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ABSTRACT

The traditional loading berm is effective in reinforcing soft-soil founda-
tion embankments, however, it is found that its large footprint limits its
application in some narrow construction sites in recent years. Therefore,
to address this limitation, the trapezoidal embedded loading berm (TELB)
has been introduced, and its feasibility was examined in this paper. Firstly,
an analytical model was developed to investigate the mechanical behavior
of the TELB. Then, a numerical approach was employed to assess the
TELBs efficacy in enhancing the stability of soft-soil foundation embank-
ments. The study elucidates the impact of various TELB parameters—
such as slope angle, lower edge width, height, density, internal friction
angle, and cohesion—on the embankment stability coefficient. Finally, an
orthogonal test was conducted to evaluate the sensitivity of each param-
eter concerning embankment stability. The results demonstrate that the
TELB substantially improves the stability of soft-soil foundation embank-
ments, with stability coefficients increasing as the geometric and physical-
mechanical parameters of the loading berm are enhanced. Among the
parameters, height and density exert a more pronounced effect on the
stability coefficient compared to cohesion and internal friction angle. This
research provides valuable insights for the design and construction of
TELBs and contributes to mitigating the environmental impact of road
construction in soft soil regions.

1 Introduction
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Soft soil deposits are extensively distributed throughout China’s coastal regions. It has character-
istics of high water content, low strength, and strong compressibility [1-3]. During the construction of
expressways in soft soil areas, the embankment may be prone to uneven settlement and even instability

[4-6].
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The loading berm is a technique employed for reinforcing soft-soil foundation. Numerous studies
have investigated the effectiveness of loading berms in enhancing the stability of soft-soil foundation
embankments. Huang et al. [7] demonstrated that under significant shear stress, vertical soil settlement
is influenced by the combined effects of drainage consolidation and lateral deformation. Loading
berms can enhance shear stress levels and effectively reduce both vertical and lateral settlement.
Li et al. [8] found that using loading berms not only mitigates lateral displacement but also increases
the critical height of the embankment and accelerates construction processes. Corkum and Martin
[9] identified that a small berm at the foot of a slope can effectively control landslide displacement.
According to the physical modeling and monitoring results, Zaytesv et al. [10] found that the
embankment settlement can be effectively decreased by increasing the height of the loading berm.
Liu and Wang [1 1] found that the strength reduction method is more appropriate than the ultimate
load method for analyzing the stability of the embankment with loading berms. Zhu [12] examined
the optimal height for loading berms and compared their stability and spatial requirements with those
of slope cutting. Zhao et al. [13] developed an equilibrium equation that accounts for the combined
effects of cohesion and internal friction angle on the sliding surface, discussing the optimal width
and height of loading berms. Chen and Song [14] put forward an optimization design method for
single-stage loading berms to reinforce the high-filling slopes and introduced a simplified method
for calculating three typical landslide surface stability coefficients. Viswanadham et al. [15] studied
the seepage stability of the railway embankment with fly ash as filling materials, recommending a
minimum loading berm height of 1.5 m for embankments up to 11 m in height.

The construction of expressways on soft-soil foundations often necessitates the use of loading
berms to enhance stability. However, the traditional loading berms require substantial land area, which
can be problematic in regions with limited land resources, such as agricultural zones. To address this
challenge, Zhang et al. [16] proposed and verified the use of the embedded loading berm as a means
to reinforce soft-soil foundation. Xiong et al. [17] examined the relationship between the width and
height of embedded loading berms and the embankment stability coefficient, finding that stability is
positively correlated with both the width and the square of the height of the embedded loading berm.
Additionally, they analyzed the sensitivity of various parameters of rectangular embedded loading
berms on embankment stability.

While some research has been conducted on rectangular embedded loading berms, which are
theoretically feasible but challenging to construct—particularly when high excavation depths are
required, potentially leading to pit wall collapse—this paper introduces the trapezoidal embedded
loading berm (TELB) as an alternative. The study verifies the feasibility of the TELB and investigates
how its parameters influence embankment stability. Finally, the sensitivity of TELB parameters on
embankment stability is evaluated using an orthogonal test. This research contributes to the design and
construction of TELBs and aims to reduce the environmental impact of road construction projects.

2 Analytical Model for the Soft-Soil Foundation Embankment Reinforced by TELB

The analytical model flowchart is demonstrated in Fig. 1. The TELB is used to reduce lateral
displacement in soft-soil embankments, thereby enhancing their stability. However, if the strength of
the TELB falls short of the required specifications, it may result in shear failure, as illustrated in Fig. 2.
The failure modes analyzed in this study were determined based on mechanical criteria.
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Figure 1: The flowchart of analytical model
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Figure 2: Shear failure diagram of the TELB

The force F), is the cohesion and friction on the sliding surface; E, is the passive earth pressure in
front of the TELB; and F, is the landslide thrust force. These parameters can be presented as follows.

H—h H—-h
F1=(B—|-2 )c+(B+2—)h,otan<p (1)
tan o tan o
F,=F, V¥, + F,G,sin8, — G,cos B,tan ¢, — ¢,l, (2)
K
E =7 - +2ch /K, (3)

where y is unit weight; p is the density of the TELB; / is the height of the TELB above the sliding
surface; c is the cohesion of the TELB; ¢ is the internal friction angle of the TELB; B is the lower edge
width of the TELB; H is the height of the TELB; « is the TELB slope angle; F,, F,_, is the residual
sliding force of block # and block n — 1; ¥, is the transfer coefficient; G, is the weight of the block #;
B, 1s the slope angle of the block # at the sliding surface; /, is the length of the block # along the sliding
surface; K, is the passive earth pressure coefficient; F, is the stability factor.
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When the TELB is in a critical state, the following equation is obtained:

F,=F +E, 4)

Substituting Eqs. (1)—(3) into Eq. (4), the Eq. (5) was obtained.

(B(c + hp tan @) + 222 (¢ + hp tan @) + P)

Fs = 5
s G,sin f3, ©)

where:
212

P =G, cos B,tan ¢ + l,c, + 4 5 L +2c¢hK, — F,_ v,

According to Eq. (5), it can be seen that the embankment stability coefficient F, exhibits a positive
correlation with the TELB lower edge width, height, density, cohesion, and internal friction angle.
As these parameters increase, the embankment stability coefficient F, also increases. Conversely, the
embankment stability coefficient F, shows a negative correlation with the slope angle of the sliding
surface; thus, the stability coefficient decreases as the TELB slope angle increases.

As illustrated in Fig. 3, if the TELB possesses sufficient shear strength, it can effectively prevent
shear failure. However, excessive landslide thrust forces may lead to the toppling failure of the TELB.

embankment

|

soft soil

Figure 3: Diagram of the TELB overturn failure

The active earth pressure on the TELB is presented as E,; the passive earth pressure is presented
as E',; The friction between TELB and the soft soil is presented as /. Then, the following equations
are obtained.

q:yfﬁ+%mﬁ; 6)

£ =15 oK+ 276 )

- HyHK, + 6¢/K, ®
3 yHK, + 46\/K,

I, = VHK;V‘;"“E ©)

f=aqa sifozB + E, tan ¢, (10)

where the /, is the distance between the point of action of the passive earth pressure and the lower edge
of the TELB, /, is the distance between the point of active earth pressure action and the lower edge of
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the TELB, f is the friction between TELB and soft soil, ¢, and ¢, are the cohesion and the angle of
internal friction between the TELB and the soft soil.

When the TELB is in a critical state, the torque at point O on the TELB equals zero. Then,

o h
El, +fBcosa + F, (H— 5) +E,L (11)

Given 4 is considerably smaller than H, H — h/2 can be approximated as H. By substituting
Eqgs. (6)—(10) into Egs. (11), (12) is derived.

S ¢
PH>+ QH + R+ — K +2¢/K, cosa
F = ' H 14 pC.OSOlHB_i_ tan o . B (12)
G,sin f3, 2G,sin B, G,Hsin g,

where:
HK, + 6¢,/K,
p=Y (VTN gk
6 \ yHK, + 4¢,/K,

0 2¢/K, (yHK,, + 6¢,/K, N 6\/1?,1)

3 \yHK, +4c/K,

2

2c
R=—+c¢l + G,cosB,tan g,
14

. 4¢3
- 3yVK,

The polynomial coefficients P and Q are functions of H, but they exhibit minimal variation within
a specific range, allowing them to be treated as constants. Eq. (12) indicates that the embankment
stability coefficient (F,) is positively correlated with the height H, lower edge width B, and cohesion ¢
of TELB, but it negatively correlates with the TELB slope angle «.

The above derivation process outlined involves several assumptions. For example, the soil pressure
on the TELB is regarded as a horizontal force, and the support is provided by the soft soil beneath
it. Consequently, further numerical simulation studies are required to address these assumptions and
refine the analysis.

3 Numerical Simulation of the Soft-Soil Foundation Embankment Stability Reinforced by TELB
3.1 Numerical Models

To evaluate the feasibility of the trapezoidal embedded loading berm (TELB) for reinforcing the
soft-soil foundation embankment, a numerical model was developed using FLAC3D software 5.0. As
shown in Fig. 4, the model dimensions are 91 m in length, 20 m in width, and 26 m in height. The
soft-soil foundation has a height of 20 m, while the embankment has a height of 6 m. The lengths of
the top and bottom surfaces of the embankment are 33 and 51 m, respectively. The model dimensions
were determined according to practical engineering. The TELB is embedded into the foundation.

In the model, the bottom boundary is constrained in all directions, the left and right boundaries
are fixed in the X -direction, and the front and rear boundaries are fixed in the Y-direction. The physical
and mechanical parameters used in the model are detailed in Table 1.

https://www.scipedia.com/public/Xiong_et_al_2025 5
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To investigate the influences of the TELB geometric and mechanical parameters on the embank-
ment stability, the stability coefficients of the embankment are calculated by the strength reduction
method. The numerical calculations were performed employing FLAC software 5.0.

" TELB
Foundation
33 m Embankment

9m
6mf~</»

z

2D

By the Mohr-Coulomb (MC) failure criterion, the shear strength (z,) is given by:
=0 tan¢ + ¢ (13)

o\ ™

Figure 4: Numerical calculation model of TELB

where ¢ is the friction angle and c is the effective cohesion, which is shear strength parameters; o is
the normal stress.

Table 1: Physical and mechanical parameters of the model

Type Density Elastic modulus Cohesion ¢/Pa Internal friction Poison
ol(kg-m™?) E/MPa angle ¢/° ratio v

Soft foundation soil 1700 5 8000 6 0.35

Embankment 1900 20 20,000 24 0.30

The strength reduction method involves progressively reducing the soil’s shear strength parameters
until failure occurs in the embedded loading berms. The corresponding strength reduction factor
(SRF) at this critical state represents the stability factor of the embedded loading berms. The reduced
shear strength is then given by:

c

= 14

© = SRF 14
1

& = tan”' ;;I‘f (15)

=0 tan¢ + ¢ (16)

The analysis begins with an initial SRF set to a reasonably low value. Through iterative adjust-
ments, the SRF is progressively increased until failure occurs in the embedded loading berm, at which
point the final SRF is taken as the stability factor.
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The parameters for this analysis include a TELB slope angle ranging from 45° to 85°, a lower
edge width varying between 3 and 12 m, a height ranging from 2 to 6 m, a density between 1700
and 2100 kg/m®, a cohesion varying from 10 to 20 kPa, and an internal friction angle spanning from
8° to 24° [18].

3.2 Stability Coefficient of Embankment with Trapezoidal and Rectangular Embedded Loading Berms

Table 2 shows the dimensions of the embedded loading berm for every case. Using the strength
reduction method, the stability coefficients of the embankment are obtained and are listed in Table 3.
For the embankment without the embedded loading berm (Case 0), the stability coefficient is 1.03.
When the embankment is reinforced with a rectangular embedded loading berm (Case 1), the stability
coefficient increases to 1.20, representing a 16.50% improvement over Case 0.

Table 2: Embedded loading berm dimensions for every case

Case 0 Case 1 Case 2 Case 3 Case 4
Upper edge width - 8 m 10 m 12m I15m
Lower edge width - 8 m 6m 8m 12m
Height - Sm Sm 4 m 3m

Note: There is no embedded loading berm for case 0. The embedded loading berm volume is the same or similar for Case 1~Case 4. The
embedded loading berm materials are the same as those of the embankment. The values of the parameters are from references [17,18].

Table 3: The stability coefficients of the embankment for different cases

Type Case 0 Case 1 Case 2 Case 3 Case 4
F, 1.03 1.20 1.20 1.20 1.21
Growth rate/% - 16.50 16.50 16.50 17.48

Note: There is no embedded loading berm for case 0. The embedded loading berm volume is the same or similar for Case 1~Case 4. F is
the stability coefficients.

In Cases 2 and 3, the stability coefficients are both 1.20, which is also 16.50% higher than that of
Case 0. In Case 4, the stability coefficient is 1.20, reflecting a 17.48% increase compared to Case 0.
These results demonstrate that the embedded loading berm significantly enhances the stability of the
soft-soil foundation embankment.

The stability coefficients for Cases 1 through 4 are either similar or identical. This suggests that
when the cross-sectional areas of the trapezoidal embedded loading berm (TELB) and the rectangular
embedded loading berm (RELB) are equivalent, their reinforcement effects are comparable. Given the
challenges associated with construction and the stability of pits in soft-soil foundations, the TELB is
relatively more suitable for reinforcing soft-soil foundation embankments.

https://www.scipedia.com/public/Xiong_et_al_2025 7
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3.3 Effects of Trapezoidal Embedded Loading Berm (TELB) on the Stability Coefficient
Figs. 5 and 6 present the influences of the TELB’s geometric and mechanical parameters on the
embankment stability coefficients.

As depicted in Fig. 5a, the stability coefficients of the embankment decrease as the slope angle
increases. Fig. 5b shows that the stability coefficients rise linearly with increasing TELB height, with
noticeable increments. This is in agreement with the analytical results in Section 2. Fig. 5c illustrates
that the stability coefficients generally increase linearly with an increase in the TELB lower edge width.
When the lower edge width of the TELB exceeds 6 m, the stability coefficients plateau. This suggests
that the height of the TELB has a more pronounced effect on embankment stability.

Figs. 6a and 5c indicate that the effects of TELB density and lower edge width on embankment
stability coefficients are comparable. According to Fig. 6b,c, variations in cohesion and internal
friction angle result in minimal changes to the embankment’s stability coefficients, suggesting that
these parameters have a negligible impact on stability.

1.200 | 1.20
1.195 F 1.19F
1.190 1.18 F
L 1185t L 117t
1.180 F 1.16 |
1.175 F LIS
1.170 1.14
4‘5 5.5 6.5 7‘5 8|5 é f‘i :1» ; é
slope angle a/° height H/m
(a) (b)
1.200
1.195
1.190
& 1185
1.180
1.175
1.170
3 4 5 6 7
bottom width B/m
©

Figure 5: Influence of the TELB geometric parameters on the stability coefficient. (a) Slope angle «.
(b) Height H. (c) Lower edge width B
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Figure 6: Influence of the TELB geometric parameters on the stability coefficient. (a) Density p. (b)
Cohesion c. (c) Internal friction angle ¢

When the TELB slope angle () is 65°, the lower edge width (B) is 6 m, and the height (H) is 5 m,
the embankment stability coefficient (F,) is 1.20, which meets the stability requirements. Therefore,
the TELB can be designed with a slope angle of 65°, a lower edge width of 6 m, and a height of 5 m.

4 Parameter Sensitivity Analysis

The influences of every TELB parameter on the soft-soil foundation embankment vary. Therefore,
it is crucial to assess the sensitivity of each parameter to the embankment stability, as this provides a
valuable theoretical reference for the TELB design.

The orthogonal test is a statistical method designed for analyzing multifactorial experiments. In
such tests, the varying conditions of each factor under investigation are referred to as “levels”. For
instance, in a formulation study, different concentrations (or proportions) of a component would
constitute distinct levels.

To identify optimal production conditions, it is essential to examine multiple factors and their
respective levels—a challenge known as multifactor optimization. The orthogonal test not only

https://www.scipedia.com/public/Xiong_et_al_2025 9
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addresses this optimization problem but also enables researchers to evaluate the relative influence
of each factor on experimental outcomes. This approach facilitates the identification of key factors,
thereby streamlining the optimization process.

An orthogonal test was performed to study the influences of the TELB slope angle (A), lower edge
width (B), height (C), density (D), internal friction angle (E), and cohesion (F) on the embankment
stability. The orthogonal test table L,5(5°) consists of 6 factors and 5 levels. The 5-level factors are
listed in Table 4. The results of every orthogonal factor combination case were obtained and shown in
Table 5 through the numerical simulation. The numerical calculations were also performed employing
FLAC software.

Table 4: Value and level for every factor

Level Factors

TELBslope  Lower edge Height Density Internal friction Cohesion
angle (A)/° width (B)m  (C)/m (D)/(kgm™?) angle (E)/° (F)/kPa

1 85 3 2 1700 8 10

2 75 4 3 1800 12 12.5

3 65 5 4 1900 16 15

4 55 6 5 2000 20 17.5

5 45 7 6 2100 24 20

Table 5: The orthogonal test scheme

No. Factors

TELBslope Loweredge Height Density Internal friction Cohesion  F,|

angle (A)/°  width (B)/m (C))/m (D)/(kg-m~*) angle (E)/° (F)/kPa
1 85 3 2 1700 8 10 1.11
2 85 4 3 1800 12 12.5 1.13
3 85 5 4 1900 16 15 1.16
4 85 6 5 2000 20 17.5 1.18
5 85 7 6 2100 24 20 1.18
6 75 3 3 1900 20 20 1.14
7 75 4 4 2000 24 10 1.16
8 75 5 5 2100 8 12.5 1.18
9 75 6 6 1700 12 15 1.17
10 75 7 2 1800 16 17.5 1.14
11 65 3 4 2100 12 17.5 1.17
12 65 4 5 1700 16 20 1.16
13 65 5 6 1800 20 10 1.19
14 65 6 2 1900 24 12.5 1.14

(Continued)
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Table 5 (continued)

No. Factors

TELBslope Loweredge Height Density Internal friction Cohesion  F|

angle (A)/°  width (B)/m (C)/m (D)/(kg-m~*) angle (E)/° (F)/kPa
15 65 7 3 2000 8 15 1.17
16 55 3 5 1800 24 15 1.16
17 55 4 6 1900 8 17.5 1.19
18 55 5 2 2000 12 20 1.15
19 55 6 3 2100 16 10 1.18
20 55 7 4 1700 20 12.5 1.16
21 45 3 6 2000 16 12.5 1.19
22 45 4 2 2100 20 15 1.15
23 45 5 3 1700 24 17.5 1.13
24 45 6 4 1800 8 20 1.17
25 45 7 5 1900 12 10 1.19

Note: F is the stability coefficients.

The embankment stability coefficients are the largest for the four schemes (A;B;C;D,E,F,,
A,B,C;D;E F,, A;B,C;D,E;F, and A;B;C,D;E,F,). Conversely, the scheme A,;B,C,D,EF, yields the
lowest embankment stability coefficient. Range analysis is used to evaluate how variations in key input
parameters (e.g., TELB geometry, soil strength, loading conditions) influence the Factor of Safety
(Fs). It quantifies the sensitivity of embankment stability to each parameter while holding others
constant. The range analysis results of the orthogonal test are presented in Table 6.

Table 6: Range analysis results

TELBslope Loweredge Height (C)/m Density Internal Cohesion
angle (A)/°  width (B)/m (D)/(kg-m~?) friction angle (F)/kPa
(E)/°

k, 1.152 1.154 1.138 1.146 1.164 1.166

key, 1.158 1.158 1.150 1.158 1.162 1.160

ks, 1.166 1.162 1.164 1.164 1.166 1.162

ky, 1.168 1.168 1.174 1.170 1.164 1.162

ks, 1.166 1.168 1.184 1.172 1.154 1.160

R, 0.016 0.014 0.046 0.026 0.012 0.006

Note: ky; is the average of F for each factor at the same level; R; is the range of the factor j.

As illustrated in Fig. 7, the embankment stability coefficients increase with the TELB slope angle
decreasing while the lower edge width, height, and density increase. Among these parameters, height
has the most pronounced effect on the stability coefficient, whereas cohesion has a minimal impact.
This finding is consistent with the previously discussed results.
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Figure 7: Average value of stability coefficients with different factors and levels. Slope angle (A), lower
edge width (B), height (C), density (D), internal friction angle (E) and cohesion (F)

Fig. 8 depicts the range of stability coefficients for each factor. It is observed that R- > R, > R, >
Ry > Rg > Rg, which indicates that the height has the most significant influence on the embankment
stability, followed by the density, slope angle, lower edge width, internal friction angle, and cohesion.
Besides, the slope angle and lower edge width exert similar effects on the embankment stability. It is
concluded that the embankment stability coefficients can be improved effectively by increasing the
TELB density and height.

Factor

Figure 8: Range of the stability coefficient for every factor: slope angle (A), lower edge width (B),
height(C), density (D), internal friction angle (E) and cohesion (F)
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5 Conclusion

This paper introduces the trapezoidal embedded loading berm (TELB) as a method for reinforcing
soft-soil foundation embankments. The feasibility of this approach was validated through both
analytical and numerical analyses, and parameter sensitivity was evaluated using an orthogonal test.
The following conclusions are drawn:

(1) An analytical model was developed to assess the stability of soft-soil foundation embankments
reinforced by the TELB, demonstrating that the TELB effectively enhances stability.

(2) The stability coefficient of the soft-soil foundation embankment can be significantly influenced
by the TELB width, height, and density. The stability coefficient can increase with these
parameters increasing. However, the cohesion and internal friction angle has little influence
on the stability coefficient.

(3) Among the TELB parameters, height exerts the most significant impact on embankment
stability, followed by density, slope angle, lower edge width, internal friction angle, and
cohesion. To improve the embankment stability coefficients, increasing the density and height
is more effective.

This study focused on static loading conditions to establish a foundational understanding of
the stability of embankments with rectangular embedded loading berms. However, as noted, seismic,
dynamic traffic and cyclic hydraulic loads were not considered. These exclusions may limit the direct
applicability of our findings to environments where dynamic or cyclic forces dominate, such as
earthquake-prone regions, heavily trafficked infrastructure, or coastal systems subject to wave action.
Future work should adopt pseudo-static or fully dynamic analysis.
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