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Abstract: A reasonable and efficient loading scheme is needed to guarantee the success of large-scale
bridge tests. In this study, an array-type, self-balancing pulley-group loading system was designed
based on the world’s largest spanning arch bridge using a 1:10 scale model test. Automatic statistics
of the required load at each loading point were realized using ANSYS, and a load optimization
algorithm for loading points at different construction stages was proposed. Tests were carried out
separately for the loading system using a single set of pulley groups and an array-type pulley group.
Finite element models of the model bridge and the original bridge were established separately using
ANSYS, and the stress results of different components during different construction stages of the main
arch ring were compared. The research results show the following: (1) The load magnification factor
of the single-pulley-group loading device is approximately 6.6 times, with a mechanical efficiency
of 94.26%. (2) In the array-type loading system, the actual load at each loading point can reach the
design value. The self-balancing characteristic of this system can eliminate the impact of vertical
deformation of the structure on loading accuracy, verifying the reliability of the system. (3) The
simulation results of the original bridge and the model bridge coincide well, and the stress of each
component during the construction process has the same trend. At key construction stages, the
maximum relative errors of the stress results of the rigid steel frame and the concrete inside the pipe
of the two bridges are 8.33% and 9.34%, respectively, and the maximum absolute error of the bottom
plate concrete is 0.66 MPa, verifying the correctness of the counterweight-optimization method. The
loading scheme proposed in this paper can provide a reference for the design of loading systems with
the same type of scale model test.

Keywords: rigid-frame arch bridge; scale model test; test design; loading system; weight calculation
method

1. Introduction

According to available data, all concrete arch bridges featuring a span exceeding
300 m worldwide utilize rigid-frame arch bridge structures [1]. The Tian’e Longtan Grand
Bridge, which is presently under construction, boasts a main span reaching an impressive
600 m. With an increase in span for rigid-frame arch bridges, structural stress becomes
increasingly complex [2], necessitating advanced requirements for bridge design principles
and construction control methodologies. Scaled model experimentation serves as an
efficacious approach to ascertain the genuine structural status of arch bridges under load-
bearing circumstances [3], providing benefits such as elevated safety, robust control over
test conditions, and abbreviated test durations.

Researchers have conducted studies on many large bridges around the world [4–7]
focusing on the design of scaled bridge tests. The efficiency and accuracy of the loading
system, as an essential component of scaled bridge tests, are some of the critical factors
affecting the success of these experiments. Currently, research on loading systems in scaled
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bridge tests conducted by scholars both domestically and internationally can be roughly
divided into three categories:

1. The first category mainly uses hydraulic jacks for loading. The base of the hydraulic
jack is fixed to the ground or another rigid structure, and the load is applied to the
structure through the jack head. This loading method is suitable for cases with fewer
loading points and shorter loading cycles [8]. For example, Liu et al. [9] conducted
a 1:16 scale test of the Wasiwo Bridge which has a clear span of 95 m, studying the
failure modes of catenary arches under loading at the crown and L/4 span. Wang
et al. [10] proposed a double-layer corrugated steel–concrete composite arch structure
and studied the bearing capacity of this type of arch using a single-point loading test
at the mid-span.

2. The second category is the multi-point suspended-weight method, which applies the
self-weight of counterweights as the load on the structure. For example, Liu et al. [11]
used 32 tons of iron bars to load a model test to study the mechanical behavior
of a steel truss arch bridge. This method results in large counterweight volumes,
occupying a significant amount of experimental space and affecting the normal use of
other test equipment. Li et al. [12] investigated the dynamic response of a long-span,
irregular steel tube-reinforced concrete arch bridge. They conducted 1:16 scale model
tests of the Yitong River Bridge with a main span of 158 m. The test was designed
to simulate vehicle loads using iron bricks to simulate the self-weight of the bridge.
However, due to space limitations, it was not possible to achieve an equivalent weight
loading of the self-weight.

3. To solve the problems of large counterweight space and high counterweight cost,
some scholars have designed a third category of loading systems, the lever method.
This method uses the principle of moment balance to multiply the self-weight load of
the counterweight acting on the structure to be loaded. For example, Zhang et al. [13]
conducted a 1:7.5 scale model test of the main arch ring of the 445-m main span of
Beipan River Bridge, which is a rigid-frame arch bridge. Based on the lever principle,
48 sets of loading devices were used to achieve the equivalent counterweight of the
arch rib. Tang et al. [14] conducted a 1:10 scale model test of the main arch ring
of the 420-m main span of Wanxian Yangtze River Bridge, studying the feasibility
of the main arch ring’s formation sequence and the rationality of the internal force
and deformation during the construction stage. The test achieved rib weighting at
27 loading points using the lever principle, but this method increased the workload of
the weighting process as the vertical deflection of a loading point would change the
load of adjacent loading points in real time, thus making it challenging to ensure the
accuracy of the rib weighting at each loading point, which significantly affected the
accuracy of the model test results in terms of inferring the bridge’s response from the
model test [15].

In summary, traditional model test loading systems have limitations, such as limited
loading point numbers, large counterweight volumes, and low loading accuracy [16–19]. To
address these issues, a 1:10 scale model loading system for the main arch ring of the 600-m
main span of Tian’e Longtan Grand Bridge was designed. An innovative array-type, self-
balancing pulley-group loading system and counterweight optimization algorithm were
proposed. This loading system offers advantages, including small counterweight volume,
long-term stability, elimination of repeated adjustments during multi-point loading, and
high loading accuracy. Our aim is to provide a reference for the design of reduced-scale
model tests for similar bridges in the field of engineering structures, overcoming the
aforementioned limitations in existing loading systems.

2. Test Overview
2.1. Overview of the Original Bridge Project

The Tian’e Longtan Grand Bridge is an upper-bearing, steel tube-reinforced concrete
rigid-frame arch bridge, with a main span of 600 m, a rise of 125 m, and a rise-to-span
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ratio of 1/4.8 [20], as shown in Figure 1. The main arch curve is in the form of a catenary,
with an arch axis coefficient of m = 1.9. The arch ring adopts a concrete box section with
constant width and variable height, with a box width of 6.5 m, a box height of 12 m at the
arch foot, and a box height of 8 m at the arch crown. The transverse center distance of the
arch rib is 16.5 m, and the thickness of the arch box web gradually changes from 0.45 m at
the arch crown to 0.95 m at the arch foot. The top slab thickness is 0.65 m, and the bottom
slab thickness gradually changes from 0.65 m at the arch crown to 1.3 m at the arch foot.
The rigid steel skeleton primarily uses Q420 steel, while the internal concrete employs C80
self-compacting micro-expansion concrete, and the external concrete utilizes C60 concrete.
Notably, the external concrete is cast using a segmented ring method, dividing the external
concrete horizontally into three rings, including the bottom slab, the web, and the top slab,
and adopting a symmetrical casting approach with eight working faces longitudinally.
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2.2. 1:10 Scale Model Test of the Main Arch Ring

A 1:10 scale model experiment was conducted on the main arch ring of the original
bridge, with stress equivalence as the design principle [21,22]. To minimize the influence
of the scale effect on the structural response [23], the overall geometric parameters of the
model bridge, such as span and rise, were strictly converted according to the scale ratio.
Local designs adhered to the principle of achieving rigidity similarity and construction
requirements in order to replicate the actual project conditions to the greatest extent and
to strive for consistency of stress conditions between the model bridge and the original
bridge. Additionally, by conducting nearly one hundred sets of experiments on the concrete
mix ratio, we ensured that the concrete material properties of the model bridge closely
resembled those of the original bridge [24], thereby reducing the potential impact of the
scale effect on the material side.

It is important to note that the scale effect primarily affects discontinuous regions
where beam theories [25], such as the Euler–Bernoulli beam theory, are not applicable.
However, in the context of the present experiment, the rigidity of the skeleton structure
remains continuous throughout the investigation process. When integrated with the results
from Section 4.3, it becomes evident that the scale effect has not significantly impacted the
precision of our experimental outcomes.

2.2.1. Scaled Model Test Scheme

The model test was carried out in the State Key Laboratory of Mountain Bridges and
Tunnel Engineering at Chongqing Jiaotong University, with a main span of 60 m, as shown



Buildings 2023, 13, 1639 4 of 17

in Figure 2. This span exceeds the largest scaled test ever conducted for similar bridge
types [14,26], making it the largest scaled model test for an arch bridge in the world to date.
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This structure’s arch axis adopts a catenary, with an arch axis coefficient (m) of 1.9, a
calculated rise of 12.5 m, and a span-to-rise ratio of 1/4.8. The arch rib adopts a concrete
box-type section with uniform width and variable height, as shown in Figure 3. The box is
0.65 m wide, the box height at the foot of the arch is 1.23 m, and the box height at the apex
of the arch is 0.83 m. The thickness of the box web plate gradually varies from 55 mm at
the apex to 95 mm at the foot of the arch. The top plate is 65 mm thick, while the bottom
plate thickness gradually varies from 65 mm at the apex to 130 mm at the foot of the arch.
To enhance the local stability of the main arch ring, transverse partitions with a thickness
of 50 mm are arranged every 2 m along the length of the bridge.

The model test’s main arch ring mainly includes three parts: a rigid steel framework,
C80 internal concrete in the pipe, and C60 external concrete. The rigid steel framework
was assembled using the large-section lifting method, with a total weight of approximately
5.0 tons. The internal concrete was pumped from both sides of the arch base section
symmetrically toward the arch crown using the pumping and jacking method, with a total
volume of approximately 1.5 m3.

The casting of the external concrete is consistent with the original bridge, dividing the
external concrete into three rings in the transverse direction: the bottom plate, the web,
and the top plate. In the longitudinal direction, each ring is divided into eight working
faces, with each working face being divided into six segments for casting. The model test’s
segmented positions and the casting length of each segment are consistent with the original
bridge, which has been scaled proportionally, and the age difference between the concrete
segments is basically the same as the original bridge.

The main test content of this experiment included the strain, displacement, environ-
mental temperature fields, and structural temperature field throughout the construction
process [27]. The strain testing primarily involved the establishment of test cross-sections
at 16 longitudinal points of the bridge (a total of 17 test sections are shown in Figure 4a),
with fiber-optic strain sensors being arranged at each cross-section on the main steel tube,
bottom plate, web, and top plate, as shown in Figure 4a. The displacement testing was
mainly conducted at 8 longitudinal points of the bridge (a total of 7 test sections are shown
in Figure 4b), with four measurement points set near the upper and lower chord steel tubes
at each cross-section. The related testing was completed using wire-drawing displacement
sensors, as shown in Figure 4b. The environmental temperature field and structural temper-
ature field were monitored using PT100 sensors. Given that the temperature distribution of
the lab environment and the structure was relatively uniform, an environmental tempera-
ture sensor and a structural temperature sensor were placed along the bridge longitudinally
at intervals of 10 m.
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2.2.2. Model Test Construction Stages

By referring to the original bridge’s construction process, the construction of the main
arch ring is divided into 20 stages, with the specific content of each stage shown in Table 1.

Table 1. Division of the construction stages of the main arch ring.

Serial Number Construction Content

1 Closure of rigid steel frame
2 Pouring concrete into the pipe

3~8 Pouring concrete for base slab
9~14 Pouring web concrete
15~20 Pouring roof concrete
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3. Loading System Design

The model test was designed based on the principle of stress equivalence. Under a
scale factor of 1:10, a nine-time self-weight load should be applied to the model arch. The
self-weight load is approximately uniformly distributed along the longitudinal direction of
the main arch ring. Theoretically, the nine-time self-weight load should also be applied as a
uniformly distributed load. Considering the available space in the laboratory, operational
feasibility, and finite element calculation results, a loading point was arranged every
2 m along the bridge’s longitudinal direction, using 29 concentrated forces to replace the
uniformly distributed load. To prevent local buckling or distortion buckling of the structure
near the loading points during the construction stage, a transverse partition was set up at
each loading point section.

3.1. Loading Scheme
3.1.1. Working Principle of Single-Point Loading Device

Reasonable and accurate counterweights directly affect the accuracy of the test data,
and an efficient and feasible counterweight method is an important part of the test design.
To solve the drawbacks of traditional loading methods, a pulley-group loading scheme was
designed [28–30], and its working principle is shown in Figure 5. In the figure, pulleys X1,
X2, and X3 form a fixed pulley group, which is fixed on the ground, and pulleys S1, S2, and
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S3 form a movable pulley group, which is connected to the upper structure using elastic
supports to simulate the vertical displacement of the main arch ring. The pulley groups are
connected by a wire, starting from the axis of pulley S3, winding counterclockwise around
pulleys X1, S3, X2, S2, X3, and S1 in sequence, and a counterweight block is suspended at
the end of the wire.
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Figure 5. Diagram of the working principle of a loading system with a single set of pulleys.

In the aforementioned loading scheme, the ratio of the actual load (F) borne by the
loading point to the self-weight load (G) of the counterweight block is denoted as the load
magnification factor, represented by FS. The schematic calculation diagram is shown in
Figure 6. In Figure 6, taking pulley S2 as the research object, the load magnification factor
F2 = F6 can be determined according to the principle of moment balance. By analogy,
Fi = G(i = 1, 2, · · · , 7) can be obtained; thus, the theoretical value of the load magnification
factor for the single-point loading device under this design scheme can be derived as
follows:

FS =
F
G

=

7
∑

i=1
Fi

G
= 7 (1)

Buildings 2023, 13, 1639 8 of 18 
 

 
Figure 6. Simple diagram of single pulley force. 

For the moving pulley system, the load magnification factor, FS, alters along with the 
changes in the number of pulleys, and the relationship between the two is expressed as 
follows: 

( )2 1,S m mF X X N+= + ∈  (2) 

where Xm represents the number of moving pulleys. 
It is worth noting that as the number and the diameter of the pulleys increase, the 

total frictional force between the pulleys and the rope will also escalate, causing a reduc-
tion in the mechanical efficiency of the single pulley system’s loading apparatus. Simulta-
neously, a rise in frictional force extends the time required for the tension of the outer wire 
rope to reach the inner wire rope. Therefore, when designing an experiment, comprehen-
sive consideration should be given to various factors, such as the load magnification fac-
tor, mechanical efficiency, and the time required for the system to stabilize. 

3.1.2. Design Scheme of Loading Device with a Single Set of Pulley Group 
Following the design principle discussed in the previous section, the design of the 

single-pulley-group loading device was completed, as shown in Figure 7. In this appa-
ratus, the movable pulley group is connected to the main arch ring through the main arch 
ring’s fixture and connecting rod. The stationary pulley group is connected to the ground 
using the lower jig and the lower jig base. Both pulley groups consist of three steel pulleys, 
with diameters of 310 mm, 230 mm, and 130 mm, respectively. The steel wire rope has a 
diameter of 8.7 mm. A counterweight box is used to house the counterweights, allowing 
sequential loading based on experimental requirements. The tension sensor can display 
and record the load values at the loading points on the main arch ring in real time. 

Figure 6. Simple diagram of single pulley force.



Buildings 2023, 13, 1639 8 of 17

For the moving pulley system, the load magnification factor, FS, alters along with
the changes in the number of pulleys, and the relationship between the two is expressed
as follows:

FS = 2Xm + 1, (Xm ∈ N+) (2)

where Xm represents the number of moving pulleys.
It is worth noting that as the number and the diameter of the pulleys increase, the total

frictional force between the pulleys and the rope will also escalate, causing a reduction in
the mechanical efficiency of the single pulley system’s loading apparatus. Simultaneously,
a rise in frictional force extends the time required for the tension of the outer wire rope
to reach the inner wire rope. Therefore, when designing an experiment, comprehensive
consideration should be given to various factors, such as the load magnification factor,
mechanical efficiency, and the time required for the system to stabilize.

3.1.2. Design Scheme of Loading Device with a Single Set of Pulley Group

Following the design principle discussed in the previous section, the design of the
single-pulley-group loading device was completed, as shown in Figure 7. In this apparatus,
the movable pulley group is connected to the main arch ring through the main arch ring’s
fixture and connecting rod. The stationary pulley group is connected to the ground using
the lower jig and the lower jig base. Both pulley groups consist of three steel pulleys, with
diameters of 310 mm, 230 mm, and 130 mm, respectively. The steel wire rope has a diameter
of 8.7 mm. A counterweight box is used to house the counterweights, allowing sequential
loading based on experimental requirements. The tension sensor can display and record
the load values at the loading points on the main arch ring in real time.
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3.1.3. Loading System’s Overall Layout Scheme

In accordance with the experimental requirements, the loading devices described in
the previous section were sequentially arranged along the longitudinal direction of the
bridge, forming an array-based pulley-group loading system, as shown in Figure 8. In this
system, even if the counterweight near the loading point affects the vertical displacement of
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the current loading point, due to the equal tension on both sides of the same pulley’s steel
wire rope, the load amplification factor of the current loading point will gradually approach
seven times over time, exhibiting a self-balancing characteristic. This system overcomes the
shortcomings of the hydraulic jack-loading method, in which the load values are difficult
to maintain stable over a long period; the lever-loading method, where load values are
easily affected by adjacent loading points; and the direct-counterweight method, where the
counterweight blocks are excessively large in volume.
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3.2. Array-Based Loading System’s Load Calculation Method
3.2.1. Load Point Counterweight Calculation Intervals

The main arch ring has a cross-section with constant width and varying height, and
the thickness of the external concrete at different longitudinal positions is not the same. It
would be unreasonable to simply distribute the weight of the main arch ring evenly among
the various loading points. Instead, the counterweight should be calculated and allocated
based on the actual size and weight of the structure near each loading point. The specific
calculation method is as follows:

Let the longitudinal coordinates of the centroid of the arch springing plane on the
left and right arch feet be 0 and 60, respectively. Denote the longitudinal coordinates of
the 29 loading points from left to right as X = {X1, X2, · · · , X29}, and the longitudinal
coordinates of the midlines between adjacent loading points as x = {x1, x2, · · · , x28}.
We have

xi = (Xi + Xi+1)× 0.5, (i = 1, 2, · · · , 28) (3)

The counterweight value F for the ith loading point is

Fi =


9× Gj(0, x1) , i = 1
9× Gj(xi, xi+1) , i = 2, 3, · · · , 28
9× Gj(x28, 60) , i = 29

(j = 1, 2, · · · , 22) (4)

In the formula, Gj(xi, xi+1), (xi, xi+1 ∈ [0, 60]) represents the total self-weight of all
constructed components within the range of the centroid longitudinal coordinates (xi, xi+1)
during the jth construction stage.

3.2.2. Counterweight Values of Each Loading Point at Different Construction Stages

The model bridge is divided into 20 construction stages. Manually calculating the
counterweight loads of the 29 loading points at different construction stages would be
a massive workload. In this study, the ANSYS APDL [31] programming language was
utilized to develop a set of counterweight load calculation programs, which can automate
the aforementioned task. The basic process is shown in Figure 9.
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In Figure 9, ArrayMass is a 20 × 29 two-dimensional array, with the first dimension
used to store construction stage information and the second dimension used to store
loading point numbers; ArrayPoint is a one-dimensional array with 28 elements, and
x = {x1, x2, · · · , x28} is used to store information; i represents the construction stage,
taking i ∈ {1 ≤ i ≤ 20|i ∈ N+ }; and j represents the element number in the finite element
model, taking j ∈ {1 ≤ j ≤ 6660|j ∈ N+ }.

3.2.3. Optimization of Load Application Points’ Weighting Values

In comparison to the original bridge, the model bridge design exhibits an increase
of 12.30~30.27% in the cross-sectional areas of steel tubes, an increase of 7.42~23.77%
in the chord members in the cross-sectional areas, a thickening in specific regions of
the external concrete web, and additional thickening of the concrete near the steel tubes.
Applying a nine-fold weighting value as per the model bridge would be unreasonable; thus,
optimization of the weighting values for each load application point at various construction
stages is required.

Given that the design of the model bridge, in comparison to the original bridge, only
features scaling up without scaling down, the load value at each application point is
determined based on the model bridge. These load values exceed the theoretical weighting
values for the original bridge after scaling down, which prompts the introduction of the
concept of a weighting reduction factor. This factor is defined as the ratio of the required
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weighting values for the actual model test design and the original bridge at a 1:10 scale
without any modifications to component dimensions. During calculations, the following
principles should be followed for the weighting reduction factor:

(1) Weighting calculations for components participating in the overall structural force,
such as the main steel tubes and inner concrete of the rigid steel framework, should
be nine times their actual dimensions.

(2) Weighting calculations for components participating in localized structural forces,
such as the steel framework web members and top and bottom transverse links,
should be nine times their actual dimensions after scaling down the original bridge
components.

(3) As the rigid framework forms an arch in stages, the reduction factors at different
construction stages for each load application point vary and should be calculated
separately.

(4) In the model test, the weighting at each load application point is progressively ap-
plied as the construction stage advances. When calculating the weighting reduction
factor, component parameters involved in the calculation should only be taken from
newly poured components at the current construction stage, as the previous stage’s
weighting has been completed and should no longer be included in the early-stage
weighting results.

Thus, in the ith construction stage, the weighting reduction factor Ps(i, j) for the jth
load application point can be calculated using the following formula:

Ps(i, j) = ∑ ρ1 A1 + ∑ ρ2 A2

∑ ρ0 A0
(5)

In this formula, ∑ ρ0 A0 represents the sum of the product of the component area
and the corresponding material density near the jth load application point of the model
bridge in the ith construction stage; ∑ ρ1 A1 represents the sum of the product of the overall
force-bearing component area and the corresponding material density near the jth load
application point of the model bridge in the ith construction stage; and ∑ ρ2 A2 represents
the sum of the product of the cross-sectional area and the corresponding material density
of the original bridge’s localized force-bearing components, which have been scaled down
to 1:10, near the jth load application point in the ith construction stage.

4. Reliability Verification of the Loading System
4.1. Test of Loading System with a Single Set of Pulley Group

To verify the reliability and mechanical efficiency of the loading device, the loading
system with a single set of pulley group was selected for the staged loading test, as shown
in Figure 10.

In this system, the horizontal beam of the portal frame is used as a substitute for the
main arch ring. Gradual loading is achieved by placing 40 cm × 40 cm × 2 cm steel plates
in the counterweight box. During the test, the loading was divided into four stages, with
each stage having loads of 0.2 t, 0.4 t, 0.6 t, and 0.8 t, respectively. After the loading was
completed, the total mass of the counterweight box was 2.0 t. By reading real-time data
from the load cell, the actual amplification factor of the pulley-group loading system can be
obtained. The results are shown in Figure 11.

As shown in Figure 11, after each loading is completed, the load magnification factor
of the single-pulley-group loading device requires approximately 10 min to reach a stable
state. This is because the steel wire rope needs to overcome the resistance at the pulley to
transmit the tension of the outermost steel wire rope layer by layer to the innermost steel
wire rope. This process is referred to as the hysteresis effect. It is this effect that causes the
load magnification factor to suddenly drop during each loading, as indicated by points
A, B, C, and D in the figure. Moreover, after the completion of each loading level, the
load magnification factor remains relatively stable around 6.6 times, indicating that the
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mechanical efficiency of the single-pulley-group loading system is approximately 94.29%,
meeting the test requirements. Additionally, the influence of friction loss on the loading
value can be eliminated based on the specific readings of the tension sensor.
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4.2. Array-Type Pulley-Group Loading System Test

To verify the reliability and stability of the array-type loading system in practical
applications, selected loading points during the external concreting stage of the model
test were chosen, and their design load values are presented in Table 2. The Donghua
DHDAS data acquisition system was employed to collect real-time counterweight data of
the relevant loading points, and the results are shown in Figure 12.
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Table 2. Design loading value of selected loading points.

Number of Loading Points Value of Theoretical Weight (kg) Load Order

6# 1069 1
11# 982 2
15# 2320 3
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As shown in Figure 12, approximately 5 min after each loading point has completed
loading, the values of the tension sensors can reach the designed load and remain relatively
stable. Moreover, the load value of the ith loading point is affected by the jth loading point.
This is because the counterweight of the latter causes a vertical deflection at the loading
position of the former. This deflection is transmitted to the movable pulley group, causing
the movable pulley group and the fixed pulley group to move closer together, which results
in a certain degree of slack in the steel wire rope and a decrease in the total load value.
However, after about 5 min, the load at each point returns to the original load due to
the equal tension of the steel wire rope on both sides of the same pulley, demonstrating
that the self-stabilizing characteristic of the system causes the mutual influence between
the loading points to diminish over time. This confirms that the array-type pulley-group
loading system exhibits good stability and high reliability.

4.3. Comparison of Finite Element Simulation Results

To verify the correctness of the load optimization algorithm for the array-type self-
balancing pulley-group loading system, finite element models of the original bridge and
the model bridge were established using the ANSYS APDL 18.0 software [30], as shown
in Figures 13 and 14. In both cases, the rigid steel skeleton and internal concrete were
simulated using Beam188 elements, while the external concrete was simulated using
Shell181 elements. The displacement and rotation of both arch feet were constrained, and
the construction process was simulated using birth and death elements. During calculations,
only the self-weight load was considered for the original bridge, whereas the model test
bridge considered not only the self-weight load but also the vertical load applied by each
pulley-group loading device on the structure.
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In Figure 15, the stress results of different components of the model bridge and the 
original bridge exhibit similar trends at various construction stages. During the web con-
crete pouring stage, the stress results of the model bridge are slightly larger than those of 
the original bridge. This is because the web concrete thickness of the original bridge, which 
is 45 cm, was scaled down to only 45 mm, making it difficult to arrange the reinforcement. 
For construction safety, the web concrete thickness in this area was increased to 55 mm, 
resulting in an increased self-weight load of the scaled-down web concrete and, ultimately, 
slightly higher stress results for the model bridge during this construction process. 

In Figure 15a, the stress of the rigid steel skeleton has a larger difference during the 
2–3# construction stages, while the maximum difference in the other construction stages 
is 8.33%. This difference arises from the fact that, for safety reasons, the model test did not 
apply loads after the rigid steel skeleton was connected; instead, the counterweights were 
applied after the internal concrete was poured. Considering that the focus of the model 
test is on the structural state during the external concrete process, and subsequent con-
struction stages show good agreement between the two stress results, the stress difference 
during the internal concrete pouring stage can be ignored. In Figure 15b, the maximum 
stress deviation between the model bridge and the original bridge for the main arch ring, 
excluding the web concrete pouring stage, is 9.34%. As shown in Figure 15c, the stress 
trends of the bottom slab concrete construction stages for the model bridge’s and original 
bridge’s main arch ring are essentially the same, with a maximum stress difference of 0.66 

Figure 14. Finite element model of the main arch ring of the original bridge.

The stress values of the main steel tubes, internal concrete, and external concrete in the
rigid steel skeletons of the original bridge and the model test bridge at key sections during
the construction process were extracted and compared. Some of the results are shown in
Figure 15.
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In Figure 15, the stress results of different components of the model bridge and
the original bridge exhibit similar trends at various construction stages. During the web
concrete pouring stage, the stress results of the model bridge are slightly larger than those of
the original bridge. This is because the web concrete thickness of the original bridge, which
is 45 cm, was scaled down to only 45 mm, making it difficult to arrange the reinforcement.
For construction safety, the web concrete thickness in this area was increased to 55 mm,
resulting in an increased self-weight load of the scaled-down web concrete and, ultimately,
slightly higher stress results for the model bridge during this construction process.
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In Figure 15a, the stress of the rigid steel skeleton has a larger difference during the
2–3# construction stages, while the maximum difference in the other construction stages is
8.33%. This difference arises from the fact that, for safety reasons, the model test did not
apply loads after the rigid steel skeleton was connected; instead, the counterweights were
applied after the internal concrete was poured. Considering that the focus of the model test
is on the structural state during the external concrete process, and subsequent construction
stages show good agreement between the two stress results, the stress difference during the
internal concrete pouring stage can be ignored. In Figure 15b, the maximum stress deviation
between the model bridge and the original bridge for the main arch ring, excluding the web
concrete pouring stage, is 9.34%. As shown in Figure 15c, the stress trends of the bottom
slab concrete construction stages for the model bridge’s and original bridge’s main arch
ring are essentially the same, with a maximum stress difference of 0.66 MPa. These results
indicate that the model bridge’s main arch ring can adequately reflect the stress state of
the original bridge during construction, verifying the correctness of the load optimization
algorithm for the array-type, self-balancing pulley-group loading system.

5. Conclusions

A 1:10 scale model test was conducted based on the Tian’e Longtan Grand Bridge
with a main span of 600 m. Considering the shortcomings of traditional loading methods
in the test design process, an array-type, self-balancing pulley-group loading system was
designed. This system was introduced, tested, optimized, and compared with the finite
element simulation calculations. The main conclusions are as follows:

(1) A single set of loading devices based on the pulley-group design can theoretically am-
plify the dead weight of the counterweight box by seven times, which can be applied
to the loading point. Multiple sets of loading devices arranged longitudinally along
the bridge can form an array-type, self-balancing pulley-group loading system, which
does not require repeated load adjustments, offers high precision in counterweight
values, and occupies less space.

(2) A calculation method for the counterweight value at any loading point at different
construction stages was proposed, and automation of load statistics was achieved
using the ANSYS APDL language. Considering the differences in the detailed dimen-
sions between the model bridge and the original bridge, the calculation principle of
the counterweight reduction factor was proposed, thereby optimizing the counter-
weight calculation method when designing the arch bridge model test according to
stress equivalence.

(3) A counterweight test of loading devices with a single set of a pulley group was
conducted, revealing that due to the friction between the pulley and the steel wire
rope, the actual load magnification factor of the loading devices is approximately
6.6 times, with a mechanical efficiency of about 94.29%.

(4) A full-bridge, array-type loading system counterweight test was carried out to analyze
the changes in the load values at the 6th, 11th, and 15th loading points. The results
show that with the array-type loading system, the actual load at each point can reach
the design value. Moreover, the self-balancing feature of the loading system can
eliminate the impact of vertical deformation of the structure on the loading accuracy
of each point, confirming the high reliability of the system.

(5) Using the ANSYS APDL software, finite element models of the original bridge and
the model test bridge were established. Based on the counterweight optimization
method proposed in this study, the counterweight load required at each loading point
of the model bridge was calculated and applied. The stress results of the rigid steel
frame, the concrete inside the pipe, and the externally wrapped concrete at the key
sections of the two bridges were compared. The results show that the stress results of
different components of the model bridge and the original bridge have basically the
same trend at each construction stage. During the stage of casting web concrete, the
stress of the rigid steel frame and the concrete inside the pipe of the model bridge was
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slightly higher than that of the original bridge due to the increased self-weight load
caused by the increase in the thickness of the model bridge’s web from the design
value of 45 mm to 55 mm. At other key construction stages, the maximum relative
errors in the stress results of the rigid steel frame and the concrete inside the pipe for
the two bridges are 8.33% and 9.34%, respectively. The maximum absolute error of
the bottom plate concrete is 0.66 MPa, verifying the correctness of the counterweight
optimization algorithm of the array-type, self-balancing pulley-group loading system.

It is worth mentioning that the loading point of this experiment considered the po-
sition of the columns on the original bridge arch, which can meet the simulation loading
requirements of the arch structure. Considering the long-term behavior and failure mode
of the structure under full bridge load, it will be the next research direction.
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