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Abstract: The stress diffusion characteristics of reinforced soil retaining walls (RSW) with concrete-
block panels under cyclic loads are studied. The distribution of the vertical dynamic earth pressure
caused by an external load and the analysis of stress diffusion angles were studied using a model
test and the numerical simulation model of the reinforced soil retaining wall was established to
analyze the change in the stress diffusion angle. We then changed the parameters to investigate the
influencing factors of the stress diffusion characteristics. The results showed that: the average value
of the peak vertical dynamic earth pressure caused by an external load at the loading position of the
RSW was a nonlinear distribution, decaying from top to bottom and increasing with the increase in
the loading amplitude, while the change in the loading frequency number of loading cycles had no
obvious rule. The results of model test and numerical simulation agree with each other. The diffusion
angle of the stress caused by the external load of the reinforced body was basically between 50° and
65° in the range from 1.8 m to 1.2 m, the diffusion angle at the top was slightly larger than the middle,
and the diffusion angle away from the wall was larger than the diffusion angle close to the wall.
The main factors affecting the stress diffusion in reinforced soil retaining walls are the coefficient of
reinforcement of the soil and the dynamic stress amplitude; the stress diffusion angle increased with
an increase in the coefficient of the reinforcement of the soil and the dynamic stress amplitude. The
conclusion of this paper can provide a reference for the design of reinforced soil structures.

Keywords: reinforced soil retaining wall; geogrids; stress diffusion; model test; numerical simulation

1. Introduction

In this study, highway- and railway-reinforced soil retaining wall structures are sub-
jected to the combined effect of static and dynamic loads. The loads and the number of
cycles are large, which can lead to large structural deformations, so the mechanical behavior
of reinforced soil retaining walls under cyclic loads has attracted the attention of scholars.
Many scholars [1-10], through model tests and numerical simulations, have found that
a reinforced body makes the soil more structural, expands the range of soil involved in
bearing, and that the distribution of the soil pressure attenuation coefficient along the
wall height of reinforced soil retaining walls varies according to the length and type of
the reinforcement. Mohsen Kargar [11], through a laboratory model of a fixed and rigid
retaining wall with a cohesionless dry backfill measured under the effect of static and
repeated loads, have found that models show a significant increase in the earth pressure
due to cyclic loading compared to static loading, especially in the initial cycles of loading.
Ding et al. [12]., through a series of laboratory experiments, have found the central effective
soil pressure is exponentially distributed and decays with the increasing distance from
the vibration source and Luo et al. [13]., through reinforcement treatment tests of soft rock
subgrade, have found that the attenuation of the dynamic soil pressure of the roadbed laid
with geocell is more obvious than that of the roadbed laid with geogrid.
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At present, studies of the factors affecting stress diffusion characteristics of retaining
walls are lacking for highway- and railway-reinforced soil retaining walls; moreover, the
predecessors only proposed that reinforcement would increase the stress diffusion range
and did not analyze the factors affecting the stress diffusion range. For highway- and
railway-reinforced soil retaining walls, stress diffusion caused by external loads is a main
factor influencing the retaining wall working characteristics and the stress diffusion angle is
an important parameter to design the retaining wall and the roadbed. As a result, the cyclic
load transfer law of diffusion in the reinforced soil retaining wall is significant for analyzing
the force and deformation law of reinforced soil retaining walls and can also provide a
reference for the design of retaining walls and roadbeds. In this paper, on the basis of the
predecessors’ research, a laboratory model test of modular reinforced soil retaining walls
is carried out to analyze the rule of the vertical dynamic earth pressure due to external
loads and stress diffusion characteristics under different loading amplitudes, and loading
frequencies and number of loading cycles and establish a numerical analysis model, put
forward five factors affecting the stress diffusion, then analyze the influences of different
factors on the stress diffusion of reinforced soil retaining walls under cyclic loads. The
conclusion of this paper can provide a theoretical basis for the study of the influence factors
of the stress diffusion of the reinforced soil structures and provide a reference for the design
of the reinforced soil structures.

2. Experimental Study

According to the test model box size and loading system, and in order to cause the test
results to more truly reflect the stress diffusion characteristics of reinforced soil retaining
walls under cyclic loads, different model scale sizes were analyzed and discussed and then
the geometric similarity constant Cp, = 4 was determined. The similarity constant of soil
elastic modulus Cg = 1. The similarity constant of geogrids tensile modulus Cg; = 4.

2.1. Wall Filling

The filling of the retaining wall was gravel soil [1]. The curve of the particle size
analysis of gravel soil is shown in Figure 1 and Table 1 lists the physical characteristics of
the soil.

100
90
80 |
70 -
60 -
50

40

Weight percentage (%)

30

20

10

0 L |
100 10 1 0.1 0.01 0.001

Grain size (mm)

Figure 1. Curve of particle size analysis of gravel soil.

Table 1. Physical characteristics of the wall filling.

Items Indexes
Name Gravel soil
Coefficient uniformity (Cu) 17.48
Coefficient curvature (Cc) 0.54
Internal friction angle (°) 35
Maximum dry density (g/cm?) 2.31

Optimum moisture content (%) 8.7
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2.2. Reinforcement

The reinforcement in the reinforced soil was high-density polyethylene (HDPE) uni-
axial geogrids [1]. The tensile curve of uniaxial geogrids is shown in Figure 2; this is the
tensile test curve of one rib along the force direction of the geogrid, with 40 ribs per meter.
Table 2 lists the average values of the main characteristics of the three geogrids.
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Figure 2. Tensile curve of uniaxial geogrids.

Table 2. The mechanical characteristics of the geogrids.

Items Indexes
Tensile strength (kN/m) 39.69
Tensile strength @ 2% strain (kN/m) 12.3
Tensile strength @ 5% strain (kN/m) 24.5
Axial peak strain (%) 11.5

2.3. Model Size and Monitoring Instrument Arrangement

According to the Ilaboratory model test [1], the RSW model was
3.0m (L) x 1.0 m (W) x 1.8 m (H), with a wall slope ratio of 1:0.05. The model
box wall was coated with lubricant to reduce friction. The model box skeleton was
enhanced at the top, the test elements were centrally buried in the middle, and the side
walls were not deformed during the test, ensuring plane strain conditions. A photo of
the model box is shown in Figure 3.

Figure 3. Photo of the model box.
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The test elements with the parameters are shown in Table 3 and the RSW dimensions
and monitoring instrument arrangement were as shown in Figure 4.

Table 3. Test element parameters.

Name Model Measuring Range Accuracy
Vibrating wire pressure cell JMZX-5003A 0.3 MPa 0.001 MPa
Strain gauge pressure cell BY-2, BY-3 0.3 MPa 0.001 MPa

1.8m

OO Dynamic earth pressure cell

Figure 4. Reinforced soil retaining wall dimensions and monitoring instrument arrangement.

2.4. Filling Requirements and Loading Scheme

After the compaction tests [1], the controlling indices of compaction were as listed in
Table 4. When high-speed railway trains are running, the high frequency vibration brought
by the uneven track cannot affect the reinforced earth retaining wall due to the action of the
track bed. The cyclic load acting on the retaining wall is transferred by the train car load
through the wheel. According to the measured dynamic stress values of high-speed railway
subgrade at home and abroad [1], the loading amplitudes of the test are determined to
be 60-80 kPa, 60-100 kPa, and 60-120 kPa. According to the traffic loading frequency of
the roadbed filling during its service period, it is between 0.1 Hz and 10 Hz [14] and the
train base frequency has a great influence on the roadbed; the test determined four loading
frequencies: 4 Hz, 6 Hz, 8 Hz, and 10 Hz. The vertical cyclic loads were applied at the top
and sine wave type loading was used, with 100,000 times cyclic load added under each
condition, for a total of 1.2 million times.

Table 4. Filling control indicators.

Items Index
Coefficient of loose layer 1.33
Thickness of loose layer (cm) 20.0
Compaction thickness (cm) 15.0
Compaction times 4.0
Compaction degree (%) >85

3. Analysis of Model Test Results
3.1. Analysis of Vertical Dynamic Earth Pressure Due to External Loads
3.1.1. Vertical Dynamic Earth Pressure along the Wall Height

According to the laboratory model test, the average of the peak vertical dynamic
earth pressure caused by an external load is shown in Figure 5. The average of the peak
vertical dynamic earth pressure caused by an external load at the loading position of the
RSW increased with the increase in the loading amplitude, while the effect of the loading
frequency was not obvious; the average of the peak vertical dynamic earth pressure caused
by an external load with the height of the retaining wall was non-linear. From top to bottom,
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there was a trend of decay and the decay rate of the upper part was smaller than that of the
lower part. This was because: the upper part of the retaining wall had less geogrids, the
reinforcement effect was poor, and it was close to the loading position, so the stress decay
rate was slower, while there were more layers of reinforcement downwards and the load
brought its tensile properties fully into play, so the reinforcement effect was good and the
stress decay rate was faster.
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Figure 5. Distribution of vertical dynamic earth pressure near panel along wall height.

3.1.2. Vertical Dynamic Earth Pressure with the Increase in Load Cycle Number

With the increase in loading times, the vertical earth pressure changed as shown in
Figure 6. On the whole, H3-2 and H2-2, close to the loading position, showed a sudden
increase after the change in the load value. The closer the loading position was, the greater
the increase in earth pressure was, which was mainly influenced by the diffusion and
attenuation of additional stress. With the increase in load cycles, the vertical earth pressure
near the panel basically stayed the same or slightly decreased, because the horizontal
displacement of the wall released part of stress. Under the condition of a constant load,
with the increase in cycle times and loading frequency, the dynamic earth pressure changed
little. This was mainly because the stiffness of the reinforced body was very large due to
the interaction between the soil and the reinforcement. Under the action of vibration, the
soil soon reached the maximum compactness, so the vertical earth pressure changed little
when the load was unchanged. The main factors affecting the vertical earth pressure were
load value, the number of load cycles, and the loading frequency change; the vertical earth
pressure was less affected.
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Figure 6. Distribution of vertical dynamic earth pressure with an increase in the load cycle number;
(@h=0.6m;(b)h=12m; (c)h=1.65m.
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3.2. Analysis of Stress Diffusion Characterization

The stress diffusion angle in the reinforced soil retaining walls is the angle between
the stress diffusion edge line and the vertical direction line in the soil caused by the external
load. In the test, it was difficult to measure the location of zero stress, so to determine
this location, barycentric interpolation of the triangle according to the measured values
was used to obtain the coordinates, and then the stress diffusion edge line was obtained
by connecting the lines and calculating the angle between the edge line and the vertical
direction line to obtain the stress diffusion angle of the retaining wall.

The principle of the triangle barycenter coordinate interpolation is based on knowing
each of the vertex coordinates and the stress value of the triangle, as shown in Figure 7.
The influence of each vertex on the weight of a point inside the triangle was calculated
by Equations (1)—(3), so as to obtain the coordinates and stress value of a point inside
the triangle. This paper assumed that the additional stress zero point was known, so the
coordinate of the additional stress zero point could be obtained by the trial algorithm. The
stress diffusion angle is shown in Table 5 and the stress diffusion line is shown in Figure 8.

P=(1 —u—v)*P1 + u*P2 + v*P3 (1)
P(x) = (1 — u — v)*P1(x) + u*P2(x) + v*P3(x) )
P(y) = (1 — u = v)*PL(y) + u*P2(y) + v*P3(y) ®)

where: 1 — u — v is the weight of point P1, u is the weight of point P2, and v is the weight
of point P3.

(P1,V1)

(P2,V2) (P3,V3)

(P,V)

Figure 7. Triangle barycentric interpolation diagram.
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Figure 8. Diagram of the measured stress diffusion line in the reinforced soil retaining wall.
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Table 5. Additional stress diffusion angle of the reinforced soil retaining wall.

Dynamic Stress Dynamic Stress  Stress Diffusion  Stress Diffusion

Location Amplitude (kPa)  Frequency (Hz) Angle A (°) Angle B (°)
4 60.855 18.09
6 57.995 35.184
60-80 kPa 8 55.231 28.065
10 56.774 29.611
al h | 4 52.992 25.174
ose to the pane 6 53.437 27.097
60-100 kPa 8 52.992 25.174
10 52.431 22.782
4 49.800 19.477
6 50.312 20.296
60-120 kPa 8 49.196 12.68
10 48.847 13.071
4 64.902 8.904
6 64.782 9.834
60-80 kPa 8 63.849 18.521
10 63.700 20.388
A ] N | 4 62.303 17.311
way from the pane 6 62.365 16.436
60-100 kPa 8 62.427 22.375
10 62.488 17.398
4 61.542 10.074
6 61.800 12.225
60-120 kPa 8 61.229 20.715
10 61.216 19.409

The diffusion angle of the stress caused by the external load of the reinforced body

was basically between 50° and 65° in the range from 1.8 m to 1.2 m, which was larger than
that of the unreinforced body (generally 30°); as the stress caused by the external load
gradually decayed in the soil, the diffusion angle gradually became smaller from high to
low along the wall height, so the stress diffusion angle was smaller in the range from 1.2 m
to 0.6 m of the wall height. The analysis of the data in the table showed that:

1.

2.

There was a maximum stress diffusion angle within the reinforced body; the diffusion
angle at the top was slightly larger than the diffusion angle in the middle.

The stress diffusion angle within the reinforced soil caused by the external load on
the side of the retaining wall close to the panel was smaller than that on the side away
from the panel.

The stress diffusion angle A decreased with the increase in dynamic stress amplitude,
while diffusion angle B had no obvious pattern.

The stress diffusion angles A and B had no obvious pattern with the increase in frequency.
The diffusion angle at the top reaches its maximum value when the loading amplitude
was 60-80kPa and the dynamic stress frequency was 4 Hz, while there was no obvious
pattern in the middle.

4. Numerical Simulation
4.1. Model Material Parameters

A finite element model of the reinforced soil retaining wall was established according

to the laboratory model tests by PLAXIS 8.5, the material parameters of the geogrids and
the filler and concrete modules of the wall are shown in Tables 6 and 7. The strength of the
geogrid may strongly affect the wall behavior under cyclic loading.

Table 6. Geogrid parameters.

Material Constitutive Model Axial Stiffness at 2% Strain/(kN-m—1)

Geogrid Linear Elastic 615
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Table 7. Material parameters for the filler and wall concrete modules.

Items Filler Wall Face and Face Footing
Name Gravel soil Concrete
Model Mohr-Coulomb Linear Elastic
Natural unit weight (kN/m3) 18 23
Saturated unit weight (kN/m3) 18.5 25
Cohesion (kPa) 1 -
Internal friction angle (°) 35 -
Young’s Modulus (MPa) 50 3x10%
Poisson ratio 0.2 0.2

4.2. Model Building

Considering the influence of reinforcement-soil interactions, the contact surface of
the reinforcement and soil was defined by the interface unit, and the reinforcement-soil
interface friction coefficient Rinter was used to reflect the degree of the reinforcement-
soil interaction. According to the PLAXIS Reference Manual, the Ripter is calculated by
Equation (4), for the actual soil-structure interaction, the interface has a lower strength
than the adjacent soil layer, so Ripter is less than 1, which can be assumed to be 0.67 in
general. Therefore, Ripter in this model was set as 0.67. The boundary conditions were
horizontal constraints on both sides and horizontal and vertical constraints at the bottom
of the foundation. The numerical analysis model of the reinforced soil retaining wall is
shown in Figure 9. The diagram of the generated meshes is shown in Figure 10; a total of
889 meshes were generated.

tan@; = Rintertan @1 4)

where: @; is interface internal friction angle and @ is internal friction angle of soil

S N o -

T Y % 28 G

It o
i1 &

Figure 9. Diagram of the numerical analysis model.
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The numerical simulation results were compared with the measured values of the
model test and, as seen in Figure 11, the simulated values were similar to the measured
values. The slight difference in values was due to uneven packing in the actual engineering,
whereas the packing was uniform in the PLAXIS model. This proves that the numerical
model parameters were reasonable.

18 —M®— Simulated 60~80kPa, 6HZ

—®@— Simulated 60~100kPa, 6HZ
16 —UO— Measured 60~80kPa, 6HZ " €« o
' —O—Measured 60~100kPa, 6HZ

o = = =
® o [S) S
T T T T
[ J
O

Height of retaining wall

o
e
T

O

20 30 40 50 60 70 80 90 100 110

Average of peak vertical dynamic earth pressure (kPa)

Figure 11. Diagram of the comparison of the peak vertical dynamic earth pressure at the loading position.

4.3. Influencing Factors of the Stress Diffusion Angle

It was difficult to obtain the diffusion cloud map of additional stress in the numerical
simulation, however the vertical stress fluctuation amplitude of each stress point in the
retaining wall under a cyclic load at different heights was used to determine the position of
stress zero. We used the wall height of 1.65 m as an example and selected the stress point
model, as shown in Figure 12, and the output of each point time—stress curve, as shown in
Figure 13. When the vertical stress curve fluctuations are relatively small, this stress point
is less affected by the top load. When the wave amplitude is small enough to ignore, the
additional pressure will be almost zero and the stress at this point will be zero. According
to the above method, we analyzed the vertical stress amplitude of each stress point under
different retaining wall heights, the additional stress zero point was found by reducing
the stress point range, and then the stress zero point was connected to obtain the stress
diffusion line.

Figure 12. The stress point at 1.65 m wall height.
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Figure 13. The time-stress curve for each point.

In the finite element analysis of reinforced soil retaining walls, the stress diffusion
characteristics of the wall were analyzed by varying the tensile modulus of reinforce-
ment, dynamic stress frequency, reinforcement spacing, dynamic stress amplitude, and the
reinforcement—soil interaction coefficient, to obtain the influence law of the stress diffusion
characteristics of reinforced soil retaining walls.

4.3.1. Influence of the Tensile Modulus of Reinforcement

In the analysis of the influence of the tensile modulus of the reinforcement on the
stress diffusion angle caused by the external load of RSW under a dynamic load, the other
parameters were kept constant and the tensile modulus of the reinforcement material
was changed alone to analyze the change in the stress diffusion angle. The four working
conditions were 400 kN /m, 600 kN /m, 800 kN /m, and 1000 kN /m. The stress diffusion in
the RSW caused by external loads under different working conditions is shown in Figure 14
and the stress diffusion angles are shown in Table 8.

——400kN/m ——600kN/m ——800kN/m 1000kN/m ® 400kN/m @ 600kN/m 800kN/m 1000kN/m

Face Pa.nel External load
i oL

- - - - — - - - -

15 | 15 F|f feemmeeeea 222
1 1
05 Y N
0 0 . . .

0 0.5 1 15 2 25 3 0 0.5 1 15

(a) (b)

Figure 14. Stress diffusion in reinforced soil retaining walls with different tensile modula of the
reinforcement: (a) stress diffusion line in reinforced soil retaining walls with different tensile modulus
of the reinforcement; (b) stress diffusion point in reinforced soil retaining walls with different tensile
modulus of the reinforcement.
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Table 8. Stress diffusion angle in reinforced soil retaining walls with different tensile modulus of
the reinforcement.

Location Tensile Modulus of Stress Diffusion Change Amplitude of the Stress Diffusion Change Amplitude of the
Reinforcement (kN/m) Angle A1 () Diffusion Angle A/(%) Angle B2 (°) Diffusion Angle B/(%)
400 30.964 - 30.964 -
600 30.964 0 30.964 0
Close to the panel 800 30,964 0 30,964 0
1000 30.964 0 30.964 0
400 65.964 - 66.194 -
600 72.814 10.38 75.256 13.69
Away from the panel 800 74197 1.89 73.909 178
1000 75.500 1.75 75.964 2.78

! Diffusion angle A is the diffusion angle in the range from 1.8 to 1.5 m high; 2 diffusion angle B is the diffusion
angle in the range from 1.5 to 1.2 m high.

The analysis of the numerical simulation results showed that the change in the stress
diffusion angle close to the panel was not obvious with the increase in the tensile modulus
of the reinforcement. The stress diffusion angle away from the panel increased with the
increase in the tensile modulus of the reinforcement, probably due to the lateral displace-
ment of the retaining wall under the horizontal earth pressure, resulting in the release
of the stress, meaning the change in the stress diffusion angle close to the panel is not
obvious. As the tensile modulus of the reinforcement increased, it limited the transfer of
acceleration along the contact surface to the roadbed, reducing the range of the roadbed
affected by acceleration; when the dynamic load was applied, the occlusal force between
the reinforcement and the soil restrained and limited the displacement of the soil, which
can improve the reinforcing effect of the reinforcement to a certain extent, so the stress
diffusion range was expanded.

4.3.2. Influence of Dynamic Stress Frequency

In the analysis of the effect of dynamic stress frequency on the stress diffusion angle
caused by the external load in reinforced soil retaining walls under dynamic loads, the
other parameters were kept constant and the dynamic stress frequency was changed alone.
The four working conditions with dynamic stress frequencies were 4 Hz, 6 Hz, 8 Hz, and
10 Hz. The stress diffusion in the RSW caused by external loads under different working
conditions is shown in Figure 15 and the stress diffusion angles are shown in Table 9.

4Hz 8Hz -10Hz 4Hz e6Hz ®8Hz »10Hz

6Hz

Face panel

2k

External load

15

o5 H| [T~ "TTTTTTT TS
o5 |

(a) (b)

Figure 15. Stress diffusion in reinforced soil retaining walls with different dynamic stress frequencies;
(a) stress diffusion line in reinforced soil retaining walls with different dynamic stress frequencies;
(b) stress diffusion point in reinforced soil retaining walls with different dynamic stress frequencies.

The analysis of the numerical simulation results showed that:

1. With the increase in loading frequency, the stress diffusion angle near the wall panel
did not change.

2. The stress diffusion angle away from the wall panel increased gradually and the
increase in the stress diffusion angle away from the wall panel was greater than that
near the wall panel.
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Table 9. Stress diffusion angle in reinforced soil retaining walls with different dynamic stress frequencies.

Change Change
Location Dynamic Stress  Stress Diffusion Amplitude of Stress Diffusion Amplitude of
Frequency/Hz Angle A 1/(°) the Diffusion Angle B 2/(°) the Diffusion
Angle A/(%) Angle B/(%)
4 30.964 - 28.072 -
Close to the panel 6 30964 0 28.072 0
8 30.964 0 28.072 0
10 30.964 0 28.072 0
4 76.504 - 44.029 -
Away from 6 76.504 0 47.726 8.39
the panel 8 76.504 0 56.310 17.98
10 76.908 0.53 56.889 1.02

! Diffusion angle A is the diffusion angle in the range from 1.8 to 1.5 m high; 2 diffusion angle B is the diffusion
angle in the range from 1.5 to 1.2 m high.

This was due to the increased frequency of dynamic stresses and good soil compaction,
which increased the interaction between the soil and the reinforcement, while there were
fewer geogrids in the upper part of the retaining wall, so there was no significant change
in the diffusion angle A. The diffusion angle of the stress on the side near the wall did
not change in the dynamic stress frequency, this is due to the lateral displacement of the
retaining wall under the action of horizontal earth pressure, resulting in stress release, so
the change in frequency had no significant effect on the diffusion angle on the side near
the panel.

4.3.3. Influence of Reinforcement Spacing

In the analysis of the influence of the reinforcement spacing on the stress diffusion
angle under a dynamic load, the other parameters were kept constant and the reinforcement
spacing was changed individually. The reinforcement spacings were 0.30 m, 0.45 m, and
0.60 m. The stress diffusion in the RSW caused by external loads under different working
conditions are shown in Figure 16 and the stress diffusion angles are shown in Table 10.

Table 10. Stress diffusion angle in reinforced soil retaining walls with different reinforcement spacing.

Change Change
Location Reinforcement Stress Diffusion Amplitude of Stress Diffusion Amplitude of
Spacing (cm) Angle A1 () the Diffusion Angle B2 (°) the Diffusion
Angle A/(%) Angle B/(%)
Close to 30 30.993 - 18.435 -
the panel 45 28.072 9.42 21.801 18.26
p 60 25.017 10.88 28.072 28.76
30 76.504 - 59.534 -
At‘}’fay fm‘l“ 45 76.075 0.56 58.523 1.70
¢ pane 60 74.876 1.58 60.018 2.55

! Diffusion angle A is the diffusion angle in the range from 1.8 to 1.5 m high; 2 diffusion angle B is the diffusion
angle in the range from 1.5 to 1.2 m high.

The analysis of the numerical simulation results showed that:

1.  Diffusion angle A decreases with the increase in reinforcement spacing and diffusion
angle B increases with the increase in reinforcement spacing.

2. Near the panel, the stress diffusion range shows a trend of outward diffusion with
the decrease in the retaining wall height, while away from the panel, the stress
diffusion range shows a trend of inward contraction with the decrease in the retaining
wall height.

This was because the interaction between the soil and the reinforcement decreased
as the reinforcement spacing increased, the soil structure of the retaining wall decreased
and the range of the soil involved in the bearing decreased, and then the diffusion range
decreases. With the decrease in the distance between the reinforcements, the increase range
decrease indicated that the dense reinforcement is not better.



Sustainability 2022, 14, 15643

13 of 17

o

0.3

05

F ﬂfélpﬂﬂel External load

(]

(e) Reinforcement spacing 0.60 m

15
Additional strass 1
________________ diffusion line
T T T T T T T T T T T T T Geogrids 05
. . . . . 0
0 05 1 Ls 2 25 05 1 15 2 25 3
(a) Reinforcement spacing 0.3 m
Face panel  External load
; 2
A 15
"""""""" T|B
Additio v.lst.ress 1
___________ — — _ _diffsign line
o lCeogids 05
0
0 1 Ls 2 25 05 1 15 2 25 3
(¢) Reinforcement spacing 0.45 m (d) Reinforcement spacing 0.45 m
Face panel Eyternal load
L 5
15
1
05
Geogrids
. . 0
0 05 1 15 2 25

(f) Reinforcement spacing 0.60 m

Figure 16. Stress diffusion in reinforced soil retaining walls with different reinforcement spacings;

(a,c,e) stress diffusion line in reinforced soil retaining walls with different reinforcement spacings;

(b,d,f) stress diffusion point in reinforced soil retaining walls with different reinforcement spacings.

4.3.4. Influence of the Reinforcement-Soil Interaction

In the analysis of the effect of reinforced soil interaction on the stress diffusion angle
under a dynamic load, the other parameters were kept constant and the coefficient of the
reinforced soil interaction was changed alone. The coefficient of the reinforcement-soil
interface was selected to be 0.33, 0.41, 0.49, 0.57, and 0.65, respectively, for the five working
conditions. The stress diffusion caused by external loads in the reinforced soil retaining
wall under different working conditions are shown in Figure 17 and the stress diffusion
angles are shown in Table 11.
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Figure 17. Stress diffusion in reinforced soil retaining walls with different coefficients of
reinforcement-soil values; (a) stress diffusion line in reinforced soil retaining walls with differ-
ent coefficients of reinforcement—soil values; (b) stress diffusion point in reinforced soil retaining
walls with different coefficients of reinforcement—soil values.

Table 11. Stress diffusion angle in reinforced soil retaining walls with different coefficient of
reinforcement-soil values.

Change Change
Location Coefficient of Stress Diffusion Amplitude of Stress Diffusion Amplitude of
Reinforcement-Soil Angle A 1/(°) the Diffusion Angle B 2/(°) the Diffusion
Angle A/(%) Angle B/(%)
0.33 18.435 - 20.136 -
Close 0.41 30.964 67.96 14.931 25.85
o ose 01 0.49 30.964 0 21.890 46.61
€ pane 0.57 34.923 12.79 - -
0.65 43.025 23.20 - -
0.33 32.421 - 29.461 -
0.41 42.044 29.68 36.187 22.83
At‘g ay fr"rl“ 0.49 46.896 11.54 64.728 78.87
€ pane 0.57 63.832 36.11 71.362 10.25
0.65 73.761 15.55 59.534 16.57

! Diffusion angle A is the diffusion angle in the range from 1.8 to 1.5 m high; 2 diffusion angle B is the diffusion
angle in the range from 1.5 to 1.2 m high.

The analysis of the numerical simulation results showed that:

1. The stress diffusion angle A increased with the increased coefficient of the reinforcement-—
soil. Although the diffusion angle B had a little bit of a decreased trend, the diffusion
range still showed an increasing trend.

2. With the increase in the interaction coefficient of the reinforcement-soil, the average
increased for the stress diffusion Angle A near the wall was 25.99% and that away
from the wall was 23.22%, indicating that the stress diffusion angle near the wall was
more sensitive to the change in the interaction coefficient of the reinforcement—soil.

This was because the reinforcement effect is enhanced and the stress diffusion range
was large due to the increase in the coefficient of the reinforcement-soil, which increases
the friction and occlusion between the reinforcement and the soil.

4.3.5. Influence of Dynamic Stress Amplitude

In the analysis of the effect of different dynamic stress amplitudes on the stress
diffusion angle under a dynamic load, the other parameters were kept constant and the
dynamic stress amplitude was changed individually; the four working conditions with
dynamic stress amplitudes were 5 kPa, 10 kPa, 15 kPa, and 20 kPa. The stress diffusion
caused by the external load in the reinforced soil retaining wall under different working
conditions is shown in Figure 18 and the stress diffusion angle is shown in Table 12.
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Figure 18. Stress diffusion in reinforced soil retaining walls with different dynamic stress amplitudes;
(a) stress diffusion line in reinforced soil retaining walls with different dynamic stress amplitudes;
(b) stress diffusion point in reinforced soil retaining walls with different dynamic stress amplitudes.

Table 12. Stress diffusion angle in reinforced soil retaining walls with different dynamic stress amplitudes.

Change Change
Location Dynamic Load Stress Diffusion Amplitude of Stress Diffusion Amplitude of
Amplitude/kPa Angle A 1/(°) the Diffusion Angle B 2/(°) the Diffusion
Angle A/(%) Angle B/(%)
5 30.964 - 21.801 -
Close to 10 34.992 13.01 30.964 42.03
the panel 15 39.806 13.76 - -
20 30.964 22.21 30.964 -
5 65.556 - 65.879
Away from 10 72.814 11.07 62.241 5.52
the panel 15 76.504 5.07 44.029 29.26
20 76.504 0 44.029 0

! Diffusion angle A is the diffusion angle in the range from 1.8 to 1.5 m high; 2 diffusion angle B is the diffusion
angle in the range from 1.5 to 1.2 m high.

The analysis of the numerical simulation results showed that:

1. The stress diffusion for angle A on the side close to the panel increased with the
increase in the dynamic stress amplitude and, when the dynamic stress amplitude
reached 20 kPa, the diffusion angle A tended to decrease; the diffusion angle B had no
obvious regular change.

2. The stress diffusion for angle A on the side away from the panel increased with the
increase in the dynamic stress amplitude and the diffusion angle B decreased with
the increase in the dynamic stress amplitude, but the diffusion range still tended
to expand.

This was because, with the increase in the dynamic stress amplitude, the compactness
of the soil increased, the interaction between the reinforcement and the soil increased, and
the bearing range of the soil increased, so the stress diffusion angle increased. When the
stress reached 20 kPa, the retaining wall produced lateral displacement, resulting in stress
release, so the stress diffusion angle decreased.

5. Discussion

At present, through the field test and theoretical analysis, a significant amount of
research exists on the law of train load transfer in high-speed railway subgrades. However,
there are few studies on the transfer of train loads in reinforced subgrade and retaining
walls. In this paper, the influencing factors of the stress diffusion angle were obtained
through experiments and numerical simulations, which is of great significance to the design
of retaining walls and the foundation bed structure.
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According to the calculation method of vertical additional stress in FHWA—the cal-
culation formula is shown in (5) and the calculation diagram is shown in Figure 19—the
vertical additional stress decreased with the increase in the stress diffusion angle.

gb

Aoy = —
Oy D; 5)

d foundation

P

7 by AN

Figure 19. Calculation diagram of vertical additional stress.

In the design specification of the reinforced earth retaining walls, the stress diffusion
is calculated according to 1:2 and the stress diffusion angle obtained in this study is greater
than the standard value.

However, this study still has some limitations. There is no physical engineering field
test in this study, so the next step should be further studied in a field test.

6. Conclusions

In this study, the stress diffusion characteristics of reinforced soil retaining walls under
dynamic loading were investigated using model tests and numerical simulations and the
following conclusions were obtained.

1.  The mean value of the vertical dynamic earth pressure caused by the external load
was non-linearly distributed with the height of the retaining wall, decaying from
top to bottom. The decay rate at the top was 14.9% smaller than that at the bottom,
which was 58.54%, and increased with the increase in the loading amplitude, while
the loading frequency and number of loading cycles had no obvious effect on the
mean value of the vertical dynamic earth pressure caused by the external load.

2. The diffusion angle of the stress caused by the external load of the reinforced body
was basically between 50° and 65° in the range from 1.8 m to 1.2 m. The diffusion
angle at the top of the retaining wall was slightly larger than that at the middle; the
stress diffusion angle at the side near the panel was smaller than that at the side away
from the panel. The stress diffusion angle increased with the increase in the loading
amplitude and had no obvious change with the increase in the loading frequency. The
rule was consistent with the numerical simulation results. The stress diffusion angle
reaches the maximum value at the loading amplitude of 60-80kPa and dynamic stress
frequency of 4 Hz.

3. The stress diffusion range of the reinforced soil retaining wall increased with the in-
crease in the coefficient of the reinforcement—soil, dynamic stress amplitude, dynamic
stress frequency, and tensile modulus of the reinforcement material; it decreased with
an increase in the reinforcement spacing.

4. With the change in the coefficient of reinforcement-soil, dynamic stress amplitude,
dynamic stress frequency, tensile modulus of reinforcement, and the spacing of rein-
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forcement. The average variation amplitude of stress diffusion angle A was 24.6%,
12.02%, 0.52%, 1.83%, and 5.61%, respectively. The main factors affecting the stress
diffusion in reinforced soil retaining walls were the coefficient of reinforcement-soil
and the dynamic stress amplitude. The second factor was the tensile modulus of
the reinforcement and the dynamic stress frequency, with the reinforcement spacing
having less influence. The change in the stress diffusion was more obvious with the
change in parameters on the side away from the panel than on the side near the panel.
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