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At present, most seismic earth pressure theories have the limitations of complex derivation process and difficult solution. To solve
these problems, considering the deflection of small principal stress caused by soil arching effect, the central arc soil arch was
approximated to two inclined linear soil arches, which can greatly simplify the derivation process. Firstly, by improving the
combination of differential thin-layer element method and pseudostatic method, the theoretical formulas of seismic active earth
pressure intensity, resultant force size, and resultant force action point under translation mode (T mode) were derived and were
verified by experimental results. Then, the influence of soil internal friction angle, wall-soil friction angle, and seismic coefficient
on seismic active earth pressure theory was analyzed. The results show that the seismic active earth pressure is nonlinearly
distributed, and the seismic horizontal coefficient has a greater influence than other influence factors. The theoretical results can
provide reference for the seismic design of retaining wall.

1. Introduction

Seismic earth pressure calculation is an important part of
retaining wall design. In recent years, with the frequent
occurrence of earthquakes, seismic design has become
particularly important. Therefore, it is necessary to derive
the seismic earth pressure theory to provide reference for
seismic design. The calculation methods of seismic earth
pressure mainly include quasistatic method and quasidy-
namic method. Since the pseudodynamic method considers
many parameters and the calculation is complex, no
pseudostatic method is widely used. The quasistatic theory of
Mononobe et al. [1] and Okabe [2] is the most authoritative.
It regards the whole failure soil wedge as a rigid body and
uses the external inertial force in the sliding body behind the
wall to equivalent the seismic force. The dynamic problem is
transformed into a static problem, and the obtained seismic
soil pressure intensity is proportional to the wall height.

However, a large number of laboratory tests and field tests
[3, 4] show that the seismic earth pressure distribution is
nonlinear.

Lin et al. [5] derived the theoretical formula of earth
pressure intensity, resultant force, and height of resultant
force acting point of retaining wall under earthquake by
using differential thin-layer element method. Sun [6] further
promoted the application of differential thin-layer element
method in the theory of seismic earth pressure calculation of
retaining wall, which greatly increased the application scope
of the deduced theory. However, neither of the above two
papers considered the soil arching effect. In fact, because the
back of the wall is not absolutely smooth, the wall-soil
friction angle is not 0, soil arching effect should exist.
Subsequently, Hou et al. [7] considered the soil arching effect
and assumed the soil arch shape was circular arc. Similarly,
the differential thin-layer element method was used to derive
the active earth pressure calculation formula of the soil
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behind the wall under earthquake action, but no displace-
ment mode was considered. Zhang et al. [8] considered the
soil arching effect and assumed that the shape of the soil arch
was circular arc. Through the stress analysis of the soil
behind the wall, the curve equation of the soil arch shape
under seismic action was deduced. Then, the theoretical
formulas of the active earth pressure distribution, the earth
pressure resultant force, and the height of the resultant force
point of the retaining wall under the translational mode were
deduced, but the derivation process is often too complex.
Therefore, some scholars began to seek a simplified method
to calculate the earth pressure, Wang et al. [9] took the lead
in the arc soil arch proposed by Ying et al. [10]; on the basis
of the arc small principal stress axis approximate to a straight
line to calculate the active earth pressure, compared with the
arc soil arch derivation theory, the error is not big, but the
calculation process is greatly simplified.

In summary, existing theories often ignore key factors or
have complicated calculation processes. Therefore, in this
paper, considering the soil arching effect and the translation
mode, a new idea of simplifying the circular arch was
proposed by using the differential thin-layer element
method based on the central circular arch proposed by Yu
et al. [11] and Zhang et al. [12]. The eccentric axis of the
minor principal stress of the central circular arch was ap-
proximated to two inclined straight lines with an angle of 0
with the vertical direction, which could simplify the cal-
culation derivation and improve correctness. By approxi-
mating the microelement equilibrium equation of the
postslip surface and the overall equilibrium equation of the
soil arch, the theoretical formulas of the seismic active soil
pressure intensity, the resultant force size, and the resultant
force action point height under the translation mode (T
mode) were derived, and the rationality of the derived theory
was verified by experiments. Subsequently, the influence of
four main parameters (namely, internal friction angle, wall-
soil friction angle, horizontal seismic coefficient, and vertical
seismic coefficient) on the angle between the arch axis of
small principal stress, the vertical direction of the retaining
wall, seismic active earth pressure, and the height of the
resultant force acting point were analyzed.

2. Simplified Shape of Soil Arch and
Calculation of Seismic Active Earth Pressure

2.1. Simplified Shape of Soil Arch. Based on the assumption
[12] that the soil arch is a circular arc arch (Figure 1), this
paper approximates the deflection axis of small principal
stress to two inclined straight lines (red lines in Figure 2) and
makes the following assumptions: (1) the back of the
retaining wall is upright and the filling surface behind the
wall is horizontal; (2) the effect of ground loading is not
considered; (3) the wall-soil friction angle § is smaller than
the internal friction angle ¢; (4) M-O slip surface is used for
slip surface in the limit state of soil, and the dip angle of slip
surface is
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In the formula, ky, is the horizontal seismic coefficient; k,,
is the vertical seismic coefficient; and v is the seismic angle.

In Figure 1, the angle between the major principal stress
of the differential sliding soil layer at the fracture surface and
the horizontal plane and the angle between the major
principal stress of the differential sliding soil layer at the back
of the wall and the horizontal plane can be obtained by Yu
et al. [11].

In Figures 1 and 2, H is the height of the retaining wall; o4
is the principal stress; o3 is the small principal stress; dy is the
thickness of circular arc soil arch; and y is the distance from
the upper part of the soil arch element to the top of the wall.

in(sin &/si 5
- T arcsin (sin &/sin @) .8 2)
2 2 2

According to the geometric relationship, the angle be-
tween the arch axis of small principal stress and the vertical
direction of retaining wall in Figure 3,

T 1-sin «
0= > arctan——%

(3)

cos a,,

2.2. Calculation of Seismic Active Earth Pressure

2.2.1. Fundamental Equation. Two calculation models, the
element force diagram at the sliding surface (Figure 4) and
the microelement overall force analysis diagram (Figure 5),
were used to solve the theoretical formula of seismic active
soil pressure intensity by using the horizontal and vertical
force analysis.

AB is a rotation of dy and its value is sin 6 dy, which can
be obtained from the geometry of Figure 4.

AD =sin 0- tan(m -0 - )dy,

(4)

sin 0
BD = cos(m—6-p) dy.

In Figure 5, the major principal stresses at each point on
the whole soil arch are different, such as op =0z +y (y)EF.
Because (y)EF is small, the major principal stresses at each
point in line AB are replaced by oE (01) and so are other
lines. The force on the line segment is equal to the stress of
the vertical line segment multiplied by the length, such as (F)
AB=01 - (L)Ag.
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The equilibrium equation can be got from the micro-
element diagram of the sliding surface in Figure 4, namely,
the dotted line in Figure 3.

The static equilibrium in the horizontal direction of the
virtual circle is as follows:

0,¢c08 0-Lyp+0ysin 0-Lyg— 5)

-ogsin B+ Lgp + 1,08 B+ Ly — kydw, = 0.
The static equilibrium in the vertical direction of the
virtual circle is as follows:
—0ysin 0-Lyp+05c08 0- L+

6
-0gcos B+ Lyp + 7gsin - Lgp — (1 —k,)dw; = 0. (6)

In this formula, o, is the normal stress of slip surface; t, is
the tangential stress of slip surface; dw, is the self-weight of
the sliding surface microelement soil in Figure 3.

t, and k, satisfy the following relation:

03 l-sing
TS=O'Stan q),kaza—:m. (7)
1

From formulas (4)~(7), formula (8) can be got
o, = ao,. (8)

In this formation,

cos(m — 6 — Pk, (k,cos 0 — tan (n — 6 — B)sin 0

a=

(1-k,)(tan ¢ - cos B —sin B)t — nk,q(cos +tan ¢ - sin f3)
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cos(m—0-p)(1-k,)(cos 0 tan(mw— 6 - ) + k, sin 6)
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According to the geometric relationship in Figure 5,

[ EI = dy,
EF < (H - )./)cot B
2 sin 6
_ (H - y)cot B
| FD= 2sin@ (10)
(H - y)cot f sin 6 cos f3
BG = - ,
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The equilibrium equation is listed from the detailed
diagram of thin-layer differential element in Figure 5.

To establish a static equilibrium in the horizontal di-
rection of the thin layer,

0y Ly —1,sin - Lgp +7,c0s B+ Lgp +
- (0, +doy)cos 0 Lg; — (0, + doy)cos 0 (11)
. LBG - khdwz =0.

To establish a static equilibrium in the vertical direction
of the thin layer,

Ty Ly +0,cos B+ Lgp + 7gsin B+ Lyp + (0, +doy)
-sin 0(Lgy + Lgg) — 0y sin 0(Lgp + Lyp) — (1 =k, )dw, = 0.
(12)
In the formula, ¢, is the normal stress at the back of the
wall; ¢, is the tangential stress at the back of the wall; and

dw, is the overall weight of the microelement soil in
Figure 5, and

T, = 0, tan 6,dw = y(H — y)cot S dy. (13)

Ignore the second order trace, simplifying
do, b

0, =
dy (H-y) '

cy. (14)
In the formula,

b sin O(tan § tan ¢ cos f —tan & sin 3 —tan ¢ sin 3 — cos P)a
- cos(m— 60— P)cot B

sin 6 cos f +tan & cos 6 cos

cos(m — 60— P)cot

c=(1-kytan 6 — k,).
(15)

o, is the first-order differential equation about y, which
can be solved by the separation of variables method.

bl
o, =(H- y)_b.<—cy(I_IbJ:Vl)+ C). (16)
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FIGURE 1: Arch shape of small principal stress.

y

FiGgure 2: Simplification of small principal stress arch.

Formula: C is a constant to be determined.
Substitute the boundary conditions y =0, o; = 0 into (16):

D
C-= : (17)

v b+1

Substitute, (17) into (16):
(b+1) (b+1)
nfH (H-y)

_ _ o - 24 18
o1 =cy(H=y) (b+1 b+1 > (18)

2.2.2. Seismic Active Earth Pressure Intensity Distribution.
Formula (18) is replaced by formula (11) and the theoretical
formula for calculating the seismic active earth pressure
intensity under the translational mode of retaining wall is
obtained.

b
o, = dy H(l —%) —dy(H - y) + yky (H - y)cot B.
(19)
In the formula,

_asin 0(sin - tan ¢ cos f3) — cos 0 cos f3

d cos(m—-0-pB)(b+1)

(20)

2.2.3. Seismic Active Earth Pressure Resultant Force and
Resultant Force Point Height. Seismic active earth pressure
resultant force in horizontal direction can be obtained by

integral formula (19) along the depth direction of retaining
wall.
Total seismic active earth pressure resultant force:

P—JH dy = 1k H2 cot B+ | —— — L ay 12
x =), wdy =5V cot a-p 2|7 H"
PX
pP= .
cos &
(21)

The total bending moment of horizontal earth pressure
on the bottom of the wall can be calculated by the following
formula:

H 1 s 1 1 s
M—JO aw(H—y)dy—gyth cotﬁ+[m—g]dyH.

(22)

Equation (22) is divided by equation (21), and the
distance between the position of the resultant force point
and the end of the wall is

_ M _1/3k; cot f+[1/2 - b —1/3]dy
" Py 1/2k,cot f+[1/1-b—1/2]dy

(23)

When § =0 and ¢ =0, corresponding to b=0, it can be
seen that under nonseismic action, the back of the wall is
vertical and smooth, and the surface of the fill is horizontal.



Shock and Vibration

Y

FiGgure 3: Simplified calculation model.
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F1GURE 5: Force analysis diagram of microelement.

The action point of the resultant earth pressure is at 1/3 of
the wall height from the bottom of the wall, which is
consistent with Rankine’s active earth pressure theory.

3. Experimental Verification

3.1. Verification of Seismic Active Earth Pressure Intensity.
In order to test the applicability of the method described in
this paper, the rationality of the theoretical derivation in this
paper is verified by the theoretical and experimental results
of others. Table 1 shows the maximum value 0y, (KN-m™2)
of seismic active earth pressure in T mode calculated by
formula (19) and the theoretical solutions of Zhang et al. [8]
and Zhu et al. [13]. The measured parameters are ¢ =40.6,
8=15.9, y=271kN/m’, and k, =0.

It can be seen from Table 1 that when k,=0 and
ky, = 0.22, the calculation results of this paper and the results
of Zhang et al. [8] are in good agreement with the experi-
mental results; when k,=0.3, k;,=0.327, the calculated

results and Zhang et al.’s [8] results are quite different from
the experimental results.

The experimental data show that when the seismic active
earth pressure intensity is large, the experimental results and
theoretical deviation are large. This is because the dis-
placement mode is assumed to be translation mode. When
the horizontal seismic coeflicient is large, the retaining wall
does not cause translation. Therefore, the calculated seismic
active earth pressure intensity is greatly different from the
experimental value and increases with the increase of seismic
coefficient. However, when k;, is small (k, <0.22), the de-
viation is small, and the method in this paper is in good
agreement with the experimental value. Therefore, the
theory deduced in this paper is reasonable.

3.2. The Height Verification of Resultant Force Action Point.
Test data of Sherif et al. [4] and theories of Zhang et al. [12]
and Liu et al. [14] are used to verify the rationality of the
theoretical derivation.
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TaBLE 1: Theoretical analytical solution and measured results.

kn H/m Present results (kN-m™2) Experimental result (kN-m™) Zhang Qichang (kN-m™2)

0 0.62 1.58 1.36 1.67

0.22 0.54 2.41 — 1.82

0.3 0.54 5.58 2.03 5.16

0.327 0.5 9.40 3.89 10.24

Figure 6 is the comparison of the height of earth pressure
resultant force calculated by this method with other methods
and Sherif et al.’s [4] test data. It can be seen that after
simplifying the shape of soil arch, compared with Liu et al.’s
[14] method, k;, < 0.07, the calculated resultant force point is
reduced, compared with Zhang et al’s [12] method; when
ky > 0.07, the calculated resultant force point is increased.
The results calculated in this paper are closer to the ex-
perimental results than those calculated by Liu et al. [14], no
method was proposed by Zhang et al. [12], which is close to
the experimental results. This is because Liu et al. [14]
adopted Rankine slip surface, and the assumption is too
ideal. In order to simplify the calculation, the method
proposed in this paper also simplifies the shape of soil arch,
so there will be some errors. However, in general, the height
of resultant force action point calculated by this method is
relatively close to that calculated by experimental data and
other two methods.

4. Parametric Analysis

4.1. Angle between Arch Axis of Small Principal Stress and
Vertical Direction of Retaining Wall. Keeping the wall-soil
friction angle (§=10), vertical seismic coeflicient (k, =0.1),
retaining wall height (H = 4 m), and soil weight (y = 18 kN/m”)
unchanged, the internal friction angles ¢ of soil were taken as
30, 35°, 40°, and 45°, respectively, and the horizontal seismic
coefficient was taken as the abscissa to analyze the influence of
different internal friction angles and horizontal seismic co-
efficients on the angle between the arch axis of small principal
stress and the vertical direction of retaining wall (Figure 7).

The angle 6 between the axis of the small principal stress
arch and the vertical direction of the retaining wall increases
with ¢. The larger the ky, is, the larger the increase rate is.
With the increase of ky, 6 decreases. The smaller the ¢ is, the
greater the decrease rate is. It can be clearly seen that ¢ has a
small influence on 0, while k;, has a great effect.

Keeping the internal friction angle (¢ =40°), horizontal
seismic coeflicient (k;, = 0.4), retaining wall height (H=4m),
and soil weight (y=18kN/m3) unchanged, the wall-soil
friction angle & of soil was taken as 0°, 10°, 20°, and 30°,
respectively, and the vertical seismic coefficient was taken as
the abscissa to analyze the influence of different wall-soil
friction angles and vertical seismic coefficients on the angle
between the arch axis of small principal stress and the
vertical direction of retaining wall (Figure 8).

The angle 6 between the axis of the small principal stress
arch and the vertical direction of the retaining wall decreases
with the increase of §, and k|, has little effect on the decrease.
As k, increases, § has little effect on the decrease. It can be
seen that J has a great influence on 6, that is, on soil arching

effect; k, has little effect on 6, that is, it has little effect on soil
arching effect. This is consistent with the conclusion drawn
by many experts and scholars (soil arching effect is related to
the wall-soil friction angle ).

4.2. Seismic Active Earth Pressure Distribution. Keeping the
retaining wall height (H=4m) and soil mass (y=18kN/
m’) unchanged, the relationship between active earth
pressure distribution calculated by formula (17) and hor-
izontal seismic coefficient k;,, vertical seismic coefficient k,,
internal friction angle ¢, and wall-soil friction angle § is
analyzed.

The seismic active earth pressure decreases with the
increase of ¢, and the decrease is significant. In the middle
and lower parts of the retaining wall, the decrease is the most
significant. With the increase of J, the increase is not ob-
vious. Moreover, with the decrease of ¢ and the increase of 6,
the graphic centroid composed of the o,/yH curve and the
ordinate axis gradually increases.

The seismic active earth pressure shows an increasing
trend with the increase of ky,, and the increase degree is
relatively significant. At the top of the wall, the increase
degree is the most significant. With the increase of k, which
shows a decreasing trend, the degree of decrease is not
obvious.

From Figures 9-12, it can be clearly seen that the seismic
active earth pressure increases first and then decreases, and
the maximum value appears in the middle and lower parts of
the retaining wall. At the bottom of the wall, no matter how
the horizontal seismic coefficient changes, the seismic active
earth pressure is always 0. Moreover, due to the influence of
earthquake, at the beginning of the wall height, the seismic
active earth pressure is not 0, and the horizontal seismic
coefficient has the most significant influence on the seismic
active earth pressure. It can also be seen that ¢ and kj, have
great influence on the distribution of seismic active earth
pressure, and & and k, have little influence on the distri-
bution of seismic active earth pressure.

4.3. Height of Resultant Point. Keeping the height of
retaining wall (H=4m) and soil mass (y=18 kN/m?) un-
changed, the relationship between the height of resultant
force point and horizontal seismic coefficient ky, and vertical
seismic coefficient k, is analyzed.

The height of the resultant force point increases with the
increase of §. As ¢ increases, the larger the § is, the larger the
increase is. It increases with the increase of k,, and the
greater the k;, the greater the increase. As ky, increases, the
larger k,, the greater the increase.
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FIGURE 7: 0 curve of variation with (k), and ¢.

From Figures 13 and 14, it can be seen that the height
of the resultant force action point is always higher than
that of Rankine earth pressure resultant force action point
H/3, and with the increase of § and ¢, the range of re-
sultant force action point is large. When ¢ is small and ¢
changes, the resultant force action point is almost the
same. With the increase of J, the range of resultant force

action point is large; with the increase of ky, and k., the
range is large. When ky, is small and k, changes, the re-
sultant force point is almost the same. With the increase of
ky,, the range is large. Therefore, we can see that § and kj,
are the main factors affecting the height of the resultant
force point, and ¢ and k, have little effect on the height of
the resultant force point.
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5. Conclusion

(1) The seismic active earth pressure theory derived in this
paper is simpler than the previous theory, which can be
used in practical engineering and provide theoretical
guidance for seismic design of retaining walls.

(2) The height of resultant force action point is in the
range of 1/3 H to 1/2 H and is always greater than the
result of Rankine earth pressure.

(3) The horizontal seismic coefficient and the wall-soil
friction angle have a great influence on the soil arch
effect. But vertical seismic coeflicient and internal
friction angle have little effect on soil arching effect.
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