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1. Introduction 
 

The rapid economy growth in China drives the 

development of high-speed railway network (Yan et al. 

2015).  More and more high-speed railway bridges are 

being constructed. The static and dynamic responses of 

bridges play an important role in the safe and smooth 

operation of high-speed trains, and thus have attracted 

intensive research interests in recent years.  

In a railway bridge, the movements of the bridge and 

trains are coupled due to their direct contact via the wheel 

and track (Liu et al. 2014). Experimental and numerical 

studies have been conducted on the dynamic performance 

of bridges under running trains. Finite element models have 

been established for high-speed train-bridge coupled system 

under collision to investigate the dynamic characteristics 

(Xia et al. 2014, Li et al. 2015, Xia et al. 2013, 2018). 

Therese et al. (2018) and Jahangiri et al. (2017) 

respectively established train–track–bridge interaction 

models to study the dynamic responses of railway bridges 

and evaluate the operation safety and comfort of the train. 

Jaber et al. (2018) investigated the effects of train speed, 

track irregularity, and train type on the dynamic behaviors  

                                           

Corresponding author, Ph.D., Associate Professor 

E-mail: guowei@csu.edu.cn 
a Professor 

E-mail: gouhongye@swjtu.cn 
b M.Sc.  

E-mail: 2654495832@qq.com 
c Assistant Professor 

E-mail: Yi.Bao@stevens.edu 

 

 

of six girder bridges for heavy-haul railways. The results 

showed that the vertical acceleration and dynamic 

amplification factor (DAF) of simply-supported bridges 

were significantly influenced by the train speed and track 

irregularity. Yu et al. (2016) and Patrick et al. (2015) 

discussed the effects of track irregularities and train speeds 

on the random vibration of train-bridge coupling system 

through experiments and models. Dimitraropoulos et al. 

(2015) studied the curve bridges and showed that the 

centrifugal and coriolis forces induced by the curve 

controlled the transverse dynamic behaviors of the train-

bridge system, when either the curvature or velocity was 

high. Yang et al. (2018) established a three-dimensional 

finite element model to study the influence of different 

power spectrums on the buffeting performance of long-span 

suspension bridges. Mellat et al.(2014) carried out field 

tests and numerical simulations to study the effect of high-

speed trains on the dynamic responses of a composite 

bridge. The maximum vibration magnitude occurred as the 

train speed reached 320 km/h. Li et al. (2016) studied the 

impact effect, ride and pedestrian comfort, and related 

parameters for the bridge with moving trains by numerical 

simulations and experimental tests.  

Among the various types of bridges, arch bridges are of 

special research interest due to the excellent dynamic 

performance and architectural appearance. Lonetti et al. 

(2016) and Finke (2016) analyzed the dynamic 

characteristics of tied arch bridges under moving loads 

through finite element analyses. Cheng et al. (2018) 

conducted finite element simulations of the Yingzhou 

Bridge, a special-shaped concrete-filled steel tubular arch 

bridge, and claimed that adding K-shaped struts and 

reducing the inclination angle of sub-arch effectively 

improved the transverse stability and stiffness of the bridge.  
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Abstract.  In this paper, the static and dynamic responses of a tied-arch railway bridge under train load were studied through 

field tests. The deflection and stresses of the bridge were measured in different static loading scenarios. The dynamic load test of 

the bridge was carried out under the excitation of running train at different speeds. The dynamic properties of the bridge were 

investigated in terms of the free vibration characteristics, dynamic coefficients, accelerations, displacements and derailment 

coefficients. The results indicate that the tie of the measuring point has a significant effect on the vertical movement of the test 

section. The dynamic responses of arch bridge are insensitive to the number of trains. The derailment coefficients of locomotive 

and carriage increase with the train speed and symmetrically distributed double-line loads reduce the train derailment 

probability. 
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Bayraktar et al. (2015) conducted in-situ testing of eight 

ancient masonry arch bridges and evaluated the vibration 

frequencies and damping ratios of the bridges. Gou et al. 

(2018a) investigated the dynamic responses of an 

asymmetrical arch railway bridge under moving trains, and 

indicated that the dynamic responses of the bridge increased 

with the train speed and the asymmetrical arrangement of 

the bridge reduced the structural stiffness. Gou et al. (2018b, 

c) studied the dynamic responses of a straddle-type 

concrete-filled steel tube tied arch bridge and steel box tied-

arch bridge under moving trains. The investigation results 

showed that the train speed determined the riding comfort 

of the train. Zhao et al. (2016) studied the transverse 

dynamic mechanical behavior of hangers in a rigid tied-arch 

bridge under train loads, and concluded that the geometry, 

cross sectional form, the spatial location of hangers and 

train speed significantly affected the transverse dynamic 

mechanical behavior of hangers. 

The existing studies show that the model test and field 

test are the most effective and reliable ways to evaluate the 

mechanical behaviors of bridges (Gou et al. 2018d-h, Pu et 

al. 2018). Computational models are more efficient yet do 

not always represent the actual situations of train-bridge 

systems due to the complexity, in particular, for high-speed 

railway bridges with high requirement of safety and riding 

comfort (Ticona Melo et al. 2018). To date, there still lacks 

in-situ test data to help understand the dynamic behaviors of 

train-bridge systems. Meanwhile, there are limited studies 

on the safety of running trains by measuring the derailment 

coefficients of the locomotives and carriages.  

The primary objective of this study is to study the 

dynamic responses of a tied-arch high-speed railway bridge. 

In-situ static and dynamic load tests were conducted, and 

detailed deflections, accelerations and stresses of the bridge 

under train loads were measured in real time. The in-situ 

test data are used to determine the derailment coefficients of 

locomotives and carriages and evaluate the operation safety 

of the trains. 

 

 

2. Description of the bridge 
 

The investigated bridge is a tied-arch railway bridge in 

the Baotou-Xi’an Railway Line and over the Huangyan 

Expressway in China. The bridge has a span length of 128 

m and a rise height of 25.6 m (Fig. 1). The rise-to-span ratio 

is 1/5. The longitudinal slope is 7.73‰. The bridge has two 

parallel arches with a distance of 13.05 m. Each arch has 17 

hangers with a 6.25 m spacing; the first hanger is 14 m 

away from the pivot. 

The arch has a concrete-filled steel tube section, as 

shown in Figs. 2(a) and 2(b). A prestressed concrete girder 

with a box cross section is used, as shown in Fig. 2(c).   

The height of the girder is 3.0 m; the width of the girder top 

is 16.35 m; the width of the girder bottom is 13.69 m. In a 

10.5 m length at each end of the girder, the girder top and 

bottom are widened to 16.95 m and 14.85 m, respectively. 
 

 

3. Finite element model and In-situ loading tests  
 
3.1 Finite element model 
 

In order to grasp the control section and the arrangement 

of the train load when the tied-arch bridge is loaded, a finite 

element model is established to perform the analysis, as 

shown in Fig.3. In the structural analysis model, the 

concrete-filled steel tubular ribs are considered as 

homogeneous materials, and the material properties are 

obtained by converting the corresponding concrete and steel 

pipe characteristics (CMR 2012). The main arch rib is 

simplified as beam element at the arch axis. The transverse 

brace and the main beam are simulated by beam element, 

and the boom is simulated by truss element. Rigid 

connections are used to simulate the connection between the 

ribs, the transverse braces, the boom and the main beam. 
Train moving load in finite element analysis is arranged 

according to “China-live load” (CMR 2017). The main arch 

rib is divided into 320 elements, the transverse brace is 
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Fig. 1. Elevation view of the bridge and layout of the test section (unit: cm). The circle and arrow in the figure indicate the 

sections where displacement sensors were deployed 
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divided into 265 elements, the boom is divided into 68 

elements, and the main beam is divided into 254 elements. 
The characteristics of the main materials are shown in Table 

1. The static deflection, stress and natural vibration 

characteristics of the bridge structure are also calculated by 

numerical analysis, and the corresponding results are shown 

in Tables 2 to 4. 

The mass, stiffness and force matrices of the bridge can 

be obtained by matching principle and the Rayleigh 

damping is adopted in the finite element model (Gou et al. 

2018b, i). So the displacement of the bridge system can be 

expressed by Eq. (1). 

[𝐌𝐛]{�̈�𝐛} + [𝐂𝐛]{�̇�𝐛} + [𝐊𝐛]{𝐘𝐛} = {𝐅𝐛𝐯} (1) 

Where [𝐂𝐛], [𝐌𝐛] and [𝐊𝐛] are the damping, the mass, 

and the stiffness matrices of the bridge, respectively; {�̈�𝐛}, 

{�̇�𝐛} and {𝐘𝐛} indicate the nodal dynamic acceleration,  

 

Table 1 Material properties 

Structure Material 
Elastic modulus 

(Unit: GPa）(Unit: MPa) 

Girder C55 concrete 36 

Pier C35 concrete 33 

The pile cap and the 

pile foundation 
C40 concrete 34 

Steel pipe Q345 steel 210 

Boom 
Steel wire 

(φ1×7mm) 
205 

 
 

velocity, and displacement vectors of the bridge; {𝐅𝐛𝐯} 
indicates the external force vector caused by the moving 

train.  

 
3.2 Locomotive and carriage 
 
In this study, a locomotive (model: DF8B) and carriages 

(model: C70) were used to apply the loading. Figs. 4(a) and 

4 (b) depict the axle load and wheelbase layout of the 

locomotive and carriage, respectively. In the locomotive, 

the wheel diameter is 1050 mm; the axle load is 23 t; the 

wheelbase layout is 1.8 m + 1.8 m + 8.4 m+ 1.8 m+ 1.8 m. 

The maximum speed of the locomotive is 100 km/h. The 

locomotive has a maximum tractive force of 480 kN. In the 

carriage, the wheel diameter is 1050 mm; the axle load is 70 

t; the wheelbase layout is 1.83 m + 7.38 m + 1.83 m. The 

maximum speed of the carriage is 100 km/h. 
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(c) 

Fig. 2. Schematic diagram of measuring section and measuring point arrangement (unit: cm): (a) section A-A, (b) sections 

B-B and C-C, (c) sections D-D and E-E. The triangles indicate the locations of strain sensors; the black solid triangles 

indicate the strain sensors for dynamic measurements. The circle and arrow indicate the locations of displacement sensors. 

 

Fig. 3. Finite element model 
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3.3 Test program 
 

In the static testing, different loading cases were 

performed to test the different sections of the bridge. The 

locomotive and carriages were arranged to generate the 

maximum internal loadings in the investigated sections in 

the different cases: (1) the maximum moment of the arch 

foot section A-A, (2) the maximum moment of the hanger 

section B-B near the quarter span of the arch rib, (3) the 

maximum moment of the arch vault section C-C, (4) the 

maximum moment of the quarter span section D-D of the 

girder, (5) the maximum moment of mid span section E-E 

of the girder, (6) the maximum axial force of the hanger 

section F-F near the quarter span of the arch, and (7) the  

 

 

maximum axial force of the hanger section G-G of the arch. 

For each case, the most undesired load arrangement was 

determined through influence line analysis of the bridge, as 

shown in Fig. 5. 

In the dynamic testing, two loading scenarios were 

investigated: single-line and double-line train loading. For 

the double-line loading scenario, two trains travelled in 

opposite directions on the bridge. In either scenario, the 

train(s) consisted of two locomotives and eight carriages. 

The two locomotives were at the two ends, and the eight 

carriages were between the locomotives. The maximum 

allowable speed of freight train on Bao’xi Railway is 80 

km/h. The investigated train speeds include 5, 10, 20, 30, 40, 

50, 60, 70 and 80 km/h. The sections B-B, C-C and E-E 

          
 (a) DF8B locomotive                             (b) C70 carriage 

Fig. 4 Schematic diagram of the axle load and wheelbase of locomotive and carriage (unit: m) 
 

 
(a) Condition A-A/F-F/G-G 

 
(b) Condition B-B/D-D 

 
(c) Condition C-C/E-E 

Fig. 5 Layout of locomotive and carriages (unit: m). The red lines are the influence lines of the investigated sections 
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were selected for dynamic load test. The pulsation method 

was used to evaluate the natural frequencies and damping 

ratios of the bridge. 

 

3.4 Loading locomotives and carriages 
 

Two UCAM-70A and two DEWE-BOOK data 

acquisition systems were used to collect the static and 

dynamic load test data, respectively. Ten dial gauges (model: 

WBD-30) were used to measure the displacements at 

different sections of the bridge (see Figs. 1 and 2). Two 

static strain sensors were arranged at the edges of the top 

and bottom in the sections A-A to C-C, respectively; two 

static strain sensors were arranged symmetrically on the 

sides of the top and bottom. A total of 24 static strain 

sensors were installed on the single side of the arch rib. Six 

static strain sensors were arranged on the roof and floor in 

the sections D-D to E-E. A total of 24 static strain sensors 

were installed in the sections D-D and E-E. Meanwhile, two 

deflection measuring points were arranged at corresponding 

positions of the sections B-B to E-E, and the deflection 

measuring points were symmetrically arranged at the 

upstream and downstream of the bridge. The whole bridge 

had a total of 72 static strain sensors and 12 deflection 

measuring points. As for dynamic load tests, the dynamic 

strain sensors were only placed at the position of the black 

triangles in the sections B-B and E-E, as shown in Figs. 2(b) 

and 2(c). There were 16 dynamic strain measuring points in 

the whole bridge. In addition, the measuring points of the 

amplitude and acceleration of the top of pier1# were 

arranged at the support center line of pier top. The data 

sampling rate was set to 100 Hz in the data acquisition 

system. 

 

 

4. Static test results and discussion 
 
4.1 Deflection 
 
For each variable, the ratio of the measured value to the 

calculated value is introduced as the checking coefficient, 

as defined in Eq. (2). 

S

Sm=        (2) 

where η is the checking coefficient; Sm is the measured 

value; S is the calculated value. 

As shown in Table 2, the error of some positions is large 

and the checking coefficients are small due to the 

limitations of the experimental conditions on site and the 

simplification of the theoretical calculation model. However, 

the deflection checking coefficients of the bridge are in the 

range of 0.52 and 0.91, which meets the requirement of the 

existing China code (CMR 2004), indicating that the bridge 

has enough stiffness. The checking coefficients of the mid-

span are larger than those of the other sections of the girder 

in all loading cases, suggesting that the elastic performance 

of the mid-span is better. When the train load is loaded 

according to the most unfavorable principle, the maximum 

checking coefficient appears in the test section. Under  

Table 2 Checking coefficient of the deflections at different 

sections 

Condition 
A-A/F-F/ 

G-G 

B-B 

/D-D 

C-C 

/E-E 

The hanger at the quarter of the arch rib 0.91 0.52 / 

Vault 0.89 / 0.88 

The hanger at the three quarters of the 

arch rib 
0.6 0.56 0.69 

The quarter span of the girder 0.78 0.52 0.78 

The mid-span of the girder 0.85 0.7 0.91 

The three quarters span of the girder 0.77 0.56 0.75 

 
Table 3 Measured value and calculated value of the stress of 

sections A-A and B-B (unit: MPa) 

Condition and 

location 

Measured 

value 

Calculated 

value 

Relative 

error (%) 

Checking 

coefficient 

Section 

(A-A)  

The upper 

edge of the 

upper 

chord tube 

-7.24 -8.24 12.1 0.88 

The side 

of the 

upper 

chord tube 

-6.95 -7.83 11.2 0.89 

The side 

of the 

lower 

chord tube 

-2.01 -2.38 15.5 0.84 

The lower 

edge of the 

lower 

chord tube 

-0.93 -1.12 17.0 0.83 

Section 

(B-B) 

The upper 

edge of the 

upper 

chord tube 

-3.86 -4.54 14.9 0.85 

The side 

of the 

upper 

chord tube 

-3.72 -4.12 9.7 0.90 

The side 

of the 

lower 

chord tube 

-1.29 -1.53 15.7 0.84 

The lower 

edge of the 

lower 

chord tube 

/ -1.15 / / 

 
 
different loading conditions, the same section has different 

checking coefficients, which shows that the position of the 

load has a direct influence on the deflection of the section. 

 
4.2 Stress 
 
Under the condition of static load, the stress test results 

of the sections A-A and B-B are shown in Table 3. There is 

a large relative error between the measured value and the 

calculated value, and the maximum relative error of 17.0%  
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(a) 

 
(b) 

 
(c) 

Fig. 6. Dynamic displacement spectra for different bridge 

components (girder and arch) along different directions: 

(a); girder along the vertical direction (b) girder along the 

transverse direction; (c) arch along the transverse 

direction. 
 

Table 4 Natural vibration characteristics of the bridge 

Vibration mode 
Measured 

(Hz) 

Calculated 

(Hz) 

Error 

(%) 

Damping 

ratio 

1st-order 

transverse 

bending of the 

main arch 

0.830 0.828 0.24 0.059 

1st-order vertical 

bending of the 

main girder 

1.660 1.642 1.1 0.029 

1st -order 

transverse 

bending of the 

main girder 

2.148 2.134 0.65 0.023 

 

 

appears at the arch foot. This can be explained by the fact 

that the necessary simplification of the finite element 

model, and the influence of the temperature, the test load 

and other conditions (Song 2014). Although the error is 

large, it is not the standard for evaluating the test and the 

evaluation index is the checking coefficient specified by the 

existing China code (CMR 2004). The stress checking 

coefficients of the bridge structure are in the range of 0.83 

and 0.90, which is a reasonable range, indicating that the 

whole test is reasonable and the bridge structure has enough 

mechanical strength. 
 
 

5. Dynamic test results and discussion 
 
5.1 Vibration characteristics 
 
The measurement results of dynamic displacements are 

used to determine the vibration spectra of the girder and 

arch through Fast Fourier Transformation (FFT), as shown 

in Fig. 6.  

The transverse fundamental frequency of the arch is 

0.830 Hz, which is greater than the value (f = 90/L =0.703 

Hz) specified in the China code (CMR 2004), indicating 

adequate transverse stiffness of the arch. The measured 

vertical frequency of the girder is 1.66 Hz, which is lower 

than the measured transverse frequency of 2.148 Hz, 

indicating that the vertical stiffness of the girder is smaller 

than its transverse stiffness. The damping ratios of girder 

along the vertical and transverse directions were determined 

to be 0.0029 and 0.0023, respectively, through the half-

power bandwidth method. 

The test and calculation results of the natural vibration 

characteristics are compared in Table 4. There is only a 

small error between them, and the measured values are 

basically consistent with the calculated values. From the 

analysis of the finite element method in the article written 

by Rao et al. (2017) and Gou et al. (2018), it can be known 

that the errors are caused by multiple reasons. 

Simplifications are made for the train-bridge system in the 

calculations; the simulation of support conditions and the 

stiffness of joints in the finite element model will also 

influence the vibration frequency of the bridge structure. 

 

5.2 Dynamic coefficients 
 
The ratio of the maximum dynamic response to the 

maximum static response is defined as the dynamic 

coefficient. In this paper, strain is used to calculate the 

dynamic strain coefficient (Pu et al. 2011). The formula for 

calculating the dynamic coefficient is shown in Eq. (3). 
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(3) 

where, maxdw 、 maxd  and mindw 、 mind are the 

measured maximum and minimum values of strain, 

respectively. 

Fig. 7 shows the dynamic coefficient curves of each test 

point under different loading conditions. From the test 

results, the maximum dynamic coefficients of the quarter of  
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arch rib, the vault and the mid span of the girder are 1.04, 

1.10 and 1.09, respectively. Under the same working 

conditions, the dynamic coefficients of each test section 

follow the same trend as the train speed increases. Whether 

the arch bridge is applied with single line load or double 

lines load, the dynamic coefficients of each test section 

increase with the increase of train speed. However, the 

curve changes faster under the double lines load condition 

than that under the single line load condition. This is 

because the dynamic impact of the two trains on the bridge 

is greater than that of one train 
 
 

5.3 Accelerations 
 

Figs. 8 and 9 show the peak acceleration curves of each 

test section along the vertical and transverse directions, 

 

 

respectively. There is negligible difference between the 

accelerations in the single-line and double-line loading 

scenarios. The vertical and transverse accelerations of each 

test section increase with the train speed. The acceleration 

of different sections increases slowly with the train speed. 

As for the mid span and the quarter span of the girder, the 

vertical acceleration is greater than their transverse 

acceleration. When the train drives on the bridge at a speed 

of 80 km/h, the measured maximum transverse acceleration 

of 0.38 m/s2 appears at the top of the pier 1#, which is 

smaller than the specified value of 1.4 m/s2, indicating that 

the transverse dynamic performance of the bridge structure 

is good. During the whole test process, the acceleration of 

each component of the bridge does not increase sharply 

with the train speed, indicating that the structure did not 

resonate and the resonance hazard was well avoided. 

 
(a) Single-line  

 
(b) Double-line 

Fig. 7 Dynamic strain coefficients of bridge 

 
(a) Single-line 

 
(b) Double-line 

Fig. 8 Measured vertical accelerations of the girder 

 
(a) Single-line 

 
(b) Double-line 

Fig. 9 Measured transverse accelerations of the girder 
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5.4 Amplitudes 
 

The test results of the amplitude are obtained by 

analyzing the time history curves of the measured dynamic 

displacement. Figs. 10 and 11 respectively show the 

maximum vertical and transverse amplitude of the test 

sections. There is no obvious difference between the 

amplitudes in the single-line and double-line loading 

scenarios. Regardless of the loading scenario, the 

amplitudes of each test section increase with the train speed. 

It can be seen from Figs. 10 and 11 that the amplitude of 

each component of the bridge does not increase sharply 

with the increase of the train speed, so the structure does not 

resonate. In the quarter span of the girder, the transverse 

amplitude is smaller than its vertical amplitude. However, 

the vertical amplitude is smaller than its transverse 

amplitude in the mid span of the girder. The reason may be 

that there are two hangers placed in the mid span section 

that limits its vertical movement 

As for the top of the pier 1#, the difference between the 

vertical and transverse amplitudes is small. The vertical and 

transverse stiffness of each test section of the bridge is 

different, which leads to the different vertical and transverse 

amplitudes. At the same time, the amplitude of each section 

under the double-line load is smaller than that under single-

line load. This is because the torsion of the girder is reduced 

under the action of the symmetrical load. When one train 

drives on single line at a speed of 80 km/h, the maximum 

vertical amplitude of 0.45 mm occurs at the quarter span of  

 

 

girder, which is about 1/284,444 of the span. Under 

different loading conditions, the maximum vertical 

amplitudes of the mid span, the quarter span and the top of 

pier 1# are 0.18 mm, 0.45 mm and 0.04 mm, respectively, 

and the maximum transverse amplitudes are 0.41 mm, 0.28 

mm and 0.12 mm, respectively. They all meet the 

requirements of the existing China code (CMR 2004). 

 
5.5 Derailment coefficients 
 
Fig. 12 shows the derailment coefficients of the 

locomotive and carriage. As the train speed increases, the 

derailment coefficients increase. Based on the value of the 

derailment coefficient of the running train, it is usually 

possible to analyze the derailment probability (Wang et al. 

2018, Ling et al. 2014). Under the single-line and double-

line load conditions, the derailment coefficients of the 

locomotive and carriage increase with the train speed. The 

maximum derailment coefficients of the locomotive and 

carriage are 0.11 and 0.17, respectively, not exceeding the 

limit value (0.8) as specified in the design provisions (CMR 

2014). Regardless of the type of load excitation, the safety 

of the locomotive and carriage meets the requirements of 

the code when the train passes over the bridge. Another 

observation is that the derailment coefficients of locomotive 

are smaller than that of the carriage at the same train speed. 

Therefore, the running safety of the locomotive and carriage 

should be studied separately. 

 
(a) Single-line 

 
(b) Double-line 

Fig. 10 Measured vertical amplitudes of the girder 

 

  
(a) Single-line (b) Double-line 

Fig. 11. Measured transverse amplitudes of the girder 
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(a) Single-line 

 

 
(b) Double-line 

Fig. 12 Derailment coefficient of the locomotive and 

carriage 

 

 

6. Conclusions 
 
Based on the above load test studies, the conclusions 

can be summarized as follows: 

• The elastic working performance of the mid span of 

girder is better than that of other test sections of girder. The 

same section has different checking coefficients under 

different loading conditions, which shows that the loading 

position influences the responses. The bridge has enough 

stiffness and strength in compliance with the design 

requirements. 

• The transverse stiffness of the arch of the bridge is 

adequate. As for the girder, the transverse natural frequency 

is larger than the vertical natural frequency, indicating that 

the transverse stiffness of bridge structure is greater than the 

vertical stiffness. 

• The dynamic impact on the bridge is small when the 

train is driving on the bridge. When two trains drive at 80 

km/h, the measured dynamic coefficient reaches the 

maximum (1.10) at the vault. 

• The acceleration response of the test sections is 

insensitive to the number of loaded trains. But the vertical 

and transverse accelerations are both increasing with the 

increase of train speed. 

• The vertical amplitude of the mid-span section is less 

than that of the quarter span section in all loading 

conditions, because the mid-span section has two hangers 

that limit the vertical movement of the girder. When one 

train runs on the single line at 80 km/h, the maximum 

vertical amplitude of 0.45 mm is measured at the quarter 

span of the girder. 

• The derailment coefficients of locomotive and 

carriage increase with the train speed. The derailment 

coefficient of the locomotive and carriage under double-line 

load is less than that under single-line load. The derailment 

coefficient of the carriage plays a decisive role for the 

riding safety of the train. 
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