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Abstract: In order to study the mechanical performance of a
new type of cable-stayed beam-arch combination bridge, the
results of field static and dynamic load tests are comparatively
analyzed with numerical results based on the Jingyi bridge
straddling the Daxi River in Yixing. First, the test scheme,
tasks, the corresponding measure method, as well as the
relevant codes are described. Secondly, two sets of three-
dimensional finite element models are established. One is
Ansys which uses the solid element and the other is Midas
which adopts the beam element. Finally, the experimental
and analytical results are comparatively analyzed, and they
show an agreement with each other. The results show that the
bridge possesses adequate load-carrying capacity under all
static load cases, but the capacity of dissipating external input
energy is insufficient due to the relatively smaller damping
ratio. The study results can provide a reference for further
Calibrated
finite-element models that reflect the real conditions can be

study and optimization of this type of bridge.

used as a baseline for future maintenance of the bridge.
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s in every work of art, many of the aesthetic quali-
A ties of a beautiful bridge are found in its format,
and it is precisely in the format where the bridge designer
can give it beauty'"!
ic values of structures are more and more important, par-
ticularly when built in urban zones' . Bridge aesthetics is
a part of the aesthetic of the environment that surpasses
the territorial limitations of the surrounding environment.
The aesthetic requirement boosts a considerable develop-

. The aesthetic functions and symbol-

ment of the beam-arch combination bridge.

In general, compared to the development of a new type
of bridge or the complex structure, the correlative re-
search is lagging behind the requirements of engineering
construction. Fortunately, field tests have become a relia-
ble means to provide a much more accurate estimate of
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the mechanical performance of a structure. Ref. [3] relied
on field dynamic tests to test a newly developed light-
weight fiber-reinforced polymer bridging system to meet
the US military needs. They are also used to assess the
Alfred Zampa Memorial Bridge, the first suspension
bridge in the United States, with an orthotropic steel
deck, reinforced concrete towers, and large-diameter
drilled shaft foundations'* as well as the Shenley Bridge,
the first bridge application of the sandwich plate system
technology in North America'. Field tests can also be
used to analyze structural decay'”. Even though analytical
studies are becoming less expensive and allow for a faster
introduction of new design improvements and maintenance
decisions, actual field tests are still the most reliable
sources of information and the only method of final valida-
tion of analytical studies'”’. Research has shown that ana-
Iytical bridge evaluation procedures tend to underestimate
the true stiffness and overestimate the response of steel
girder bridges'™ owing to conservative assumptions often
made to account for uncertainties in numerical analysis.
This paper presents the procedure and results of static
and dynamic loaded field tests with the intention of under-
standing the mechanical performance of a new type of
bridge with a graceful shape. The main contents of the
field load tests include: 1) Observing the displacements
of concrete and steel decks under test truck loads;
2) Checking the strains of the steel and concrete deck of
key sections; 3) Testing the cable force under the design
load; 4) Monitoring the displacement of the steel arch
pylon during the entire field test. Two sets of three-
dimensional finite element models are established and ap-
plied to calculate the bridge response.
which uses the solid element and the other is Midas which

One is Ansys

adopts the beam element.
1 Bridge Description

The Jingyi Bridge is a double-set arch pylon cable-
stayed bridge located in Yixing city of Jiangsu province.
The bridge was built in 2009, carrying four-lanes for a
main artery and two-lanes for an auxiliary road. It is a
three-span bridge with a span combination of 28 m +39 m
+106 m. The pylons consist of an intercrossing main
arch pylon and an auxiliary arch pylon (see Fig. 1), and
a set of steel tension rods are used for connecting the
two. The main and auxiliary arch pylon are all of steel
structure constructed with octagon steel box sections with
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curved stiffeners along the arch pylon and a chamfered
circular-arc. The height of the main pylon is 73. 6 m with
an inclination of 8°, while the auxiliary pylon is 61. 7 m
with an inclination of 17° in the opposite direction. There
are 16 pairs of stayed cables arranged on the bridge. The
cable distance is 9 m on the steel box of the main span,
and 6 m on the concrete box of the side span. The dis-
tance is 2. 2 to 2. 6 m on the arch pylon. The width of the
steel deck is 51 m with two cantilevered pedestrian decks
and the concrete girder is 27 m wide. The local combina-
tion zone of the main arch pylon and the auxiliary arch py-
lon is a steel box which is 58 m wide at the top, and the
bottom plate is 45.5 m wide. The beam of both the con-
crete girder and the steel box are 2. 5 m deep at the center-
line, with a 1.5% transverse slope.

Fig.1 Pictures of the Jingyi Bridge

2 Static Load Tests

The live load tests of the Jingyi Bridge were per-
formed under both static and dynamic conditions after
nearly one year in service.
the test method for large span concrete bridges,
structure of the Jinyi Bridge was calculated at the follow-
ing key points which were selected as crucial sections to
carry out load tests for studying the static mechanical
performance of the bridge:
iary pier (A-A),
span ( B-B), the section of the main span intersecting
with the auxiliary pylon ( C-C), the maximum positive
bending moment sections of the main span ( steel box
span, section D-D), the section of the main pylon inter-
secting the steel box ( E-E),
ment section of the main pylon ( F-F),

According to the code and
the main

the section beyond the auxil-
the middle span section of the concrete

the maximum bending mo-
and the maxi-
mum bending moment section of the auxiliary pylon ( H-
H) (see Fig.2).
displacement of the main arch pylon at the tower top,
the maximum deformation of the main span and the aux-

In addition, the maximum longitudinal

iliary span, and the cable force were also given concern
in relevant load cases.
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Fig.2 Bridge vertical section (unit: m)

2.1 Measuring point arrangement

There are four key sections chosen for the main girder
testing and three for the arch pylons, as shown in Fig. 2.
The location of the strain transducer in each section is
shown in Fig. 3.

According to the finite element analysis, the maximum
deformation position of the main and the side spans can
be determined. The specific locations are shown in

Fig. 4.
2.2 Loading vehicle

Prior to testing, each vehicle was carefully weighed to
obtain both the gross weight of the vehicle and the load at

each axle. The three-axle dump trucks were loaded with
gravel, of which the average weight for the front, middle
and rear axles were 87.2, 122.5 and 122.5 kN,
tively. Furthermore,

respec-
the average gross weight measured
in the static field tests was 332. 3 kN. The axle spacing of
each dump truck was carefully measured at the nearby
weight station before it was moved to the bridge. There
were 20 dump trucks employed in the field tests, two of
which were reserved in case of a possible accident or un-

foreseen malfunction.
2.3 Description of load cases

The longitudinal truck position is determined to pro-
duce the maximum live load action at the control section
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Fig.3 The location of transducer (unit: m). (a) Sections A-A and B-B; (b) Section C-C; (c) Section D-D; (d) Section E-E; (e) Sections
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under the test load case. Several testing items can be mer-
ged into one load case due to their similar shape of influ-
ence line and loading location, meanwhile satisfying the
request of the test load efficiency. Finally, four load ca-
ses are determined to carry out the field tests. The details
about the number of trucks and longitudinal as well as
transverse locations of each load case are shown in Fig. 5.

Load case 1 contains the following: the maximum

stress of section D-D, the mid-span deflection of the main
span, the maximum cable force of the steel box side, the
maximum stress of the main and the auxiliary arch py-
lons, and the longitudinal displacement of the main pylon
included under the test loading of the maximum positive
bending moments. Load case 2 also consists of a number
of testing items: the stress of section C-C, the stress of
the main and the auxiliary arch pylons, the deflection of
the main span, the longitudinal displacement of the main
pylon under the maximum negative bending moment.
Since load case 3 can simultaneously concede the effects
of the positive bending moment of section B-B and the
negative bending moment of section A-A, in which the
test items contain the stresses of section A-A and B-B, as
well as the deflection of section B-B. Load case 4 is con-
cerned with the response of the bridge under a partial
load; furthermore, this case collects data for the further
study of the shear lag of steel boxes and the large width-
span ratio, just as in load case 1 and load case 2.

3 Dynamic Load Tests

The natural vibration characteristics of the bridge, which
can reflect the holistic mechanical performance of the
bridge, depend on the stiffness of the bridge and the mass
distribution. The dynamic characteristics of the tests result
in a much more thorough understanding about the opera-
tional state of the bridge. Two kinds of test modes are
contained in the field test, namely, the barrier free running
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Fig.5 The loading position of load cases (unit: m). (a) Load
case 1; (b) Load case 2; (c¢) Load case 3; (d) Load case 4
test and the vehicle bump test.

3.1 Barrier free running test

Two dump trucks, each with a gross weight of 25 t,
pass over the bridge with a uniform speed in the range of
5 to 55 km/h and an incremental speed of 5 to 10 km/h.
The fastest crossing speed depends on the limitations of

the engine performance as well as the driving skills of the
drivers. A vibration pickup is installed on deck, which is
connected to the data acquisition system and a laptop
computer to collect and record the vibration responses un-
der different speeds. The intention of the test is to acquire
the impact factor of the structure and set up a correlation
curve between the impact factor and the speed, and final-
ly ascertain the most unfavorable vehicle speed.

3.2 Vehicle bump test

Prior to the test, a dump truck of 15 t in weight and a
wooden plank of 150 mm in thickness and 150 mm in
width are placed across the middle section of the main
span, to enhance the bridge vibration. Before testing, the
rear axle of the truck is placed on the wooden plank.
Once the test begins, the rear axle of the truck is sudden-
ly dropped from the plank to excite the bridge and to gen-
erate an instantaneous impact. Meanwhile, the vibration
pickups are placed on the deck mid-span to collect the at-
tenuation curve under the instantaneous impact, and to
acquire the fundamental frequency and the damping ratio
of the bridge.

4 3D Finite Element Analytical Model

The finite-element simulation is used to develop a bet-
ter understanding and prediction of the global mechanical
performance of the Jingyi Bridge. Fig. 6 illustrates the FE
models of the tested bridge developed by computer calcu-
lation with the help of Midas using the 3D beam element
and Ansys using the 3D solid element, the shell element,
the link element and so on. Both the FE models, which
represent the tested bridge in its as-built state, develop
according to the bridge drawings. The main structural
members of the bridge are stay cables, steel girders, con-
crete girders, and steel arch pylons, all of which are dis-
cretized by different finite element types in the two types
of the model. The grillage model by Midas includes 21
truss elements for the steel tension rods, 32 tension-only
elements for stay cables, and 271 beam elements for the
remainder. The solid model is developed by Ansys,
while 100 760 shell-63 elements are adopted to simulate
the steel structure, and the concrete beam is divided into
118 948 solid elements (solid45). In addition, 8 736 link
elements (link8) are used to imitate pre-stressed tendons,
as well as 21 and 32 link elements (1link8) for steel ten-
sion rods and stay cables, respectively. All the material
properties used in the models stem from the relevant val-
ues recommended by the code for the design of highway
reinforced concrete and prestressed concrete bridges and
culverts, as shown in Tab. 1.

Tab.1 The material properties used in models
Material Elastic modulus/GPa
Steel 206 0.3
34.5 0.2

Poisson ratio  Density/(kg - m )
7850

2500

Concrete
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(b)

Fig. 6 Finite element analytical models. (a) 3D grillage model
by Midas; (b) 3D solid element model by Ansys

5 Static Test Results

5.1 Load-strain curve of bridge deck

Using the calibrated 3D solid FE models, the con-
cerned strain of different sections under the corresponding
load case can be calculated and compared with the meas-
ured flexural strain, which is shown in Fig. 7. Comparing
the measured strain with the calculated one, it can be
found that the measured strain of the steel structure sec-
tion is generally smaller than the calculated one, especial-
ly the measured strain of some individual points that are
proved to be only half of the calculated one due to negli-
gence of some local stiffness contribution ( see Figs.7(a)
and (b) ). The sub models are developed to study the lo-
cal mechanical performance. Continued research is cur-
rently underway to study the shear lag about the large
width-span ratio steel girder. From the comparison of the
results in Fig. 7(c), it can be observed that the measured
strain in the concrete box is much closer to the calculated
results due to, on the one hand, the negligent contribu-
tion of the stiffness, and on the other hand, the much fi-
ner mesh generation for the solid65 element. Some meas-
ured strains on the concrete girders are much greater than
the theoretical results, but converting the strain into the
stress can reveal that the maximum stress in the concrete
box is 6. 6 MPa, which is much less than the request of
the code for design of highway reinforced concrete and
prestressed concrete bridges and culverts. According to
the code, the allowable compressive stress of normal sec-
tions should not be greater than 0.5f, ( = 16.2 MPa)
during the service stage, where f,, represents the standard
value of the concrete axial compressive strength.

Through the same process, the maximum stress of the
steel girder can be obtained. The peak values in the steel
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girder are 54.6 and 53 MPa for tensile stress and com-
pressive stress, respectively, which are only a quarter of
the allowable bending stress of specifications for the de-
sign of steel structure and timber structure highway bridg-
es and culverts. For the steel Q345 used for the steel
structure of the Jingyi Bridge, the allowable bending
stress is 210 MPa. Giving an overview about the stress,
no matter what the measured values or the calculated re-
sults of the steel girder are, all reveal that the stress in the
steel girder is quiet low, posing a potential for further op-
timization.

5.2 Load-strain curve of pylons

The results of the micro-strain about the main and the
auxiliary pylons are shown in Fig. 8. From the above-
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mentioned comparative results, it can be found that the
measured results coincide much more with the calculated
results. Given the relationship between the micro-strain
and the stress, the maximum real tensile stress is 36.6
and 37 MPa for the main and the auxiliary pylon, respec-
tively; and the compressive stress is 70. 4 and 51. 8 MPa,
respectively. The above comparative analysis of the py-
lons illustrates that the design is excessively conservative
only with regards to the static performance without con-
sidering the stability of the pylons. Some advice can be
given for the optimization of the section size of the pylon
based on further study of the mechanical performance
considering the stability and including all the conditions
during construction.
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—e—Theoretical (load case 1)
20 —4—Measured (load case?2 )
» —v—Theoretical (load case 2)
-e 10
20
b
c-10
=
=_20
-30

2
=

1 1 11 i 11 1 1 11 1 11
=288 o SoneEge
E%éﬁ%éédééémm:::%
Measure point

Fig.8 Microstrain of pylons under load cases
5.3 Load-deformation curve of the girders

The deformation of the measured and the calculated
values of the load cases are displayed in Fig. 9 ( where
ULC is the upstream-load case; CLC is the centerline-
load case; DLC is the downstream-load case). The theo-
retical results by Ansys can give the specific points of de-
formation along the transverse section, while the Midas
only gives the centerline results due to the inability of the
grillage model considering the transverse deformation.
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Fig.9 Deformation of girder under load cases

According to the guidelines for the design of highway
cable-stayed bridges, the maximum vertical deformation
is not more than L/400( L is the length of the main span)

for the steel girder under lane loading (not including im-
pact force). As shown in Fig.9, the maximum measured
deformation of the main span steel girder is 5. 6 cm under
the loading cases, which is much less than the allowable
deformation d = 108/400 =0.27 m. Clearly, the meas-
ured maximum girder deformation of the Jingyi Bridge,
which can reveal that the bridge possesses the adequate
stiffness, is far from the specification value, and it also
proves the suggestion that the bridge possesses the poten-
tial for further optimization.

5.4 Load-cable force curve

By the two sets of validated models, it is possible to
make sure that the maximum change of the cable force is
focused on load cases 1 and 2. The changes in load cases
3 and 4 is relatively minor due to the much smaller vehi-
cle loads. The measured and calculated cable force of
load cases 1 and 2 are shown in Fig. 10 ( where USSG is
the downstream side of the steel girder; USSG is the up-
stream side of the steel girder) .
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Fig. 10 The cable force under loading. (a) Cable force under
load case 1; (b) Cable force under load case 2

It is worth giving attention to the cable force results,
for which the measured values are generally greater than
the calculated results, no matter whether by Midas or An-
sys. It attributes to the damper installed between the cable
and the girder, which has been installed before the field
tests. The cable force based on the vibrating chord theory
is
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Awl’f?
T wan
n'g

(1)

where n is the n-th vibration mode of the cable; f, is the
frequency of the n-th mode; L is the cable length; and w
is the weight per unit length of the cable.

The effective length and the natural frequency of the
cables are the important parameters in the application of
the vibrating chord theory, which significantly affect the
accuracy of the prediction of cable forces'’’. The instru-
ment used to measure the natural frequency is validated,
possessing enough precision in many similar fields or la-
boratory tests, so the cause which leads to much larger
measured results focuses on the effective length of the ca-
ble. Continued research is currently underway to study
the effective length based on the twice-equivalent cable
length, which can consider the effects of the damper. So
herein still gives the measured results without considering
the effects of the damper. Although the measured values
are much greater than the calculated results, the maxi-
mum cable force safety factors of the main and the auxil-
iary spans are 3.34 and 2.92, respectively. Both are
greater than the 2. 5 that is required by the guidelines for
the design of highway cable-stayed bridges. So it is rea-
sonable to consider that the cable is safe.

5.5 Longitudinal displacements of main arch pylon

The displacement of the main arch pylon is another im-
portant parameter which should be given special attention
to during the experiment. Since the safety of the pylon is
very important to the safety of the whole bridge, two sets
of instruments based on different surveying principles are
fixed to real-time monitor the displacement of the main
arch pylon during the field tests to ensure the structural
safety. The maximum measured values by the two sets of
instruments and the calculated results using two sets of
models are listed in Tab. 2.

Tab.2 Measured and calculated tower top displacement of

main pylon cm
Measured data Calculated value
Load case - -
Total station IBIS-S Ansys Midas
1 2.1 2.0 2.4 2.2
2 1.8 1.7 2.0 1.8

Comparing the measured values with the calculated val-
ues, it can be concluded that the main arch pylon is al-
ways in the safety state during the whole experiment.
From another side, it is reasonable to believe that abnor-
mal condition does not exist during the field test.

6 Dynamic Test Results
6.1 Fundamental frequency and damping ratio

There are many different analysis procedures that have
been developed to extract the modal characteristics of
structures. The two main subsets of procedures include

the time domain and the frequency domain methods.
Time domain methods produce modal characteristics di-
rectly from the structural response records in the time do-
main. Frequency domain methods accomplish the same
tasks by converting the response signals into the frequency
domain. As shown in Fig. 11(a), the time domain is ob-
tained by the DH5923, and the corresponding measured
natural frequency is 1.17. To ensure the accuracy of the
measured fundamental frequency, another set of instru-
ments IBIS-S are used and we acquire a result of 1. 18 as
shown in Fig. 11(b). With the help of Ansys, the theo-
retical fundamental frequency 1. 167 can be obtained ( see
Fig. 11(c) ). With reference to relative research, the av-
erage normal frequency of a human walking is between
1.6 and 2.4 Hz'""', so it can be considered that the
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Fig. 11 The results of dynamic test. (a) Spectrum analysis under
the load case of vehicle bump by DH5923; (b) Spectrum analysis under
the load case of vehicle bump by IBIS-S; (c¢) Theoretical calculation of
fundamental frequency by Ansys; (d) Dynamical deformation analysis
of running test by IBIS-S at 22. 2 km/h
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resonance phenomenon induced by humans will not hap-
pen.

At the same time, the damping ratio of the bridge is
acquired utilizing the time domain measured by the
DH5923 (see Fig. 11 (d)).
0.009 2 is much less compared with the general bridge
damping ratio of 0. 01 to 0. 08. It can be thought that it
possesses a much poorer ability to dissipate the external
input energy from the seismic load.

The measured value of

6.2 Vehicle-induced impact tests

An amplification of the internal force is observed com-
pared with the equivalent statically applied load when a
bridge is subjected to a moving vehicle load. This in-
crease is an essentially dynamic amplification of the static
live load. Knowledge of the dynamic impact factors is
important for an accurate determination of the ultimate
load capacity and performance assessment of constructed
bridges'’’. The objective of this load case is to evaluate
the variety of bridge impact factors under different realis-
tic speeds in order to collect information for the decision-
making process. This study investigates the dynamic im-
pact loads of track and wheel vehicles at different crossing
speeds to increase the understanding of the appropriate
impact factors used in the design"’.

As shown in Fig. 12, the impact factors under different
speeds and in two directions are obtained by the analyses
of the steel main girder’ s dynamic deflection, which are
also detected by the IBIS-S, meanwhile, giving a regres-
sion analysis result.

.10 r —a—From south to north( SN)
i —<—From north to south (NS)
1.09 A\.. —Regression curve for SN
L 1.08 “~. ----Regression curve for NS
8
é 1.07
g 1.06 [
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= 105
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1.03 |
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Fig.12 Measurement and analysis of impact factor

Fig. 12 reveals that the impact load for the bridge is
sensitive to vehicle speed with observed maximum impact
factors as high as 1.10. Based on the analysis of the
measured results and the regression curves, a conclusion
can be drawn that the impact factor of vehicles moving
from north to south is generally larger and also more sen-
sitive than that in the opposite direction. The reason can
be attributed to the uphill sector, causing the engines of
vehicles to produce much more vibration. It is also found
that the impact factor gradually decreases with the in-
crease in vehicle speed in both directions.

According to the general code for the design of high-
way bridges and culverts, the impact factor should be cal-
culated in the design as follows:

1) When f<1.5Hz, u=0.05;

2) When 1.5 Hz<f<14 Hz,u =0.1767 Inf -
0.0157;

3) When f>14 Hz, u =0. 45.

The impact factor, which is adopted to be 0. 05 in the
design, is smaller than the field testing results. So it is
reasonable to suggest that further study should be carried
out to research the impact factor for this type of bridge,
as well as for the code.

7 Conclusions and Suggestions

The Jingyi Bridge is a new type of stayed-cable beam-
arch combination system, so there is not any mature theo-
ry or precedent that can provide reference. Field tests not
only play an important role for the Jingyi Bridge itself,
but also collect useful information for the further research
of this type of bridge. Based on field testing of key sec-
tions and two sets of calibrated 3D FE models, several
conclusions can be drawn from the obtained experimental
data, resulting in some recommendations for similar de-
signs and the design code.

1) In all the load cases, the measured strain, no matter
whether it is in girders or in pylons, satisfies the require-
ment of the current design codes and shows a much smal-
ler value compared with the finite-element model. This
indicates that the bridge possesses an adequate strength to
resist the service-level loads and also implies that the size
of the bridge structure can be further optimized.

2) The results of the measured deflections of girders
and the horizontal displacement of the pylons show a
good agreement with the calculated results, and it also
meets the requirement of the codes used in design. The
deformation can completely recover after each unloading.
All of this demonstrates that the bridge possesses adequate
stiffness and works in the elastic stage.

3) Although the measured cable force is very conserva-
tive due to the lack of consideration of the damper effect,
the safety factors of the cable is much higher than the re-
quirements of the code. It can secure the idea that the ca-
ble is indeed safe under the service loads.

4) The results from the impact study demonstrate that
the value used for this type is on the unsafe side according
to the code, although the design of this bridge is quite
conservative. The small damping ratio allows the bridge a
poorer ability to dissipate the external input energy.

5) The finite-element analyses reasonably predict rela-
tively accurate results as compared with the corresponding
values under service-level moving loads. This once again
asserts that the two sets of the FE models are precise
enough to reflect the real conditions and can be used as a
baseline for future maintenance of the bridge.
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