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Abstract: Conventional methods for designing retaining structures are not applicable to asymmetric
excavation or deformation-based designs. This study proposes a quadruple-line displacement-
dependent earth pressure coefficient model. Based on the proposed model, an analytical solution
was developed to facilitate the deformation-based design of the asymmetric length of retaining
walls propped at the crest. Furthermore, the effects of the soil internal friction angle, strut stiffness,
excavation asymmetry level, and deformation control value on the embedment ratio (Re) of retaining
walls were investigated. The results showed that R. determined by the classical equivalent-beam
method is unsafe due to its basis on the ultimate-state earth pressure theory. The R. value of the
shallower side exhibited greater sensitivity to asymmetric excavation than that of the deeper side.
The retaining structure’s required Re decreased with an increase in the excavation asymmetry level.
The required Re on either side of the retaining structure decreased as the deformation control values
increased. The controlled deformation had a more obvious effect on the R value of the retaining
structure on the deeper side. The proposed method can be used for the deformation-based design
of asymmetric wall lengths of retaining structures propped at the crest, considering the different
excavation depths on both sides.

Keywords: earth pressure; asymmetric excavation; deformation; embedment depth; design

1. Introduction

Recently, there has been a significant increase in the construction of urban under-
ground spaces, resulting in an increase in deep excavations with multiple depths [1-5].
Examples include deep excavations for building basements with different floors, combined
underground spaces for building basements and underground railway systems, and excava-
tions designed to fulfill specific functional requirements, such as underground air defense.
Different excavation depths on either side result in varying earth pressure distributions
on the retaining walls, leading to asymmetric internal forces on either side. Consequently,
different embedment depths are required on each side, necessitating an analysis of the
overall stress on the retaining structure in asymmetric excavation.

However, the current design method (equivalent-beam method) for retaining walls in
asymmetric excavation is based on a symmetric unilateral assumption and the ultimate-
state earth pressure [6]. This results in a mechanical incompatibility of the axial force,
as shown in Figure 1, due to the asymmetric excavation depths. Other design methods,
including the beam-on-elastic-foundation model [7,8], the finite-element method [9,10], and
the mobilized strength design (MSD) method [11-16], require a determined embedment
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depth in advance for force analysis. In the case of asymmetric excavation, the deformation
and stress on either side will interact through the strut [17]. Therefore, it is necessary
to develop an overall force-deformation-based design method that can be applied to the
asymmetric design of the embedment depths of the retaining walls on either side in asym-
metric excavation. In addition, a deformation-based design method is required to meet
stricter deformation requirements of excavations to protect existing neighboring struc-
tures. Existing analytical and semi-analytical methods for designing the embedment depth
of retaining structures [18-21] primarily concentrate on excavations with a single depth.
Gajan [18] presented a method for calculating the embedment depths of cantilever walls
and walls propped at crests. Considering the earth pressure distribution mode in a non-
ultimate state, Conte et al. [19] developed a deformation-based method for calculating
the embedment depth of a cantilevered retaining wall. Nandi and Choudhury [20,21]
proposed a deformation-based design method for embedded cantilever retaining walls
with and without a surcharge. However, these prior analytical methods are mainly appli-
cable to deformation-based design of cantilever retaining walls and cannot accommodate
asymmetric excavation depths.

The Mechanical compatibility is not satisfied
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Figure 1. Inapplicability of the equivalent-beam method in asymmetric excavation.
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This study proposes an analytical method for the asymmetric design of the embedment
depths of retaining walls on either side of asymmetric excavation. Based on the revision of
the earth pressure coefficient corresponding to soil displacement, a simple-to-use quadruple-
line displacement-dependent earth pressure coefficient model is introduced to achieve a
deformation-based design. The proposed model is validated through a comparison with
measured data. Based on the modified earth pressure formula and anti-overturning stability
analysis of the overall retaining structure propped at the crest, an analytical solution is
proposed for the design of asymmetric wall lengths with different excavation depths on
each side. Furthermore, the effects of the internal friction angle of the soil, strut stiffness,
excavation asymmetry level, and deformation control value on the embedment ratio of the
retaining wall are analyzed. The proposed method can calculate the required asymmetric
embedment depth of retaining walls propped at the crest in asymmetric excavation, where
the lateral wall displacement should be restricted within a tolerated limit.



Buildings 2024, 14, 1321

30f16

2. Assumed Deformation Model

The deformation of the retaining wall induced by excavation manifests as a bulge [22,23],
as indicated by the solid curve in Figure 2. In this bulging-type deformation mode, the
maximum wall deformation smax typically appears around the excavation base and the
wall deformation is close to zero at the wall tip. This wall deformation mode was validated
by Kung et al. [22], who collected 28 case histories of wall deformation. An assumed
deformation mode was proposed based on this bulging-type deformation, as indicated by
the red line in Figure 2, to conveniently calculate the earth pressure on the retaining wall.
The spax value was assumed to be located at the excavation base. The deformation above
the excavation base was approximated as the rotation-about-a-point-above-the-top (RTT)
mode, whereas that below the excavation base was approximated as the rotation-about-the-
base (RB) mode.
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RTT mode< ______ <
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RB mode < Tpe realistic
wall-
deformation |
~ curve C T

Figure 2. Deformation mode of a braced retaining structure induced by excavation.

The assumed deformation model of the retaining structure shown in Figure 2 can then
be expressed as follows:

(1)

filz) =Stz 45, 0<z<h
folz) = Smaxz — Lmax <2 <L

where s; is the displacement at the top of the wall, z is the depth,  is the excavation depth,
and L is the wall length.

Based on this assumed deformation model, the deformation model for the retaining
structure in asymmetric excavation presented in this study can be obtained, as shown in
Figure 3. The excavation uses retaining walls propped at the crest, and the strut is hinged
onto the retaining walls. The excavation depth on the deeper side is i1, whereas that on the
shallower side is hp. With this practical assumption, the wall deformation curve generally
exhibits a smaller magnitude compared to a realistic one. Consequently, the calculated
active earth pressure on the wall tends to be larger, while the passive earth pressure tends
to be smaller, resulting in a more conservative design approach for retaining structures.
Additionally, the assumption of the plane strain condition in the proposed method results
in a more conservative design.
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Figure 3. Deformation model for asymmetric excavation.

3. Calculation of Displacement-Dependent Earth Pressure on the Retaining Wall
3.1. Calculation of Displacement-Dependent Earth Pressure

To calculate the earth pressure on the retaining wall, classical methods, such as
Coulomb’s [24] theory and Rankine’s [25] theory, have been used to calculate the lat-
eral earth pressure at the ultimate-state condition for hundreds of years. However, in
engineering practice, the displacement of retaining walls is usually limited to prevent
potential damage to neighboring buildings and geo-structures [26-30]. Therefore, the earth
pressures on the retaining walls are likely to be in an intermediate state [31-33], which need
to be calculated in relation to the displacement.

For the calculation of displacement-dependent earth pressure, some researchers [34-36]
solved the problem from the perspective of the stress—strain relationship of the soil behind
the wall, whereas others [32,37] directly assumed a specific relationship between earth
pressure and displacement. However, these theoretical formulas are not readily applicable
for the design calculation of retaining walls, owing to the high complexity and challenging
nature of determining the parameters involved. Considering the practicality of the design,
a quadruple-line relationship between the earth pressure coefficient and soil displacement
(Figure 4) was proposed to accommodate the displacement-dependent earth pressure along
the wall length [29].
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v

Figure 4. Relationship between earth pressure coefficient k and lateral displacement s. (a) Classical
earth pressure theory. (b) Proposed quadruple-line model.
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From Figure 4, the active and passive displacement-dependent earth pressure equa-
tions can be obtained as follows:

- ((Ka Ko) < +K0)’Y, 5 <'sq 2
a — ha -
Kyyz, s > s,

((K’ —Ko)E +K0)'y( —h), s<sp

, ©)
K'yy(z—h), s > sp

Ppr = kp’)’(z —h) = {
where z is the soil depth; s, and s, are the wall displacements required to reach the ultimate
active and passive earth pressure states, respectively; and K, and K’,, are the Coulomb
active ultimate earth pressure and revised Coulomb passive ultimate earth pressure of the
RB mode [29], respectively, calculated as follows:

2
Ko = — ; @
(Vcosd + +/sin(6 + @) sin )
K, = —2Ko + 3K, )
2
cos
Ky = ’ ©®)

(V/cos$ — +/sin(0 + ¢) sin (p)2

where ¢ is the internal friction angle of the soil and ¢ is the friction angle between the soil
and the retaining wall.

Based on the retaining structure deformation mentioned before, which approximates
the deformation as the RTT and RB modes above and below the excavation base, respec-
tively, Equation (1) is substituted into Equations (2) and (3) to analyze the earth pressures
on the retaining structure in asymmetric excavation. When the maximum horizontal defor-
mation (Smax) Of the retaining structure is smaller than the active ultimate displacement
Sa (i-e., 5t < Smax < 5a), the lateral active earth pressure on the retaining wall is expressed
as follows:

{(Kﬂ ~K) 1Bz 1 Koyz, 0<z<h
Pa = ( @)

(Ko —Ko) 22z + Kgyz, h<z<L

When s; < s, < smax, the active earth pressure should be calculated piecewise, as follows:

(Ku Ko)fl(z)')/z—i—KO'yz, 0<z< (sa—st)h

Smax —St

Po = { Kayz, L=l Sji.’f <z < Lmact(i-L)n (8)
(Ko — Ko) 22z 4 Koyz, Lol o <

When s, < st < smax, the active earth pressure should be calculated piecewise, as follows:

Kayz, 0 <z < 7L5max+(h L)s
Pa = { a7 Sm )

(Ktl — K >f2(z),),z+K vz, LsmaX:Ir‘(:)l( L)sa <z < L

When the maximum horizontal deformation of the retaining wall is less than the
passive ultimate displacement (smax < sp), the passive earth pressure can be calculated
using the formula for the RB mode proposed by Fan et al. [29]. The formula used is
as follows:

pp = (3(Kp - Ko)@ + Ko)”Y(Z —h) (10)

p
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When smax > sp, the passive earth pressure should be calculated piecewise, as follows:

po — K/p«y(z — h), h<z < S (11)
P (3K — K) B2 4 KoYz —m),  BmetlED op o

z
p Smax

3.2. Validation of the Proposed Displacement-Dependent Earth Pressure Model

The model test results from Lu et al. [38] and Fan et al. [17] for the retaining structure
propped at the crest were used to validate the proposed displacement-dependent earth
pressure model. In the test conducted by Lu et al. [38], the retaining wall length L was
195 cm, the excavation depth / was 90 cm, the unit weight of the soil v was 16 kN/ m3,
and the internal friction angle of the soil ¢ was 31°. According to the test data, s, = 0.5%L
and sp = 5%(L — h). A comparison between the proposed earth pressure solution and the
test results and Coulomb’s solution is shown in Figure 5. As illustrated in Figure 5, the
proposed method presented in this study demonstrates a more precise solution for the
nonlinear distribution of active and passive earth pressures, especially for passive earth
pressure, compared to Coulomb’s theoretical solution. This is because of the consideration
of the retaining wall deformation in the proposed method. The horizontal deformation
of the retaining structure in the lower section approaches zero, resulting in a gradual
convergence of both the active earth pressure and the passive earth pressure of the section
toward the static earth pressure value. The passive earth pressure coefficient is closer to
the revised ultimate passive earth pressure coefficient near the excavation base because the
retaining wall displacement is larger in that area. Therefore, in the passive zone, the earth
pressure exhibits a nonlinear process of increasing and then decreasing, which differs from
the calculation of Coulomb’s passive earth pressure based on the ultimate equilibrium state.
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Figure 5. Comparison of the proposed earth pressure solution with the test results [38] and

Coulomb’s solution.

In the asymmetric excavation test of Fan et al. [17], the retaining wall length L was
90 cm; the excavation depths i and hy were 50 cm and 30 cm, respectively; v was 15 kN/m?;
and the internal friction angle of the soil ¢ was 31.6°. Based on the test data, s, was deter-
mined as 0.5%L and sp as 5%(L — h). Figure 6 presents a comparison between the proposed
earth pressure solution, Coulomb’s solution, and the test results. As illustrated in Figure 6,
the proposed method provides a more accurate solution for the nonlinear distribution of ac-
tive and passive earth pressures compared to Coulomb’s theoretical solution. Additionally,
it is observed that Coulomb’s passive solution significantly overestimates the measured
data in this case. This is because the retaining wall deformation in this case is relatively
small compared to that in Lu et al. [38]. Therefore, the proposed solution is more reasonable
for the reason that it considers the deformation value and mode of the retaining structure.
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Figure 6. Comparison of the proposed earth pressure solution with the test results [17] and

4. Solution for the Deformation-Based Asymmetric Wall Lengths on Both Sides in
Asymmetric Excavation

When the overturning stability factor is 1, the corresponding retaining wall length L
is the critical retaining wall length against overturning [39]; namely, at the wall tip, the
resisting moment owing to the sum of the passive earth pressure and the axial force of the
strut is equal to the driving moment owing to the active earth pressure. This condition with

moment equilibrium can be formulated as follows:

L

Li
N;L; + / pp(Li —z)dz :/ pa(L; —z)dz
h:

; 0

Using Equation (12), the relationship between the horizontal strut axial force and asym-
metric wall lengths L; and L, on both sides can be obtained. The piecewise displacement-
dependent earth pressure model proposed earlier is used for the moment equilibrium
equation. When the maximum horizontal deformation (smax) of the retaining structure
is less than the active ultimate displacement s, (st < Smax < Sa < Sp), the calculation is

performed as follows:

L

h;
N;=1 (f (KO — (Ko — Kp) 12

Sa
0
L

h:

1

i

h;
(3(Kp = Ka) 2 4 Ko ) y(z = i) (L — 2)diz

When st < 84 < Smax < Sp, the calculation is as follows:

(sa—sp)h; Lismax+(h;—L;)sa
Smax —St Smax
Ni=¢| [ (Ko — (Ko — Ka)fls(:))')/Z(Li —z)dz + / Kavz(L; — z)dz
0 (sa—st)h;
Smaxt*St
L;
+

J

Lismax+(l;—L;)sa
Smax

L

(Ko — (Ko = K) 22 ) yz(1; — z)dz — [ (3(K, — Ko) 2L

Sa

)’YZ(Li —z)dz + [ (Ko — (Ko — Ka)fZ(Z

Sa

)

)’yz(Li —z)dz

a TZ) + Ko)“Y(Z —hi)(L; — z)dz
hi

(12)

(13)

(14)
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When s; < st < Smax < sp, the calculation is as follows:
Lismax+(h;j—L;j)sa L.
N; = Lli f Kayz(L; — z)dz + / (KO — (Ko — Ka)fzs(az))'yz(Li —z)dz
0 L,‘Smax;rn(:i*Ll‘)Sa (15)
L
[ (3(Kp — Ka) 2E 4 Ko ) y(z — i) (Li — 2)dz
hi
When s; < 84 < Sp < Smax, the calculation is as follows:
(sa—sp)h; Lismax+(h;—L;)sa
1 Smax —St f (z) Smax
N=4|  (Ko- (K -K)iE2)yz(Li—2)dz + [ Keyz(Li—2)dz
0 (sa—sp)h;
L Lismax +I8'ai): th) sp
+ J (KO — (Ko — Ka)fzs(f)>'yz(Li —z)dz — Ik Kpy(z —hi) (L — z)dz (16)
Lismax+(1;—L;)sa hj
i )
- (30 — K 2B 4 Ko ) y(z — i) (L — 2)dz
Lismax+(1;—L;)sp
When s, < st <5p < Smax, the calculation is carried out as follows:
Lismax+(h;j—L;)sa
T smax L; (2)
N; = Li] i Kpyz(L; — z)dz + J (Ko — (Ko — Ka)fzsﬂ )'yz(Ll- —z)dz
0 L;smax+(h;—L;)sa
LismaXJr(hifLi)sP Srzax (17)
- [ KG-mLi—ndz— [ (3(Kp - K2 1 Ko)y(z — ) (Li - 2)dz
0 Lismax+(;—L;)sp

Smax

In engineering design practice, the displacement of the top of the wall s; and the
maximum wall displacement smax can be referred to as the allowable wall top displacement
control value [A]; and the allowable displacement control value [A]y for the retaining
wall, respectively, which can be determined by referencing the local industry standards

(monitoring specifications) for the specific project [40]:
st = [A]

Smax = [A]

(18)

(19)

Because the strut is located at the crest, the axial compressed displacement of the strut

is the sum of the wall top displacements on the deeper and shallower sides:

(20)

As = 2[A],
The axial force of the strut N can be obtained from the stress—strain relationship
as follows: ASEAD
ARAS
N=—r—
BS

(21)

where ap is the relaxation coefficient of the strut, which can be set at 1.0 for concrete and
pre-stressed steel struts and 0.8-1.0 for steel struts without pre-stress; B is the calculated
strut length (m); E is the elastic modulus of the strut (kN/ m?); A is the cross-sectional area
of the strut (m?); S is the horizontal spacing of the strut; and b is the plane calculation width

of the model, which is assumed to be 1 m in this study.
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From the mechanical compatibility of the overall retaining structure, substituting
Equations (13)—(17) and (21) into Equation (22), the asymmetric lengths of the walls on both
sides in asymmetric excavation, denoted as L1 and L, can be obtained:

Ny=N, =N (22)

5. Example Analysis

Taking #; = 10 m and &, = 8 m as examples, the soil and strut arrangement parameters
specified in Tables 1 and 2, respectively, were used for analysis. The [A]; and [A], values
were set at 20 mm and 50 mm, respectively. These values can be determined by referencing
the maximum horizontal displacement control value specified in the local industry stan-
dards (monitoring specifications) for the specific project [40]. With the design methodology
presented before, the asymmetric wall lengths for the deeper and shallower sides were
calculated as 14.6 m and 11.4 m, respectively. The distribution of earth pressure on the two
sides of the retaining structure was plotted and compared with the theoretical Coulomb

solution, as shown in Figure 7.

Table 1. Soil parameters.

Parameter Value Parameter Value
9(°) 30 Ky 0.50
5 (KN/m3) 18 K, 0.30
Sa 1%oL Kp 4.98
Sp 1%(L — h) 4 (°) 15
Table 2. Strut arrangement parameters.
EA (kN) B (m) S (m)
1.854 x 100 30 15
0 Sirii
i |
’ |
i
sp L
! '.
g ] !
= | [
= H 1
oy | /m/ B
] -7 |
10F \ R Vo4
= > |k
1 ‘
H E<S — = The proposed solution
/.: .- Coul(r))mlf's solution
li150 (I) 150 3(.)0 150 iso 3(|)0 1;0 (I) -150

Earth pressure (kPa)

Figure 7. Earth pressure distribution on the braced retaining structure in asymmetric excavation.

As shown in Figure 7, the proposed solution for the earth pressure of the active zone
on both sides overlaps with Coulomb’s theoretical solution at depths of 0-13.2 m on the
deeper side and 0-10.6 m on the shallower side, which is attributed to the deformation
of the retaining wall in this section reaching the active ultimate displacement of the soil.
The proposed solution marginally exceeds Coulomb’s theoretical solution at depths of
13.2-14.6 m on the deeper side and 10.6-11.4 m on the shallower side. This is because the
proposed solution considers the deformation mode of the retaining structure. Specifically,
the horizontal deformation of the retaining structure in the lower section approaches
zero, leading to a gradual convergence of the active earth pressure of the section toward
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the value of the static earth pressure. This convergence persists until the active earth
pressure value reaches the static earth pressure value at the base of the excavation, owing
to zero deformation at the wall tip. The proposed earth pressure in the passive zone
also exhibits a small overlapping area on both sides, according to Coulomb’s theoretical
solution. This is because the retaining wall deformation in this section causes the soil to
reach its passive ultimate displacement. The lower section of the retaining wall exhibits a
nonlinear distribution of passive earth pressure along its depth in the proposed solution.
The passive earth pressure coefficient is closer to the revised ultimate passive earth pressure
coefficient near the excavation base because the retaining wall displacement is larger in
that area. At the wall tip, where the retaining wall displacement is zero, the earth pressure
coefficient is considered to be the static earth pressure coefficient and the earth pressure is
considered static. Therefore, in the passive zone, the earth pressure exhibits a nonlinear
process of increasing and then decreasing, which differs from the calculation of Coulomb’s
passive earth pressure based on the ultimate equilibrium state. The solution proposed in
this study is more reasonable because it considers the deformation value and mode of the
retaining structure.

The net pressures were obtained by completing the earth pressure analysis of the
active and passive zones on both sides, as shown in Figure 8. The figure shows that for
depths of 0-10.4 m on the deeper side and 0-9.1 m on the shallower side, the proposed
solution coincides with Coulomb’s solution because the retaining wall deformation reaches
the active and passive ultimate displacements. However, for depths less than 10.4 m on the
deeper side and 9.1 m on the shallower side, noticeable disparities are observed between
the proposed solution and Coulomb’s solution. These differences are attributed to the
smaller displacement near the wall tip. Approaching the wall tip, both the passive and
active earth pressure coefficients are close to the static earth pressure coefficient and the
value of the active earth pressure is larger than that of the passive earth pressure, owing
to the larger covering soil thickness, resulting in the net pressure being directed toward
the excavated side. The net pressure distribution derived from the proposed solution is
similar to the embedment form of the retaining structure proposed by Conte et al. [19],
which validates the proposed solution. Therefore, it can be concluded that the movement
conditions of the retaining wall have a significant impact on the earth pressure distribution.
In addition, the proposed distribution can reflect the nonlinear distribution of the earth
pressure, which is more reasonable than the classical Coulomb’s solution.

o—
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s ]
_ )‘\ — — The proposed solution
" S. ===+ Coulomb's solution
15 " 1 N 1 L l‘ L | 1 1 1 " 1 L
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Earth pressure (kPa)

Figure 8. Net pressure distribution on the braced retaining structure in asymmetric excavation.

6. Parametric Study

The primary emphasis in the design of an excavation project is to accurately determine
the embedment ratio Re of the retaining structure. An insufficient embedment ratio may
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result in excavation instability, whereas an excessive embedment ratio increases investment
and construction complexity, as well as material waste. The conventional excavation design
method cannot reasonably determine the R, value of the retaining structure for asymmetric
excavation, as discussed in the Section 1. This study examines the wall length of a retaining
structure after conducting an overall force analysis. Based on the definition of Re, which is
the ratio of the wall embedment length D below the excavation bottom to the excavation
depth i1, i.e., Re = D/h = (L — h)/h, the embedment ratios for the deeper and shallower sides
of the retaining structure can be obtained as (L1 — h1)/h1 and (L — hy)/hy, respectively.
In this section, the embedment ratios of both sides are analyzed using the same input
parameters as those in Section 5.

6.1. Influence of Internal Friction Angle

In the proposed method, the internal friction angle of the soil directly affects the
magnitude of the earth pressure coefficient, which has a significant impact on the earth
pressure distribution. Therefore, while keeping the other parameters unchanged, the inter-
nal friction angle of the soil was adjusted for the parametric study. As the equivalent-beam
method is commonly used for the design and calculation of R, in excavation engineering,
the calculation results of R, using the proposed method and the equivalent-beam method
were compared and analyzed. As shown in Figure 9, with an increase in ¢, R. decreases,
and this variation induced by the proposed method demonstrates a similar trend to that of
the equivalent-beam method, showing the feasibility of the proposed method. The R value
of the shallower side, as determined using the equivalent-beam method, exceeds that of the
deeper side. This is because in the commonly used equivalent-beam method, for load asym-
metry, a symmetric design is usually implemented according to the more unfavorable side.
Therefore, the wall lengths on both sides are specifically designed and calculated based
on the excavation depth of the deeper side, with the shallower side requiring a smaller
excavation depth, leading to a higher R.. However, in this study, the calculated Re for the
deeper side is larger than that obtained using the equivalent-beam method. This is because
the classical equivalent-beam method uses the ultimate equilibrium theory to calculate
earth pressure, which fails to consider the deformation control of the retaining structure.
Consequently, the equivalent-beam method yields a smaller active earth pressure value and
a larger passive earth pressure value, resulting in a smaller calculated R, than the actual
critical requirement. This bias may lead to insecurity. The smaller the ¢, the less reliable
the calculation result of the classical equivalent-beam method. The calculation method
proposed in this study can perform an overall force analysis of the retaining structure in
asymmetric excavation based on deformation control and is considered safer and more
reasonable than the classical equivalent-beam method for designing retaining structures in
asymmetric excavation.

15

= = R_of the deeper side - This study
— - =R_of the shallower side - This study
=+=* R_of the deeper side - Equivalent-beam method

= ===R_of the shallower side - Equivalent-beam method

00 1 1
25 30 35 40

9 )

Figure 9. Comparison of the Re values of both sides calculated in this study and using the classical
equivalent-beam method (k1 = 10 m, i, = 8 m).
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6.2. Influence of Strut Stiffness

Keeping the other parameters in Tables 1 and 2 unchanged and varying the strut
stiffness EA within 0.5EA-1.5EA, the influence of strut stiffness on the R, values of both
sides can be obtained, as shown in Figure 10. The figure shows that an increase in the strut
stiffness results in a decrease in Re on both sides. This phenomenon occurs because of the
direct relationship between strut stiffness and axial force, where an increase in the former
leads to a corresponding increase in the latter. This subsequently reduces the passive
earth pressure from the soil and lowers the required Re. Moreover, the R, value of the
deeper side is observed to be consistently greater than that of the shallower side during
the variation in strut stiffness. Additionally, the R. value of the deeper side experiences a
marginally smaller rate of decrease when subjected to an axial force. This indicates that in
the overall analysis of the retaining structure force in asymmetric excavation, the change in
strut stiffness has a greater impact on the R, value of the shallower side. The dominant role
of the deeper side in asymmetric excavation results in a relatively smaller impact of strut
stiffness on the deeper side than on the shallower side.

0.6
05 = = _ _
— S
™ o T~ - -
L -._'_.-.—h-~ -—-~--
o --.5- -
= 0.4+ ~..~"’~_.
.
\-
\Q
03 L — — The deeper side
— - — The shallower side
02 " 1 " 1 " 1 "
0.50 0.75 1.00 1.25 1.50

Strut stiffness (EA)
Figure 10. Influence of strut stiffness on the Re values of both sides (h; = 10 m, hp = 8 m).

6.3. Influence of Excavation Depth Differences between Two Sides

Based on the aforementioned analysis, asymmetric excavation is expected to have a
more significant impact on the shallower side. Therefore, the R value of the shallower side
was applied to examine the influence of the disparity in the excavation depths between
the two sides on Re. The excavation depth of the deeper side i1 was set to 8, 10, and 12 m.
The difference in the excavation depth between the two sides was set to 0-0.5k;, from
which the excavation depth of the shallower side, /iy, can be obtained. The influence of the
excavation depth differences between the two sides on the R value of the shallower side
is shown in Figure 11. Notably, in this parametric study, the excavation depth differences
between the two sides were considered as the variable, while keeping other parameters,
such as the maximum-allowable displacement control value, unchanged. Therefore, in
cases where i1 = 8 m and hy = 10 m, if the excavation depth differences exceed 0.25
and 0.4, respectively, the deformation control value [A]m = 50 mm already surpasses the
specified limit corresponding to the excavation depth [40]. Therefore, R is not calculated
in these cases.
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Figure 11. Influence of the excavation depth differences between two sides on the R, value of the
shallower side.

As shown in Figure 11, the calculated R. of the shallower side decreases as the
excavation depth difference between the two sides (h; — hy)/hy increases. In the area
of the red box in Figure 11, the maximum deformation value of the retaining wall smax
does not reach the passive ultimate displacement s,, and the soil in the passive zone
is in a non-ultimate state along the depth of the retaining wall, causing R to decrease
more rapidly than in the other areas. For the three different depths of the deeper side
(hy = 8,10, and 12 m), as (3 — hp)/h;1 changes from 0 to 0.25h1, 0.4h1, and 0.5k, the Re
value of the shallower side decreases by approximately 0.1-0.3 compared to the unilateral
design of the deeper side, represented by points where (h; — hy)/h; = 0. This indicates
that the overall deformation-based design of the asymmetric excavation on both sides can
effectively decrease the embedment ratio of the shallower side and reduce project costs.
The proposed approach is more reasonable than the unilateral design based on the deeper
side of the specification [6].

6.4. Influence of the Deformation Control Value

By keeping the other parameters unchanged, the R. values of the two sides can be
obtained by adjusting the deformation control value, as shown in Table 3 and Figure 12.
As shown in Figure 12, altering the maximum-allowable deformation control value of
the retaining wall [A], has a more significant influence on the R, values of both sides
compared to changing the deformation control value of the wall top, [A];. This is because
the variation in [A]; primarily affects the magnitudes of the axial force and the active
earth pressure, with a lesser effect on the passive earth pressure below the excavation base.
Conversely, modifying the value of [A]y, concurrently influences the magnitude of the
active and passive earth pressures, thereby more significantly affecting Re on both sides.
Table 3 and Figure 12 show that as [A], increases from 30 mm to 50 mm, the required Re
decreases gradually. Specifically, as [A] increases from 30 mm to 35, 40, 45, and 50 mm, the
Re value of the deeper side decreases by 20.2%, 32.1%, 40.5%, and 45.2%, respectively. The
rate of decrease in R slows down as [A]y, and [A]; increase. The R, value of the shallower
side also tends to decrease gradually. The control displacement of the retaining wall is
crucial for determining Re. Therefore, it is highly important to use a deformation-based
design method for the retaining structures in excavation engineering.
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Table 3. Calculation results for cases of different deformation control values.

Group [Aly/mm [Al/mm Li/m Re of the Deeper Side Ly/m Re of the Shallower Side
1 20 50 14.6 0.46 11.3 0.42
2 20 45 15.0 0.50 11.3 0.42
3 20 40 15.7 0.57 11.3 0.42
4 20 35 16.7 0.67 11.5 0.43
5 20 30 18.4 0.84 12.2 0.52
6 15 50 14.8 0.48 11.6 0.45
7 10 50 15.1 0.51 11.8 0.47

1.0
—e — The deeper side
09 - — 4- - The shallower side T
oL 0‘\ i
[A], =50 mm RN [A], =20 mm
07 Change [A], \ Change [A] | 1
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059 — A . ~~ i
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Figure 12. Influence of the deformation control values on R, values of both sides.

7. Conclusions

This study presents a deformation-dependent earth pressure model based on the mod-
ification of the earth pressure coefficient according to deformation. Based on the proposed
deformation-dependent earth pressure model, the maximum-allowable displacements of
the retaining walls on both sides were set as the target for deformation control, and a com-
prehensive deformation-based force analysis of a braced retaining system in asymmetric
excavation was performed. Based on the stability equation for overturning, an analytical
solution was proposed for the design and calculation of the deformation-based critical
retaining wall length on both sides in asymmetric excavation. The validity of the proposed
solution was confirmed through comparisons with experimental data and commonly used
equivalent-beam methods. Moreover, the influences of the internal friction angle of the soil,
strut stiffness, degree of asymmetric excavation, and value of control displacement on the
embedment ratio of both sides were studied. The proposed method enables the design of
deformation-based asymmetric embedment depth for retaining walls propped at the crest
in asymmetric excavation in engineering practice.

The following conclusions are drawn:

(1) An analytical solution was developed for the deformation-based design calculation of
the asymmetric length of retaining walls propped at the crest. This solution enables
a rational approach for the design of retaining structures in asymmetric excavation,
in contrast to the conventional equivalent-beam method. The embedment ratio Re,
which is determined using the classical equivalent-beam method, is considered unsafe
because of the use of the ultimate-state earth pressure theory. The level of insecurity
becomes more severe when the internal friction angle of the soil is small.

(2) In the case of asymmetric excavation, the force of the entire retaining system is
primarily influenced by the deeper side, and the R, value of the shallower side
exhibits greater sensitivity to asymmetric excavation.

(3) When the excavation depth of the deeper side remains unchanged, a larger difference
in excavation depths between the two sides (i.e., a larger degree of asymmetric
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excavation) results in a lower Re for the shallower side. Compared to the traditional
unilateral design for the more unfavorable deeper side of the excavation, the Re
value of the shallower side can be reduced by approximately 0.1-0.3. Project costs
can be reduced using the proposed design method, making it more economical
and reasonable.

(4) As the displacement control value of the retaining structure in asymmetric excavation
increases, the R values of the two sides consistently decrease. The rate of decrease
decelerates as the displacement control value increases. Displacement control exerts a
more substantial influence on the R value of the deeper side. The influence of the
displacement control value at the wall top, [A];, on the R values of the two sides
is weaker compared to the maximum-allowable displacement control value of the
retaining structure, [A]n. Adopting the deformation-based design method for the
retaining structure is highly significant for the rational design of the retaining wall
length, while ensuring engineering safety and cost reductions.

The presented calculation methodology was validated by the authors based on two
experimental results (Section 3.2). However, several analytical results were subsequently
demonstrated using the proposed approach (points 1, 2, 3, and 4 in the Conclusions section),
which is also recommended for further experimental verification.
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