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In the construction of large-tonnage box girder, the construction load of box girder transport is generally greater than the
operating load in highway industry; therefore, it is a crucial task to carry out accurate simulation and optimization on bearing box
girder. For this purpose, the re�ned modeling method of 40m/1270t box girder is studied �rst in this paper, followed by detailed
stress analysis by considering the impact coe�cient of vehicles and the most unfavorable conditions. Tracking tests on dead load,
prestressed load, and the transport load have shown that the calculated stress values obtained by the re�ned models are very close
to the measured stress values. Based on dynamic strain test of the vehicles at the speed of 4 km/h, the impact coe�cient of four
vehicles is estimated to be 1.08 and its value meets the requirements of no more than 1.1 provided by the vehicle manufacturer.
Aimed at no tensile stress in the midspan section, the optimized geometry of 40 m box girder is obtained with less concrete and
longitudinal prestressed tendons. �ese results demonstrate the plausibility and validity of the proposed research methods and
optimization schemes for large-tonnage box girder transport.

1. Introduction

For rapid construction and cost-saving, the prefabricated
bridge technology is now in common use all over the world,
which is mainly featured by standardization of bridge design,
industrialization of component manufacturing, assembly
construction, and informatization of management control [1],
along with the development of bridge construction.

In industrialization, the large tonnage box girder has
been widely used due to its large structural sti�ness, fast
construction speed, less joints, good durability, and easy
maintenance [2]. In China, the large-tonnage box girders
have been adopted in various projects like Hangzhou Bay
Bridge, Donghai Bridge, and Jiaozhou Bay Bridge.

Large-tonnage precast box girder is generally designed in
symmetrical form. It can be delivered to the erection sites via

erected girders. �e whole construction process has little
impact on the ground tra�c. In railway industry, 32m/900 t
box girders are generally transported by single vehicle along
the left and right roof surface of bearing box girders [3, 4]. In
highway industry, T-beams, small box girders, and others
are mostly below 250 t [5]. However, for the transport of box
girder weighing about 1000 tons, one of the most prominent
characteristics is that the construction load of girder
transport is generally greater than the operating load, which
usually turns out to be the main control factor in the
structural design of large tonnage box girder [6, 7].

Conservative design is usually adopted to ensure the
safety and reliability of bearing box girder. Serving as a very
important method, numerical simulation using �nite ele-
ment software package is widely used to carry out the
simulation and optimization for di�erent engineering
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structures [8–10]. Fadi Oudah [11] studied the live-load
factor and load combination for bridge systems conveying
heavy mining trucks by SAP2000. ,e results indicate that
the live-load factor can be 1.33 for mine haul trucks moving
on short-span composite steel girders or NU precast girder
bridge systems. However, the paper does not verify the
impact coefficient of the actual conveying heavy mining
trucks. Qin et al. [12–14] conducted research on the influ-
ence of different parameters of common engineering
structures based on numerical models and optimization
theory. ,e optimized structures can make full use of the
bearing capacity of the material. ,e research provides ef-
fective scientific value for optimal design of engineering
structure. Linear mechanical analysis is widely used in stress
analysis of large tonnage concrete box girder, whose theory
assumes that the relationship between stress and strain is
linear in the process of loading and unloading. Xu et al. [15]
studied the overall deformation and local stress near the
simply supported section of 50 m concrete approach bridge
of Hangzhou Bay Bridge via ANSYS. Yang et al. [16]
established the beam element model of 40 m box girder of
Meizhou Bay Bridge via BSAS and verified that temporary
support can meet the requirements of 40 m concrete box
girder transport. Nevertheless, both researcher groups have
not conducted stress analysis on key midspan section. Fang
et al. [17] established the beam element models and solid
element models by using midas Civil and ANSYS, respec-
tively. 35m/800 t asymmetric box girder transport is sim-
ulated for different transport modes and bridge structure
systems, which indicates that themid-span bendingmoment
of continuous girder is less than that of simply supported
bridge. Meanwhile, large negative bending moment occurs
at the fulcrum. More stress details can be obtained by using
the solid element model. Deng et al. [18, 19] carried out the
design optimization of 32 m and 40 m simply supported box
beam on high-speed railway and obtained 40 m span box
girder on high-speed railway with more economical deck
width, web thickness, and beam height. It can expand the
application scope of prestressed concrete simply supported
beam bridge of high-speed railway. Although short of test
verification, these research works provide a good idea for
stress analysis and optimization of larger-tonnage box girder
in highway.

During the fabrication and erection process, Bujnakova
et al. [20, 21] used vibrating wire strain gauges to collect the
stress and temperature data of the segmental precast box
girder. It serves as an important way to ensure safety under
the construction of bridges as well as the subsequent service
period. Li [22] carried out tracking test on stress and de-
formation during the 530 t girder vehicle in phase 2 of
Chengdu Metro line 10 passes through the steel trestle to
transport the beams. According to the obtained changing
state and law of the steel trestle, the construction counter-
measures and measures are to ensure the safety of the steel
trestle. Wang et al. [23] carried out the eccentric load test to
simulate 32.5m asymmetric box girder transport by using
single 850 t girder vehicle. ,e maximum transport load is
simulated by using 7 jacks according to moment equivalence
in mid-span section. ,e stress and displacement increment

law is obtained. It verifies the feasibility of the scheme to use
a 850 t girder carrier. Although there are differences between
the bridge types, load conditions, and measuring points
layout, those research works provide various important test
methods to obtain actual stress.

In engineering practice, there are still some problems to
be solved for safety and cost-savings in the transport of
large-tonnage box girder, especially for the box girder
weighing about 1000 t. Due to the complexity and variety of
practical engineering problems, it is necessary to develop a
refined model and optimization scheme for those large-
tonnage box girders [24, 25]. For this purpose, the fine
modeling and optimization idea for 40 m large-tonnage box
girders in Sanmen Bay Bridge of China are detailedly studied
in this paper. ,e project overview and design of 40 m box
girder transport with trolley on erected bridge are first in-
troduced. ,e corresponding refined model is proposed to
simulate the most unfavorable condition of box girder
transport. ,e systematic tracking test is then carried out to
verify the accuracy of the proposed modeling method.
Dynamic strain test is conducted to obtain the actual impact
coefficient of the vehicles. In the end, validated modeling
method is used to optimize the geometry and prestressed
tendons, which aims at no tensile stress in the mid-span
section. New design of 40 m box girder is obtained with less
concrete and longitudinal prestressed tendons. ,e refined
models and field tests adopted in this paper are of great
significance to obtain the accurate stress of large-tonnage
box girder. ,e effectiveness scientific research value of
refined models and optimization idea is verified by engi-
neering examples.

2. 40 m Symmetrical Box Girder Transport
with Trolley on an Erected Bridge

2.1. Project Overview. As a main cross-sea passage with six
bidirectional lanes, Sanmen Bay Bridge connects Xiangshan
Port Bridge and Taizhou Bay Bridge. ,e superstructure of
the approach bridges is of concrete continuous girder
structures applied with C50 high performance concrete.
40 m large-tonnage box girders are constructed with integral
precast technology, with its width and height of 16.25m and
2.6m, respectively, and the height span ratio is 1 :15.4. Box
girder webs are inclined and the tilt is 1 : 3.8. ,e constant
web thickness was determined by shear considerations,
because of the presence of tendon ducts in the concrete. ,e
thickness of web plate increases gradually from 50 cm and
70 cm to 110 cm within 12.95m from the end, in order to
meet the basic requirements for the construction load such
as double-layer girder storage, girder transport, and erec-
tion, combined with the withdrawal requirement of com-
prehensive hydraulic internal formwork. ,e box segment
has a bottom slab width of 7.65m and the thickness is
variable, which results from the limit deflection criteria
under the live loading. ,e local haunches are used at the
intersection of the bottom slab and the webs, aiming at
providing sufficient space for accommodating the required
number of tendon ducts. ,e weight of single box girder is
about 1270 t. ,e typical longitudinal and cross sections are

2 Advances in Civil Engineering



shown inFigures 1–3.Without Figure 2 considering the dead
load, the positive moment of mid-span section is
23119 kN m under the secondary dead load and operating
load.

2.2. Design of BoxGirder Transport with Trolley on the Erected
Bridge. Aimed at conducting 40m/1270 t box girder
transport in Sanmen Bay Bridge, four vehicles are designed
to form semirigid connections with synchronous control
system. Single vehicle can move along the roof surface of the
left or right bearing box girders, shown in Figure 4. ,e
transverse wheel space is 6.5m and 10.25m, respectively.
,e upper box girder transport is carried out when the
bearing box girder is in simple support state. For 40m
bearing box girder, the construction load mainly includes
the dead load, prestressed load, the transport load of the
vehicles, and upper box girder. ,e impact coefficient of
vehicles should be considered in stress analysis.

In order to reduce the load effect of box girder transport,
the transport load is shared by at least four bearing box
girders. ,e wheel range of single vehicle should be con-
trolled within 19.7m, with the vehicle parameters of the axle
number, wheelbase, and dead weight under consideration.
When the wheelbase is 1.2m and the number of axles is
selected as 16, the weight of the whole vehicle is 550 t, which
is relatively appropriate. ,e overall dimension of the whole
vehicle is 53 m× 25.75m × 4.3m. It is obvious that when the
wheel group center of front or the last two vehicles is located
in the mid-span section, the longitudinal stress of bearing
box girder is most unfavorable, as is shown in Figure 5.
Under the transport load, the positive moment of mid-span
section is 34110 kN m, which is obviously greater than the
calculatedmoment of the secondary dead load and operating
load. It verifies that the construction load of box girder
transport is the main factor in this bridge design.

3. The Simulation Analysis of 40 m Bearing
Box Girder

Finite element simulations of 40 m box girder are performed
and the results will be used to determine the stress state of
40 m bearing box girder under the dead load, transport load,
and prestressed load. All simulations are carried out using
the statics solver of the finite element software package
ADINA R9.6.0. ,e prestressed tendons are meshed with 2-
node 3D Truss-rebar element with 3 translational degrees of
freedom in each node, while other components (the box
girder, cushion blocks, and supports) are meshed with re-
duced integration 8-node 3D-solid elements with stiffness-
based hourglass control [26]. ,e spatial effect and friction
loss of prestressing tendon are considered according to
posttensioned hole friction loss test. Parameters k and μ are
0.00152 and 0.207, respectively.,e bottom of the temporary
bearings is simulated as rigid element. Modulus of elasticity
for girder contact layer will not show tensile stress when
rotations and deformations occur at girder end. Owing to
the relatively sensitive change of the stress in mid-span

section, a thicker element mesh is adopted for mid-span
section.

Since the box girder was poured, three-stage con-
struction of prestressed tendons has been carried out in
about 48 h, 8 2h, and 320 h, respectively. Box girder
transport test is carried out in about 1080 h, and corre-
sponding laboratory tests have been carried out to obtain
the actual elastic modulus at each important stage of 40 m
box girder. Other parameters for concrete and prestressed
tendons characteristics are determined based on specifi-
cations for the design of highway bridge (JTG 3362–2018)
[27]. Material parameters in Table 1 are used in refined
model for linear mechanical analysis of simply supported
box girder.

In order to simulate the most unfavorable case of 40 m
box girder transport precisely, cushion block without density
is established in the designated top surface of bearing box
girder. Two kinds of modeling methods are used in model 1
and model 2 based on the actual tire-ground contact area.
One cushion block is established in model 1 to simulate the
comprehensive effect of tires A and B, with single size of
0.497m× 1.0m× 0.3m, as is shown in Figure 6. Two
cushion blocks are established in model 2 to simulate tires A
and B, respectively.,e single size is 0.497m× 0.5m× 0.3m.
,e mesh size of cushion blocks is 0.2485m× 0.25m×

0.15m in two models.
When four vehicles are stationary, the loads of tire A and

tire B are both 69.7 kN. When four vehicles carry the upper
box girder along the erected box girder at low speed, it is
assumed that the pressure of all tires is consistent and the
impact coefficient effect can be considered as the increment
of static loads. ,e pressure of the tires at corresponding
position is converted to uniform pressure and applied to the
upper surface of the cushion block.

Element mesh should be as subdivided as possible when
the structure is discretized. Maximum andminimum sizes of
model 1 along the girder length direction are 1.0m and
0.2485m, respectively. ,e maximum size occurs in the
ranges of 5 m–16.7m and 22.7m–35 m, whereas the min-
imum sizemainly appears near the cushion blocks.,emesh
size within 6 m of mid-span section is 0.35m.,emaximum
and minimum sizes of concrete elements along the box
girder height direction are 0.3m and 0.04m, respectively.
,e maximum unit size appears in the web, whereas the
minimum size appears in the edge of top plate. ,e maxi-
mum andminimum sizes of concrete elements along the box
girder width direction are 0.475m and 0.1m, respectively,
with the maximum unit size appearing in the top plate and
the minimum size appearing in the web of mid-span section.
,e mesh size of prestressed tendons is 0.35m. ,e total
number of elements in model 1 is about 115,000, while 1,800
are used for the prestressed reinforcement.,e total number
of nodes is about 168,000. ,e mesh size control of model 2
is basically the same as that of model 1.

Before the stress analysis of 40m bearing box girder, four
other finite element models are established to study the
influence of mesh size on the calculation results according to
the same geometry of model 1. ,e mesh size is controlled
according to about 0.5 times, 1.5 times, 2 times, and 2.5 times
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of model 1. Without considering the impact coefficient, the
longitudinal stress increments of six models are basically the
same in the bottom plates of mid-span section under the
transport load. ,e differences at the same location are
basically within 4.6%. However, excessive mesh size is more
likely to lead to stress concentration near the cushion block
of the top plate, which is disadvantageous to the accurate
stress analysis of top plate. Smaller mesh size will increase
the numbers of nodes, elements, and calculations signifi-
cantly. ,e comparative stress results of key mid-span
section in six models show that the mesh size from 0.5 times

to 1.5 times has little impact on stress increment, and the
mesh size selected in model 1 and model 2 is relatively
reasonable. ,e mesh size of the subsequent calculation
models is basically carried out based on this control range.

3.1. 5e Simulation of Dead Load. According to the sum of
four support reactions in model 1 and model 2, the total
weight of 40 m concrete box girder is 1270 t. By recording
the amount of C50 concrete and reinforcement in prefab-
rication yard, the average weight of two box girders is 1264 t.
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Tracking test of single-layer box girder storage is carried out
in the storage area. ,e total weight of 40 m box girder is
tested by using four large bearing reaction meters of 500 t
and its value is 1252 t. ,e data of these three groups of 40 m
box girder weight are relatively close and the difference is
within 2%. It is illustrated that the selection of material
parameters is reasonable in model 1 and model 2 and that
the structure model established by ADINA is able to sim-
ulate the actual situation of 40m/1270 t precast box girder.
Under the dead load, the images from stress result in mid-
span section show that the tensile stress at the lower edge of
bottom plate is 8.7 MPa∼9.2 MPa and that the compressive
stress at the upper edge of bottom plate is 4.6 MPa∼5.5 MPa.

3.2. 5e Simulation of Transport Load. Taking model 1 for
example, the longitudinal stress increment of the mid-span
section under the transport load is shown in Figure 7 (the
compressive stress increment is negative, and the tensile
stress increment is positive, the same as below). For the key
mid-span section, the stress distribution shows that the
bottom plate is in the state of compressive stress increment,
whereas the top plate is in the state of tensile stress incre-
ment. ,e tensile stress increment in lower edge of bottom
plate is 5.1 MPa∼5.7 MPa. ,e compressive stress increment
in upper edge of bottom plate is 2.3MPa∼3.3MPa.,e stress
increment of mid-span cross section caused by the transport
load is relatively balanced, which conforms to the fact that
both the box girder structure and transport mode are ba-
sically symmetrical.

On the basis of contrast analysis of the stress results
caused by transport load, the longitudinal stress increment
at the top plates and bottom plates of model 1 is basically

consistent with that of model 2. ,erefore, it can be inferred
that the loads of tires A and B can be considered as a whole.
Model 1 has easier benefits compared to model 2 and the
accuracy of calculation results can also be guaranteed.

According to the data provided by the vehicle manu-
facturer, the impact coefficient is not more than 1.1 when the
traveling speed of four vehicles is controlled within 4 km/h.
So the impact coefficient of 1.1 times is considered in the
maximum transport load. Under various load combinations,
the lower edge stress increment of the mid-span section in
model 1 and model 2 is shown in Table 2. For the combi-
nations of the dead load and maximum transport load, the
dead load effect accounts for more than 62% of the total load
effect.

3.3. 5e Design and Simulation of Prestressed Load.
Economic and reasonable prestressed tendon design is very
important for large-tonnage box girder. According to the
stress analysis of dead load and transport load, Figure 8 and
Figure 9 give one feasible scheme of posttensioned pre-
stressed tendons arrangement. ,e specific parameters are
shown in Table 3.

For large-tonnage box girder, the construction of
posttensioning method is divided into three stages. ,e first
stage of posttensioning is performed on the precast pedestal
to restrain the early crack caused by hydration heat of mass
concrete.,e compressive stress reserve of mid-span section
shall not be less than 0.8MPa according to practical ex-
ploration of several engineering projects. To accelerate the
turnaround efficiency of the precast pedestal, the second
stage of prestressed tension is carried out on the precast
pedestal to ensure that there is no tensile stress at the lower

Table 1: Material parameters.

C50 concrete
Elastic modulus (×104MPa) Density (kg/m3)

Prestressed tendons
Density (kg/m3) Elastic modulus (104MPa)

48 h 82 h 320 h 1080 h 2650 19.5 78502.34 3.15 3.52 3.64

Figure 6: ,e finite element model of box girder transport.

40 m box girder

the center of bearing box girder

the forward direction

Figure 5: ,e most unfavorable condition of box girder transport.
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edge of the bottom plate of the mid-span section during the
lifting condition. ,e large-tonnage box girder is then
moved to the storage area where the third posttensioning
stage takes place. ,e stressing and grouting of all pre-
stressed tendons in box girder were conducted in the storage
yard before transport and erection. ,e control parameters
of these three stages are designed in Table 4.

According to the stress results of simulating three-stage
construction of posttensioned prestressed load, key mid-
span section is in the state of compressive stress increment
while under the dead load and prestressed load. ,e com-
pressive stress increment in lower edge of bottom plate is 6.1
MPa∼7.2 MPa, whereas the compressive stress increment in

upper edge of top plate is 0.9 MPa∼2.2 MPa. ,e maximum
transport load is then applied to the model as the increment
of static loads. Under the dead load, prestressed load, and
maximum transport load, the key mid-span section is
compressed without tensile stress. ,e stress increment in
lower edge of bottom plate is 0.5 MPa∼1.4MPa. It is obvious
that the 40 m bearing box girder is safe under the most
unfavorable condition of box girder transport.

4. Tracking Test of 40 m Bearing Box Girder

4.1. Arrangement of Stress Measuring Points. In order to
verify the accuracy of numerical simulation, the longitudinal

Table 2: ,e lower edge stress increment of bottom plate in midspan section (MPa).

Load combinations Dead load Transport load Maximum transport load Dead load +maximum transport load
Model 1 8.7∼9.2 5.1∼5.7 5.6∼6.3 14.4∼15.2
Model 2 8.7∼9.2 5.2∼5.7 5.8∼6.3 14.5∼15.5
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Figure 8: Prestress arrangement of the mid-span section (cm).
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Figure 7: Longitudinal stress increment of mid-span section caused by transport load (Pa).

Table 3: ,e design parameters of posttensioning method.

Number Specification Number of ducts Bending angle (°) Nominal area (mm2)
Z1/Z2/Z3/Z4 19φ15.2 2× 4 (long bundle) 6/6/6/6 140
B1/B3 15φ15.2 2× 2 (short bundle) 5.3/5.3 140
B2/B4 19φ15.2 2× 2 (long bundle) 6/6 140
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stress increment of two bearing box girders was tracking
tested in actual construction process. Both the bearing box
girders and transported box girders are selected as 40 m.
Based on the stress analysis, Figure 10 gives five key control
sections of two bearing box girders. ,e measuring points
are arranged at the upper edge of the top plate and the lower
edge of the bottom plates. ,e measuring points diagram
and the field loading test of box girder transport are shown
in Figures 11(a) and 11(b).

,ere are 50 stress measuring points for each test box
girder. ,e vibrating wire strain sensor of Changsha Jinma
Co., Ltd. is used in this test and it can measure strain in-
crement and temperature changes accurately in specified
location of box girder concrete. Its strain measuring range is
±1500 με the sensitivity is 0.1 με, the temperature range is
−20–60°C, and the sensitivity is 0.1°C. All strain sensors are
embedded at the designated position before the
concrete casting.

,e initial strain value and the initial temperature value
were ε0 and T0, respectively. When the working condition
changed, the measured strain value and temperature value
were ε1 and T1 , respectively. According to temperature
correction, the measured stress increment values can be
calculated as follows:

σ � E × ε1 − ε0 + 2.2 × T1 − T0(  . (1)

Here, E is the elastic modulus of concrete.

4.2. Tracking Test of the Dead Load and Prestressed Load.
,e main purpose of this test is to obtain the real stress
increment under the dead load and prestressed load. For
three stages of posttensioning construction, Figure 12
presents cumulative stress increment of five measuring
points at the bottom plate of key mid-span section. Mid-
span section in the three stages is all in the state of com-
pressive stress increment. Compared to the posttensioned
prestressed construction at the first stage and the second
stage, the compressive stress increment increases obviously
in the third stage because the prestress effect in the first two
stages is mainly used to offset the dead load of the box girder
and the compressive stress reserve resisting the maximum
transport load effect is mainly generated by the increment of
the third stage. ,e trend of compressive stress increment is
consistent with the objectives for the design. It can be
considered that the tensioning scheme of three-stage pre-
stress is reasonable.

After the third stage of construction, cumulative stress
increment in lower edge of bottom plate is 6.4
MPa∼6.8MPa. ,ese values are close to the corresponding
values calculated in model 1 (6.1MPa∼7.2MPa). It is

illustrated that the refined model of dead load and pre-
stressed load can be considered as a reliable tool for stress
analysis.

4.3. Tracking Test of the Transport Load. ,e main purpose
of this test is to obtain the real stress increment under the
transport load. ,e stress measuring points arrangement is
the same as that of the tracking test of dead load and
prestressed load. Two transport cases are as follows: In Case
1, the wheel group center of the front two vehicles is located
in the mid-span section of test box girder. In Case 2, the
wheel group center of the last two vehicles is located in the
mid-span section of test box girder. ,e vehicles reach the
designated location in turn, followed by stress collection
10minutes later.

Figure 13 presents the stress increment of key mid-span
section in Case 1 and Case 2 of two test box girders. For the
first bearing box girder, the stress increment values of Case 1
at the corresponding position are basically close to those of
Case 2. ,ey are verified for a second time in the second
bearing box girder. Based on the almost same stress in-
crement in Case 1 and Case 2 of the two test box girders, it
can be inferred that the actual tire pressures of the front and
last two vehicles are the same and that the design of four
vehicles is successful in ensuring the consistency of tire
pressure.

Taking Case 1 for example, Figure 14 presents the
comparison of the measured stress increment values and the
corresponding calculated values along the girder length
direction. ,e measured stress increment is very close to the
calculated stress in five key control sections.,e stress values
at corresponding position of the symmetrical sections, such
as S1 and S5, as well as S2 and S4, are basically close to each
other, which shows that the established refined model can
simulate the most unfavorable condition of 40 m box girder
transport. It also indicates that the stress increment of the
mid-span section is obviously larger than those of other
sections. Stress analysis on mid-span section should be more
accurate.

Figure 15 presents the comparison of the measured
stress increment values and the corresponding calculated
values in key mid-span section. For the key mid-span
section of the first test box girder, the measured stress
increments of bottom plate and top plate are 4.96–5.52MPa
and −2.78∼−3.54 MPa, respectively. ,e stress increment
values at the corresponding position of the second bearing
box girder is 5.16∼5.66Mpa and −2.83∼−3.28 MPa. ,e
stress distribution is relatively balanced and there is no
obvious shear lag effect in the top plate and bottom plate.
10minutes after the vehicles leave the test box girder, the

Table 4: ,e control parameters for three-stage construction of prestressed tension.

Number Specification Number of
holes

Anchorage stress of
prestressed tension (MPa)

Minimum strength
requirement of concrete (MPa)

1 N2–B4 4 930 25
2 N4–N1–B3–N3–B1 10 930 40
3 N2–N4–B4–N1–B3–N3–B2–B1 16 1395 50
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residual strain is collected. Relative residual strain of 10
measuring points in mid-span section is less than 5% and it
also includes the measurement deviation of dynamic strain
sensors. It shows that the box girder structure is still in the
elastic range.

4.4. Dynamic Strain Test of the Transport Load. ,e main
purpose of this test is to obtain the real stress increment
under actual transport load. ,e dynamic strain sensor of
Jiangsu Donghua Co., Ltd. is used in this test. It can measure
the dynamic strain increment accurately in specified location
of box girder concrete, with the strain measuring range of
±3000 με and the sensitivity of 0.1 με. It can operate nor-
mally in the range of −20°C to 80°C.

Dynamic strain measuring points are arranged at S3-Z08
and S3-Z10 of first test box girder. When the four vehicles
pass through the 40 m bearing box girder at the speed of
4 km/h, the dynamic strain at the mid-span section is col-
lected under the nonstop condition, with the total test time
of about 109 s. By elastic modulus conversion, Figure 16
presents the dynamic stress increment of S3-Z08 and S3-
Z10.

As Figure 16 indicates, the maximum dynamic stress
increment of S3-Z10 is 6.01MPa and it occurs in 28 seconds.
It is the time during which wheel group center of front two
vehicles travels to the mid-span section. When the wheel
group center of the last two vehicles is traveling in the mid-
span section, the maximum dynamic stress increment of S3-
Z10 is 5.94MPa. ,e stress increment values under the two
working conditions are basically close and the difference is
less than 2%. For another dynamic strain measuring point of
S3-Z08, the maximum dynamic stress increments are 5.77
MPa and 5.64 MPa, respectively, and the difference is less
than 3%. It is proved again that the tire pressure of the
vehicles is basically consistent.

Under the transport load, the calculated stress increment
of S3-Z10 is 5.54 MPa in model 1, and the ratio of maximum
dynamic stress increment and 5.54MPa is 1.085. ,e same
analysis method was used for S3-Z08 and the ratio is 1.076.

,e actual impact coefficient of the vehicles is estimated to be
1.08 according to the average value. Both impact coefficients
obtained by dynamic strain test are less than 1.1. It is in-
dicated that the design of the vehicles is successful in terms of
impact coefficient. When carrying out 40 m box girder
transport with trolley on erected bridge, it is suggested that
the speed of four vehicles should be controlled within 4 km/h.
It is relatively safe when using the impact coefficient provided
by the manufacturer to design the large-tonnage box girder.

When the vehicles leave the test box girder, the dynamic
strain increment is quickly reduced to a very small range.
,e relative residual strain of the two measuring points is
less than 4% and it also includes the measurement deviation
of dynamic strain sensors. According to the dynamic strain
test results, the box girder structure is still in the elastic
range. It is suitable to this study that the impact coefficient
effect is considered as the increment of static loads.
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Figure 12: Stress increment comparison of the mid-span section.
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Figure 11: Tracking test of 40 m bearing box girder. (a) Stress measuring points arrangement (cm). (b) ,e field loading test.
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5. More Application Cases of Refined
Modeling Methods

5.1. Numerical and Experimental Comparison of 32.5m
Asymmetric Box Girder. In order to study the suitability of
the refined modeling method to other length box girders, a

modeling method the same as above is adopted to analyze
the eccentric load test of simulating 32.5m/733 t box girder
transport in [23]. ,ere are 7 cushion blocks without density
established to simulate the loading points of seven jacks,
with the center distance of 3.856m and the size of one
cushion block of 0.33m× 1.28m× 0.3m. Taking 1.1 times of
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the impact coefficient into account, the load on single
cushion block is 569KN. Figure 17 presents the geometry of
mid-span section and five control sections have the same
measuring points layout.

Figure 18 shows the stress comparison along the girder
length direction under the maximum transport load. ,e
calculated values of Z01–Z04 are close to the test values,
which illustrates that the corresponding refined model can
also simulate 32.5m asymmetric box girder transport. It is
difficult to carry out field test for each practical engineering
owing to the high cost. ,e above-validated modeling
method provides an economical and reliable way to obtain
the accurate stress of more box girders, especially in the
phase of designing.

So far, the approaches of simulation analysis proposed
above have been adopted in Sanmen Bay Bridge, Yuci Ex-
pressway, the second passageway of Hangzhou-Ningbo
coastal expressway, and other numerous major bridge
projects in China, which guarantees the applicability and
reliability of large-tonnage box girder.

5.2. Geometry Optimization of 40 m Box Girder.
According to the stress analysis on dead load and maximum
transport load in Sanmen Bay Bridge demonstrated above,
the dead load effect of bearing box girder accounts for more
than 62% of the total load effect. It is obvious that reducing
dead load by optimizing geometry is an effective way to
reduce the total construction load.

For large-tonnage box girder in highway, it is difficult to
adjust the girder height and the cantilever length because the
bridge decking width is unchangeable. In middle standard
section, the thickness of web is 50 cm and that of the bottom
plates is 25 cm, which were determined by shear

considerations, as tendon ducts internal to the concrete were
present. ,e number of the prestressed tendons per web
plate should not exceed 4 × 19 according to the limitation of
the girder height and local stress in anchorage zone.
,erefore, it is the preferred scheme to adjust the width of
the bottom plate. According to the engineering practice, the
reasonable and economical web plate tilt of symmetrical box
girder should be controlled between 1 : 3 and 1 : 4.5.

Aimed at minimizing project cost, the vehicles in Sanmen
Bay Bridge can be reused. With the application of the pro-
posed modeling method mentioned above, new calculation
model of optimized geometry can be established and applied
for evaluating the safety and economy of 40 m box girder.
,ree phases for the optimizationprocess are asfollows:

(i) Cross-Sectional Optimization. ,e same modeling
method is used to establish three models of different
bottom plate width, to analyze the influence rule of
bottom plate width on the stress of 40 m large
tonnage box girder. ,e bottom plate widths of
model 3, model 4, and model 5 are 7.6m, 7.3m, and
7.0m, respectively. On the basis of keeping same
prestressed tendons, the compressive stress of the
bottom plate in key mid-span section increases
gradually, whereas the bottom plate width de-
creases. When the bottom plate width is reduced
from 7.65m to 7.0m, the weight can be effectively
reduced from 1270 t to1242 t. ,e web plate tilt is
adjusted from 1 : 3.8 to 1 : 3.4 and the value is still
within the reasonable and economical range.

(ii) ,e web thickness design for the end section in
large-tonnage box girder should not only meet the
bending and shear requirements but also provide
sufficient torsional stiffness. Based on the stress
results of model 3, model 4, and model 5, the shear
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near the end section also decreases as the geometry
and weight of box girder change. Model 6 with the
web thickness of 100 cm and model 7 with the web
thickness of 90 cm are established. ,e analysis
results show that the web plate thickness can be
further optimized from 110 cm to 100 cm.

(iii) Longitudinal Section Optimization. Based on the
optimized cross section of model 6, model 8 is
established and the longitudinal length of transition
section is 2.95m, 2.0m, 3.0m, and 3.0m, respec-
tively. ,e analysis results show that model 8 has
great advantages both in cost and in mechanical
performance. Figures 19 and 20 present the opti-
mized longitudinal section and mid-span section of
model 8. By optimizing the longitudinal section, the
weight of 40 m box girder can be further reduced
from 1242 t to 1222 t.

(iv) Prestressed Tendon Optimization. Keep the total
number of prestressed tendons constant, and the
mid-span section of model 8 is always in the state of
compressive stress under the dead load, the maxi-
mum transport load, and prestressed load. ,e
minimum compressive stress occurs at the lower

edge of the bottom plate and its value is 1.3 MPa.
,e minimum compressive stress is too conserva-
tive and can be further reduced to nearly 0MPa.

In order to control the minimum compressive stress of
mid-span section, different combinations of prestressed
tendon are considered inmodel 8. If deducting the prestressed
tendon of B3 or B4, two sets of internal concrete tooth blocks
in box girder can also be reduced.,e total weight of 40m box
girder can be further reduced from 1222 t to 1220 t. When
deducting the prestressed tendon of B4, under the dead load,
the maximum transport load, and the optimized prestressed
load, tensile stress of 0.2 MPa occurs on the bottom plate of
the mid-span section. It goes beyond the design principle of
controlling no tensile stress in key mid-span section of large-
tonnage concrete box girder. Similarly, if deducting the
prestressed tendon of B3, under the dead load, maximum
transport load, and optimized prestressed load, the minimum
compressive stress occurs at the lower edge of the bottom
plate and its value is 0.2MPa, as is shown in Figure 21.

Finally, it is appropriate to deduct the prestressed tendon
of B3, the compressive stress reserve is enough, and it can still
meet the safety requirements of 40 m box girder transport
with trolley on erected bridge. Compared with 40m/1270 t
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box girder in Sanmen Bay Bridge, single-optimized box
girder can help to save 20m3 concrete and 2 × 15 prestressed
tendons. In addition, reducing two sets of internal concrete
tooth blocks is conducive to the pulling out of the internal
formwork. Moreover, the prestressed tensioning efficiency is
also greatly improved. At present, the optimized 40 m box
girders and transportmethod have been adopted by the
second passageway of Hangzhou-Ningbo Coastal Express-
way. ,e ideas of geometry optimization for large-tonnage
box girder were also applied in other similar projects in
China, all achieving good economic and social benefits.

6. Conclusion

(1) For 40 m box girder transport, the refinedmodels are
established and the corresponding stress of key mid-
span section is obtained under the dead load, pre-
stressed load, and transport load. According to the
proposed prestressed tendons design, there is still
0.5∼1.4 MPa compressive stress at the lower edge of
the bottom plate under the most unfavorable
condition.

(2) Tracking test is carried out in the construction
process. ,e actual stress increments under the dead
load, prestressed load, and the transport load are
obtained. ,e value is in consistency with the

calculated value of ADINA finite element, which
verifies the accuracy of refined models.

(3) ,e dynamic strain test results show that tire pressure
is consistent. ,e actual impact coefficient is obtained
to be 1.08 and its value meets the requirements of no
more than 1.1 provided by the vehicle manufacturer.
According to relative residual strain, the box girder is
still in the elastic range under the most unfavorable
condition. It is reasonable to consider the impact
coefficient as the increment of static loads.

(4) In terms of security and economy, validated mod-
elingmethod is applied to optimize the geometry and
prestressed tendons. New design of 40 m box girder
is obtained with less concrete and longitudinal
prestressed tendons.

(5) ,e refined models, test methods, and optimiza-
tion idea discussed in this study are helpful for the
construction of the bridge, which may serve as a
reference to the development of large-tonnage box
girder designs to be more economical and less
conservative. ,is research results are also suitable
for larger span box girder, asymmetric box girder
with large cantilever, and small radius curved box
girder. Due to the fact that same vehicles are
reused in the actual projects, the optimization
research on different vehicles is not covered in this
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study, which can be discussed in detail in the
future research.
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