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The bearing plates used in plate load test for highway engineering are typically
rigid. However, due to limitations in obtaining the accurate distribution of
compressive stress at the bottom of the bearing plate, there is often a
significant deviation between the measured subgrade resilient modulus and the
actual condition. To address this issue, a flexible bearing plate can be used to test
the subgrade and obtain a more accurate resilient modulus. In this study, we use
variance and degree of mean deviation to quantitatively evaluate the distribution
uniformity of compressive stress. To create a rigid-flexible bearing plate that is
similar to a flexible bearing plate, we explore the combinatorial design of steel
plates and rubber mats. We examine factors such as the thickness (10, 20, and
30 mm) of the steel plate, elastic modulus (5, 10, and 20 MPa) and thickness (10,
20, and 30 mm) of the rubber mat, friction coefficient (u:0, 0,2, 0.4, 0.6, 0.8, o)
between the bearing plate and subgrade, and the combined shape characteristics
of the rubber mat and steel plate. To reduce friction between the rubber mat and
subgrade, we use lubricant, and through our design process, we develop a flexible
bearing plate with relatively uniform compressive stress. Our computations show
that when p = 0.05, the variance is 0.0001, and the degree of mean deviation is
0.0780. These results indicate that the distribution uniformity of the compressive
stress is very close to the uniform distribution load, which meets the necessary
accuracy requirements for engineering applications.
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Highlights

The compressive stress of rigid bearing plate was studied.
The compressive stress of rigid-flexible bearing plate was studied.
A flexible bearing plate based on steel plate and rubber mat was designed.

1 Introduction

With the development of the economy and society, vehicle load and traffic volume
increase day by day. The road is facing severe challenges. Many newly built roads cannot
meet design life requirements. It is essential to select the modulus of each structural layer
reasonably before design and calculation. The lower the subgrade’s resilient modulus is, the
higher the thickness of the overall structure layer of the road is. If the subgrade resilient
modulus is too high, it is necessary to increase the compaction degree of the subgrade or take
other measures to meet the requirements. Such a wide range of treatments will inevitably
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FIGURE 1

Compressive stress at the bottom of the ideal rigid bearing plate.

cause resource waste. Fentaw et al. (2021) examined the effects of
poor subgrade soil stabilization using the mixture of MD, RHA and
cement to enhance substandard soil engineering properties to be
used as subgrade materials. Hossain et al. (2021) found that Soft
cohesive soils have low strength, high plasticity, and a large
expansion ratio making them unsuitable as a road subgrade. The
use of fly ash from the power plants to improve soft cohesive soils for
road subgrade may be an environment-friendly alternative to its
disposal in the ponds. Degu et al. (2022)found that the cause for
failure of flexible pavement in the case of Bako to Nekemte was:
insufficient and absence of side drainage structure, traffic loading,
poor gradation of base course and sub-base material, and poor
quality of subgrade soil. A. Rashid et al. (2017) developed a series of
preliminary design charts to predict the bearing capacity of fully and
partially penetrated deep mixing (DM) of soft soil.

Is The subgrade’s resilient modulus is one of the essential
parameters in the pavement structure design, which is a
mechanical index reflecting the subgrade’s stiffness. Detecting
and evaluating the resilient modulus of the completed subgrade is
vital for highway engineering quality assessment. The subgrade’s
resilient modulus testing mainly includes indoor and outdoor
includes static triaxial testing

testing. Indoor

(Salamatpoor and Salamatpoor, 2014) and dynamic triaxial

testing

testing (Kaya et al,, 2021). Outdoor testing includes bearing
plate testing, Beckman beam testing (Ueshita et al., 1973),
field testing of CBR value (Mendoza and Caicedo, 2019),
Rayleigh wave testing (Cao-Rial et al., 2020), falling weight
deflectometer testing (Zhao et al.,, 2022) (FWD), and portable
falling weight deflectometer testing (George and Kumar, 2020)
(PFWD). The first three work by applying static load, and the last
three work by using dynamic load. The outdoor test method is
relatively more complex than indoor test method, but the test
results are more closer to the actual pavement service state than
indoor test method. The standard subgrade’s resilient modulus
testing is rigid bearing plate testing. Field testing of highway
subgrade and pavement (JTG 3450-2019) (TRANSPORT, 2019)
gives specific test steps and calculation methods for the bearing
plate testing.
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A series of research on the bearing plate had been carried out,
including theoretical analysis and experimental research. (Wang, 1990)
used the Hankel integral formula to transform the integral
representation of stress and displacement into an algebraic
expression, which was in elastic half-space body under the action of
a circular rigid bearing plate. Li et al. (1992) used rigid bearing plate load
as the mechanical model to calculate the compressive resilient modulus
of each pavement structural layer and compiled a back-calculation
program. The rationality of this method was proved by back-calculation
of the actual test results and comparative analysis with the
recommended value in Revision of Highway Flexible Pavement
Design Specification (JT] 014-86) (TRANSPORT, 1986). Liu et al.
(2014a) carried out an in-depth theoretical analysis of the critical
technologies and theories involved in the bearing plate testing, such
as the grading influence quantity, coordinate origin correction, and
calculation formula. On this basis, he proposed a new calculating
method to determine the resilient modulus. Ma and Shi, (2006)
selected four different classified highways to conduct bearing plate
testing under different loads due to the shortcomings in the bearing
plate testing. They put forward the deflection and compressive stress
range at the top of the subgrade of different classified highways. (Shi,
2011) analyzed the current bearing plate testing. According to the
existing problems of the testing, he put forward a new bearing plate
testing applied to different classified highways. Zhang et al. (2018)
proved the necessity of using a two-parameter foundation model by
outdoor bearing plate testing. Chindaprasirt et al. (2022) accurately
estimated the resilient modulus of on-site loess and laterite-loess
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TABLE 1 Model parameters (rigid bearing plate).
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Load grade/MPa

Materials Elastic modulus/MPa Poisson’s ratio Size/mm X mm
I Steel plate 200000 0.25 $150 x 10/20/30 0.7
5,000 x 5,000
1 ®100/150/200 x 20
5,000 x 5,000
just Subgrade 80 0.40 @150 x 20
5,000 x 5,000
v ®150 x 20 0.4/0.7/1.0
5,000 x 5,000
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FIGURE 4

Compressive stress with different thicknesses (h;) and the distribution uniformity.

through indoor bearing plate testing. Rezaei et al. (2018) studied the
influence of stress values and size of the bearing plate on the in situ
deformation modulus of the rock mass. Huang et al. (2020) derived the
viscoelastic analytical solution for the bearing plate testing according to
the proposed viscoelastic combined model and the viscoelastic theory.
They conducted the flexible bearing plate testing and the rigid bearing
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plate testing. Based on the testing results, the optimal rheological model
and corresponding parameters of the rock aging deformation model
were determined according to the optimized inversion method.
(Khafizov, 2006) used the finite element method to conduct a
numerical analysis of the stress-strain state of permafrost under rigid
bearing plate testing. Elastic-plastic deformation and crack formation
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FIGURE 5

Compressive stress with different radius(8) and the distribution uniformity.

TABLE 2 Resilient modulus at the top of subgrade (MPa).

Class of traffic loading I Il

Resilient modulus (no less than) 40 50 60 70

were taken into account. Zhang et al. (2008) conducted the deformation
testing of the rigid bearing plate’s center hole. They derived the
settlement deformation formula of deep rock under the circular
bearing plate, which can be used to calculate the equivalent elastic
modulus and equivalent deformation modulus of rock mass at different
depths. Yamamoto et al. (1967) used a rigid bearing plate to test flexible
pavement structures with different structural layer thicknesses and base
layers and analyzed the results.

Xu et al. (2017); (Xu et al,, 2018) developed a flexible bearing
plate suitable for PLT by adding an airbag under the rigid bearing
plate. They tested the deformation modulus of foundation soil
through indoor testing. The results showed that the testing results
based on the rigid bearing plate were 14% larger than that of the
flexible bearing plate. It was pointed out that the traditional rigid
bearing plate testing can accurately determine the bearing capacity of
the foundation soil but cannot inverse the shear strength parameters c
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and ¢ of the soil. At the same time, the indoor flexible bearing plate
testing using clay and dry sand proved the feasibility of the inversion
method and the applicability and advance of the inversion method.
Liuetal. (2014b); (Yang et al., 2014) developed a flexible bearing plate
suitable for PLT by adding a flexible water sac under the rigid bearing
plate. Displacement sensors of inductive type were presented in the
position of the bottom to measure the deflection of different positions.
The feasibility and accuracy of the method were proved by instrument
manufacturing, calibration, and testing. Nozomu et al. (2018)
conducted a series of direct shear tests with plastic bearing plates
of different sizes and stiffness to evaluate the influence of size and
stiffness on shear strength. Zhu et al. (2021) applied a uniform load to
the top surface of the subgrade with the help of a flexible airbag. The
research results showed that the subgrade’s bearing capacity and
deformation modulus tested with the flexible bearing plate was greater
than those tested with the rigid bearing plate. (Beer, 1970) applied
uniform load to the subgrade by using a flexible airbag to simulate the
overburden pressure and studied the influence of the bearing plate’s
shape on the bearing capacity of the subgrade.

This paper uses the finite element method to change the stress
distribution by adding a rubber mat under the plate. The distribution of
vertical compressive stress was studied by changing the rubber mat’s
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FIGURE 6

Compressive stress with different subgrade elastic modulus (E¢) and the distribution uniformity.

thickness and shape. A flexible bearing plate composed of steel and
rubber is proposed. The variance (s*)and degree of mean deviation(p) of
compressive stress at different positions are used to analyze and describe
the distribution uniformity of the compressive stress. Based on the
above research results, a flexible bearing plate composed of steel and
rubber is designed. The test result of flexible bearing plate is closer to the
actual situation than that of rigid bearing plate. The research of this
paper provides a reference for the application of flexible bearing plate in
engineering practice.

2 Compressive stress analysis of ideal
rigid bearing plate

Ideal rigid bearing plate means that the elastic modulus of rigid

bearing plate compared with subgrade is infinitely great. The
expression of compressive stress under vertical load is:

P (r<9)

r2
2 l—y

0 (r>9)

P(r) =
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where p is the load grade (MPa), § is the radius of the rigid bearing
plate (mm), and r is the distance between a certain point and the
center point (mm).

For the ideal rigid bearing plate, the compressive stress is shown
in Figure 1 (Guo and Feng, 2001). The load degree is 0.7 MPa. The
radius of the rigid bearing plate is 150 mm.

As shown in Figure 1, for the ideal rigid bearing plate, the central
compressive stress of the bearing plate is 0.35 MPa, and the
compressive stress at the edge tends to be infinitely great. From
the edge to the center, the compressive stress decreases gradually.
The distribution uniformity of the compressive stress is very poor
(Guo and Feng, 2001).

3 Evaluation method

Points are selected from the center to the edge every 10 mm to
study the distribution uniformity of compressive stress. The
outermost point was at the bottom edge of the bearing plate. The
sketch map is shown in Figure 2.

In this paper, variance and degree of mean deviation represent
the distribution uniformity of compressive stress. The formula of
variance is defined as below:
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Compressive stress with different load grade(p) and the distribution uniformity.

TABLE 3 Model parameters (rigid-flexible bearing plate).

Model Materials Elastic modulus/MPa Poisson’s ratio Size/mm X mm Load grade/MPa
I Steel plate 200000 0.250.47 @150 x 20 0.7
5/10/20 @150 x 20
80 5,000 x 5,000
200000 @150 x 20
I Rubber mat 7.8 047 @150 x 10/20/30
80 5,000 x 5,000
200000 ®150 x 20
I Subgrade 7.8 0.4 D150 x 20 0.4/0.7/1.0
40/60/80 5,000 x 5,000
200000 @150 x 20
v 7.8 ®150 x 20
80 5,000 x 5,000
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Compressive stress with different rubber mat elastic modulus (E,) and the distribution uniformity.

2 _ (X=x)?+(X— 2%+ + (X —x,)°

s )
n
of which, x= W x;(i=1,2...,n) represents the
compressive stress at different positions.
The degree of mean deviation is defined as below:
d:xmaxtxminl (3)

X

of which, X max and x i respectively represent the maximum
compressive stress and minimum compressive stress at the
bottom of the bearing plate.

The smaller s* and d are, the better uniformity the compressive
stress is. When s* and d are equal to zero, it means the uniform
compressive stress.

4 Finite element method model

This paper uses the general finite element software ABAQUS for
simulating calculation. Because the bearing plate is circular and the
subgrade is an elastic half-space body, the model is symmetrical in
the vertical direction of any plane crossing the Y-axis. The
calculation can be simplified by any two-dimensional plane
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model crossing the Y-axis. The first step is to define a model.
The subgrade is 5000 mm x 5000 mm. According to the
calculation examples, the sizes of the steel plate and the rubber
mat are selected. The second step is to set up materials. The elastic
modulus of the subgrade is selected according to the calculation
examples, ranges from 40 MPa to 80 MPa The Poisson’s ratio of the
subgrade is 0.40. The elastic modulus of the steel plate is
200000 MPa. The Poisson’s ratio of the steel plate is 0.25. The
Poisson’s ratio of rubber is 0.47. The elastic modulus of rubber is
selected according to the calculation example, ranges from 5 MPa to
20 MPa. The third step is to create an instance. The fourth step is to
choose the analysis step. This paper adopts the static universal
analysis step. The fifth step is to set up the interaction. Complete
continuous contact is adopted between the steel plate and the rubber
mat. Hard contact is assumed between the rubber mat and the
subgrade vertically. The horizontal connection is divided into rough,
smooth, and semi-continuous. The sixth step is load application. A
uniformly distributed load is applied on the top surface of the steel
plate. The load is selected according to the calculation examples. The
fixed constraint is used at the bottom of the subgrade, and the
standard displacements of the two sides are all zero. The seventh step
is meshing generation. The global size of the mesh used in the
subgrade is 10 mm. The global size of the steel plate and rubber mat
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FIGURE 9

Compressive stress with different thicknesses (h,) of rubber mat and the distribution uniformity.

are all 1 mm. Quadrilateral mesh is adopted in this paper. The finite
element calculation model is shown in Figure 3.

5 Compressive stress analysis of the
rigid bearing plate

The model parameters are in Table 1. Models I to IV are models
of Sections 5.1, 5.2, 5.3, 5.4.

5.1 Rigid bearing plate with different
thickness

Compressive stress with different thicknesses (h;) and the
distribution uniformity is shown in Figure 4. The size of the
standard rigid bearing plate is 150 mm x 20 mm. Because the
bending stiffness of the bearing plate is related to the ratio of the
diameter and thickness of the rigid bearing plate, the radius of the rigid
bearing plate is kept unchanged, and the bearing plate with a thickness
(h;) of 10 mm, 20 mm, and 30 mm is used for calculation.

When the rigid bearing plate acts directly on the subgrade, p
significantly influences the compressive stress. As shown in Figure 4A,
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the compressive stress at the bottom edge increases with the decrease of
p. At the edge position, the greater the thickness of the bearing plate is,
the greater the compressive stress is. There is a significant difference
between the edge compressive stress under completely smooth and
rough conditions. The stress distribution of the rigid bearing plate is
closest to that of the ideal rigid bearing plate when the contact surface is
entirely rough. In the design of a flexible bearing plate, the friction
between the bearing plate and subgrade should be as small as possible.
As shown in Figure 4B, the distribution uniformity of compressive
stress increases with the decrease of p. From the angle of variance, the
distribution uniformity of compressive stress decreases with the steel
plate’s thickness increase. From the angle of deviation degree, when p>
0.75, the distribution uniformity of compressive stress decreases with
the increase of the thickness of the steel plate. When p = 0.5 and the
thickness of the bearing plate is 20 mm, the distribution uniformity of
compressive stress is the worst. When u< 0.25, the distribution
uniformity of compressive stress decreases with the increase of the
thickness of the steel plate. The distribution uniformity of compressive
stress decreases with the increase of the rigid bearing plate’s thickness.
When the rigid bearing plate’s thickness increases from 10 mm to
20 mm, the distribution uniformity of compressive stress decreases
observably. When the rigid bearing plate’s thickness increases from
20 mm to 30 mm, the distribution uniformity of compressive stress
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Compressive stress with different subgrade elastic modulus (E) and the distribution uniformity.

decreases finitely. The phenomenon above indicates that it is reasonable
to adopt ¢ 150 mm x 20 mm for the rigid bearing plate.

5.2 Rigid bearing plate with different radius

Compressive stress with different radius(6) and the distribution
uniformity is shown in Figure 5. The thickness of the bearing plate is
20 mm, and the bearing plate with a radius(8) of 100 mm, 150 mm,
and 200 mm is used for calculation.

As shown in Figure 5A, when the thickness of the bearing plate is
20 mm, the difference between the compressive stress at the bottom
edge and the center of the bearing plate with a radius of 15 mm is the
largest. The stress distribution at the bottom is closest to the ideal rigid
bearing plate. As shown in Figure 5B, the distribution uniformity of
compressive stress with a radius of 10 mm and 15 mm decreases with>
the decrease of u. When p is 0.25, the distribution uniformity of the
compressive stress with a radius of 20 mm is the best. When p0.25, the
distribution uniformity of the compressive stress increases with the
decrease of w. When p< 025, the distribution uniformity of the
compressive stress decreases with the decrease of p. When the
contact surface is completely rough, the distribution uniformity of
compressive stress with a radius of 10 mm is the worst, slightly
larger than that with a radius of 15mm. When p< 075, the
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distribution uniformity of compressive stress with a radius of 15 mm
is the worst. As shown in the above results, when the thickness of the
bearing plate is 20 mm, the distribution uniformity of compressive
stress with a radius of 150 mm is closest to the ideal rigid bearing plate.

5.3 Subgrade with different elastic modulus

The suggested resilient modulus at the top of the subgrade is in
Table 2 (TRANSPORT, 2017). Compressive stress with different
subgrade elastic modulus (E;) and the distribution uniformity in
Figure 6. According to the suggested values, the subgrade with an
elastic modulus (Eg) of 40 MPa, 60 MPa, and 80 MPa is used for
calculation.

As shown in Figure 6A, for the subgrade with different elastic
modulus, the compressive stress at the bottom edge increases with the
decrease of p. As shown in Figure 6B, when the interface is entirely
rough, from the angle of variance, the distribution uniformity of
compressive stress increases with the increase of the subgrade’s
modulus. From the angle of the degree of mean deviation, when the
soil modulus is 40 MPa, the distribution uniformity of compressive
stress is the best. When the subgrade modulus is 60 MPa and 80 MPa,
the distribution uniformity of compressive stress is approximative.
When p< 0.75, the distribution uniformity of compressive stress

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1196989

Hou et al.

10.3389/fmats.2023.1196989

SRERBROLO g, 4
A 04 oww*“” ‘*0-‘“‘\0 041 04
(
06 v/ v 06 PP T TP 06
08 e *rag,, s
084 4 a 08 9% L 0.8 M
-1.0 s . .04 -1.04 0“" Q‘*\.o
7l M 12
&2 &2 | | g | ‘
< 14 S q4q | 2144 |
C%:-LG- gqe, ¢ * Tas] v v
: ] ]
18] n p=e 18] 5 e 184 = p=e
o =075 o =075 e o p=075 |
201 4 =050 201 A =050 201 | A =050 |
22 v =025 22 v p=025 22 4 v p=025 3
= = ! + p=0 .
24 ] =0 p=04MPa 24 t=pst p=0.7MPa 24] & £ p=1.0MPax
-1'50 -1bO -5'0 6 5'0 11']0 1!")0 -1'50 -1'00 -5'0 6 5'0 160 1.":0 -1'50 -12]0 -5:0 6 5‘0 1(')0 1&'50
r/mm r/mm r/mm
B Compresswe stress
01485 1670
o 148
otor 1325
oovet | 1152
007375 09800 |
005556 oaors |
003737 { 06350 \
001919 04625 |
0001000 ¢ 02800 |
.08 5
Distribution uniformity
FIGURE 11

Compressive stress with different load grade (p) and the distribution uniformity.

TABLE 4 Model parameters (variable thickness).

EYEIE]S Elastic modulus/MPa
Steel plate 200000

Rubber mat 7.8
Subgrade 80

increases with the increase of the subgrade’s elastic modulus. According
to Specifications for Design of Highway Asphalt Pavement (JTG D50-
2017), the equivalent resilient modulus of the top surface of the
subgrade is not less than 70 MPa under load IV. In this paper,
when calculating the compressive stress and designing the flexible
bearing plate, the elastic modulus of the subgrade is 80 MPa to
participate in the calculation and design.

5.4 Different load grade

Compressive stress with different load grade(p) and the
distribution uniformity is shown in Figure 7. The loading grades
of 0.4 MPa, 0.7 MPa, and 1.0 MPa are chosen for calculation.

As shown in Figure 7A, for the three different load grades, the
compressive stress at the bottom edge decreases with the decrease of
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Poisson’s ratio Load grade/MPa

0.25

047 0.7

0.40

. As shown in Figure 7B, for the three different load grades, the
distribution uniformity of compressive stress increases with the
decrease of p. When the contact surface is completely rough,
from the angle of variance, the distribution uniformity of
compressive stress increases with the increase of load grade.
From the angle of the degree of mean deviation, the distribution
uniformity of compressive stress decreases with the increase of load
grade. When p< 0.75, the distribution uniformity of compressive
stress increases with the increase of load grade.

6 Compressive stress analysis of the
rigid-flexible bearing plate

The model parameters are in Table 3. Models I to IV are models
of Sections 6.1, 6.2, 6.3, 6.4.
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FIGURE 12
Sketch map of the rigid-flexible bearing plate with variable thickness.

6.1 Rubber mat with different elastic
modulus

Due to modification, there are thousands of types of rubber, ranging
in modulus from low to high. The rubber mats with an elastic modulus
(E,) of 5 MPa, 10 MPa, and 20 MPa are chosen for calculation in this
paper. Compressive stress with different rubber mat elastic modulus (E,)
and the distribution uniformity is shown in Figure 8.

As shown in Figure 8A, for rubber mats with an elastic modulus of
5 MPa and 10 MPa, the compressive stress at the bottom edge decreases
with the decrease of . For rubber mats with elastic modulus of 20 MPa,
when the contact surface is wholly rough, or p is 0.75, the compressive
stress at the bottom edge of the bearing plate is nearly the same. When
p< 0.75, the compressive stress at the bottom edge decreases with the
decrease of p. As shown in Figure 8B, for rubber mats with an elastic
modulus of 5MPa and 10 MPa, the distribution uniformity of
compressive stress increases with the decrease of . For rubber mats
with elastic modulus of 20 MPa, the distribution uniformity of
compressive stress is the worst when p is 0.75. When p< 0.75, the
distribution uniformity of compressive stress increases with the decrease
of w. For any , the distribution uniformity of compressive stress
increases with the rubber mat’s elastic modulus decrease. In the
design of a flexible bearing plate, the rubber mat with a relatively
small elastic modulus should be selected as far as possible. The elastic
modulus of natural rubber is 7.8 MPa, and Poisson’s ratio is 0.47.
Natural rubber can be considered in the flexible bearing plate design. In
the following analysis, the elastic parameters of the rubber mat are
selected according to natural rubber.

6.2 Rubber mat with different thickness

Compressive stress with different thicknesses (h,) of rubber mat
and the distribution uniformity is shown in Figure 9. The stiffness of

Frontiers in Materials

the rigid-flexible bearing plate is related to the thickness of the
rubber mat, so the rubber mats with a thickness (h,) of 10 mm,
20 mm, and 30 mm are chosen for calculation in this paper.

As shown in Figure 9A, for rubber mats of different thicknesses,
the compressive stress at the bottom edge decreases with the
decrease of p. As shown in Figure 9B, for rubber mats of
different thicknesses, the distribution uniformity of compressive
stress at the bottom edge increases with the increase of u. When p is
the same, the distribution uniformity of compressive stress increases
with the increase of the rubber mat’s thickness. When p> 0.25, the
influence of p on the distribution uniformity of compressive stress is
limited. When p< 0.25, the influence of p on the distribution
uniformity of compressive stress is significant. In the
manufacturing operation of the rubber mat, it is necessary to
ensure the smoothness and flatness of the rubber mat as far as
possible. The purpose is to reduce the friction between the rubber
mat and the subgrade. During outdoor testing, friction between the
rubber mat and the subgrade decreases by using a lubricant (French
chalk et al.) on the contact surface. p should be controlled as small as
possible through the manufacturing operation and the planeness of
subgrade in outdoor testing. When p is small, the rubber mat should
not be too thick, considering the influence of horizontal
displacement. Overall consideration, the thickness of the rubber
mat should be around 20 mm-30 mm.

6.3 Subgrade with different elastic modulus

Compressive stress with different subgrade elastic modulus (E;)
and the distribution uniformity is shown in Figure 10. According to
the suggested values of standard, the subgrade with an elastic
modulus of 40 MPa, 60 MPa, and 80 MPa is chosen for calculation.

As shown in Figure 10A, for the subgrade with different elastic
modulus, the compressive stress at the bottom edge decreases with
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FIGURE 13

Compressive stress with variable thickness of steel plate and rubber mat and the distribution uniformity.

the decrease of p. As shown in Figure 10B, for the subgrade with
different elastic modulus, the distribution uniformity of compressive
stress increases with the decrease of y. When p is the same, the
distribution uniformity of compressive stress decreases with the
increase of the subgrade’s elastic modulus. The change rule is
opposite to that of the rigid bearing plate.

6.4 Different load grade

Compressive stress with different load grade (p) and the
distribution uniformity is shown in Figure 11. The same as the
rigid bearing plate, the loading grades of 0.4 MPa, 0.7 MPa, and
1.0 MPa are chosen for calculation.

As shown in Figure 11A, for different load grades, the
compressive stress at the bottom edge increases with the increase
of w. As shown in Figure 11B, the greater the load grade is, the worse
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the distribution uniformity of compressive stress is. For the same
load grade, the greater p is, the worse the distribution uniformity of
compressive stress is. When the load grade is 0.7 MPa, and the
contact surface is entirely smooth, the variance of compressive stress
is 0.0014, and the degree of mean deviation is 0.2946, the
distribution uniformity of compressive stress is excellent.
According to Field testing of highway subgrade and pavement
(JTG 3450-2019), the pressure-deformation curve of the soil
foundation is tested by stepwise loading. When p < 0.1MPa, the
load increases by 0.02 MPa each step. When p > 0.1 MPa, the load
increases by 0.04 MPa each step. For 20-step loading, the final load is
0.70 MPa. Since the standard double circular load is 0.7 MPa, the
load from the road surface to the top surface of the subgrade is
diffused and attenuated. When it reaches the top surface of the
subgrade, it is less than 0.7 MPa. Therefore, the flexible bearing plate
is designed and calculated with a load of 0.7 MPa, fully meeting the

requirements.
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TABLE 5 Model parameters (chamfer of rubber mat).

Materials Elastic modulus/MPa

Poisson’s ratio

10.3389/fmats.2023.1196989

Load grade/MPa

Size/mm X mm

Steel plate 200000

0.25

D150 x 20

Rubber mat 7.8

Subgrade 80

0.47

0.40

D150 x 20 07

5,000 x 5,000

300

2020

y

FIGURE 14
Sketch map of the fillet at the bottom edge of the rigid-flexible
bearing plate.

6.5 Steel plate and rubber mat with variable
thickness

The model parameters are in Table 4. According to the previous
study in this paper, stress concentration tends to occur at the edge of

the rigid-flexible bearing plate. In this section, the thickness of the
rubber mat gradually decreases from the edge to the center, and the
thickness of the steel plate gradually increases from the edge to the
center. The purpose is to reduce the stiffness of the edge part and
increase the stiffness of the middle part. As shown in Figure 12, five
working conditions are adopted for calculation. Compressive stress
with variable thickness of steel plate and rubber mat and the
distribution uniformity is shown in Figure 13.

As shown in Figure 13A, for five different working conditions,
the compressive stress at the bottom edge decreases with the
decrease of p. For the center point of the bearing plate, the
compressive stress of ® is the largest. As shown in Figure 13B,
when p> 0.25, the distribution uniformity of compressive stress
increases with the decrease of y. For @, @, and ®, when p is 0.25,
the distribution uniformity of compressive stress is the best. For @
and ®, when the contact surface is entirely smooth, the distribution
uniformity of compressive stress is the best. Among the five working
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FIGURE 15

Compressive stress with different fillet radius(R) of rubber mat and the distribution uniformity.
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conditions, the distribution uniformity of compressive stress of
working condition @ is the best.

6.6 Rubber mat with fillet

The model parameters are in Table 5. According to the previous
study, stress concentration tends to occur at the edge of the rigid
rigid-flexible bearing plate. In this section, Fillet design is used to
reduce the stress concentration at the edge. Radii of 1 mm, 2 mm,
and 4 mm are chosen for calculation. The purpose is to reduce the
stiffness of the bearing plate at the edge position. The sketch map is
shown in Figure 14. Compressive stress with different fillet radius(R)
of rubber mat and the distribution uniformity is shown in Figure 15.

As shown in Figure 15A, at the edge of the rigid-flexible bearing
plate, when p> 0.5, the compressive stress at the edge of the rigid-
flexible bearing plate changes small. When p< 0.5, the compressive
stress at the edge of the rigid-flexible bearing plate decreases with the
decrease of . As shown in Figure 15B, for three different filleting
radii, the distribution uniformity of compressive stress decreases
with the increase of p. When p> 0.5, the distribution uniformity of
compressive stress increases with the increase of fillet radius.
When<0.25, the distribution uniformity of compressive stress
decreases with the increase of fillet radius. In a flexible bearing
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plate design, the friction between the bearing plate and the subgrade
should be as small as possible. The distribution uniformity of rigid-
flexible bearing plate with a fillet radius of 1 mm is the best.

7 Design of flexible bearing plate

Based on this paper’s research results, this section intends to
adopt working condition @, a rubber mat with a fillet radius of
I mm for research. Compressive stress with different friction
coefficients and the distribution uniformity is shown in Figure 16.

As shown in Figure 16A, the compressive stress at the bottom
edge decreases with the decrease of p. As shown in Figure 16B, the
distribution uniformity of compressive stress increases with the
decrease of (. When p< 0.25, the distribution uniformity of
compressive stress is good. The ratio of the compressive stress at
the edge of the bearing plate to the center of the bearing plate is
within 1.5 times.

When the bearing plate is used in testing, lubricants are used to
control p within 0.2. Compressive stress with different low friction
coefficients and the distribution uniformity is shown in Figure 17.

As shown in Figure 17A, under the condition of a low friction
coefficient, the compressive stress at the bottom edge decreases with
the decrease of p. As shown in Figure 17B, the distribution

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1196989

10.3389/fmats.2023.1196989

Hou et al.
A 060 7
-0.65 - P =2 25" N
I
070 4]
© I
a “
=
= i | |
=-075 I |
& | |
o »
-0.80 - | —=— n =0.20 |
| —&— u =0.15 |
‘\ —4A— 1 =0.10 “
-085 1 m —v— p =0.05 .
T T T T T T T
<150 -100 -50 0 50 100 150
r/mm
B Compressive stress
0.0025 - 0.0025 0.35 0.3411
030
00020 7 0.2532
0.25
0.0015 0.20
2
S 0.0013 d 0.1654
0.15
0.0010
0.10
SE4 0.078
0.0005
0.05
1E-4
0.0000 T T T T 0.00 T T T T
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
M M
Distribution uniformity
FIGURE 17
Compressive stress with different low friction coefficients and the distribution uniformity.
A °7 B ©
.,_,-l"".................."-\. -0.7 N NN NN NN EEEEEEEE
[ ] [ ]
2 | !
| |
n L
g 1 m [ ] & 41
= =
T 6 T 6l
-84 -8
] n
_10 T T T T T T T _10 T T T T T T T
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
r/mm r/mm

Ideal rigid bearing plate Flexible bearing plate(u=0.05)

FIGURE 18
Comparison diagram.

Frontiers in Materials 15 frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1196989

Hou et al.

uniformity of compressive stress increases with the decrease of p.
When y is 0.05, the distribution uniformity of compressive stress is
the best, the variance of the compressive stress is 0.0001, the degree
of mean deviation is 0.0780, is very close to the uniformly distributed
load, fully meets the requirements of engineering precision.

As shown in Figure 18, the Distribution uniformity of
compressive stress of ideal rigid bearing plate is terrible. The
Distribution uniformity of compressive stress of the flexible
bearing plate design in this paper is excellent.

8 Conclusion

In this paper, by studying the compressive stress of the rigid
bearing plate and the rigid-flexible bearing plate, a flexible bearing
plate was designed. The following conclusions can be drawn from
this study.

(1) For the rigid bearing plate, when the radius is 150mm, and the
thickness reaches 20 mm, the thickness of the steel plate
continues to increase, which has little effect on the stress
distribution. From the point of economy and application, the
steel plate’s thickness of 20 mm is the most appropriate. The
analysis results are consistent with the standard bearing
plate size.

(2

~

The smaller the elastic modulus of the rubber mat is, the better
the distribution uniformity of the compressive stress is. The
elastic modulus of natural rubber is small and is suitable for use
in a flexible bearing plate. The larger the rubber mat’s thickness
is, the better the distribution uniformity of the compressive
stress is. From the angle of engineering, it is unreasonable to
design a flexible bearing plate by increasing the thickness of the
rubber mat. It is recommended that the thickness of the rubber
mat be between 20 mm and 30 mm.

—
W
~

Friction coefficient significantly influences the distribution
uniformity of compressive stress. The greater p is, the worse
the distribution uniformity of compressive stress is. During
outdoor testing, lubricant should be used to ensure the friction
coefficient is as tiny as possible.

—
N
Rz

In this paper, the methods of the variable thickness rubber mat
and steel plate, circle fillet of the rubber mat at the bottom edge
are used to design of a flexible bearing plate. The results show
that the distribution uniformity of compressive stress is
excellent when the friction coefficient is small.

—~
]
=~

Based on the results of this paper, in the future, a flexible bearing
plate can be manufactured to be used in outdoor testing. The
stress sensor detects the distribution and compares it with the
design value.
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