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In order to solve the problem of vehicle-bridge coupling vibration of a continuous semisteel bridge, the main bridge type of long-
span prestressed concrete girder bridge, the author proposes a bridge safety test system based on the dynamic and static load test.
The system combines the change of stress and deflection with the vibration amplitude of the bridge body, and using the modeling
assistant in large-scale finite element software MIDAS/CIVIL, a three-dimensional finite element real bridge model is established,
including input of section data, the input of boundary conditions, and the input of loads. The result obtained is as follows: the
structural verification coefficient of the control strain of the main girder under each working condition is not greater than 1.0,
indicating that the flexural rigidity of the structure meets the design requirements. In addition, under each working condition, the
ratio of the residual strain after unloading to the measured total strain is less than 20%. Under each working condition, the
deflection calibration coefficient of each control section is less than 1.0, and the ratio of residual deflection to total deflection of
each measuring point is at most 3.9%; each residual deflection is small. The damping ratios are all less than 5% of the empirical
damping ratio of concrete members, indicating that the bridge structure is in good condition. The result obtained by the author is
compared with the standard allowable value and the theoretical calculation value, so as to provide a basis for the study of the

bearing capacity of similar bridges and to verify the standardization and rationality of the existing bridge structural design.

1. Introduction

With the advancement of science and technology and the
improvement of the national economic level, China’s bridge
construction has entered a glorious period [1]. As early as
2005, the total mileage of highways in China reached 1.9
million km, the total mileage of expressways exceeded
35,000 km, and the total number of highway bridges
exceeded 330,000 [2]. Many long-span bridges also came
into being but with the increase in span, from several
hundred meters to 3000 meters; the height-span ratio of the
stiffening beam is getting smaller and smaller (1/40~1/300);
the safety factor also decreases, from previous 4~5 to 2~3.
The defects in the design and construction of existing bridges
in China and the damage, aging, or disasters in the long-term
use process are gradually exposed, and many problems such
as cracking of concrete structures, reduced service perfor-
mance, insufficient bearing capacity, and poor seismic
performance have seriously affected the service life and

structural safety of existing road network structures [3], and
with the emergence of overweight equipment trans-
portation, due to the limitation of the design load level of
some bridges, especially those built in the early days, the load
level cannot meet the needs of overweight equipment
transportation. Due to the lack of necessary monitoring and
corresponding maintenance, a large number of bridge
damage accidents have occurred around the world, causing
huge losses to the national economy, life, and property [4].

On August 13, 1997, the Tixi Tuojiang Bridge in Fen-
ghuang County, western Hunan Province, collapsed on the
eve of its completion after two years of construction. 63
people escaped, and 22 of them were injured. It has been
confirmed that 47 people died unintentionally, and more
than a dozen people are still crushed under the gravel, with
no hope of survival. In October 1994, a major accident
occurred in Seoul, South Korea, in which the central section
of the Seongsu Bridge spanning the Han River was broken by
50 m, of which 15 m fell into the river, causing 32 deaths and
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17 serious injuries. It is said that the reason for the sudden
rupture of the bridge during rush hour is the long-term
overload operation and fatigue failure of steel beam bolts
and rods. The Tacoma Narrows Bridge, with a main span of
853 m, completed in 1940, was only used for three months,
and the bridge collapse accident was caused by a wind speed
of 19m/s. In 1951, the Golden Gate Bridge with a main span
of 1280 m was partially damaged due to vibration when the
wind speed was 15~1520m/s. Of approximately 500,000
highway bridges in the United States, more than 200,000
have varying degrees of damage. In February 1967, the Silver
Bridge over the Ohio River suddenly collapsed, killing 46
people.

In order to ensure the quality of these bridges that cost a
lot and are closely related to the national economy and
people’s livelihood, especially the quality of some new
structural bridges and bridges using new materials and new
construction techniques, according to the requirements of
the “Technical Specifications for Highway Maintenance”
promulgated by the Ministry of Communications, these
bridges must be evaluated for their capacity [5, 6]. However,
due to the difference between theoretical inference and
actual structure characteristics, the identification of bearing
capacity is still inseparable from the load test. The bridge
load test is the most direct and effective method and means
to evaluate the quality of bridges.

2. Literature Review

The development of prestressed concrete bridges was still in
its infancy before the Second World War, but it is tran-
sitioning to the mature stage [7]. After World War II, many
Western European countries such as the Federal Republic of
Germany and France were damaged by the war, and a large
number of bridges were in urgent need of repair. At that
time, there was a shortage of steel after the war, which
objectively provided very favorable conditions for the de-
velopment of prestressed concrete bridges [8]. In order to
avoid importing expensive steel materials from abroad, some
third world countries in Africa and Latin America also give
priority to prestressed concrete bridge schemes [9].

Once the prestressed concrete bridge jumped onto the
historical stage of bridge construction, it showed its strong
competitiveness. A record spanning over 100 m has been
created since the 1950s. In the early 1960s, the erection
method and the pushing method were applied to the middle
span prestressed concrete continuous beam. For the long
span prestressed concrete continuous beam, the application
of various more perfect cantilever construction methods
makes the continuous beam abandoned the expensive full
floor construction method. Instead, an economical and ef-
fective highly mechanized construction method is adopted,
so that the continuous beam scheme obtains new compet-
itiveness and gradually occupies a dominant position in the
range of 40ni200m [10, 11]. The 1953 Kochertal Bridge in the
Federal Republic of Germany is an elevated multi-span
continuous beam with a pier height of 183 m, a span ar-
rangement of 81+7 % 138+ 81 m, and a bridge deck width
of 31 m. Only a single box with a width of 8.6 m is used, a
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long cantilever is lifted out of the box, and there is a diagonal
brace to support the cantilever bridge deck every 7.66 m.
Whether it is an urban bridge, an elevated road, a valley
viaduct, or a bridge spanning a wide river, the prestressed
concrete continuous beam has exerted its advantages, which
often replaces other systems and becomes the winning so-
lution of choice. From the 1970s to the 1980s, statistics were
made on more than 200 prestressed concrete beam bridges
with a main span greater than 100 m, and continuous beams
accounted for 50% of the total [12].

The structural systems of prestressed concrete bridges in
China already include simply supported beams, T-shaped
rigid frames with hinges or hanging beams, continuous
beams, truss arches, truss beams, and cable-stayed bridge
systems. In highway and railway bridge projects, most of the
simply supported beams above 20 m are made of prestressed
concrete, and among the prestressed concrete bridges above
medium span, cable-stayed bridges, T-shaped rigid-frame
bridges, continuous girder bridges, truss arches, and truss
girder (T-frame) bridges have been built [13]. The con-
struction methods used are cantilever pouring and cantilever
assembly method, jacking method, mobile formwork
method, and large floating crane, erection, and rotation
construction method [14].

The development of prestressed concrete truss bridges in
China is also catching up with the world’s advanced level
[15]. The prestressed concrete cantilever truss bridge with
the largest span is the Huanglingji Bridge (upper bearing
type) in Hanyang, Hubei Province, built in 1979, with a main
span of 90m, and the cantilever truss arch bridge is the
Jianhe Bridge in Guizhou Province, which was built in 1985,
with a main span of 150 m. Currently, the under-supported
cantilever truss girder bridge has the characteristics of rigid
stay cables (the upper chord of the cantilever truss), as well as
the characteristics of the truss, and the building height is
small, which is more suitable for urban bridge engineering.
The completed test bridge is the Zhejiang Port Bridge with a
main span of 70 m. The main span of the Fujian Gongtang
Bridge is 120 m [16, 17]. At present, research on the long-
span prestressed concrete cable-stayed bridge is underway,
and it is expected to approach or catch up with the world’s
advanced level; however, we must make arduous efforts in
the design theory, construction technology and construction
machinery, high-strength materials, and large-scale an-
choring and tensioning systems of long-span prestressed
concrete bridges [18].

The construction of prestressed concrete continuous
bridges in China has been widely developed in the past 20
years, the spanning capacity of bridges has been continu-
ously improved, and the structural system of continuous
girder bridges has increased. Building materials, anchors,
supports, and expansion joints used have all new develop-
ments. Construction technology and equipment are con-
tinuously improved and updated [19]. For this reason,
continuous girder bridges have become one of the main
types of prestressed concrete bridges. Continuous girder
bridges are mainly divided into the following structural
systems: continuous girder bridge, continuous rigid frame
bridge, rigid frame-continuous composite girder bridge, etc.
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Constant-section continuous girder bridges are mostly used
for medium-span bridges and can be constructed by pre-
fabricated installation, jacking method, and hole-by-hole
construction. Variable-section continuous girder bridges are
mostly used for long-span prestressed concrete continuous
girder bridges [20].

The research on disease diagnosis and prevention of
concrete bridge structures is one of the main directions of
bridge research. The analysis of the bridge disease, the re-
search, experiment and practice of the bridge detection, and
identification method and the treatment of the bridge dis-
ease have attracted worldwide attention, and the interna-
tional specialized institutions have been set up to study, and
an international specialized institution has been established
to conduct research.

For testing of bridges, many countries in the world are
currently conducting research and experiments. In the mid-
to-late 1980s, the United States installed corresponding
detection devices on many of its large bridges to collect
physical parameters such as displacement, strain, and ac-
celeration of structures and components, as well as the
impact of environmental factors on the structure. In the
1990s, the Lantan Fined Crossing Bridge and the Tsing Ma
Bridge in Hong Kong, the Humen Bridge in Guangzhou, the
Xupu Bridge in Shanghali, the Jiangyin Yangtze River Bridge,
and the Nanjing Second Yangtze River Bridge were all in-
stalled with monitoring equipment during construction,
which enabled real-time monitoring of structures during
operation. Among them, the monitoring system of the
Humen Bridge is composed of strain gauges, acceleration
sensors, temperature sensors, displacement sensors (ca-
pacitive acceleration sensors), and GPS systems, on the basis
of the construction monitoring and the bridge test system,
the short-term operation monitoring of the bridge after a
period of opening to traffic can be carried out, and these
works will play a crucial role in ensuring the safe operation
of bridges, extending their service life, and early detection of
bridge diseases, in order to save the maintenance cost of the
bridge and improve the comprehensive utilization efficiency
of the bridge.

To sum up, in view of the influence of local stress such as
diaphragms and chamfers at the pier-beam junction of high-
pier and large-span continuous rigid-frame bridges, the
stress is relatively complex, and the local stress analysis is
carried out on the section near the midspan fulcrum and the
pier bottom section so as to determine the sensitive element
of the complex section. Then, through the load test, the
research on the bearing capacity evaluation technology of
the high pier and long-span prestressed concrete continuous
rigid frame bridge is studied, and the calculation result of the
sensitive element stress is verified and has important
practical significance.

3. Research Methods

3.1. Equivalent Test Load. The design load of high-pier and
long-span continuous rigid-frame bridges is often a vehicle
with a superclass of 20, and a load of an automobile with a
superclass of 20 is composed of a fleet of heavy trucks with

axle loads of 30 tons and 55 tons arranged at certain in-
tervals. During the field load test, due to various conditions,
it is often difficult to accurately use standard loads to
simulate loading of real bridges, the loading vehicles used are
usually determined according to site conditions, and their
actual axle loads and gross weights are usually different from
standard loads.

The calculation of the test load effect is a process of
determining the loading position, the loading level, and the
size of the structure under the action of the test load on the
basis of the calculation results of the design internal force or
stress, and it is also a process of repeated trial calculation. In
principle, since the bridge static load test is an identification
load test, the test load should be the same as the design
standard load as much as possible; however, due to the
limitation of objective conditions, the actual test load is often
difficult to be consistent with the design standard load.
Under the premise of not affecting the main test purpose, the
loading method equivalent to internal force, stress, or de-
formation is generally used; that is, the most unfavorable
internal force or stress generated by the design standard load
on the control section is calculated, and it is used as the
control value; then, the test load is adjusted so that the
internal force or stress of the section can reach this control
value step by step. In order to ensure the test effect,
according to the requirements of the “Test Method for
Large-Span Concrete Bridges,” when selecting the test load
size and loading position, the static load test efficiency 5
should be used for regulation, that is,

- S
I}

In the formula, S, is the calculated value of the defor-
mation or internal force and stress of the detection part
under the action of the test load.

S, under the action of the design standard load is the
calculated value of the deformation or internal force and
stress of the detection part.

p is the impact coefficient taken by the design.

The value of # should be between 0.8 and 1.05. When the
bridge investigation and verification work are relatively
complete, the lower limit value of 7 can be adopted. When
the bridge investigation and verification work are insuffi-
cient, especially when the design and calculation data are
lacking, the high limit value of # can be adopted. The #
constant table of the bridge static load test efficiency is
shown in Table 1.

(1)

3.2. Static Load Test. The test preparation stage is the
premise and guarantee for the bridge load test to be carried
out smoothly. The work at this stage includes the collection
of bridge technical data such as bridge design documents,
construction records, supervision records, original test data,
and bridge maintenance and repair records; the current
status of the bridge, such as the apparent inspection of the
deck system, load-bearing structural members, supports,
and foundations; and theoretical checking and calculation of
the internal force under the action of the design load and the
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TasLE 1: Efficiency constant table of the bridge static load test.

Type of bridge

Stress calibration factor

Deflection check factor

Reinforced concrete slab bridge
Reinforced concrete girder bridge
Prestressed concrete bridge

0.2-0.4 0.2-0.5
0.4-0.8 0.5-0.9
0.6-0.9 0.7-1.0

test proposed load, such as the formulation of the loading
plan, the formulation of the measurement plan, and the
selection of instruments and meters. It also includes on-site
preparations such as erecting working scaffolds, setting up
measuring instrument brackets, measuring point stacking
and surface treatment, testing component layout, and in-
stallation and debugging of measuring instruments.

The loading and observation stage is the central part of
the whole testing work. The work at this stage is based on the
preparations in place, and according to the predetermined
test plan and test procedure, suitable loading equipment to
load is used, various test instruments are used, various
performance indicators of the test structure after being
stressed are observed, such as deflection, strain, crack width,
and acceleration, and manual recording or automatic in-
strument recording means to record various observation
data and information are used. The specific layout is shown
in Figure 1.

3.3. Dynamic Load Test. Some parameters of bridge struc-
ture dynamic performance, such as natural frequency,
damping ratio, mode shape, dynamic impact coefficient, and
dynamic response, are important indicators for macro-
scopically evaluating the overall stiffness and operational
performance of bridge structures. It is also the main criterion
for some norms to evaluate the safety operation performance
of bridges. At present, although there is no unified evalu-
ation scale for the dynamic response and dynamic charac-
teristics of bridge structures in domestic and foreign codes, it
is generally believed that the dynamic characteristics of a
bridge structure reflect the overall stiffness of the structure,
the flatness of the bridge deck, and the ability to dissipate
external vibration energy input. At the same time, excessive
dynamic response will affect safe driving of the vehicle and
cause discomfort to the driver and passengers, which should
be avoided. The field layout of the dynamic load test is shown
in Figure 2.

The following factors can evaluate the dynamic per-
formance of bridge structures:

(1) The theoretically calculated and measured values of
the frequency of the bridge structure are compared,
and if the measured value is greater than the theo-
retically calculated value, it means that the actual
stiffness of the bridge structure is relatively large;
otherwise, it means that the stiffness of the bridge
structure is relatively small, and there may be cracks
or other abnormal phenomena. In general, some
assumptions are often made when theoretical cal-
culations are performed and some secondary factors
are ignored; therefore, the theoretically calculated
value is greater than the measured value.

&

FIGURE 1: Schematic diagram of the site layout of static load test
data collection.
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FIGURE 2: Schematic diagram of the site layout for the data col-
lection of the dynamic load test.

(2) The driving performance of the bridge structure is
evaluated according to the measured value of the
dynamic impact coeflicient. If the measured impact
coefficient is large, it means that the driving per-
formance of the bridge structure is poor, and the
flatness of the bridge deck is poor, and vice versa.

(3) To evaluate the driving comfort of the bridge
structure according to the magnitude of the mea-
sured acceleration and research data at home and
abroad, generally, the maximum vertical acceleration
of the vehicle when driving on the bridge structure
should not exceed g (g is the acceleration of gravity);
otherwise, it will cause discomfort to drivers and
passengers.

(4) The magnitude of the measured damping ratio re-
flects the ability of the bridge structure to dissipate
external energy input, and if the damping ratio is
large, it means that the bridge structure has strong
ability to dissipate external energy input, and the
vibration attenuates quickly. If the damping ratio is
small, it means that the bridge structure has poor
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ability to dissipate external energy input, and vi-
bration decays slowly. However, if the damping ratio
is too large, the bridge structure may be cracked or
the working condition of bearing is abnormal.

3.4. Finite Element Modeling. The continuous rigid frame
system is a complex spatial force system, and obviously, it is
very difficult to analyze and solve it by the analytical method.
In recent years, with the increasing application of electronic
computers in engineering, favorable conditions have been
provided for numerical methods to solve complex spatial
structures. The finite element method is a numerical solution
method that developed rapidly with the advent of computers
and has been widely used in engineering analysis in recent
years.

For bridge structures, the most important thing is the
longitudinal force analysis of the structure. Considering that
the span-to-width ratio of bridges is generally relatively
large, it is a practical method to approximate the longitu-
dinal analysis model as a member system. The commonly
used bridge software is based on the general program of the
finite element of the plane rod system, and special software is
developed according to the characteristics of the structure,
construction, and design of bridge engineering.

ANSYS has the function of cell life and death. This
option is used in bridge structural analysis to simulate the
bridge construction process. The function of unit generation
is equivalent to erecting bridge components, and the
function of unit death is equivalent to demolishing bridge
components. In addition, ANSYS also has the function of
programming, through which the design and analysis of
various bridge schemes can be simulated into a simple and
labor-saving process. Compared with the traditional mod-
eling methods, the use of program modeling can obtain fast,
accurate, and convenient calculation methods and calcula-
tion results.

4. Analysis of Results

4.1. Static Load Test. 'The main span structure of the bridge in
the author’s test is a large-span prestressed concrete semi-
rigid frame and a continuous box girder. When selecting test
items, the characteristics of continuous girder bridges
should be fully considered. The main items tested are the side
span of the continuous box girder bridge, the maximum
positive bending moment in the middle span, the positive
bending distance at the 1/4 section of the middle span, and
the maximum negative bending moment at the fulcrum.

There are 5 test conditions on the left and right sides of
the bridge static load test, and the detailed introduction of
each condition is as follows:

(1) Working condition 1: 8 loading vehicles are arranged
in 4 rows and 2 columns, the transverse bridge is
symmetrically loaded, and the longitudinal arrange-
ment is at the most unfavorable loading position of
the positive bending moment in the middle of the side
span.

(2) Working condition 2:8 loading vehicles are
arranged in 4 rows and 2 columns, the load is
symmetrically distributed across the bridge, and the
longitudinal arrangement is at the most unfavorable
loading position of the negative bending moment of
the top section of the pier on the west side.

(3) Working condition 3:8 loading vehicles are
arranged in 4 rows and 2 columns, the transverse
bridge is symmetrically loaded, and the longitudinal
arrangement is at the most unfavorable loading
position of the positive bending moment of the
midspan 1/4 section.

(4) Working condition 4:8 loading vehicles are
arranged in 4 rows and 2 columns, the transverse
bridge is symmetrically loaded, and the longitudinal
arrangement is at the most unfavorable loading
position of the midspan positive bending moment.

(5) Working condition 5: 8 loading vehicles are arranged
in 4 rows and 2 columns, the transverse bridge is
eccentrically loaded, and the longitudinal arrange-
ment is at the most unfavorable loading position of
the negative bending moment in the middle span.

The static load conditions and efliciency coeflicients of
the bridge after calculation are shown in Table 2.

The static load test was carried out to obtain the data, and
the residual strain test results under each working condition
were calculated as shown in Table 3.

As can be seen from Table 3, the structural verification
coefficient of the control strain of the main girder under each
working condition is not greater than 1.0, indicating that the
flexural rigidity of the structure meets the design require-
ments. In addition, under each working condition, the ratio of
the residual strain after unloading to the measured total strain
is less than 20%, which meets the requirements of the “Test
Method for Large-Span Concrete Bridges.” It shows that the
stress state of the structure is in the linear elastic working
range. The participating deflections under each working
condition in the static load test are shown in Figure 3.

Figure 3 shows that under each working condition, the
deflection calibration coefficient of each control section is
less than 1.0, the maximum ratio of residual deflection to
total deflection of each measuring point is 3.9%, and each
residual deflection is small, indicating that the vertical
stiffness of the bridge satisfies design requirements.

4.2. Dynamic Load Test

4.2.1. Sports Car Test. A 30t car was used to pass through the
bridge-span structure at a constant speed back and forth at
speeds of 20km/h, 30km/h, 40km/h, and 50km/h, re-
spectively, in order to determine the forced vibration re-
sponse of bridge structures under dynamic loads. The results
of the sports car experiment are shown in Figure 4.

Spectrum calculation and analysis on sports car test data
were performed, and it can be seen that the frequency
components of each measuring point in the sports car test
are mainly concentrated around 3.15 Hz.
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TABLE 2: Static load conditions and efficiency coeflicients.

Working conditions Number of test cars

Control item

Load factor Efficiency factor

1 8 Positive bending moment 0.972 Symmetry
2 8 Negative bending moment 0.943 Symmetry
3 8 Positive bending moment 0.883 Symmetry
4 8 Positive bending moment 0.892 Symmetry
5 8 Positive bending moment 0.894 Partial load
TaBLE 3: Residual strain of the control section.
1.4
Working conditions 1 2 3 4 5
Residual strain 3 1 0 2 1 12 4
Total strain 61 68 43 66 69
Residual/real 491%  1.47% 0 3.03% 1.45% 1.0 4
0.8 4
4.0
1 0.6 4
3.5 4
1 0.4
3.0 1
0.2 4
0.0 T T T T T T T
The speed of the car
FIGURE 5: Bridge damping ratio at different vehicle speeds.
obstacles at 3km/h, 5km/h, and 7km/h, determining the
forced vibration response of bridge structures under dy-
namic loads. The results of the jump test are shown in

Worse (the general)

FiGure 3: Total deflection under each working condition.

3.23

3.22

The speed of the car
LR W
S S
I ®» © S =~
1 1 1 1 1

0 10 20 30 40 50
The speed of the car

FIGURE 4: The main frequencies of the sports car test at no speed.

4.2.2. Jump Test. By establishing a finite element model, the
damping ratio of the bridge during the dynamic load test is
analyzed, and during the test, in the bridge-span structure, a
10 cm-high triangular dunnage is set on the bridge deck in
the middle of the span, so that the 30T car can cross the

Figure 5.

From the analysis of the above test data, it can be seen
that the damping ratio decreases with the increase of vehicle
speed, and the calculated damping ratio is less than 5% of the
empirical damping ratio of concrete members, indicating
that the bridge structure is in good condition.

5. Conclusion

The author systematically introduces the main contents of
static and dynamic load tests, summarizes the relevant
theories, introduces the field test and the processing analysis
of the test data in detail, and introduces the relevant theories
for the evaluation of the test results. The mechanical per-
formance of the bridge structure was compared and sys-
tematically tested, and the test data that could reflect the
overall mechanical performance of the structure were ob-
tained; the dynamic load test frequency with two test items
of the sports car and jumping car was compared and ana-
lyzed, and the damping ratio in the jumping car was
analyzed.
The conclusion is drawn as follows:

(1) In the static load test, the residual stress of the test
bridge span after unloading is less than that specified
in the “Test Method for Large-Span Concrete
Bridges.” It shows that the superstructure of the test
span is in an elastic working state.
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(2) In the dynamic load test, under the condition of
symmetrical load and eccentric load, the deflection
value of the bridge deck on both sides of the test
bridge has a good linear relationship and eccentric
load correlation with the loading level, and the
maximum deflection of the midspan section under
the test load is much smaller than the calculated
value (1/600) according to stiffness theory, indicating
that the stiffness of the test bridge span meets the
requirements. The residual deflection value of each
measuring point after unloading is very small, and no
cracks were seen during the experiment, indicating
that the bridge superstructure was within the elastic
working range.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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