road network reliability of adjacent road 
sections to 

1N  and 
15N  

Failure road section 1R  
3R  

19R  
22R  

Reliability 0.6501 0.6946 0.7148 0.7209 
 

Tab.5. The road network reliability of secondly adjacent 
road sections to 

1N and 
15N  

Failure road section 2R  
4R  

6R  
9R  

Reliability 0.8332 0.8253 0.8356 0.8258 
Failure road section 12R  

15R  
18R  

21R  

Reliability 0.8387 0.8151 0.8525 0.8328 
 

Table 6. The road network reliability of non-adjacent road 
sections to 

1N and 
15N  

 
Failure road section 5R  

7R  
8R  

10R  
11R  

Reliability 0.8332 0.8478 0.8417 0.8528 0.8414 
Failure road section 13R  

14R  
16R  

17R  
20R  

Reliability 0.8617 0.8564 0.8582 0.8642 0.8489 
 

From Table 4-6, it can be seen that the road network 
system reliability can decline by as much as 22% compared 

with the previous complete road network system, when the 
road sections adjacent to the starting and ending points fail. 
It decreases by as much as 6% when the secondary adjacent 
road sections fail, and only 4% when the non-adjacent road 
sections fail. By comparing the above three cases with each 
other, it can be found that the road sections adjacent to the 
starting and ending points influence the system reliability 
most significantly, followed by the secondary adjacent road 
sections. That is to say, the non-adjacent road sections’ 
influence on is the least prominent, which suggests that the 
road network system is stable.  
 
4.2.2 Road node failure 
There are two forms of road node failure, namely the 
adjacent and non-adjacent road node failures. Two cases are 
chosen to be analyzed, and their system reliabilities are 
calculated and shown in Table 7 and Table 8. 
 
Tab.7. The road network reliability of adjacent road nodes 
to 

1N and 
15N  

Failure road node 2N  
4N  

11N  
14N  

Reliability 0.6495 0.6768 0.7173 0.7156 
 
 

Table 8. The road network reliability of non-adjacent road 
nodes to 

1N and 
15N  

Failure road 
node 3N  

5N  
6N  

7N  
8N  

Reliability 0.8397 0.7665 0.7416 0.8423 0.8222 
Failure road 

node 9N  
10N  

12N  
13N   

Failure road 
node 0.8322 0.7561 0.8512 0.8252  

	
From Table 7 and Table 8, it can be seen that the road 

network system reliability declines by as much as 23% 
compared with the previous complete road network system 
when the road nodes adjacent to the starting and ending 
points fail. It decreases by 12% when the non-adjacent road 
nodes fail. In accordance to the result of comparison 
between the above two cases, the road nodes adjacent to the 
starting and ending points more influence the system 
reliability (as shown in Tables 4-6). In addition, the non-
adjacent node failure influences the system reliability more 
than the non-adjacent road section failure does. Thus, it is 
more important to ensure the safety and reliability of road 
nodes rather than road sections for the same road network 
system.  
	
4.2.3 Road reinforcement and expansion 
In order to further discuss the influence of the reinforcement 
and expansion of road on the road network system 
reliability, the case of N2 failure is analyzed. The other 
parameters are the same as those in the previous example. 

When the nodes fail, there are two approaches to recover 
the reliability of the road network system, namely (1) 
Reinforcement of the other road sections, (2) Expansion of 
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the road network. In our subsequent studies,  the influence of 
the two approaches on the reliability of road system will be 
discussed. 

As N2 fails, the other road sections adopt the same form 
of reinforcement, and then the reliability of reinforced road 
sections will be enhanced. The reinforcement forms are 
given in Table 9. 

 
Table 9. Reliability after reinforcement 
Reinforcement level 

of other road 
sections 

0% 5% 10% 15% 20% 

Reliability 0.6495 0.7167 0.7743 0.8264 0.8617 
Reinforcement level 

of other road 
sections 

25% 30% 35% 40%  

Reliability 0.9001 0.9324 0.9684 1  
 
 

Obviously, the system reliability increases nonlinearly 
with the improvement of the road reinforcement level. When 
the reinforcement degree increases from 0 to 10%, the 
reliability grows from 0.6495 to 0.7743 (rising by 14%). 
When the reinforcement degree increases from 10% to 20%, 
the reliability grows from 0.7743 to 0.8617 (rising by 9%). 
As the reinforcement degree continues to grow to 40%, the 
reliability reaches 100%. Consequently, it is an effective 
way to improve the system reliability by reinforcing the non-
failure road sections. 
 

	
Fig.5. The expansion of network--Approach 1 
 
 

When the node N2 fails, the expansion of the network 
can be used to recover the reliability of the road system. 
Figures 5-7 display three forms of expansion. 

As depicted in Figure 5, the failure of N2 will lead to the 
failure of road sections R1, R2 and R4. At this time, the 
reliability of the road network system is 0.6495. By adding 
the node N16 and road section R23 and R24, the reliability 
can be recovered. The initial condition (P(R23) =0.81, 
P(R24) =0.88) is set. Then, the road network system 
reliability is calculated as 0.6516 based on Approach 1. 
Compared with the previous road network system, it is not 
effective to improve the reliability of road network system 
with this approach. 

 

	
Fig. 6. The expansion of network--Approach 2 
 

As shown in Figure 6, R23 is added, and the initial 
condition P (R23) =0.78 is set, after the failure of N2. Then, 
the reliability of the road network system is calculated as 
0.9358 based on Approach 2. Compared with the previous 
system, the reliability has a notable increase. 

 

 
Fig. 7. The expansion of network--Approach 3 
 
 
 As shown in Figure 7, R23 is added, and the initial 
condition P(R23) =0.78 is set after the failure of N2. Then, 
the reliability of the road network system is calculated as 
0.9368 based on Approach 3. Compared with the previous 
system, the reliability also has a remarkable increase.	

In the light of the comparison results among the three 
approaches of expanding the road network, although one 
node and two road sections are added into the system, 
Approach 1 has a less influence on the enhancement of 
reliability, which suggests that different forms of expansion 
will contribute differently to the system reliability. By 
contrast, Approach 2 and 3 only add one road section, and 
the reliability increases remarkably. As a result, the 
expansion of the network should consider the actual 
traveling demand so as to improve the system reliability.  
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4. Conclusion 
 
In order to ease the traffic congestion, the exploration on 
reliability of road network were carried out. The connection 
reliability problem seems more prominent. Firstly, the 
reliability model of a complex road network with multiple 
OD pairs was established. Secondly, based on the Monte 
Carlo method and the breast-first search method, the 
connectivity reliability of the complex road network was 
calculated. Finally,  the following conclusions were 
obtained: 

(1) It is safer to use a single OD pair to define the road 
network reliability, whereas the presented model based on 
multiple OD pairs with different weighing coefficients is 
more practical to describe the actual road network system.  

(2) The failure of nodes have a greater influences on the 
system reliability compared with that of the road sections. 

For this reason, the node design is more important in the 
road network design and planning. 

(3) The reinforcement of the damaged road sections and 
the expansion of the network will increase the connectivity 
reliability of the network. However, three approaches of 
expanding the network are compared, and the results show 
that the expansion of the road sections adjacent to the 
traveling points is a more effective and economical way to 
recover the reliability of road network system. 

In this study, the analysis on road network connectivity 
reliability model is only applicable to the situation where 
road network system is damaged immediately by natural 
disasters or man-made deed.This is just a kind of the routine 
road network failure.Thus, more complex factors,such as  
the dynamic of road network, should be taken into 
consideration to modify the present road network model of 
connectivity reliability. 
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