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Abstract. This study proposes a new method to assess the bearing capacity of 
similar bridges while avoiding the disadvantages of costly static loading tests. 
First, we present a detailed evaluation of the bearing capacity for a repaired 
pre-stressed concrete continuous-beam bridge following a ship collision. We 
have developed a finite element model, modified it, and combined with two 
other methods to evaluate its bearing capacity. The first method proposed is the 
bridge design code-based method, where the bearing capacity is assessed using 
specified design parameters. The second is the field test-based method, where 
the bearing capacity is evaluated using field tests combined with structural 
appearance observation. Considering the relative merits of these two methods, 
a new and improved method for bearing capacity evaluation is proposed and 
implemented by combining the design code, finite element model, and field 
loading tests. The innovation and contribution of this paper lie in obtaining 
modal parameters through a convenient dynamic load test to predict the static 
behaviour of the bridge structure based on the modified finite element model. 
Based on the dynamic test results, the static behaviour of the bridge, predicted 
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by the modified finite element analysis, and the appearance test data of the 
bridge structure, the bearing capacity of the bridge structure is evaluated.

Keywords: bearing capacity of bridge, dynamic and static loading, finite-
element model, repair and strengthening.

Introduction

Highway bridges are the throat of the transportation network. 
Some bridges are inevitably exposed to all types of structural damage 
due to the natural aging of structures, increased vehicle loads, adverse 
environmental impacts, and the lack of maintenance and repair. The 
damage may also be caused by the mismanagement of human factors, 
ship collisions, and vehicle impacts. This damage reduces the bearing 
capacity and decreases the durability of bridge structures. As a result, 
the operating conditions do not meet the requirements of regulations, 
which may trigger bridge collapse or malfunction. Therefore, developing 
an easy, fast, economical, and reliable method to evaluate the bearing 
capacity of existing bridges, especially for damaged bridges, has become 
very important and urgent. The bearing capacity evaluation provides 
the theoretical basis for bridge repair-maintenance planning and a vital 
link to ensure the safety and smoothness of the transportation network. 
Since the load-bearing capacities of some existing bridges do not meet 
the requirements anymore, developing a proper evaluation method is 
essential.

According to the report from the American Federal Highway 
Administration, the total number of bridges in the United States is 
approximately 617  000, of which about 42  000 bridges have issues. By 
the end of 2020, the total number of structurally deficient bridges in 
the United Kingdom was 3105, which increased to 3211 by the end of 
2021. The growth rate of structurally deficient bridges was 3.4% from 
2019 to 2020 and 5% from 2020 to 2021. Structurally deficient bridges 
now represent approximately 4.5% of the total number of bridges in the 
United Kingdom. The total number of bridges in Japan is approximately 
700 000, with over 33 000 bridges having issues. As of the end of 2023, 
the total number of highway bridges in China was 1.0793 million. Among 
the bridges in service, 40% have been in operation for over 20 years, 
and 30% of the bridges with technical grades three and four are in a 
suboptimal condition (Zhou and Zhang, 2019).

The statistics show that, at present, more than 40% of China’s 
highway bridges have served longer than 20 years. Up to 30% of the 
bridges are working with distresses technically classified as grade III 
or IV, and more than 100 000 bridges are tagged as dangerous bridges. 
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Many existing bridges have deficient bearing capacity and require 
mitigating the risk of failure. How to accurately evaluate the bearing 
capacity of these bridges economically has become a hot topic in the 
study of bridge safety, reliability, and durability (Melchers, 2001). In 
particular, it has become urgent to detect and evaluate old bridges and 
bridges repaired after being impacted by ships to determine their actual 
performance states, including the actual bearing capacity and residual 
service life. This can help develop a reasonable and economical technical 
retrofitting design scheme for the bridges to improve their structural 
performance. This paper focuses on the quick and accurate bearing 
capacity evaluation method of existing bridges, based on the case study 
of a repaired bridge after a ship collision.

Ship-bridge collisions have been taking place all over the world 
(Sha et al., 2021). Between 1970 and 1974, there were 811 ship-bridge 
impacts in the United States. Statistically, within the 33 years from 
1960 to 1993, the number of large bridges damaged by ships reached 
29 in the world. During the period of 1959–1990, China also had more 
than 70 ship-bridge pier impacts in Nanjing, Jiujiang, Zhicheng, Wuhan, 
and other cities. The frequent ship collisions worldwide cause losses 
to bridge authorities and ship owners. Larsen (1993) published a guide 
on the interaction between traffic vessels and bridge structures. The 
author summarised the existing research of ship-bridge collisions 
and provided suggestions to promote future work. In an academic 
conference in Denmark, the participants discussed the problems 
in-depth and promoted an international study of ship-bridge collisions 
(Gluver and Olsen, 1998). The American Association of State Highway 
and Transportation Officials (AASHTO) guide aids bridge structural 
design under ship impact loads and is universally recognised worldwide 
(AASHTO, 1991).

At present, bridges are sometimes damaged by accidental loads, 
such as earthquakes (Xie and Yang, 2020), ship impacts, vehicle-
bridge collisions and fire, etc. However, the urgent problem for bridge 
maintenance and maintenance defenders is whether the damaged bridge 
structure needs to be strengthened. What is its carrying capacity? It 
is necessary to make timely decisions and judgments on whether to 
continue traffic operations or stop operations, which is very important 
for the effective management and maintenance of bridges. The focus 
of this paper is to propose a hybrid evaluation and decision-making 
method for the performance of damaged bridge structures after the 
damage caused by earthquakes, car collisions, ship collisions and fire, 
etc. The emphasis is on the method of performance evaluation and 
decision-making of bridge structures, rather than the damage caused 
by loads on bridge structures. Wan et al. (2019) carried out a test and 
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conducted a finite element (FE) simulation analysis of ship-bridge pier 
collision to evaluate the anti-ship collision performance of a reinforced 
concrete bridge pier. Gholipour et al. (2018) studied the ship impact on 
the reinforced concrete column dynamic response and failure behaviour 
under the transverse impact using numerical simulation. Based on the 
theory of ship-bridge collision, Liu et al. (2014) used the FEA software 
ANSYS to develop a bridge calculation model and then to analyse ship-
bridge collisions. Little research has been conducted on the evaluation of 
the bearing capacity of old or repaired bridges.

Several methods to evaluate the bridge bearing capacity have 
been developed, ranging from simple methods, such as appearance 
observation and design code, to more complex methods, such as 
analytical hierarchy process (AHP), fuzzy evaluation, and neural 
network. Their features are summarised and compared in Table  1. 
Among more famous studies, Martinelli et al. (2018) carried out a load 
test and numerical study on an arch bridge built in the 14th century 
in Lecco city, Italy. They evaluated its bearing capacity based on the 
field load test results. Using the AHP method combined with the grey 
correlation theory, Xu et al. (2015) proposed a more accurate and 
reliable evaluation method by reducing the unobvious influences from 
the minor factors in the evaluation process. Omar et al. (2017) proposed 
an evaluation method for reinforced concrete bridge decks. Sobhani 
and Masoodi (2023) proposed a differential quadrature technique for 
frequencies of the coupled circular arch–arch beam bridge system, and 
appointed to discover the dynamic behaviour related to one of the most 
applicable systems used in engineering, namely coupled beam bridge 
system, concrete bridge decks based on fuzzy mathematics, while 
Weinstein et al. (2018) used the artificial neural network to identify 
bridge damage. Combining the AHP, Delphi method, and Cloud model, 
Peng et al. (2019) proposed a group decision-making method based on 
cloud clustering, involving experts’ score, risk probability and risk loss. 

The comparison of various bridge assessment methods in Table  1 
shows that similarities and differences coexist. For example, the bridge 
code method has a solid theoretical basis and has been widely used. 
However, it is inappropriate to directly implement the method to assess 
the bearing capacity because the parameters in design and evaluation 
are different. The design code is developed with no consideration of the 
influence of force resistance over time, and, therefore, the reliability 
calculation model of the proposed structure is static. However, materials 
such as concrete and reinforcement slowly degenerate with time, and the 
load will vary with time. The time-varying reliability calculation model 
must be established by considering the influence of the time factor. 
The field-loading test method is the most direct and reliable in bridge 

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=6EUzrQIjskQ9ZoHSq5h&author_name=Omar,%20T.&dais_id=3072290&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=6EUzrQIjskQ9ZoHSq5h&author_name=Weinstein,%20Jordan%20C.&dais_id=27942450&excludeEventConfig=ExcludeIfFromFullRecPage
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bearing capacity evaluation, but its cost is so enormous that the method 
is challenging to be popular. Besides, this method may cause severe 
structural damage and affect normal traffic. This is particularly true for 
existing bridges that lack essential raw data. Therefore, there is a need 
for a systematic, inexpensive, fast and accurate method for the bearing 
capacity evaluation to help guide bridge repair and management.

This paper proposes a new method for the bearing capacity 
evaluation that combines the design code, FE analysis, and field-loading 
test. The method is described in the context of a case study involving the 
Wanjiang Bridge in China after a ship impact. The next sections describe 
the evaluation process of bearing capacity and the FE modelling. The 
following sections present the design-code and field-test evaluation 
methods, followed by a summary of applying the proposed hybrid 
method for evaluating other bridges and the conclusions.

1.	 Evaluation process

Before describing the process of bearing capacity evaluation of the 
repaired bridge, it is helpful to describe the bridge and the collision 
before repair briefly. The Wanjiang Bridge is a strut-framed pre-
stressed concrete continuous girder bridge crossing over the Dongguan 
waterway, Guangdong Province, China. The bridge has separate dual 
box girders with constant depth (Figure  1). The deck is 12-m wide 
(two 4.5-m vehicle lanes and two 1.5-m walkways) with design load 
Vehicle-15, Tractor Trailer-80 and crowd load 3 KPa (MTPRC, 2012). 
The bridge was built in 1976 and was the first pre-stressed concrete 
continuous girder bridge built by China’s incremental launching 
construction method.

The bridge was impacted by a ship in 2006, and the three strut-
frames on one side of Pier 5, nearer to the bridge mid-span, were 
severely damaged (Figure  1). Some concrete members in the 
supporting brackets fall into the river, leading to apparent changes in 
the bridge structural and mechanical behaviour. After the collision, 
the municipality immediately asked relevant agencies to inspect and 
mitigate the damage, and the bridge was subsequently repaired and 
restored to its typical performance.

The bearing capacity of pre-stressed reinforced concrete bridges is 
influenced by various factors, including material quality, construction 
quality, maintenance level, external forces, design rationality, and time-
related aspects. Comprehensive data collection, detailed investigation 
of the current situation, and the preparation of structural diagrams are 
necessary during inspections. Key areas of focus during inspections 
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include the bridge deck profile, concrete strength and carbonation, 
pre-stress loss, rebar configuration, and corrosion. It is essential to 
ensure the safety of the inspection process, handle data scientifically, 
and provide targeted recommendations to accurately assess the bridge 
bearing capacity.

Following a ship collision with the Wanjiang Bridge, the management 
department conducted a comprehensive inspection, including visual 
and structural examinations. The inspection revealed four main issues 
with the bridge: (1) Severe damage to the reinforced concrete diagonal 
bracing on the west side of the pier due to the impact of the vessel; (2) 
damage to the bridge expansion joint, leading to the accumulation of silt 
and direct entry of rainwater into the pier top; (3) water accumulation 
inside the box girder of the 4th to 5th axis beam, causing local 
infiltration; (4) lack of protective piers for the bridge piers to minimize 
the risk of accidental vessel impact.

During the pre-stress inspection of the bridge, it was observed that 
the concrete in the pre-stressed tendon anchorage zones did not exhibit 
cracking, there were no longitudinal cracks on the concrete surface 
along the pre-stressed tendons, and there was no evidence of rebar 
corrosion.

(a) Geometry of the north half of the bridge

Figure 1. Overall layout and cross section of the Wanjiang Bridge (unit: cm)

(b) Cross section
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The bearing capacity was evaluated using FE simulation, design 
code, and field loading test. The proposed hybrid evaluation method of 
bearing capacity is shown in Figure  2. First, FE software was used to 
simulate and analyse the mechanical performance of the bridge after 
the ship’s impact. The software accurately described the continuous 
beam geometric shape and spatial characteristics, and provided the 
mechanical performance at the control sections before the repair and 
after the repair of the impacted bridge. Then, the static and dynamic 
loading tests were carried out based on the results from the simulation 
analysis. The bending moment envelope and deformations at the main 
sections, under the vehicle and crowd load, were calculated using the 
dynamic loading test. Note that the data from the loading test were 
used to modify the initially established FE model. Since the initial finite 
element model is usually established according to the design data in the 
simulation analysis of the bridge structure, to make the finite element 
model truly reflect the actual stress situation of the bridge structure, it 
is often necessary to revise the initial finite element model. There are 
many methods for revising the finite element model, such as modifying 
material properties, structural geometry, and boundary conditions 
(Lan et al., 2023; Lu et al., 2023). In this paper, however, the initial 
finite element model of the bridge structure is modified by using modal 
parameters such as frequency obtained from the dynamic load test of the 
bridge. The concrete steps are as follows: First, the initial finite element 
model is established to obtain the frequency and vibration mode of the 
bridge structure. Then the measured frequency and vibration mode 
of the bridge structure are obtained by dynamic load test. The error 
between the measured value and the initial theoretical value of the 
finite element is compared. The response surface model is established, 
the optimal parameters are calculated, and the predicted stiffness value 
of the bridge structure is obtained by using the measured frequency. 
The initial finite element model is modified by using the predicted 
stiffness values. Then, the modified FE model is used to evaluate the 
bearing capacity of the bridge structure. After the rapid evaluation of 
the damaged bridge structure performance by the method proposed in 
this paper, the basic performance of the bridge structure is determined, 
and whether the bridge needs further static load test or reinforcement is 
determined. If it is necessary to further understand the actual bearing 
capacity of the damaged bridge structure, a static load test is needed, 
and the test results of the static load test are compared with those of the 
method in this paper for verification. If there is any error, the modified 
finite element model can be further modified to form a more accurate 
baseline finite element model. Therefore, the bearing capacity of the 
post-impact bridge was evaluated by comparing the results from the 
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simulation and loading tests, including the calibration coefficients of the 
strain and deflection, natural frequency, and damping ratio. Finally, the 
bridge structural resistance and load effect were modified based on the 
loading test results, and the bearing capacity was re-evaluated using the 
bridge design code.

2.	 Finite element modelling

2.1.	 Background

The relationship between the element-node force and the node 
displacement is essential in the FE modelling. In the FE analysis, if the 
whole structure has n elements, the force-displacement relation has n 
equations as follows:

Figure 2. The proposed field-analytical-design code method of bearing 
capacity evaluation of an existing bridge
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where f1 to fn are elements of the internal forces, k1 to kn are elements of 
the stiffness matrix, and s1 to sn are displacement elements.

Since the stiffness matrix is diagonal, Equation (1) can be written in 
matrix form as

	 f = kss,	 (2)

where ks is a diagonal stiffness matrix.
Denoting the integral stiffness matrix of the structure as K, the node 

equilibrium equation of the entire structure becomes

	 F = Kδ,	 (3)

where F is a node-load vector and δ is a node displacement vector of the 
structure.

Equation (3) is the solution for the initial FE of the structure, which 
is usually modified to improve the solution. The structure is then 
discretized based on the FE theory, where a limited number of easily 
analysed elements connected by a finite number of nodes are used.

2.2.	 Developing initial FE model

The FE model of the whole bridge was developed based on the size 
and material characteristics of the Wanjiang Bridge using the general 
FE software ANSYS. The bridge piers, abutments, and supporting 
brackets were simulated by Solid45 elements, while Beam188 elements 
simulated the pile foundation. The mesh size was 20  cm, and a total of 
20 512 units were used. Reinforcement density was 7800 kg/m3, elastic 
modulus was 2E11 MPa, Poisson’s ratio was 0.3, and the yield strength 
was 300  MPa. Concrete density was 2500  kg/m3, elastic modulus was 
3E10  MPa, Poisson’s ratio was 0.167, ultimate tensile strength was 
1.43  MPa, ultimate compressive strength was 14.3  MPa. The time step 
was 0.05 s of the bridge structure simulation analysis. The full-bridge FE 
representation is shown in Figure 3. Based on the FE model, the internal 
force and deformation of the bridge structure at the measurement 
sections under the design load were calculated to determine the loading 
size and mode in the field-loading tests. The process of developing the FE 
model was as follows:
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1.	 Based on the characteristics and material properties of the 
superstructure, substructure, and boundary conditions of the 
Wanjiang Bridge, the mechanical model for the stress analysis of 
the bridge structure was established;

2.	 A suitable element for each bridge component was selected using 
the mechanical model and the analytical properties of the bridge;

3.	 The corresponding elements and their material properties were 
assigned to different structure components, where the concrete 
parameters were determined using the design code (MTPRC, 
2018);

4.	 Based on the structural stress characteristics of the three-span 
continuous beam bridge, the boundary conditions were applied as 
one fixed hinge support and other movable rolling supports, with 
all simulated by 3D Solid45 elements;

5.	 Phased testing truckloads were then applied according to the 
design load-cases for the static loading test;

6.	 The FE model was then solved, and the results were obtained.

Figure 3. FE modelling of the meshed elements of the repaired Wanjiang 
Bridge

(a) Finite element model of space bar of full bridge

(b) Bridge 
perspective

(c) Bridge 
transverse view

(d) Brackets 
perspective

(e) Brackets transverse view
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2.3.	 Static loading test

It was required to maintain the relationship between the structural 
test load and the corresponding displacement and prevent accidental 
damage to the structure. Therefore, the static loading mode was 
monotonically run to the maximum load and instantly unloaded to zero. 
The purpose was to determine the loading positions and conditions 
that satisfy the test-load efficiency using the fewest number of loading 
vehicles. At the same time, it was essential to simplify the loading cases, 
shorten the testing time, and adequately merge the loading cases under 
the premise of satisfying the test-load efficiency. Each load case was 
based on a specific inspection project while considering other inspection 
items. According to the Chinese standard (MTPRC, 2011), the maximum 
load of a static loading test is determined based on the loading efficiency 
η, as explained later.

2.4.	 Modified FE model

When building the finite element model of the bridge structure, 
there is inevitably a difference between the built finite element model 
and the real situation of the structure. The characteristic information 
types currently used for model correction are mainly divided into 
static information, dynamic information, and combined dynamic 
and static information to establish an accurate finite element model. 
However, using the static loading test to obtain static information has 
disadvantages such as high cost, obstruction to traffic, and damage to 
the bridge structure.

Bridge structure finite element model correction methods can be 
roughly divided into matrix type and design-parameter type. The matrix 
model modification method needs to rely on the mass and stiffness 
matrix, which is unsuitable for large-scale bridge structures. It is not 
easy to apply to actual structures because the modified results lose 
clear physical meaning. A more reasonable method is to directly modify 
the design parameters, including materials, cross-sectional shape, and 
geometric dimensions of the structure. This method has a clear physical 
meaning and is currently the most suitable modification method for 
engineering applications. Therefore, in this paper, design data, existing 
historical data, and similar bridge material performance indicators 
combined with the dynamic load test were used to modify the FE model 
and evaluate the bridge bearing capacity.

Since the mechanical properties of the repaired Wanjiang Bridge 
were unknown, the developed FE model was modified to achieve the 
most realistic FE results, guarantee the field test safety, and avoid the 
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structural damage caused by the test. The FE model adjustment involved 
a probabilistic optimisation procedure that consisted of the following 
steps:

1.	 Start with the initial FE modelling;
2.	 Select the parameter to be adjusted, such as the material elastic 

modulus or the sectional parameters. In this paper, the elastic 
modulus was selected as the adjusted parameter using the actual 
conditions of the Wanjiang Bridge;

3.	 Generate a certain number of learning samples using the Uniform 
Experimental Design Method (maximizing the efficiency of sample 
selection);

4.	 Obtain the structural frequency by solving the FE model and 
generate the training learning samples;

5.	 Construct the response surface model (RSM), using the training 
samples to approximate the optimal solution by making the 
constructed mathematical RSM close to the respective FE 
response surface;

6.	 Obtain the field-test structural frequency and develop a 
regression surface to determine the parameters of the modified 
FE model.

The preceding adjustment method mainly involved the RSM, which 
was used to solve the optimisation problem with multiple design 
variables. Its basic idea is to approximate the implicit functional 
relationship between the objective function and the design variables 
by constructing the RSM (a polynomial) with an explicit form. Then, 
the optimization results can be obtained by solving the RSM under the 
corresponding constraints. Mathematically, a specific set of samples is 
needed in the construction of the RSM. For variables, a complete two-
order (including cross-terms) response surface approximation function 
is given by
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where y  is a response surface function of the optimization target, xi 
(i = 1,2,…,k) – input variables of the response surface models 
(design parameters of bridge structure), and β0, βi, βii, and βij – 
undetermined coefficients.

The total number of undetermined coefficients for an RSM of k input 
variables is nt = (k + 1) (k + 2)/2. The values of these coefficients are 
determined using sample tests. In this paper, the Uniform Experimental 

file:///C:\Users\Administrator\AppData\Local\youdao\DictBeta\Application\7.5.0.0\resultui\dict\
file:///C:\Users\Administrator\AppData\Local\youdao\DictBeta\Application\7.5.0.0\resultui\dict\
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Design Method was used for experimental design. This method provides 
an accurate response surface using fewer test points. The coefficient 
matrix of the RSM was obtained by the least square method and was 
used to establish the RSM. The accuracy of the RSM was evaluated 
using the complex correlation coefficient R2(p). The response surface 
regression analysis can be written as an optimization model as follows:

	 Min R p R p f fE A( ) , ( )
2

2
� �� � � �	 (5)

subject to

	 VLB ≤ p ≤ VUB,	 (6)

where p – design parameters, { fE}, { fA} – characteristic quantities 
of the analysis and the experiment, respectively, VLB, VUB – 
lower and upper ranges of the design space, respectively, and 
R(p) – residual.

According to the modified FE model, the internal forces and static 
deformation behaviours at the control sections of the bridge structure 
were analysed. Figure  4(a) shows the FEA results after the ship 
collision and before the repair, and Figure  4(b) shows the FEA results 
after the reinforcement and repair. All those results from the FEA, 
dynamic characteristics and static field test before and after repair 
confirmed that the new support bracket met the design requirements. 
The structure was in the elastic working range during the test, and the 
measured index met the design code requirements. The dynamic loading 
test data showed that the general stiffness of the bridge after the repair 
was higher than that before repair, and the performance was good.

Figure 4. Bending moment diagram of the Wanjiang Bridge before 
and after the repair

(a) Before the repair (b) After the repair
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3.	 Design code-based evaluation

Using the Chinese bridge design code, Specification for Inspection 
and Evaluation of Load-bearing Capacity of Highway Bridges (MTPRC, 
2011) and considering the defective conditions in material strength 
and natural vibration frequency, the resistance of the Wanjiang Bridge 
was revised. This was accomplished using an appearance survey, the 
bearing capacity deterioration coefficients, and the sectional reduction 
coefficients of the concrete and reinforcement. 

3.1.	 Bearing capacity related coefficients

Checking coefficient of bearing capacity, Z1. 
The assessment scale of the checking coefficient of bearing capacity is 

given by

	 D Dj j��� ,	 (7) 

where D – an overall assessment scale for Z1, αj – weight of item j, and 
Dj – a scale of item j.

Three items were used in Equation  (7): defective condition (2,  0.4), 
material strength (1,  0.3), and natural vibration frequency (2,  0.3), 
where the first and second numbers of each item refer to its weight and 
scale, respectively. Based on Equation (7), D is 1.7. Then, from the design 
code, the checking coefficient Z1 is determined using linear interpolation 
as 1.11. 

Deterioration coefficient of bearing capacity, ζe. 
The assessment scale of the deterioration coefficient is given by

	 E Ej j��� 	 (8)

where E – an overall assessment scale for ζe and Ej – a scale of item j.
Seven items were used in Equation (8). Their weights and scales are 

shown in Table 2. Based on Equation (8), E is 1.64. Using this design code 
value, the deterioration coefficient of bearing capacity ζe is determined 
by linear interpolation as 0.06. 
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Table 2. Assessment scale E on the deterioration coefficient  
of bearing capacitya

No. Detection index Weight, aj Item scale, Ej

1 Concrete apparent defect 0.32 2

2 Reinforcement natural potential 0.11 1

3 Concrete resistivity 0.05 1

4 Concrete carbonation depth 0.20 2

5 Concrete cover depth 0.12 2

6 Chloride (Cl) 0.15 1

7 Structural concrete strength estimation 0.05 1
aAccording to the design code, a scale of three items (concrete resistivity, conc-

rete carbonation depth, and chloride) should be taken as 1 when the pro-
cess need not be evaluated.

Sectional reduction coefficient of concrete ζc. 
The assessment scale of this coefficient is given by

	 R Rj j��� ,	 (9)

where R – an overall assessment scale for ζc and Rj – a scale of item j.
Three items were used in Equation (9): material weathering (0.1, 2), 

concrete carbonation (0.35,  2), and physical and chemical damage 
(0.55,  2), where the first and second numbers of each item refer to its 
weight and scale, respectively. Based on Equation (9), R is 2. Then, from 
the design code, the coefficient ζs is determined by linear interpolation 
as 0.98. According to the simulation of the Wanjiang Bridge after 
repair, the failure section of the bridge was located at 0.3 L in a side 
span between Piers 4 and 5, controlled by positive bending moment. 
Therefore, the load and resistance at this section was selected for the 
bearing capacity checking.

Sectional reduction coefficient of reinforcement, ζs 
There are a few cracks in the bridge, and the width of the cracks is 

less than the maximum permissible limit. Using the design code, this 
coefficient ζs was determined as 0.98.

3.2.	 Effect of load combination

The load effect is obtained according to the most unfavourable 
combination of various loading cases. The bending moment diagram of 
the repaired bridge under the combined loads of Vehicle-15, Tractor-80, 
Urban-B, and the crowd load is illustrated in Figure 4. After the repair, 
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the internal control force in a single box girder under the dead and live 
loads was established. As noted, the positive bending moment of the 
single box girder is maximum only under Urban-B and crowd load. At 
the failure section, the positive bending moment in a single box girder 
under Urban-B, crowd load, and dead load are QK = 2.63 × 106  N·m, 
LK = 0.33 × 106  N·m, and GK = 8.56 × 106  N·m, respectively. Then, the 
combined loading effect is expressed as

	 S = 1.2GK + 1.4QK + 0.75×1.4LK ,	 (10)

where S – a combined load effect, Gk – a standard value of the dead load 
effect, Qk – a standard value of the vehicle load effect, and Lk – a 
standard value of the crowd load effect.

Under the composition action of the dead and live loads, a single box 
girder’s maximum positive bending moment S = 14.30 × 103 kN·m.

Revised resistance.
The resistance of the bridge was revised based on the four 

coefficients previously described as follows:

	 R R , ,� � � �� �f Zd c dc s ds e� � � � �1 1 ,	 (11)

where R(·) – a function of the resistance effect, fd – design strength of 
the metrical, αdc – a geometrical parameter of the component 
concrete, αds – a geometrical parameter of the component steel, 
Z1 – a load capacity checking coefficient, ζe – a load capacity 
deterioration coefficient, ζc – a sectional reduction coefficient of 
the reinforced concrete, and ζs – a sectional reduction coefficient 
of the steel.

The initial resistance effect at the failure section was 17.96 × 106 N·m, 
whereas the resistance effect after the revision was equal to 
17.31 × 106 N·m. 

3.3.	 Checking of ultimate bearing capacity

The bearing capacity for the bridge structure was checked first by 
examining the defective bridge conditions, checking bridge material 
property and status parameters, and investigating actual operating load 
conditions to determine the partial checking coefficients. Then, based on 
those coefficients, the bridge bearing capacity under the ultimate limit 
state and the allowable value under the service limit state were adjusted. 
Finally, the predicted effect was compared with the modified resistance 
(or allowable value) to determine whether the predicted results met the 
requirements. Using the preceding method, the ultimate bridge bearing 
capacity was calculated. The results showed that the rate of the most 
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unfavourable load effect on bearing capacity of a single box girder was 
0.83, indicating that the bearing capacity had a surplus and satisfied the 
design load requirements (Vehicle-15, Tractor-trailer-80, and Urban-B).

4.	 Field loading-based evaluation

Actual static and dynamic loading tests of the repaired bridge were 
conducted to evaluate actual bearing capacity and judge the bridge 
safety after repair. To evaluate the performance of the new supporting 
frame, the sections in the upper and lower chords of the new bracket and 
the box girder section supported by the new bracket were selected as 
test locations around Pier 5.

4.1.	 Static loading test

Loading procedure. In this test, four heavy vehicles were used as the 
test loads and were divided into three loading cases and one unloading 
case, as follows: Case 1 (two trucks are loaded symmetrically), Case 2 
(one truck is loaded on a lane by the side of the walkway), Case 3 (one 
truck is loaded on a lane near to central median), and Case 4 (unloading 
case, where all vehicles on the bridge deck are removed). In Cases 
1–3, the rear axle was 1.5 m from the mid-span. After being weighed, 
the loading trucks park outside the bridge, and the weight difference 
between the actual and weighted values was not more than 1 ton. The 
total weight of the test vehicle ranged from 32  560  kg to 33  320  kg. 
When all the work arrangements were in place, the reading of each test 
was adjusted to zero for the first no-loading reading. Then, the test was 
carried out in a graded loading procedure. The test sections (box girder 
and support frame at Pier 5) and the loading positions are shown in 
Figure 5.

Once every single vehicle was moved to the specified area, a stable 
15-minute interval was needed before the first reading was recorded. 
The second reading was recorded using a 10-minute interval. If the 
difference between the two readings was less than 10%, the structural 
performance change was considered stable. In the loading process, one 
of the following conditions should stop the loading (the reason was 
subsequently analysed): (1) the control point value of the stress or the 
internal force exceeds the calculated value and meets or exceeds the 
corresponding values required by the provisional safety conditions; 
(2) the control point deflection, such as vertical deflection, exceeds the 
allowable design value, or (3) the structural components are subjected 
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to mechanical or local damage, which affects the bridge bearing capacity 
and typical service performance.

Loading efficiency. In the static loading test, the maximum test load is 
determined based on the loading efficiency, which is given by (MTPRC, 
2012).
	 �

�
�

�
S

S
t

d

,	 (12)

where η – loading efficiency, St, Sd – the calculated value of the 
deformation or the internal force at the measurement sections 
under the test load and the design standard load, respectively, 
and δ – a design impact coefficient (0.80–1.05), assumed 1.0 in 
this test. The range of η is 0.95–1.05.

To illustrate, the axial force calculated values in each control section 
of Box Girders 1 and 2 are shown in Table  3. The internal loading 
efficiency for the bending moment and the axial force under each test 
case are shown in Table  4. As noted, the maximum negative bending 
moment loading efficiency of the newly added support-frame box girder 
Section A-A at Pier 5 is 0.887. The maximum positive bending moment 
loading efficiency of the mid-span section (L/2) is 1.019. The maximum 
axial tension loading efficiency of the newly added support frame Section 

Figure 5. Static loading test sections (unit: cm)

(a) Box girder

(b) Loading locations for Cases 1-3 (c) Supporting frame at Pier 5
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B-B is 0.874. Finally, the maximum axial stress loading efficiency of the 
newly added support frame Section C-C is 0.866. All loading efficiencies 
satisfy the provisions of the design code, which requires a loading 
efficiency of (0.8 to 1.0) for the heaving loading test and (0.5 to 0.8) for 
the light loading test (CIHS, 1982).

Measurement scheme and procedure. The arrangement for 
deformation measurement points is shown in Figure 6(a). As noted, the 

Table 3. Axial force in a single frame under test load (Right Frame at Pier 5)a

Location (Section)

Axial Force (N) at Box 
Girder 1 (East side)

Axial Force (N) at Box 
Girder 2 (West side)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Side upper chord (B-B) 1.54 2.00 2.77 1.54 2.31 2.77

Centre upper chord (G-G) 2.15 2.70 3.77 2.15 3.22 3.77

Side lower chord (C-C) −1.73 −2.25 −3.11 −1.73 −2.60 −3.11

Centre lower chord (H-H) −1.77 −2.29 −3.16 −1.77 −2.63 −3.16
a Multiplying each value by 105.

Table 4. Bending moment and axial force loading efficiency under  
the test loads, %

Location (Section)
Box Girder 1 (East side) Box Girder 2 (West side)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

(a) Bending Moment (Piers 5 and 6)

Top of Pier 5 15.4 24.2 25.5 15.4 17.9 25.5

Bracket centre support 44.6 67.5 80.9 44.6 62.2 80.9

Bracket side support 43.7 73.9 88.7 43.7 63.4 88.7

L/4 (A-A) 26.7 58.8 72.1 26.7 42.6 72.1

L/2 (A-A) 51.0 86.3 101.9 51.0 71.1 101.9

3L/4 (A-A) 45.4 65.6 72.2 45.4 55.6 72.2

Bracket side support 45.5 76.1 88.7 45.5 62.7 88.7

Bracket centre support 36.2 65.6 80.9 36.2 55.0 80.9

(b) Axial Force (Pier 5 Right Frame)

Side upper chord (B-B) 48.6 63.1 87.4 48.6 72.9 87.4

Centre upper chord (G-G) 42.3 53.1 74.2 42.3 63.4 74.2

Side lower chord (C-C) 48.2 62.7 86.6 48.2 72.4 86.6

Centre lower chord (H-H) 48.4 62.6 86.3 48.4 72.9 86.3
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measurements were taken at 15 points that were fixed on the bridge 
deck pavement with 8-cm expansion bolts. The vertical deformation was 
measured using levelling equipment with Ni005A-precision level (ZEISS, 
German) and a levelling accuracy of 0.1 mm. 

The strain measurement points were set at: (1) the box girder Section 
A-A supported by the newly added support frame; (2) Sections B-B and 
G-G of the upper chord, and (3) Sections C-C and H-H of the lower chord 
near the mid-span of the bridge at Pier 5. Figure 6(b) shows that Section 
A-A has six strain measurement points. Figure 6(c) shows that Sections 
G-G and H-H have one strain measurement point on the top and the two 
side edges, respectively, while Sections B-B and C-C have one strain 
measurement point on the top, the bottom, and the two side edges. Thus, 
this static loading test was arranged with 62 strain measurement points. 
The measured data included the strains at all loading cases and the 
residual strains after unloading. The data collector was TDS-303 made 
by TML, Japan.

Analysis of static test results. The measured and calculated deflections 
under loading Case 3 and unloading Case 4 are shown in Table  5. As 
noted, the maximum measured elastic deflection is −8.9 mm, compared 
with a calculated value of −9.4  mm, giving a ratio of 0.95, which lies 
within the range required by the design code (0.7 to 1.05). In addition, 
the allowable vertical deflection for the pre-stressed concrete girders 
equals f = L/600, where L is the maximum span, m, (MTPRC, 2011), 

Figure 6. Arrangement of deformation and strain measurement points 
(unit: cm)

(a) Deformation measurement points

(b) Section A-A (c) B-B and 
G-G

(d) C-C and 
H-H
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giving f = 54000/600 = 90  mm. Therefore, the maximum measured 
deflection is less than the allowable value and satisfies the design code. 
The measured and calculated deflections for different loading cases 
are shown in Figure  7. The measured and calculated strains at the 
measurement points in Section A-A and the bracket supporting frame 
sections under Case 3 are shown in Table  5. As noted, the maximum 
measured elastic strain is −45 µε at point C3 of Section C-C, while its 
calculated elastic strain is −46 µε, giving a ratio of 0.94. This ratio, which 
ranges from 0.7 to 1.05, satisfies the requirements of the standards 
(CIHS, 1982).

Figure 7. The measured and calculated deflections for different loading 
cases

(a) Measured deflections (b) Calculated deflections

Table 5. Deflections under loading Case 3 and unloading Case 4

Location Measured a, mm Calculated a, mm Unloading, mm Se / Sstat

Top of Pier 4 0.0 0.0 −0.3 –

L/2 0.8 0.8 0.1 0.88

Top of Pier 5 0.0 0.0 0.0 –

L/4 −3.9 −4.5 0.2 0.91

L/2 −8.9 −9.4 0.0 0.95

3L/4 −4.0 −4.5 0.4 0.98

Top of Pier 6 0.0 0.0 0.0 –

L/2 0.9 0.8 0.0 0.63

Top of Pier 7 −0.1 0 0.4 –
a The positive values indicate upheaval. Se = Measured value of the maximum 

elastic deflection. Sstat = Theoretical value of the max elastic deflection. 
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Table 6. Strains on section A-A and bracket supporting frame under loading 
Case 3 and unloading Case 4

Measurement Points Measured, mm Calculated, mm Unloading, mm Se / Sstat

(a) Cross Section A-A

A1 −21 −28 1 0.82

A2 −28 −28 2 0.82

A3 −15 −28 4 0.82

A1-A3a −21 −28 2 0.82

A4 −23 −28 0 0.99

A5 −31 −28 −4 0.99

A6 −29 −28 −3 0.99

A4-A6 a −28 −28 −2 0.99

(b) Bracket supporting frame sections

B-B B1 28 37 0 0.76

B2 25 37 −1 0.70

B3 28 37 −1 0.78

B4 24 37 −3 0.73

C-C C1 −42 −46 −2 0.87

C2 −44 −46 1 0.98

C3 −45 −46 −1 0.96

C4 −41 −46 −1 0.87

G-G G1 41 65 −2 0.66

G2 42 65 −2 0.68

G3 43 65 −1 0.68

H-H H1 −40 −51 0 0.78

H2 −41 −51 2 0.84

H3 −43 −51 2 0.88

H4 −41 −51 1 0.82
a Average values were used.

Regarding the residual deformation and strains, the maximum 
measured elastic deflection is −8.9  mm at L/2, and the residual 
deformation is 0.0 (Table  4), giving a ratio of 0.0. In addition, the 
maximum measured elastic strain is −45 µε, and the residual strain is −1 
µε (Table 6), giving a ratio of 0.02. Therefore, both residual deformation 
and strain satisfy the maximum ratio of 0.2 (MTPRC, 2011).
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4.2.	 Dynamic loading test

The purpose of the dynamic loading test was to test the self-vibration 
characteristics and the forced vibration characteristics of the bridge 
structures using ground pulsation, truck jumping, and truck running 
(Figure  8). The ground pulsation test was carried out in the natural 
environment with no loads on the bridge. Then, the truck-jumping test 
was performed using a loaded truck weighing about 100 kN and having 
its rear-wheel go through a bumper about 15-cm high, which forced 
the detected bridge to vibrate. Finally, the truck running test was 
implemented using a loaded truck weighing about 100 kN and running at 
20 km/h and 40 km/h to force the bridge to vibrate.

In the dynamic loading test, the sensor measuring points were 
arranged along one bridge side, located at L/2, L/4, and 3L/4 in the spans 
between Piers 4 and 5, and Piers 5 and 6. The measured acceleration 
spectra of the repaired bridge at L/4 points using ground pulsation, 
truck running and truck jumping are shown in Figure  9. The analysis 
of the dynamic measurement data showed that the first-order self-
vibration frequency of the bridge was 4.11  Hz and the damping ratio 

Figure 8. Details of dynamic loading test

(a) Accelerometer layout (b) Bumper

(c) Truck running (d) Measurement platform
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Figure 9. Frequency-acceleration spectrum diagram at mid-span section 
of the main girder

(a) Ground pulsation (b) Truck-running at 20 km/h (c) Truck-jumping
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Figure 10. Mode shapes and calculated natural frequencies of the repaired 
Wanjiang Bridge

(c) Mid-span asymmetrical bending (7.21 Hz)

(b) Side-span vertical bending (3.67 HZ)

(a) Mid-span symmetrical vertical bending (3.12 Hz)
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was 2.8–4.3% after the repair. In comparison, the measured first-order 
natural frequency of the bridge was 3.32  Hz before the reinforcement. 
This 23.7% increase indicates that the global rigidity of the repaired 
structure had substantially improved. The calculated natural vibration 
frequency and the mode shapes of the repaired bridge are shown in 
Figure  10. After the strengthening, the theoretically calculated first-
order frequency of the bridge was 3.12  Hz. The measured frequency is 
greater than the theoretically calculated value, indicating that the actual 
stiffness of the bridge after strengthening was greater and the driving 
performance was better.

4.3.	 Discussion of loading test results

In the static loading test, the measured loading efficiency, bridge 
deflection, residual deformation, and strain of the newly added 
supporting bracket satisfied the design code provisions (MTPRC, 2018). 
This indicates that the bearing capacity and service performance of 
the bridge and the newly added bracket frame meet the requirements. 
Furthermore, the dynamic loading test showed that the first-order 
natural vibration frequency of the repaired bridge increased by 19%, 
indicating that the rigidity improvement of the bridge after the repair 
was substantial and the driving performance was good. Therefore, its 
bearing capacity can satisfy the design load requirements (Vehicle-15, 
Tractor-trailer-80, and Urban-B). Based on these results, it was 
concluded that the performance of the Wanjiang Bridge after repair had 
been brought to normal, and the repair method used was rational and 
valid.

The evaluation method of the design code theoretically relies on 
the code formulas. The resistance formula modified by the itemized 
checking coefficient was used to check the bearing capacity of the 
bridge. This method is suitable for bridges with field investigations or 
loading test data and a detailed evaluation of their defective conditions. 
The process of evaluation based on the field loading test allows for the 
direct determination of the stress level at specific parts of the bridge. It 
effectively helps avoid hidden defects in bridge inspection, thus leading 
to more accurate and reliable evaluation results. After checking and 
calculating the bearing capacity, the loading test data were again used 
to evaluate the bearing capacity and bridge performance to verify the 
accuracy of the analytical results.
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5.	 Evaluating bearing capacity of other bridges

The proposed hybrid method can be applied to similar bridges 
(old or repaired) to evaluate their load bearing capacities, as follows: 
(1) building a FE  model of the bridge using the structural analysis 
software; (2) using the bridge design data and the bearing capacity 
design-code criteria, calculating the coefficients related to bearing 
capacity evaluation of the bridge under the design load. In addition, 
performing the dynamic loading test to obtain the bridge frequency 
and vibration mode shape, from which the corresponding stiffness 
coefficient and boundary conditions are determined; (3) based on the 
design specifications, determining the internal force and deformation 
at the bridge control sections using the FE method and the dynamic 
loading test; (4) through field investigation of the bridge structure, 
obtaining the main parameters for bridge evaluation, including 
geometric morphological parameters, variations of dead load and 
material strength, corrosion of steel reinforcement, chloride ion 
content in concrete, and carbonization of concrete; (5) combining 
these parameters of the single-bridge structure with self-vibration 
frequencies of other bridge structures obtained using dynamic loading 
tests and evaluating the bearing capacity of other existing bridges using 
the checking coefficient, sectional reduction coefficient, and bearing 
capacity deterioration coefficient, based on similar bridge previous 
assessment experience, and (6) starting the bearing capacity assessment 
by modifying the FE model, assessing the bearing capacity based on the 
design code, analysing the base frequency and vibration mode shapes 
from the dynamic loading test, and analysing bridge checking data.

Concluding remarks

This paper presented a hybrid method for evaluating the bearing 
capacity of bridges that integrated three evaluation methods 
(supplemented by field inspection): design code, FE modelling, and field-
loading tests (static and dynamic). The method was illustrated using 
the repaired Wanjiang Bridge, a strut-framed pre-stressed concrete 
continuous girder bridge located in China. Based on this study, the 
following conclusions were made:
1.	 The design code-based method for evaluating bridge bearing capacity 

was theoretical and mainly relied on the design code standards. 
This method was combined with the FE modelling and field loading 
tests. Considering the defective conditions, actual material strength, 
and natural vibration frequency of the bridge, the resistance of 
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the bridge was revised by adopting several coefficients, including 
bearing capacity checking coefficient, bearing capacity deterioration 
coefficient, sectional reduction coefficient of the concrete and 
reduction coefficient of the reinforcement. Subsequently, the ultimate 
bearing capacity of the bridge at the control section under the most 
unfavourable load conditions was verified. 

2.	 The evaluation method based on the modified FE model was 
comprehensive and reasonable. The method used the evaluation 
information obtained from the loading test, reflected the bridge 
actual working conditions, and helped evaluate the safety of its key 
sections and residual bearing capacity. Furthermore, the method 
can simulate the possible damage in bridge operation and predict its 
ability to resist damage.

3.	 The loading test data were used to verify the accuracy of the design 
code-based results. As a result, the research showed that the 
performance of the repaired Wanjiang Bridge after the collision had 
been brought to normal, and its bearing capacity satisfied the level 
of design load (Vehicle-15, Tractor trailer-80, or Urban-B) that the 
repair method was rational and valid. Namely, in order to evaluate 
the actual carrying capacity of the restored Wanjiang Bridge, the 
management unit carried out field tests of static load and dynamic 
load on the repaired Wanjiang Bridge. In this way, the static and 
dynamic load test results of repaired Bridges can be used to verify 
the method proposed in this paper. The deflection or strain measured 
by static load test in the field was compared with the predicted finite 
element value, and the bearing capacity was verified based on the 
predicted deflection and strain value. According to the comments of 
the reviewers, we revised it.

4.	 The code-based method of assessing the bearing capacity of bridges 
has a solid theoretical basis and has been widely used in practice. 
However, it was not ideal to directly follow this method because its 
predicted results might substantially vary from actual results. To 
address this issue, the design criteria, the safety factor, the structural 
damage, and the selection of the structural analysis method were 
modified based on the loading-test results of a single bridge. Then, 
the results of the single bridge combined with the bearing capacity 
code-based evaluation can be used to assess the bearing capacity of 
other similar bridges. This approach saved substantial loading-test 
costs and provided a better understanding of bearing capacity and 
bridge performance.

5.	 The bearing capacity evaluation was the basis for bridge repair 
and maintenance and was an essential part of bridge management. 
Therefore, mastering the basic characteristics of each assessment 
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method and understanding its advantages and limitations were 
required for carrying out bridge assessment. Based on this 
understanding, the advantages of various methods can be combined 
to achieve efficient, accurate, economical, and reliable hybrid bearing 
capacity assessment methods to improve the evaluation process of 
existing bridges. The method presented in this paper represents such 
a hybrid method.

6.	 Bridge evaluation was a relatively new field. Research in this field is 
vital for improving bridge evaluation, reducing bridge strengthening 
and replacement costs, and meeting the increasing transportation 
requirements. This paper presented a hybrid method for bearing 
capacity assessment of bridges based on loading test and bridge code, 
combined with the FE analysis. The method was illustrated using a 
case study on a single bridge loading test to obtain the information to 
modify the difference in the evaluation and design of load, resistance, 
and structural analysis. The proposed evaluation method represents 
a valuable tool for bearing capacity evaluation of similar bridges 
repaired after ship collisions. Furthermore, the findings of the study 
have proven valuable for future maintenance and management of the 
repaired bridge.
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