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Abstract: The prefabricated reinforced concrete (RC) hollow slab bridges, with the advantages of high
quality, lower cost and shorter construction period, have been widely used for small-to-medium-span
highway bridges in China. Because of environmental deterioration and traffic volume increases,
the performance of the bridge system deteriorates gradually. Accurate bridge system evaluation can
provide a reliable basis for maintenance and management. A bridge system is composed of multiple
interrelated components, which makes the system reliability evaluation become a computationally
intractable work. In this paper, an effective method was proposed to evaluate the system reliability
of the prefabricated RC hollow slab bridge considering hinge joint damage based on the modified
analytic hierarchy process (AHP). Considering the subjectivity of the traditional AHP method in
constructing the judgment matrix, this paper proposed an objective construction method of the
judgment matrix to modify the traditional AHP. The modified hinge plate method (MHPM) proposed
by the previous research was utilized to analyze the effect of hinge joint damage on system reliability.
In order to verify the applicability of the proposed system reliability evaluation method, a simply
supported RC hollow slab bridge was selected as the case study and the system reliability indexes were
compared with the traditional series and parallel methods. The results indicated that the traditional
methods were either too conservative or too radical to objectively evaluate the actual system reliability
level of the structure. In contrast, the proposed method in this paper was more suitable for evaluating
the system reliability of such bridges, and more accurate in providing maintenance decision makers
with a relatively reasonable bridge condition information.

Keywords: structural reliability; system reliability; hinge joint damage; analytic hierarchy process;
performance evaluation; RC bridge

1. Introduction

Traffic and load levels have increased rapidly with the development of the national economy and
transportation. Meanwhile, people are facing serious environmental problems, such as global warming,
ozone layer destruction, acid rain, etc. The prefabricated reinforced concrete (RC) hollow slab bridge,
with the characteristics of higher quality, lower cost and shorter construction period, has been widely
used for small-to-medium-span highway bridges in China [1,2]. As environmental deterioration
and traffic volume increase, the mechanical properties of RC bridges deteriorate gradually [3-5].
Many in-service bridges cannot meet the current operational requirements [6-8]. In order to
ensure that the structure can continue to be used normally, some maintenance and reinforcement
measures are required [9,10]. A reasonable reinforcement scheme is based on an accurate structural
performance assessment [11-13]. However, there are uncertainties in predicting structural resistance
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and load effects [14-16]. Therefore, the probabilistic methods are often used in structural performance
evaluation [17-20]. Failure probability and reliability indexes are common performance indicators
that are used to describe the uncertainty [21,22]. Fragility models are commonly used in structural
performance evaluation that consider the uncertainties under extreme actions [23,24]. Here, we use the
failure probability and reliability indexes as evaluation indicators. In general, it is difficult to obtain an
analytical solution for these two indicators [25]. Therefore, numerical methods are proposed, such as
Monte Carlo simulation and the first-order and second moment (FOSM) method [26,27]. In this paper,
the reliability index is selected as the evaluation index.

A bridge is a complex system with multiple failure modes and components. The reliability of a
single component cannot reflect the overall condition of the bridge structure. System reliability is an
important index that is used to evaluate the system safety. In recent years, the bridge system reliability
analysis has become a primary concern. Lu et al. [28] presented a framework as a general tool for
system reliability evaluation of cable-stayed bridges subjected to cable degradation and demonstrated
the influence of cable degradation on the system reliability. Gao et al. [29] proposed an efficient method
to identify the dominant failure modes for a long-span bridge system and demonstrated that it was
a suitable method for system reliability analysis. Liu et al. [30] presented the mixed copula models
for the time-independent system reliability analysis of the series and parallel systems, and analyzed
the nonlinear correlation between failure modes. Wang et al. [31] proposed a semi-analytical method
to assess the system reliability of a series bridge network subjected to non-stationary loads and
investigated the sensitivity of system reliability to the load intensity, number of components and
resistance correlation. Liu et al. [32] proposed an adaptive support vector regression method for
system reliability assessment and utilized a prestressed concrete (PC) cable-stayed bridge to verify
the applicability of this method. Significant researches have been devoted to reliability evaluation of
complex bridge system. However, there are few researches focused on the system reliability evaluation
of the prefabricated RC hollow slab bridge. The system reliability is usually evaluated using traditional
methods, such as the series and parallel methods.

The analytic hierarchy process (AHP), developed by Satty, is a multi-criteria decision-making
approach with the characteristics of systematic analysis and easy applicability, and has been widely used
in many aspects, such as environmental protection, economic management and strategy decisions [33].
Due to these characteristics, AHP has been applied in the field of bridge engineering, such as bridge
risk evaluation and condition assessment, in recent years. Sasmal et al. [34] proposed a systematic
methodology for priority ranking towards condition assessment of RC bridges based on AHP and
applied the methodology to help bridge managers determine the maintenance order of the bridges.
In order to determine the risk level, Peng et al. [35] used AHP to obtain the weight of risk criteria and
risk resources in bridge risk evaluation. Wang et al. [33] investigated the influence of 24 parameter
cases on the seismic responses of a triple-tower suspension bridge and applied AHP to find the optimal
case of evaluation of seismic performance. Lu et al. [36] presented a reliable method for risk assessment
of cable system construction of suspension bridges and calculated the weights of the risk evaluation
index system based on AHP. Cho et al. [37] applied AHP to determine the importance of random
variables in probabilistic risk assessment for the construction phases of a prestressed concrete box
girder. However, AHP is still rarely used to assess bridge system reliability.

In this study, we proposed a new method to evaluate the system reliability of the superstructure of
the prefabricated RC hollow slab bridge based on the modified AHP. The modified AHP has improved
the construction of the judgment matrix based on traditional AHP. Hinge joint damage often occurs in
the prefabricated RC hollow slab bridge [2]. Different hinge joints damage cases were considered while
evaluating the system reliability in this paper. Then, a simply supported prefabricated RC hollow slab
bridge was selected as a case study to illustrate the applicability of the proposed system reliability
evaluation method compared with the traditional series and parallel methods.
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2. System Reliability Evaluation Methods

2.1. Traditional System Reliability Evaluation Method

Bridge structure is composed of multiple components, and the system reliability level is closely
related to the reliability of a single component. The reliability level related to a particular limit state
is then quantified via the failure probability or reliability index. Failure probability is defined in
Equation (1), and the corresponding reliability index can be computed following Equation (2):

pfi = P(Z;<0) = fx(X)dX, 1
D

Bi = (1-psi), @)

where py, B; and Z; represent the failure probability, reliability index and the limit state function of
the ith component, respectively. fx(X) is the joint probability distribution function (PDF). Dy is the
failure domain, where Z; < 0. @~1(:) is the inverse of cumulative distribution function of standard
normal variate.

For the series system, the failure probability of the system is defined following Equation (3);

p=P(SZi<0= [, fdx )
i=1 lﬂlzigo

i=

For the parallel system, the failure probability of the system is defined using Equation (4):

1

pr=P( Zi<0)= fazso Fx(X)dx. @

i=

However, the PDF is not easy to obtain as the calculation of the integral is very difficult. Therefore,
some approximation methods have been proposed to solve this problem, such as the series method
and the parallel method [38], which are represented by Equations (5) and (6), respectively:

n

maxpsi < pr < 1—5(1—%1)/ ®)
n
pri =PrE 1”311'121;7 fi ©)

2.2. System Reliability Evaluation Method Based on the Modified AHP

AHP is a decision-making method that combines qualitative and quantitative solutions to solve
complex problems of multiple objectives. Considering the subjectivity of the traditional AHP method
in constructing the judgment matrix, an objective judgment matrix construction method suitable for
evaluating the bridge system reliability is proposed to modify the traditional AHP in this research.
The modified hinge plate method (MHPM) was adopted to consider hinge joint damage in the system
reliability evaluation. The specific system reliability evaluation process based on modified AHP is
shown in Figure 1.

2.2.1. Establishment of a Hierarchical Mode

System reliability is closely related to the reliability of a single component. Figure 2 shows the
hierarchical model.
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Figure 1. Flow chart of system reliability evaluation.
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Figure 2. Hierarchical model of system reliability evaluation.

2.2.2. Calculation of Reliability of Each Slab Segment

For small-to-medium-span RC hollow slab girder bridges, the failure mode of the slab segment is
generally the bending failure and the shear failure. In this paper, we use the bending failure mode as
the failure mode of the system, and analyzed the system reliability index under the bending failure
mode. The system reliability evaluation process under the shear failure mode is basically similar and
will not be described in detail in this paper. Therefore, according to the limit state function of the
bending failure of each slab segment, the reliability index § is calculated by FOSM. Then, the reliability
indexes of all slab segments are represented as a row vector, § = (B, - ﬁn).
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2.2.3. Constructing Judgment Matrix
(1) Traditional Method

The traditional AHP method combined expert experience and a 9-point scale (shown in Table 1) to
construct a judgment matrix A. Table 1 shows the definition of the element 4;; in the judgment matrix,
in which 4;; indicates the relative importance of the ith factor over the jth factor.

Table 1. Definition of the element in the judgement matrix.

Relative Importance a;; Verbal Judgement of Importance
1 Factor i is as important as j
3 Factor i is slightly more important than j
5 Factor i is more important than j
7 Factor i is significantly more important than j
9 Factor i is absolutely more important than j
2,4,6,8 Between two importance levels

(2) The Modified Construction Method of Judgement Matrix

The core content of the AHP method is to construct a judgement matrix. An objective construction
method of a judgment matrix is proposed, which considers the subjectivity of the traditional AHP
method in constructing the judgment matrix. The judgment matrix is constructed for the two cases of
hinge joint damaged and hinge joint undamaged, respectively.

a. Hinge joint undamaged

The superstructure is composed of several slab segments, and the system failure probability is
closely related to the failure probability of a single component. Equation (2) shows the relationship
between the reliability index and the failure probability. Therefore, the elements of the judgment matrix
ajj can be represented by the reliability index of each slab segment, as shown in Equation (7):

Bi
Bi

where B; and f; represent the reliability index of the ith slab segment and the jth slab segment,
respectively.

111‘]‘ =

@)

b. Hinge joint damaged

The judgment matrices are constructed separately for different damage cases. In each damage
case, the hinge joints have different damage degrees in the scope of (0%, 100%). The range analysis of
the reliability of each slab segment is performed under the same damage case. Then, the elements of
the judgment matrix a;; can be represented by the range of each slab segment, as shown in Equation (8):

. Rg, max(B;_go,: ﬁi—lOO%)_min(nB i-0%" ﬁi_wo%) (8)
ij= 5 = .
R, max(p j—0%: B ]'_100%) —min(B i_qo,: p j—100%)

where Rg, and Rﬁj represent the range of reliability for slab segment i and j. ;_g9 and f;—1099% mean
the reliability indexes of slab segment i when the damage degree are 0% and 100%. Similarly, ;9
and f-100% have the same meaning.
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2.2.4. Calculations of Weight Vector and Largest Eigenvalue

The weight vector W = (w1; w3 - - - wy,) and the largest eigenvalue Ay of the judgement matrix
are calculated according to Equations (9) and (10):

\/ 1L i
]:
wj = ——, )
n
YT aj
j=1
Iy (AW);
Amax = EZ w; . (10)

2.2.5. Checking the Performance Consistency of the Judgement Matrix

The consistency index CI and the consistency ratio CR can be calculated with the random
consistency index RI (shown in Table 2) based on Equations (11) and (12):

o Atmax — 1
Cl=—"—7= (11)
CI
CR = R (12)

Table 2. The random consistency index RI.

n 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 058 090 112 124 132 141 145 149 151

If CR < 0.1, the judgement matrix satisfies the consistency.

2.2.6. System Reliability

The superstructure of the prefabricated RC hollow slab bridge is composed of several slab
segments. The performance and damage condition of each slab segment will have different effects
on the performance of the superstructure system. In order to evaluate the system reliability more
reasonably, the influence of the reliability of each slab segment on the system reliability is considered
comprehensively by means of the idea of the AHP method. Then, the system reliability can be expressed
as a weighted summation of the reliability of each slab segment, as shown in Equation (13):

Bs =B-W = frwi + pows - - - Buwn. (13)
3. Results and Discussion

3.1. Bridge Description

A typical highway bridge is selected as the case study to verify the applicability of the proposed
system reliability evaluation method for a bridge superstructure. The bridge is located at Baiquan
County, Heilongjiang Province, China. This simple span, reinforced concrete, hollow slab structure is
10.0 m long and about 7.5 m wide, and is composed of five slab segments. Its total length is 14.2 m.
The bridge overview is shown in Figure 3.
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Figure 3. Geometry and cross section for the case study bridge (all dimensions are in m): (a) a side view

of the bridge, (b) the cross—section of the bridge and (c) the detailed cross—section of a slab segment.

3.2. Influence of Hinge Joint Damage on Lateral Load Distribution Factor

According to the characteristics of the bridge, all damage cases of hinge joints are listed in Table 3.
Here, the damage degree refers to the average damage degree of a hinge joint within the span of the
bridge. According to the theory of load lateral distribution, the hinge joint damage will affect the load
lateral distribution factor (LLDF), and then result in the change in the design value of live load for
each slab segment. The reliability of each slab segment varies with the changes in the LLDF. Therefore,
the influence of hinge joint damage on LLDF should be considered first.

Table 3. Damage cases of hinge joints.

Case Number

Damaged Hinge Joints Damage Degrees

O 0 NI Ul WN =

hinge joint 1
hinge joint 2
hinge joints 1 and 2
hinge joints 1 and 3
hinge joints 1 and 4
hinge joints 2 and 3
hinge joints 1, 2 and 3
hinge joints 1, 2 and 4
hinge joints 1, 2, 3 and 4

intact, 20%, 40%, 60%, 80% and 100%
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Using the modified hinge plate method (MHPM) proposed by our previous research [28],
the influence lines of load lateral distribution under different damage cases of hinge joints are analyzed.
According to the most unfavorable loading position of live load, the LLDF of different cases are
calculated as shown in Table 4. In order to visually analyze the influence of different damage cases on
the LLDF of each slab segment, the range analysis of the LLDF is conducted and the results are shown
in Figure 4.

Figure 4. Range analysis of the load lateral distribution factor (LLDF).

As can be seen from Table 4 and Figure 4, the hinge joint damage has an effect on each slab
segment. The LLDF increases as the damage degree increases. Meanwhile, the range values of LLDF
increase with the number of damaged hinge joints. The effect of damaged hinge joint 2 or 3 on LLDF is
much greater than that of damaged hinge joint 1 or 4.

3.3. Component Reliability

It is necessary to calculate the reliability index of each slab segment under different damage
cases of hinge joints before evaluating the system reliability. Then, the bending limit state function is
established by Equation (14):

Z =R-Ag(Sc1+ Sc2) — /\QSQ (14)

where Z is the limit state function; R, Sg1, Sg» and Sg are random variables, represent the resistance,
dead load, secondary dead load and live load, respectively; Ag and A represent partial coefficients of
dead load and live load, respectively, Ag = 1.2, \g = 1.4.
The design values of these random variables are calculated separately according to
Equations (15)-(18):
Rg = feabsx(ho—x/2) (15)

where f.; is the compressive strength of concrete; by is the effective width of concrete flange; x represents
the depth of compression; hy is the effective height.

g1L?

SGikd = B (16)
a1l?

SGikd = e (17)

where L is the calculated span; g1 and g» represent the load intensity of dead load and secondary dead
load, respectively.

Sokd = (14 w)m(qrQx + Pryx), (18)

where 1 is the impact coefficient; m is the load lateral distribution factor (LLDF); g; and Py represent

the uniform load and the concentrated load, respectively; y, = %, Qp = &.
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Table 4. LLDF under different damage cases of hinge joints.
Damage Degree Damage Degree
Case Number Slab Segment Number Case Number Slab Segment Number
Intact 20% 40% 60% 80% 100% Intact 20% 40% 60% 80% 100%
1 0.4807 0.4860 0.4903 0.4941 0.4972 0.5000 1 0.4807 0.4948 0.4993 0.4995 0.4973 0.4934
2 0.3746 0.3728 0.3712 0.3699 0.3688 0.3678 2 0.3746 0.3880 0.3923 0.3925 0.3904 0.3866
Case 1 3 0.3670 0.3657 0.3646 0.3637 0.3629 0.3622 Case 6 3 0.3670 0.3862 0.4068 0.4292 0.4535 0.4800
4 0.3746 0.3812 0.3868 0.3914 0.3955 0.3989 4 0.3746 0.3880 0.3923 0.3925 0.3904 0.3866
5 0.4807 0.4877 0.4935 0.4984 0.5026 0.5063 5 0.4807 0.4948 0.4993 0.4995 0.4973 0.4934
1 0.4807 0.4850 0.4881 0.4903 0.4920 0.4934 1 0.4807 0.4961 0.4996 0.4998 0.4995 0.5000
2 0.3746 0.3787 0.3816 0.3837 0.3854 0.3866 2 0.3746 0.3873 0.3921 0.3922 0.3884 0.3800
Case 2 3 0.3670 0.3855 0.3983 0.4077 0.4150 0.4207 Case 7 3 0.3670 0.3859 0.4068 0.4291 0.4533 0.4800
4 0.3746 0.3886 0.3984 0.4056 0.4111 0.4155 4 0.3746 0.3905 0.3941 0.3934 0.3906 0.3866
5 0.4807 0.4955 0.5058 0.5134 0.5192 0.5238 5 0.4807 0.4975 0.5013 0.5005 0.4975 0.4934
1 0.4807 0.4888 0.4934 0.4964 0.4985 0.5000 1 0.4807 0.4922 0.4963 0.4980 0.4989 0.5000
2 0.3746 0.3768 0.3781 0.3789 0.3795 0.3800 2 0.3746 0.3817 0.3847 0.3852 0.3836 0.3800
Case 3 3 0.3670 0.3902 0.4033 0.4115 0.4170 0.4207 Case 8 3 0.3670 0.3902 0.4050 0.4160 0.4246 0.4318
4 0.3746 0.3923 0.4022 0.4085 0.4126 0.4155 4 0.3746 0.3922 0.4044 0.4138 0.4216 0.4282
5 0.4807 0.4993 0.5098 0.5163 0.5207 0.5238 5 0.4807 0.4995 0.5051 0.5054 0.5033 0.5000
1 0.4807 0.4967 0.5030 0.5044 0.5030 0.5000 1 0.4807 0.4981 0.5007 0.5002 0.4995 0.5000
2 0.3746 0.3882 0.3997 0.4100 0.4194 0.4282 2 0.3746 0.3902 0.3945 0.3936 0.3888 0.3800
Case 4 3 0.3670 0.3851 0.3993 0.4114 0.4221 0.4318 Case 9 3 0.3670 0.3921 0.4149 0.4365 0.4578 0.4800
4 0.3746 0.3830 0.3867 0.3879 0.3877 0.3866 4 0.3746 0.3902 0.3945 0.3936 0.3888 0.3800
5 0.4807 0.4896 0.4934 0.4947 0.4945 0.4934 5 0.4807 0.4981 0.5007 0.5002 0.4995 0.5000
1 0.4807 0.4910 0.4967 0.4995 0.5004 0.5000
2 0.3746 0.3800 0.3855 0.3910 0.3964 0.4015
Case 5 3 0.3670 0.3748 0.3821 0.3888 0.3951 0.4010
4 0.3746 0.3800 0.3855 0.3910 0.3964 0.4015
5 0.4807 0.4910 0.4967 0.4995 0.5004 0.5000




Appl. Sci. 2019, 9, 4841 10 of 17

According to the design values of these four random variables, Table 5 gives the statistic parameters
of the random variables. The statistical parameters and probability distributions are based on Chinese
national standard GB/T 50283-1999.

Table 5. Statistic parameters of the random variables.

Variables Mean Standard Deviation Distribution
R 1.2262 Ry 0.1734 Ry Normal
SG1k 1.0212 SG1kd 0.0472 SG1kd Normal
Ssz 0.9865 SGde 0.0967 Sszd Normal
Sok 0.6961 Sog 0.1076 Sgpa Weibull

The reliability indexes of a single slab segment are calculated by FOSM under different damage
cases of hinge joints based on the statistic parameters in Table 5 and Equation (14). The reliability
indexes of each slab segment are listed in Table 6. Then, the range analysis of reliability for each case is
performed, as shown in Table 7 and Figure 5.

B Casel
Case2
Case3d
Casel
Caseb 00'40
Caseb 3
B Case? 0 S
Bl Case8 '30
B Case9 0.25
0~2o S
0. .8
1s
0_10
0_05
00
<o

Figure 5. Range analysis of reliability index.
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Table 6. Reliability indexes under different damage cases of hinge joints.
Damage Degree Damage Degree
Case Number Slab Segment Number 8 & Case Number Slab Segment Number 8 &
Intact  20% 40% 60% 80% 100% Intact  20% 40% 60% 80% 100%
1 4.314 4.298 4.284 4.272 4.261 4.253 1 4.314 4.269 4.255 4.254 4.261 4.274
2 4.649 4.655 4.660 4.664 4.667 4.670 2 4.649 4.608 4.594 4.594 4.600 4.612
Case 1 3 4.673 4.677 4.680 4.683 4.686 4.688 Case 6 3 4.673 4.613 4.549 4.478 4.401 4.317
4 4.649 4.629 4.612 4.597 4.584 4.574 4 4.649 4.608 4.594 4.594 4.600 4.612
5 4.314 4.292 4.273 4.258 4.244 4.232 5 4.314 4.269 4.255 4.254 4.261 4.274
1 4.314 4.300 4.291 4.284 4.278 4.274 1 4.314 4.265 4.254 4.253 4.254 4.253
2 4.649 4.637 4.628 4.621 4.616 4.612 2 4.649 4.610 4.595 4.594 4.607 4.633
Case 2 3 4.673 4.616 4.575 4.546 4.523 4.505 Case 7 3 4.673 4.614 4.549 4.478 4.402 4.317
4 4.649 4.606 4.575 4.553 4.535 4.521 4 4.649 4.600 4.588 4.591 4.600 4.612
5 4.314 4.267 4.234 4.210 4.191 4.176 5 4.314 4.261 4.248 4.251 4.260 4.274
1 4.314 4.289 4.274 4.264 4.257 4.253 1 4.314 4.278 4.264 4.259 4.256 4.253
2 4.649 4.643 4.639 4.636 4.634 4.633 2 4.649 4.627 4.618 4.616 4.621 4.633
Case 3 3 4.673 4.601 4.560 4.534 4.517 4.505 Case 8 3 4.673 4.601 4.554 4.520 4.493 4.470
4 4.649 4.594 4.563 4.544 4.530 4.521 4 4.649 4.595 4.556 4.527 4.502 4.481
5 4.314 4.255 4.221 4.200 4.186 4.176 5 4.314 4.254 4.236 4.235 4.242 4.253
1 4.314 4.263 4.243 4.238 4.243 4.253 1 4.314 4.259 4.250 4.252 4.254 4.253
2 4.649 4.607 4.571 4.539 4.509 4.481 2 4.649 4.601 4.587 4.590 4.605 4.633
Case 4 3 4.673 4.617 4.572 4.534 4.501 4.470 Case 9 3 4.673 4.595 4.523 4.455 4.388 4.317
4 4.649 4.623 4.612 4.608 4.609 4.612 4 4.649 4.601 4.587 4.590 4.605 4.633
5 4.314 4.286 4.274 4.270 4.270 4.274 5 4.314 4.259 4.250 4.252 4.254 4.253
1 4.314 4.281 4.263 4.254 4.251 4.253
2 4.649 4.633 4.615 4.598 4.582 4.565
Case 5 3 4.673 4.649 4.626 4.605 4.586 4.567
4 4.649 4.633 4.615 4.598 4.582 4.565
5 4.314 4.281 4.263 4.254 4.251 4.253
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Table 7. Range analysis values of reliability indexes of each slab segment under different damage cases

of hinge joints.

Slab Segment Number

Case Number

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
1 0.0619 0.0406 0.0619 0.0760 0.0632 0.0603 0.0619 0.0619 0.0642
2 0.0211 0.0374 0.0168 0.1680 0.0839 0.0557 0.0549 0.0330 0.0621
3 0.0151 0.1678 0.1678 0.2027 0.1057 0.3562 0.3562 0.2027 0.3562
4 0.0759 0.1279 0.1279 0.0413 0.0839 0.0557 0.0609 0.1680 0.0621
5 0.0822 0.1384 0.1384 0.0448 0.0632 0.0603 0.0660 0.0792 0.0642

Comparing Figure 4 with Figure 5, it can be seen that the variation tendency of the range analysis
values of the reliability indexes and LLDF under different damage cases of hinge joints is basically the

same. Different damaged hinge joints have different effects on the reliability index.

3.4. System Reliability

According to the method proposed in this paper, the system reliability of the case study can
be evaluated.
Firstly, a hierarchical model shown in Figure 2 is established.
Secondly, the judgment matrices of different damage cases of hinge joints are established. When
the hinge joints are intact, the element 4;; is calculated according to Equation (7) and the judgment
matrix Ayt gt is constructed. When the hinge joints are damaged, the element 4;; is calculated according
to Equation (8) and the corresponding judgment matrices are established.

Aintuct =

Acgser =

Acase 4 =

Acases =

Acases =

[ 1.000
0.924
0.918
0.924
| 1.000

[ 1.000

0.921
4133
3.150
| 3.409
[ 1.000
2211
2.667
0.543
| 0.589
[ 1.000
0.924
5.907
0.924

| 1.000
1.000
0.553
3.275
2714
1.279

1.083
1.000
0.994
1.000
1.083
1.086
1.000
4.487
3.420
3.701
0.452
1.000
1.207
0.246
0.267
1.083
1.000
6.395
1.000
1.083
1.876
1.000
6.142
5.091
2.400

1.089
1.006
1.000
1.006
1.089
0.242
0.223
1.000
0.762
0.825
0.375
0.829
1.000
0.204
0.221
0.169
0.156
1.000
0.156
0.169
0.305
0.163
1.000
0.829
0.391

1.083
1.000
0.994
1.000
1.083
0.317
0.292
1.312
1.000
1.082
1.840
4.068
4.908
1.000
1.085
1.083
1.000
6.395
1.000
1.083
0.368
0.196
1.207
1.000
0.471

1.000 ]

0.924
0.918
0.924

1.000 |
0.293 ]

0.270
1.212
0.924

1.000 |
1.696 ]

3.750
4.525
0.922

1.000 |
1.000 ]

0.924
5.907
0.924

1.000 |

0.782
0.417
2.559
2.121
1.000

Acuse 1

Acase 5

Acase 7

[ 1.000
0.314

=1 0244

1.226
| 1.328
[ 1.000
0.271

Aoy = | 2.711

2.066
| 2.236
[ 1.000
1.328

=| 1.672

1.328
| 1.000
[ 1.000
0.887

=| 5.754

0.984
| 1.066
1.000
0.967

Acuseo = | 5.548

0.967
1.000

2.934
1.000
0.716
3.597
3.896
3.685
1.000
9.988
7.613
8.238
0.753
1.000
1.260
1.000
0.753
1.128
1.000
6.488
1.109
1.202
1.034
1.000
5.736
1.000
1.034

4.099
1.397
1.000
5.026
5.444
0.369
0.100
1.000
0.762
0.825
0.598
0.794
1.000
0.794
0.598
0.174
0.154
1.000
0.171
0.185
0.180
0.174
1.000
0.174
0.180

0.816
0.278
0.199
1.000
1.083
0.484
0.131
1.312
1.000
1.082
0.753
1.000
1.260
1.000
0.753
1.016
0.901
5.849
1.000
1.084
1.034
1.000
5.736
1.000
1.034

0.753 |
0.257
0.184
0.923
1.000 |
0.447 1
0.121
1212
0.924
1.000 |
1.000 ]
1.328
1.672
1.328
1.000 |
0.938 ]
0.832
5.397
0.923
1.000 |
1.000
0.967
5.548
0.967
1.000
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Thirdly, the weight vector W = (w1; w3 - - - w,) and the largest eigenvalue A,y are calculated
according to Equations (9) and (10). Then, the performance consistency of the judgement matrix is
checked according to Equations (11) and (12). The results are shown in Table 8.

Table 8. The largest eigenvalue, the weight vector, the consistency index and the consistency ratio of

each matrix.

Matrix Asnax CI CR w

Aintact 5.0004 1.0498 x 10~* 9.3734x 107 (0.2098; 0.1938; 0.1926; 0.1938; 0.2098)
Aol 4.9999 —2.7785x 107>  —2.4808 x 107>  (0.2416; 0.0824; 0.0589; 0.2963; 0.3208)
Acase? 4.9994 -15615x10™*  -1.3942 x 10™*  (0.0793; 0.0730; 0.3277; 0.2498; 0.2703)
Acuse3 4.9981 -4.6301 x10™*  —4.1340 x 10™*  (0.1207; 0.0328; 0.3272; 0.2494; 0.2699)
Acpses 5.0005 1.1798 x 1074 1.0534 x 10~%  (0.1426; 0.3153; 0.3804; 0.0775; 0.0841)
Acases 5.0005 1.2918 x 1074 1.1534 x 10~%  (0.1580; 0.2098; 0.2643; 0.2098; 0.1580)
Ase6 4.9987 -32423x107*  -2.8950 x 10™*  (0.1025; 0.0947; 0.6056; 0.0947; 0.1025)
Acase7 5.0000 3.4477 x 1076 3.0783 x 107 (0.1032; 0.0915; 0.5938; 0.1015; 0.1100)
Acuses 4.9999 —3.3564 x 107 —2.9968 x 107> (0.1136; 0.0606; 0.3721; 0.3084; 0.1454)
Acuse9 4.9994 -1.3097 x 107 -1.4669 x 10™*  (0.1055; 0.1020; 0.5851; 0.1020; 0.1055)

As can be seen in Table 8, the CR value of each matrix is less than 0.1, which means that all
judgment matrices meet the consistency requirement.
Lastly, the system reliability indexes are calculated according to Equation (13). When the hinge
joints are intact, the reliability indexes of each slab segment are shown in Table 6, and the system
reliability index can be calculated as follows:

Bs_intact = 0.2098 X 4.314 + 0.1938 X 4.671 + 0.1926 X 4.698 + 0.1938 x 4.671 + 0.2098 x 4.314 = 4.526.

When the hinge joint is damaged, in order to ensure a more secure system reliability evaluation
result, the minimum reliability indexes of different damage degrees of each slab segment under
different damage cases of hinge joints are selected. The minimum reliability indexes taken from Table 6
are shown in Table 9. Then, the system reliability indexes considering the hinge joint damage can be
calculated according to Equation (13).

Table 9. The minimum reliability index of each slab segment under different damage cases of

hinge joints.

Slab Segment Number

Case Number

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
1 4.253 4274 4.253 4.238 4.251 4.254 4.253 4.253 4.250
2 4.649 4.612 4.633 4.481 4.565 4.594 4.594 4.616 4.587
3 4.673 4.505 4.505 4.470 4.567 4.317 4.317 4.470 4.317
4 4.574 4.521 4.521 4.608 4.565 4.594 4.588 4481 4.587
5 4.232 4.176 4176 4.270 4.251 4.254 4.248 4.235 4.250

Bs—case1 = 0.2416 X 4.253 + 0.0824 X 4.649 + 0.0589 X 4.673 + 0.2963 X 4.574 + 0.3208 X 4.232 = 4.399.

Bs—case2 = 0.0793 X 4.274 + 0.0730 X 4.612 + 0.3277 X 4.506 + 0.2498 X 4.521 + 0.2703 X 4.176 = 4.409.

Bs—case3 = 0.1207 x 4.253 +0.0328 x 4.633 + 0.3272 x4.505 + 0.2494 x 4.521 +0.2699 x4.176 = 4.393.

Bs—cases = 0.1426 X 4.238 + 0.3153 x 4.481 + 0.3804 X 4.470 4 0.0775 X 4.608 + 0.0841 X 4.270 = 4.434.

Bs—case5 = 0.1580 x 4.251 + 0.2098 x 4.565 + 0.2643 X 4.567 + 0.2098 x 4.565 + 0.1580 x 4.251 = 4.466.

Bs—case6 = 0.1025 X 4.254 + 0.0947 X 4.594 + 0.6056 X 4.317 + 0.0947 x 4.594 + 0.1025 X 4.254 = 4.356.

Bs—case7 = 0.1032 X 4.253 + 0.0915 x 4.594 + 0.5938 X 4.317 4 0.1015 x 4.588 + 0.1100 X 4.248 = 4.355.
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Bs—cases = 0.1136 X 4.253 + 0.0606 X 4.616 + 0.3721 X 4.470 + 0.3084 x 4.481 + 0.1454 x 4.235 = 4.424.
Bs—caseo = 0.1055 X 4.250 + 0.1020 x 4.587 + 0.5851 x 4.317 + 0.1020 X 4.587 + 0.1055 x 4.250 = 4.357.

In order to verify the applicability of the proposed system reliability evaluation method, the system
reliability indexes were also calculated by traditional methods under different damage cases of hinge
joints according to Equations (5) and (6). The results are shown in Table 10.

Table 10. System reliability indexes obtained by traditional methods.

Series Method Parallel Method

Case Number
Lower Bound Upper Bound Lower Bound Upper Bound

Intact 4.104 4.314 4.698 +o0
Case 1 4.038 4.232 4.673 +o0
Case 2 3.992 4.176 4.612 +o0
Case 3 3.986 4176 4.633 +00
Case 4 4.007 4.238 4.608 +o00
Case 5 4.023 4.251 4.567 +o0
Case 6 3.988 4.254 4.594 400
Case?7 3.986 4.248 4.594 +o00
Case 8 4.000 4.235 4.616 400
Case 9 3.985 4.250 4.587 +o00

Then, the calculation results of the proposed method in this paper and the traditional methods are
compared with the target reliability index, as shown in Figure 6. At present, the system reliability does
not have a specified target reliability index. Therefore, the target reliability index of the component is
adopted as the evaluation criteria. In accordance with the standard [39], the target reliability index is
chosen for the RC2 reliability class, fr = 4.2.

—#—The method proposed in this paper Target reliability 3=4.2
- -V-- The series method-lower bound = =4 = The series method-upper bound

=@ The series method-average value The parallel method-lower bound

.
N W (o)} ~

b
w

A

| 2
’

System Reliability Index
S
| J
4

~
—_

|
L
’

N
<
II
1
]
]
P
<
\
\

intact 1 2 3 4 5 6 7 8 9
Case Number

Figure 6. Comparisons of system reliability indexes calculated by different methods.

As can be seen form Table 10 and Figure 6, the average values of the system reliability indexes
calculated by the series method are mostly less than the target reliability index (4.2). In particular, when
the hinge joints are intact, the system reliability index is already close to the target reliability index
(4.2). When the reliability index is less than the target reliability index, it means that the structure has
failed. Obviously, the calculation results of the series method are too conservative and may result in an
unreasonable allocation of maintenance funds in maintenance management. The lower bound value of
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the system reliability index calculated by the parallel method is the maximum reliability index of all
slab segments under different damage cases, and the upper bound value is infinite. The results may
overestimate the reliability level of the structure and cannot objectively evaluate the actual structural
performance, which will result in potential security risks in the structure. The calculation results of the
method proposed in this paper are larger than the average values of the series method and smaller than
the lower bound values of the parallel method. It shows that the method proposed in this paper is more
reasonable and accurate than the traditional methods. In addition, as the number of damaged hinge
joints increases, the system reliability indexes show a declining trend, but it is not a linear changing
process. Comparing different damage cases of hinge joints, it can be inferred that the influence of hinge
joint 1 or 2 on the system reliability is greater than that of hinge joint 3 or 4 on the system reliability.

4. Conclusions

The aim of the paper was to propose a new method to evaluate the system reliability of the
superstructure of the prefabricated RC hollow slab bridge considering hinge joint damage based on the
modified AHP. An objective construction method of the judgment matrix was presented to modify the
traditional AHP. The MHPM was used to analyze the effect of hinge joint damage on system reliability.
The case study of the simply supported prefabricated RC hollow slab bridge has performed the process
of system reliability evaluation. The following conclusions were obtained:

e Hinge joint damage has an effect on both LLDF and the reliability index of each slab segment
under different damage cases. As the damage degree of hinge joint and the number of damaged
hinge joint increases, the LLDF of each slab segment increases, and the corresponding reliability
index decreases gradually.

e  The evaluation results of system reliability by the traditional series and parallel methods are either
too conservative or too radical. Compared with the traditional methods, the method proposed in
this paper is more suitable to evaluate the system reliability index of the prefabricated RC hollow
slab bridge and the calculation results of the system reliability indexes were more reasonable
and accurate.

e Hinge joint damage had a certain influence on the system reliability but will not cause system
failure. Different damaged hinge joints have different effects on system reliability. Hinge joint 2 or
3 has a greater influence on the system reliability than that of hinge joint 1 or 4.
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