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Introduction
The orthotropic steel bridge deck system is com-

posed of bridge decks, diaphragms, and longitudi-
nal and transverse stiffening ribs. Owing to its light 
weight, high strength and other characteristics, it is 
now the major bridge deck form of long-span steel 
bridges[1-3]. And since closed section U-shape rib stiff-
ened plates have better rigidity compared with open 
section ones, the U-shape stiffening rib has become a 
common part of orthotropic bridge deck[4]. Scholars 
have done lots of experiments to gain a better under-
standing of the structural details of orthotropic steel 
deck, and for most of the details, S-N curves (fatigue 
strength curves) have been given in the structural de-
sign codes or specifications. But so far, few studies 
have been conducted on the fatigue performance of 

joints of upper plate and U-shape stiffening rib at dia-
phragm. Although scholars in Japan and Netherlands 
conducted some fatigue tests on this detail by means 
of small specimen[5-6], the gaps between domestic and 
foreign welding process prevent scholars in

China from relying on the results of foreign re-
searches, because the fatigue performance of the 
detail is in close relationship with the well-being of 
processing-like the welding process. Thus, it is neces-
sary to carry out more studies on the fatigue behavior 
of joints of upper plate and U-shape stiffening rib at 
diaphragm.

In this study, a full-scale model of orthotropic 
bridge deck was made to study the fatigue perfor-
mance of the joint. The purpose of this fatigue test 
is to provide the basis for the selection of fatigue 
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curves during the steel bridge design, to accumulate 
data for deciding the S-N curve of structural details 
in Chinese steel bridge design code, and to verify the 
fatigue strength of the structural detail of the steel 
bridge deck in Hangzhou Zhijiang Bridge.

1. The Design and Test of the Specimen  
1.1. The Design and Manufacture of the Speci-

men
The specimen for the fatigue test was designed ac-

cording to the orthotropic bridge deck in Hangzhou 
Zhijiang Bridge, for the purpose of reflecting the 
stress characteristics and structural details of the joint 
of the real bridge. The specimen and test devices are 
shown in Figure 1. The major parts of the specimen 
are the upper plate, the three U-shape stiffening ribs 
in the horizontal direction along the bridge, and a dia-
phragm at mid-span. The webs on the left and right 
sides of specimen were set to simulate the constrain-
ing effect of nearby plates on the specimen. The base 
was set at the bottom of the diaphragm to increase 
the bending stiffness of the specimen, and to make 

it easier to fix the specimen on the reaction frame. 
more importantly, the arrangement of the webs and 
the base can make the stress distribution of the speci-
men much more similar to that in the real bridge. The 
total width of the specimen is 1860mm, and the total 
longitudinal length of it, which is the length along the 
bridge, is 400mm. Under the real circumstances, the 
distances between the diaphragms and the thickness-
es of the diaphragms are inconstant. However, given 
the limitation of resources available, it is impossible 
to test them all. So here, only the most unfavorable 
condition is considered, and the thickness of the dia-
phragm is set as 10mm, which is the minimum value 
of the thickness of the diaphragms in the real bridge. 
Other thicknesses of the specimen are the same as 
the real bridge. To reflect honestly the fatigue per-
formance of the actual bridge, the welding process 
of welds between the diaphragm and the upper plate, 
the diaphragm and the U-shape stiffening rib, and the 
upper plate and the U-shape stiffening rib are the ex-
actly the same as those of the real bridge. 

Figure 1. Schematic diagram of the specimen (Unit: mm)

(a) Three-dimension schematic diagram of the specimen (b) Front view of the specimen

(c) Top view of the specimen

1.2. The Test Devices and Loading Schemes
In general, the loading system of this fatigue test 

is composed of three parts: the mechanical system, 
the hydraulic system, and the electric control system. 
The jack is used to load, and an elastic support is set 
between the jack and specimen for the simulation of 
the wheel pressure. Single-axle and two-wheel load 
was applied to the specimen. The nomenclature ‘sin-
gle-axle and two wheel load’ means there is one axle, 
and there are two wheels on both sides of the axle, 
which are four wheels in total. However, when the 
width of the specimen and the length of the axle are 

considered, it is easy to see that there is enough space 
for only the two wheels on one side of the axle to 
be placed on the specimen. The place where the load 
of the two wheels is applied to the specimen and the 
width of the two wheels are shown in Figure 3a. In 
order to save time, two specimens were placed on the 
reaction frame at the same time, so that two speci-
mens can be tested simultaneously. The layout of the 
experiment is shown in Figure 2. 

In the early stage of the test, the maximum load 
value was controlled to be around 11t, and the mini-
mum load value was controlled to be around 1t. Thus, 
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the load range was about 10t. After two million times 
of cyclic loadings, during which the load range was 
10t, the load range was increased by 5t at each fol-
lowing load steps. The number of cyclic loadings at 
each step was determined according to the real cir-
cumstances. Finally, the loading process was stopped 
when the number of loading cycles reached 2.9 mil-
lion. Throughout the entire time, the minimum load 
value is around 1t, and the changes in the load range 
are achieved by the increases of the maximum load 
value. 

1.3. Test Content and Layout of Stain Gages
Tests of the strains primarily focused on the up-

per plate, the web of U-shape stiffening rib, and part 
of the diaphragm that is near the welding hole[10-12]. 
The types of strain gages utilized are tee strain gage 
rosette and rectangular strain gage rosette. The num-
bering rules of channels(strain gages) are as follows:

(1) The letter ‘d’ represents the dynamic signal 
acquisition channel. The letter ‘J’ represents the static 
signal acquisition channel.

(a) The actual layout of the experiment

(b) The schematic diagram of the layout of the experiment

Figure 2. The layout of the experiment

(2) The hundreds digit indicates which plate the 
strain gage is located, that is, ‘1’ represents that the 
strain gage(channel) is on the upper plate,‘2’ repre-
sents that the strain gage is on the diaphragm near the 
welding hole, and ‘3’ represents that the strain gage is 
on the web of the U-shape stiffening rib.

(3) The tens digit indicates the direction of strain 
gages, that is, ‘1’ means the direction along the bridge, 
‘2’ means the direction transverse to the bridge, ‘3’ 
means the vertical direction, and ‘4’means the direc-
tion of the strain gage in a rectangular strain gage ro-
sette that has a 45 degree angle with both of the other 
two strain gages.

(4) The units digit is introduced to distinguish the 
numbers of the channels that are of the same type, 
on the same plate, and measuring strains in the same 
direction.

For example, ‘D111’ means the first dynamic sig-
nal acquisition channel which is on the upper plate 
and placed in the direction that is along the bridge.

The arrangement of strain gages on a single speci-
men is as follows:

The strain gage rosettes of the upper plate are 
arranged on the bottom of the plate near the three-
direction cross-weld. Tee strain gage rosettes are ap-
plied there. There are three strain gage rosettes on 
either side of the diaphragm, that is, six rosettes in 
all, including four dynamic and two static signal ac-
quisition rosettes. each strain gage rosette has two 
channels(gages), in which one is along the bridge, and 
the other is in the transverse direction of the bridge. 
Thus, in total, there are twelve channels on the upper 
plate, including eight dynamic and four static signal 
acquisition channels. The tee strain gage rosettes on 
the upper plate are shown in Figure 3a.

The strain gage rosettes on the diaphragm near 
welding holes are rectangular strain gage rosettes, and 
they are placed where the curvature of the edges of 
the holes change greatly. Six rosettes are arranged on 
one single side of the diaphragm, including four dy-
namic and two static signal acquisition rosettes. each 
rosette has three channels(gages), which are channels 
for the direction along the bridge, the direction trans-
verse to the bridge, and the direction of the gage in 
a rectangular rosette that has a 45 degree angle with 
both of the other two strain gages. In sum, there are 
eighteen channels on the diaphragm near the welding 
holes, including twelve dynamic and six static signal 
acquisition channels. The rectangular strain gage ro-
settes on the diaphragm are shown in Figure 3b.

The strain gage rosettes on the webs of U-shape 
stiffening ribs are tee strain gage rosettes, and they 
are located at places on the ribs that are close to the 
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welding connection between the web of U-shape stiff-
ening rib and the diaphragm. Six strain gage rosettes 
are placed on the webs of U-shape stiffening ribs, in-
cluding three dynamic and three static signal acquisi-
tion rosettes. each rosette has two channels(gages), 
which are channels for the direction along the bridge 
and the vertical direction. In total, there are twelve 
channels on the U-shape stiffening ribs, including six 
dynamic and six static signal acquisition channels. 
The tee strain gage rosettes just mentioned are also 
shown in Figure 3b.

2. Test Results
during the loading process, strains were only re-

corded when the variation law of the load is relatively 
stable. Take the channels of upper plate, which are 
channel d122, d123 and d124, for example. The 
strains collected from these three channels in one 
second are shown in Figure 4a. The time history of 
the strains are sinusoidal curves, whose periods and 
variation laws match well with the time history of the 
load that is shown in Figure 4b.

As can be seen from Figure 4, the maximum and 
minimum load values of different cycles are not the 
same, thus, the load ranges of different loading cy-
cles are different. due to the huge number of loading 
cycles, a thorough collection of load ranges will con-
sume a lot of time and manpower. Therefore, a simple 
method is applied here to facilitate the recording of 
data. The first step of the method is to select a series 
of continuous data(maximum and minimum load val-
ues of several nearby loading cycles) as samples dur-
ing the time when the variation law of the time histo-
ry of the load is stable. Then compute the load ranges 
by using the data gained in the step above. After that, 
calculate the arithmetic mean of the above mentioned 
load ranges as the load range within this period of 
time during which the data in first step are collected. 
At the same time, count and make a record of the 
number of loading cycles corresponding to this arith-

Figure 3. Arrangement of strain gage rosettes (Unit: mm)

(a) Arrangement of strain gage rosettes on the upper plate (b) Arrangement of strain gage rosettes on the diaphragm 
and the web of U-shape stiffening rib

Figure 4. Time history of the strains and the load

(a) Time history of the strains

(b) Time history of the load

metic mean. Up till this step, different load ranges in 
one given period of time are represented by the arith-
metic mean of these load ranges reappearing in this 
period of time for a counted number of times. more-
over, for loading processes in different time periods, 
we can apply this method again when the arithmetic 
means of load ranges in diverse time periods are simi-
lar to each other. That is, calculate a new arithmetic 
mean out of the average load ranges(the old arith-
metic means in one period), which is the arithmetic 
mean of several time periods. After that, count the to-
tal number of cyclic loadings involved in all the time 
periods that are related to the new arithmetic mean. 
This new arithmetic mean of load ranges reappear-
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ing during the several periods of time for a counted 
number of times could be used to represent all the 
load ranges in these time periods. With this method, 
the load ranges during several periods of time can be 
recorded with and represented by a reduced number 
of data. This method can not only save the time and 
manpower, but also reflect the actual load ranges to a 
certain acceptable degree.

The steps of this method are listed as follows: 
(1) The load range Fi,j is calculated by using the 

maximum and minimum load values(Fi,jmax and Fi,jmin) 
collected, as is shown in equation(1).

(2) Count the number of loading cycles in time pe-
riod i. The sum of ni,j , which is ni, is the total number 
of loading cycles in period i. Then calculate the arith-
metic mean of all load ranges in time period i accord-
ing to equation (2). The result Fi is the representing 
load range in period i.

(3) For different time periods(like the above men-
tioned time period i), take average load ranges of sev-
eral individual time periods(like iF ) as samples and 
repeat the steps above again, when the representing 
average load ranges of the periods considered are 
similar. Then, count the number of loading cycles in 
all the time periods involved, which is the sum of ni. 
Finally, calculate the arithmetic average of iF  accord-
ing to equation(4). The result F  is the representing 
load range of the several nearby periods of time con-
sidered.

, , max , minF F Fi j i j i j= −    (1)

( ), ,i j i j
i

i

n F
F

n
=
∑  (2)

,i i jn n=∑    (3)
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n
=
∑
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The examples of the process of calculations and 
related results are shown in Table1-3.

3. Comparative Analysis of Experimental and 
Finite Element Results

In order to verify the reliability of the results from 
the fatigue test, the finite element model of both the 
specimen and the reaction frame is created with the 
help of the finite element software ansYs, and the 
strains measured from the fatigue test is compared 
with the corresponding theoretical strains of the fi-
nite element model[13-16]. The finite element model is 
shown in Figure 5. Because of the large stiffness of 
the reaction frame, its deformation is extremely small 
during the process of loading. So it is enough to ap-

Table 1. load ranges calculated via maximum and mini-
mum load values collected (Unit: t)

Number of the period Period 1 Period 2 Period 3

Fi,j

(load range calculated 
directly from data 

collected)

10.29 10.95 11.19
10.74 10.54 11.13
10.45 10.77 10.71
10.56 10.37 10.90
10.72 10.81 10.86
10.22 10.49 10.94
10.58 10.44 11.04
10.76 10.96 10.87

iF  
(Arithmetic mean of load 

ranges in one period)
10.54 10.67 10.96

Number of the period Period 4 Period 5 Period 6

Fi,j
(load range calculated 

directly from data collected)

10.37 10.66 10.79
10.33 11.34 10.60
10.39 11.11 10.81
10.49 10.47 10.60
10.80 11.23 10.81
10.81 10.94 10.60
10.70 11.00 10.56
10.75 10.94 10.86

i
F  

(Arithmetic mean of load 
ranges in one period)

10.58 10.96 10.70

Table 2. Final average load range of different time periods 
(Unit: t)

iF

(Arithmetic mean of load 
ranges in one period)

10.54 10.67 10.96

in
(Number of loading 
cycles of each iF )

40,400 48,035 52,374

i iF n 425,816 512,533 574,019

in∑ 283,724 ( )i iF n∑ 3,049,665

i
F  

(Arithmetic mean of load 
ranges in one period)

10.58 10.96 10.70

in
(Number of loading cycles of 

each 
i

F )
43,658 51,325 47,932

i iF n 461,902 562,522 512,872

in∑ F 10.75
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ply fixed constraint only at the bottom of the reaction 
frame. Contact elements are established to simulate 
the interaction between the specimen and the reaction 
frame. That is, transfer the force and displacement be-
tween the two parts. The load range of the load of the 
finite element model is set as 10t. Finally, the strains 
of the finite element model that are corresponding to 
the strains measured by the strain gage rosettes in the 
fatigue test are collected after computation, and the 
time history curves of the strains from finite element 
analysis can be fitted. The period of the time history 
of the strains should be in accordance with the period 
of the loading cycle.

The data from channel d122, d124, and d123, 
which are located on the upper plate(shown as Fig-
ure 3), and the data from channel d233, and d232, 
which are located on the diaphragm near the weld-
ing hole(shown as Figure 3) are selected in this com-
parative analysis. Among them, channel d122, d124, 
and d123 measure strains in the transverse direction 
of the specimen, and the channel d232 and d233 
measure vertical strains of the diaphragm near the 
welding hole, especially the strains of the diaphragm 
that are near the small arc. Since the load ranges of 
the loading cycles at the time the strains were col-
lected are different, it is hard to compare the strains. 
Thus, corrections have to be made. In this study, the 
strain collected when the load range is 10t is set as 
the standard, and the strain collected not under such a 
condition should be multiplied by a correction coef-
ficient, which equals to10t divided by the load range 
related to the strain. This correction is based on the 
linear elastic assumption, which here means that the 
relationship between the load range and the strain is 
linear. For selected channels, Figure 6a-e show the 
comparisons of actual strains from the test and theo-
retical strains from finite element analysis when the 

specimen or model was subjected to different num-
bers of loading cycles. 

Figure 6a shows that the measured strains and 
theoretical strains collected from are in certain ac-
cordance, except for the results of 2.75 million times 
of cyclic loading. The reason why the accordance is 
not perfect could be that friction exists between indi-
vidual part of the force transferring devices, includ-
ing the girder used to distribute the load and the arc-
shape backing plate. And the friction will reduce the 
force that is ultimately transmitted to the specimen. 
As a result, the measured strains of the fatigue test are 
smaller than theoretical values of strains gained from 
the finite element analysis. This phenomenon, which 
indicates that the test results are smaller than the theo-
retical values, could also be seen through the results 
of channel d123 and channel d124, as is shown in 
Figure 6b and Figure 6c. As for the results of 2.75 
million times of cyclic loading, the corrected strains 
of the test are much smaller than both the strains of 
other times of cyclic loading and the theoretical val-
ue. That is, when the load range increased from 10t at 
the beginning of the test to 30t when the strains were 
collected, which is 2 times larger than 10t, the strain 
only increased 1.4 times. Thus, when corrected by the 
coefficient, the strains are much smaller. This means 
that when the absolute value of the load is too large, 
the proportion of load transmitted to the specimen has 
been reduced severely. There could be two possible 
reasons leading to this fact: one is that the accuracy 
of oil pressure sensor reduces when the oil pressure 
is too high, the other is the large friction between the 
cylinder piston rod and the cylinder wall. 

The phenomenon that can be seen from Figure 6b 
is similar to that of Figure 6a except that results in 
Figure 6b disperse a little bit more widely. This may 
be because channel d123 is located at the edge of the 
loading zone, and could be affected greatly by the un-
evenness local loading. As is shown in Figure 6c, sev-
eral curves of the measured strain deviates from the 
theoretical strain curve. To have a better understand-

Table 3. Summary of load ranges and number of cyclic 
loadings of each load range throughout the entire experi-
ment (Unit: t)

Average load range of 
several periods

Corresponding number of 
loading cycles

9.5 154,267
10.5 963,090
11.0 1,046,014
11.5 23,977
13.0 78,661
13.5 22,211
14.0 36,826
20.5 129,789
26.0 108,168
30.2 92,071
33.5 251,055

Figure 5. Finite element model of the specimen and the 
reaction frame
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ing of this issue, an addition comparison of channel 
d122 and d124-the two channels symmetrically dis-
tributed on both sides of the diaphragm-is made, as is 
shown in Figure 6f. The theoretical strains of channel 
d124 and channel d122 in Figure 6f are strains after 
1.25 million times of cyclic loading. As can be found 
in Figure 6f, the theoretical strain curve of channel 
d122 is consistent with that of channel d122, while 

the measured strains from channel d122 and d124 
do not match well. The reason for this could be as 
follows. The main deformation of the specimen in the 
finite element model is bending, and there is almost 
no torsion, which is the theoretical condition. While 
during the test, the specimen has a certain degree of 
torsional deformation due to the asymmetric load 
transmission. This torsion of the specimen should be 

Figure 6. Comparisons between theoretical strains and experimental strains

(a) Comparison between the time histories of experimental 
strains and theoretical strains of channel d122

(c) Comparison between the time histories of experimental 
strains and theoretical strains of channel d124

(e) Comparison between the time histories of experimental 
strains and theoretical strains of channel d233

(b) Comparison between the time histories of experimental 
strains and theoretical strains of channel d123

(d) Comparison between the time histories of experimental 
strains and theoretical strains of channel d232

(f) Comparison between the time histories of channel d122 
and channel d124
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responsible for the differences between the measured 
strains of channel d122 and channel d124.

large deviations exist between the measured and 
theoretical strain curves of different number of cyclic 
loadings in both Figure 6d and 6e. moreover, the in-
dividual measured strain curve of one channel is not 
consistent with each other. These might due to the 
unevenness of load transmission and the out-of-plane 
bending deformation of diaphragm, which is caused 
by the torsion of the specimen. In addition, during 
the test, the specimen once appeared to move to the 
column of reaction frame, resulting in the extrusion 
of reaction frame. And this interaction between the 
specimen and the reaction frame, which is caused 
by the movement of the specimen, could affect the 
stress state and deformation characteristics of the dia-
phragm.

Since the fatigue test in this paper focus mainly 
on the connection of the upper plate and the U-rib, 
and the measured strains of channel d122 and d123, 
which are channels related to the connection, are in 
good agreement with the theoretical values of the 
strains, especially when the number of loading cycles 
is within 2.5 million at the start of test, it is reasonable 
to come to the say that the results of the fatigue test 
are trustworthy, although there are some deviations 
between the measured and theoretical strains in the 
final stage of the test. 

Conclusions
Through the observation of the experimental phe-

nomenon, and the analysis of the experimental results 
and finite element results, the following conclusions 
are come to:

(1) In this study, the Hangzhou Zhijiang Bridge 
was taken as the engineering background, the joint 
of upper plate and U-rib at diaphragm was selected 
as the research object, and a full-scale model was de-
signed to conduct the fatigue test. The total number 
of loading cycles was 2.9 million. The minimum load 
range was 10t, and the maximum range was 35t. After 
cyclic loadings, fatigue cracks were not found with 
naked eyes, which means the fatigue performance of 
the joint is good.

(2) The fatigue test in this study focused mainly on 
the connection between upper plate and U-rib. So the 
channels related to this connection, which are channel 
d122 and d123, are the major concerns. The mea-
sured strains of channel d122 and d123 are in good 
agreement with the theoretical values-the results of 
the finite element analysis-within 2.5 million load-
ing cycles at the start of the test. Thus, even though 
there are some inconsistencies between the measured 
strains and the theoretical values in the later stage of 

the experiment, the test results are reliable in gener-
al, and can be used to determine the fatigue strength 
curve of the detail studied.
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Abstract
study the circumferential contour of the deformation zone in the strip warm rolling, according the flow stress char-
acteristic of warm deformation, the contact arc of deformation area is divided into three different curvature arc, the 
roller elastic flattening model of deformation zone is established using the method of quadratic curve fitting. The 
roller circumferential contour was calculated that iterative solver the roller elastic flattening deformation area and 
the distribution of rolling force along the rolling direction. deformation process of warm-rolling was simulated 
using ansYs/ls-DYna finite element, the trend with simulation and calculated in the forward and backward slip 
zone is accordance, the model is more consistent with deformation process of the strip warm rolling.
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