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Abstract

Aiming at the drawback existing in the analysis methods of seismic active earth pressure of rigid retaining wall, the time—
frequency computational method is proposed based on the elastic wave theory and Hilbert—-Huang transform, which is full
3D nonlinear time history analysis method. It not only can consider the effect of three factors (peak ground acceleration,
frequency and duration) of the bidirectional seismic wave on the seismic active earth pressure, but also can provide some
valuable references for the time—frequency seismic design of other types of retaining structures. The reasonability of this
method is verified by the shaking table test results, and it is more accurate than some representative methods such as limit
equilibrium method and coordinated deformation method. At last, some rules and conclusions can be obtained by the param-
eters study, as shown in the following: With the increase in PGA, the critical rupture angle decreases, the resultant force of
seismic active earth pressure increases, and its application point of resultant force gradually moves up; with the increase in
frequency, the critical rupture angle and the resultant force of seismic active earth pressure are distributed in the shape of
saddle and the handstand saddle, respectively. And they achieve the maximum value when the frequency is close to natural

frequency of rigid retaining wall, but the application point essentially is unchanged.

Keywords Rigid retaining wall - Seismic active earth pressure - Hilbert—-Huang transform - Time—frequency analysis

method

Introduction

Earthquake-induced landslides (Keefer 1984; Hutchinson
1987; Sassa 1996; Rodriguez et al. 1999; Prestininzi and
Romeo 2000; Chigira et al. 2010) can result in great dam-
ages and losses (Bird and Bommer 2004). They have been
documented for some historical earthquakes such as the
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2008 “Wenchuan” earthquake in China (Zhang et al. 2007),
Chi-Chi earthquake in Taiwan (Khazai and Sitar 2003) and
Northridge earthquake in America (Jibson et al. 2000).
On May 12, 2008, the Ms 7.9 (Magnitude 7.9 2008) Wen-
chuan earthquake occurred in the Longmenshan region at
the eastern margin of the Tibetan Plateau, adjacent to the
Sichuan Basin (see Fig. 1). It triggered a large number of
earth retaining walls damage, landslides, debris flows, etc.,
which directly led to 69,200 fatalities, 18,195 persons miss-
ing, 374,216 persons injured, 5,362,500 collapsed homes
and 21,426,600 homes that badly damaged, and more than
five million people left homeless (Cui et al. 2009).

After every large earthquake, the field investigation should
be carried out as early as possible. On May 14, 2008, a careful
field investigation was settled on along the national, provin-
cial roads and part of the county road about 2661 km long,
see in Figs. 2, 3 and 4. The investigated results show that the
rigid retaining including gravity retaining wall and gravity
balanced retaining wall suffered the most severe damage dur-
ing the earthquake. And it suffered the most serious seismic
damage. The total of investigated retaining wall is 343, and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-018-7325-6&domain=pdf

232 Page2of16

Environmental Earth Sciences (2018) 77:232

ITWEN

AN

10°64'60°N

104MU0°E

S A P e,
59 b Watie .%

IWSTN

30°54'50°N

Fig. 1 Field investigation area and 12 May 2008 Wenchuan earthquake fault surface rupture map

98.6 percent of that have been damaged. While the flexible
retaining wall such as reinforced soil retaining wall and pile
slab retaining wall only had a total of only 4 damage. The
above-mentioned phenomenon is mainly caused by site con-
ditions, seismic capacity and earthquake (Giillii et al. 2008;
Giillii and Pala 2014; Giillii 2012, 2013, 20144, b, 2015; Giilli
and Girisken 2013; Giillii and Khudir 2015; Giillii and Tyisan
2016; Cui et al. 2017; Gou et al. 2017, 2018).

However, site conditions together with their seismic
capacity are more important than earthquake, because we
have to always live under earthquake (Ansal et al. 2001;
Hazirbaba and Gullu 2010; Gullu and Hazirbaba 2010;
Giilli and Ergelebi 2007). Thus, we have to design good
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retaining structures in order to reduce the losses of life and
property. And then, the reasonable design method of retain-
ing structures is very important. So far, most researchers
mainly concentrate their attention on three fields: The first
one is limit equilibrium method (Choudhury and Nimbalkar
2006; Kumar 2001; Madhav and Kameswara 1969), which
assumes the relative movement between the wall and the
earth filling is sufficiently large. And the stress—strain of
soil will reach the limit or damage state. The representative
research result is Mononobe—Okabe seismic earth pressure
theory (Mononobe 1924; Okabe 1924). The second one is
coordinated deformation method, considering the wall—soil
interaction and the actual stress—strain properties of soil
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Fig. 3 Field investigations in hazard point no. 30

(Newmark 1965; Choudhury and Singh 2006; Siddharthan
and Norris 1992; Zeng and Steedman 2000). The third one
is finite element method (Smith and Wu 1997; Richards and
Elms 1979), such as finite element method established by
Clough and Duncan (Clough and Chopra 1966), which con-
sidered the actual stress—strain relationship of soil.

Fig.4 Earthquake damage cases

Among these methods, the limit equilibrium method can
only take into account the effect of peak ground acceleration
(PGA) on the seismic earth pressure of retaining wall, but
cannot take into account the influence of seismic wave fre-
quency and duration time on the earth pressure of retaining
wall. The coordinate deformation method cannot consider
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the influence of duration and frequency of seismic wave for
earth pressure acting on retaining wall and has inconven-
ience and low calculation accuracy in actual engineering.
Although the finite element method is able to consider the
amplitude, frequency and duration of the seismic wave, the
operation process is very complicated, especially for the wall
and soil contact surface.

At the same time, the analysis results of failure mech-
anism reveal the main damages were caused by elastic
wave—SV wave. However, the SV wave is a complex non-sta-
tionary signal, and its frequency characteristics change with
time and cause the limitation of the equilibrium method and
the coordinated deformation method. Therefore, the time-
frequency computational method of seismic active earth
pressure of rigid retaining wall subjected to SV wave will
be proposed based on the elastic wave prorogation theory
(Du 2009) and Hilbert—-Huang transform (HHT, Huang et al.
1998).

Time-frequency computational method
of seismic active earth pressure of rigid
retaining wall

Basic assumption

The derivation of this method is based on the following
hypotheses: (1) The field investigation results about retain-
ing wall during 12 May 2008 Wenchuan earthquake show
that the main damage forms of gravity retaining wall and
gravity-balanced retaining wall are rigid body motions such
as slippage, rotation, overturn and cracking. They usually
occur brittle rupture, and there is only a tiny deformation.
At the same time, almost all of the computational methods
of seismic active earth pressure of retaining wall assume
the earth retaining wall is rigid (Choudhury and Nimbalkar
2006; Kumar 2001; Madhav and Kameswara 1969; Mon-
onobe 1924; Okabe 1924). Therefore, the earth retaining
wall is rigid; (2) the backfill soil is single, homogeneous and
isotropic; and (3) when the wall move forward or backward,
the sliding soil wedge behind the wall will slide along the
plane from the wall back to the wall heel. (4) Seismic action
will not affect the basic mechanical properties of soil; (5)
the material damping of the soil behind the wall will cause a
large consumption of the seismic wave energy, which makes
the reflection seismic wave on the surface of the earth to
carry a very weak seismic energy and to prorogate down-
ward (Yang et al. 2015, 2016, 2018). Therefore, the formula
derivation in this paper does not consider the influence of the
element soil caused by the reflection wave from the surface
of the backfill.
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Fig.5 Stress analysis model of rigid retaining wall
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Generalized analysis model

The applicability of generalized analysis model contains
the gravity earth retaining wall, gravity-balanced retaining
wall, overhanging wall and cantilever retaining wall, etc. The
calculation model of the active earth pressure is shown in
Fig. 5. The horizontal slice method is used for the horizontal
layering element and it is selected to research, as seen Fig. 6.
The parameters in Figs. 5 and 6 are shown as follows: a is
the dip angle of retaining wall back, ¢ is the inner friction
angle, ¢ is outer friction angle, g, is uniform surcharge, P, is
active earth pressure strength, dy,, is the weight of soil slices
d,, minus the vertical inertia force acting on the soil Fyy;, dh
is the thickness of soil slices, g and g + dg are the resultant
forces of the two sides of the soil slices, respectively; r is
the resultant force of normal force and tangential force of
sliding surface; and Fy is the horizontal inertia force acting
on the soil. The stress analysis of the horizontal soil slices
induced by the force of dynamic wave is shown in Fig. 7.
It is worth noting that the inertia force in the element was
replaced by undulation force in seismic waves. In addition,
since the focus of this paper is the response to the ground
motion of rigid retaining wall under the action of SV wave,
the basic characteristic of SV wave is that the direction of
propagation is perpendicular to the direction of movement.
Therefore, the direction of movement of element level is
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horizontal and the seismic wave propagation direction is
vertical, as shown in Fig. 5.

Seismic earth pressure of retaining wall

As shown in Fig. 5, the geometric relationships among the
various dimensions of the model can be obtained. And then,
select the horizontal soil element abcd as research object and
establish the static equilibrium equations. At last, combined
with the boundary conditions, when & = 0, g = g,/cosy, the
seismic active pressure strength can be obtained as follows:

N

P, =m, (H—h™" —m,(H—h)

1 H 90 A
m, =na — 4 D). gA
al 1<yRcosn 1+4, + cosn)
1

m, = na —_—
a2 1R cosy 1+A, ;

Yr=7—@’V(2)

A =1 cos(0+qp—n) cos 0 sin(a+n)—cos a sin(6—n)
=1- .

cos 6 sin(a+6) cos(0+@—n)—sin(6+@) cos(a+5+n)
. cos f sin(a+6+¢+6)

cos(0+¢@—n) sin(a+6)

e

Note any acceleration at any time during the ground motion
process can be decomposed into superposition of several
simple harmonic motions, and arbitrary harmonic motion
displacement potential function can be written as:

u(z, 1) = U(z)e™, )
where u(z, ) is the horizontal displacement function of the
element, U(z) is the horizontal elastic displacement ampli-
tude of element, and o is the horizontal vibration frequency
of the element. In this paper, the horizontal displacement
potential function of SV wave is expressed by the horizon-
tal elastic displacement and has several frequencies at any
moment, which change gradually with time. The results of
the method mentioned above basically agree with the results
in the literature (Ma and Wu 2000; Liao 1996). So the hori-
zontal inertia force induced by SV wave in the element soil is:

02
Fpy = ‘dw a—;/g‘ =dw-0’UR)/s. 3)

And then, the vertical inertia force induced by SV wave in
the element soil is:

621/ 2
Fgy = dw-ﬁ/g =dw-0"V(2)/s, 4)
where V(z) is the vertical elastic displacement amplitude of
element and w is the vertical vibration frequency of the ele-
ment. Therefore, the seismic angle 7 is as follows:

dw - 0*U
tang = Fyy/dp, = 22 Y9 1 — dw - 0?v(2)/0).
(%)
Resultant force of seismic active earth pressure
and its action point
The resultant force of active earth pressure:
H p 1 [myH"™
E, = dh = “ - —myH?|.
“ [ cosa cosa| 1—A4, 7" ©

The distance from the position of resultant force of active
earth pressure to the wall heel is:

/H PyH) 41 my H4 mgH
7 = 0  cosa 24 3 H %
0a H Py myH™  mpH
0 cosa 1-4, 2

In summary, substituting the parameters n,,
Al, g1 into Formula (6) it can be written as follows after
simplification.

yrH?  sin(a + 0)cos( + @ — 1)
" 2cosncosacosdsin(a+ 60+ @+5)
N qoH sin(a + 0) cos(f + @ — 1) ®)
cosn cosncosacosfsinfa+ 60+ @ +6)’

Ngps Mgy,

a

in which n = arctan(F g /dg,,) = arctan
W%f”“) J(dw —dw - 0*V(2)/g|.

Critical rupture angle

According to the basic principle of active earth pressure (Lu
2002), among all the possible rupture angles 6, there is an
angle @ which leads to the maximum earth pressure. From
Formula (8) we can know that if dE,/d€ is equal to zero, the
critical rupture angle which can lead to the maximum earth
pressure can be calculated. However, it is hard to get explicit
solution. Therefore, based on the graphical method from the
literature (Lin et al. 2010), the explicit solution for critical
rupture angle of seismic active earth pressure is shown in
Formula (9) as follows:
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m cos(a + &) sin(a + ¢ + &)

tanf .. =
AN Pacr cos(a + &) cos(a + @ + 6)

®
Note the applicability of time—frequency computational
method of seismic active earth pressure of rigid retaining
wall is shown in the following. The critical rupture angle
of seismic active earth pressure must satisfy the following
conditions: @ + 6 + 17 < 90° and ¢ > 7.

Time—frequency effect of seismic wave

Based on the above derivation process, the time—frequency
effect of seismic wave is directly reflected in the elastic dis-
placement amplitude U(z) and the frequency of the input
seismic wave, and indirectly reflected in the solution of the
seismic angle in the seismic active earth pressure formula.
Therefore, the solving flow is put forward, as follows. Firstly,
the seismic wave is decomposed into several intrinsic mode
functions (IMF) by empirical mode decomposition (EMD);
secondly, multichannel signal composed by several single-
channel signals is converted into a single-channel signal
composed by single IMF; thirdly, solve the instantaneous
frequency of each channel and draw the time—frequency
curve of each IMF; fourthly, substitute every IMF and its
instantaneous frequency into Formulas (2)-(4) to get every
solution and then add all the solutions together to obtain the
seismic angle of rigid retaining wall under seismic action.
Finally, substitute relevant parameters into formula of (9),
(1), (8) and (7) to calculate the critical rupture angle of
active earth pressure, the resultant force and its position of
the active earth pressure, respectively.

In summary, the time—frequency calculation method for
seismic active earth pressure of rigid retaining wall is able
to compensate the limitations that exist in the equilibrium

method and coordinated deformation method, which had
a good consideration of the influence of PGA, frequency
and duration on the seismic active earth pressure of rigid
retaining wall. In the following, Wolong—Wenchuan earth-
quake wave is taken as an example to illustrate and detail, as
shown in the following: Firstly, input the Wolong—Wenchuan
earthquake wave, as shown in Figs. 8, 9 and 10; secondly,
decompose the seismic wave by EEMD and obtain the IMF,
as shown in Fig. 11; and finally, calculate the instantaneous
frequency of each IMF, as shown in Fig. 12.

Solving flow

In summary, the solving flow of time—frequency calculation
method of active earth pressure of rigid retaining wall is
shown in Fig. 13.

Verification of time-frequency calculation
method by shaking table test results

Because of the strong randomness of earthquake, doing the
site test is scarcely possible. Therefore, in order to verify
the accuracy of time—frequency method of seismic active
earth pressure for rigid retaining wall, this paper carried
out a large shaking table test based on the similar system.
The prototype of the test is a 9.6-m-high rigid retaining wall
located in G213. The geometric similarity ratio on the test
is 1:6. The seismic wave used in the test is the compression
wave of the horizontal Wolong—Wenchuan earthquake wave,
horizontal Kobe earthquake wave and horizontal El Centro
earthquake wave with the time similarity 1:2.45, as shown in
Figs. 14, 15, 16, 17, 18 and 19. The similar material mainly
consists of quartz sand, barite powder and water according
to a certain proportion. The similarity ratio of unit weight,
internal friction angle and Poisson for the similar material
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Fig.8 Horizontal acceleration—time history of Wenchuan—Wolong earthquake
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Fig. 10 Spectrum of horizontal Wenchuan—Wolong earthquake wave

are 1:1. The rigid model box used in shaking table test is
made of steel plate, steel and organic glass with the inner
size of 1.5 m X 3.7 m X 2.1 m (length X width X height). In
order to reduce the reflection of the vibration wave at the
boundary, a 30-mm-thick polystyrene foam cushion is place
behind the soil to simulate absorbing material. At the same
time, based on the similar ratio, the size of the retaining wall
model is 1.6 m (high) X 1.5 m (wide), the top width of the
wall is 0.33 m, the bottom width of the wall is 0.55 m, the
height of the wall at the toe is 0.204 m, and the width of the

2 3 4

Period [sec]

wall at the toe is 0.102 m. The retaining wall model is made
of fine-grained concrete, and the filling material is made of
dry sand. The filling material of the subgrade model in the
model box should be compacted after layering, which can
ensure that the degree of compaction of the foundation soil
and the backfill soil behind the wall is consistent with the
actual engineering condition. In order to monitor the earth
pressure of retaining wall more accurately, 2 rows of sensors
are arranged on the back of the wall. Each row is arranged
with 6 sensors: One row is arranged with strain-type soil
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Fig. 13 Flowchart of time—frequency analysis method of active earth
pressure of rigid retaining wall subjected to earthquake

pressure sensor and the other row is arranged with piezoe-
lectric-type earth pressure sensor. The specific physical and
mechanical parameters are shown in Table 1, the vibration
table test model is shown in Fig. 20, and the sensor place-
ment is shown in Fig. 21.

Fig. 14 Horizontal accelera- 0.15
tion—time history of Wenchuan—
Wolong earthquake wave (0.1 g) 0.10 +

0.05

0. 00

-0.05

Acceleration|g]

-0.10 r

Based on the time—frequency calculation method pro-
posed in this paper, the correlation parameters were sub-
stituted into Formulas (6) and (7) to calculate the result-
ant force of seismic active earth pressure and its action
point under different PGA (0.1, 0.2, 0.4 and 0.7 g) of
Wolong—Wenchuan earthquake waves, Kobe earthquake
wave and El Centro earthquake wave. At the same time, in
order to reflect the advantage of time—frequency analysis
method, some representative methods are used to calculate
the seismic active pressure and its action point, such as limit
equilibrium method (Choudhury and Nimbalkar 2006) and
coordinated deformation method (Siddharthan and Norris
1992). The specific calculation results and the shaking table
test result are shown in Tables 2, 3 and 4, respectively.

The analysis results are given in Tables 2, 3 and 4:
While Wolong—Wenchuan earthquake wave is input, for the
time—frequency analysis method, the maximum error of the
resultant force of active earth pressure and its acting position
of the rigid retaining wall is 8.36 and — 8.82%, respectively;
the minimum error can reach 5.84 and 2.94%, respectively.
For the limit equilibrium method, the maximum error of the
resultant force of active earth pressure and its acting position
of the rigid retaining wall is — 32.55 and — 32.35%, respec-
tively; the minimum error can reach — 6.93 and — 13.16%,
respectively. For the coordinated deformation method, the
maximum error of the resultant force of active earth pressure
and its acting position of the rigid retaining wall is 12.04 and
— 23.53%, respectively; the minimum error can reach 5.93
and 7.69%, respectively. For the time—frequency analysis
method, the maximum error is smaller than 10%, so this
method is correct and the calculation results are credible. At
the same time, the time—frequency analysis method is more
accurate than the limit equilibrium method and coordinated
deformation method, which can also be obtained from the
results when the input wave is Kobe earthquake wave and
El Centro earthquake wave. Besides, when the input wave
is changed, the results are constant when using the limit

I 1 I 1 I L J

-0.15 .
0
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Time [Sec]
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Fig. 16 Horizontal accel- 0.15
eration—time history of Kobe
earthquake wave (0.1 g) 0.10 f
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equilibrium method and coordinated deformation method to
calculate, but the results of time—frequency method change
with the seismic wave type. This fully shows the time—fre-
quency can consider the effect of frequency and duration on
seismic active earth pressure, which is an important advan-
tage of time—frequency analysis method.

Parameter discussion
For the time—frequency calculation method of seismic active
earth pressure of rigid retaining wall, the influence of differ-

ent loading frequencies on the critical rupture angle, active
earth pressure, active earth pressure and the action point of

@ Springer
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seismic active earth pressure is analyzed in this paper. The
concrete calculation examples are shown as follows: The
rigid retaining wall height H is 5 m, the unit backfill soil
yis 17 kN/m?>, cohesive force ¢ is 0, the internal friction
angle ¢ is 33°, the wall back is vertical, the filling surface
is horizontal with no overload, the peak ground motions are
0.1 and 0.2 g and 0.4 g horizontal sine wave without vertical
sine wave, and the frequency of sine wave is 0.1, 0.2, 0.4 Hz
and 0.8, 1.0, 2, 4 and 5 Hz and 6, 8, 10 Hz. The concrete
calculation results are shown in Figs. 22, 23, 24, 25.

The conclusions drawn from Figs. 22, 23, 24 and 25 are
shown as follows: (1) With the increase in seismic inten-
sity, the resultant force of active earth pressure gradually
increases. Meanwhile, the critical rupture angle gradually
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Fig. 18 Horizontal accelera- 0.15
tion—time history of El Centro
earthquake wave (0.1 g) 0.10 F
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decreases and the action position of resultant force gradually
shifts up. (2) With the increase in frequency, the critical rup-
ture angle and seismic active earth force was “inverted sad-
dle shape” and “positive saddle shape” distribution, reaching
the maximum when f = 1 Hz. The phenomenon may be
interpreted with resonance. When the input of seismic wave
frequency f = 1 Hz, the resonance may happen because the
self-vibration frequency f of rigid retaining wall system is
equal to 1.32 Hz, which intensifies the seismic response of
rigid retaining wall system and causes the critical rupture
angle decreases and the earth pressure force increases. (3)
With the increase in frequency, the action position of result-
ant force is basically unchanged, and the fluctuation is small.
The reason for this phenomenon is shown as follows: The

10 15 20 25
Time [Sec]

frequency of seismic wave has a significant influence on
the size of earth pressure, while the influence on its dis-
tribution is small. Therefore, the action position basically
is not changed with the input frequency. (4) In the case of
rigid retaining wall, the ratio of resultant force obtained by
the method proposed in the paper to that obtained by the
design code under different seismic intensities and different
frequency ranges from 1.0 to 1.3 and the position of result-
ant force is basically the same. The results fully illustrate
that the seismic stability design of rigid retaining wall only
considers peak ground motion and ignores the frequency,
and may reduce the seismic safety reservation of the retain-
ing wall.
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Fig. 19 Response spectra of horizontal El Centro earthquake wave (0.1 g)

Table 1 Physical and mechanical parameters of filling earth and

foundation
Foundation Filling earth
Gravity (kN/m%) 20.26 17
Water content (%) 3.6 -
Cohesion (kPa) 6.9 -
Internal frictional angle (°) 37.52 33

Fig.20 Shaking table test model

The above comprehensive analysis shows that the fre-
quency of seismic wave has a great influence on the

@ Springer

seismic stability of rigid retaining wall and should be fully
considered.

Conclusion

Some conclusions are obtained from the above analysis:

Aiming at the drawback existing in the analysis methods
of seismic active earth pressure of rigid retaining wall,
the time—frequency computational method of seismic
active earth pressure of rigid retaining wall was pro-
posed with the help of the horizontal slicing method
and Hilbert—Huang transform. This method is a full 3D
nonlinear time history analysis method, which not only
can consider the effect of three factors (PGA, frequency
and duration) of the seismic wave on the seismic earth
pressure of rigid retaining wall, but also can provide
some valuable references for the time—frequency seismic
design of other retaining structures. At the same time, it
is more accurate than the limit equilibrium method and
coordinated deformation method.

The frequency of seismic wave has a significant effect
on the resultant force of seismic active earth pressure
and the critical rupture angle of backfill soil. The action
position of resultant force is less affected by frequency,
which should be considered in the calculation of active
earth pressure for the rigid retaining wall. At the same
time, according to the existing codes, the frequency of
seismic wave is ignored in the seismic stability design
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Fig. 21 Distribution of earth
pressure monitoring points

Table 2 Comparison between the calculated results and the shaking table test results (Wolong—Wenchuan earthquake)

Resultant force of active earth pressure (kN) Acting point (h/H)

0lg 02¢g 04¢g 0.7¢g 0.1g 02¢g 04¢g 0.7g
Shaking table test 5.48 5.65 6.75 8.97 0.34 0.38 0.39 0.34
Results of time—frequency analysis method 5.16 5.25 6.19 8.22 0.33 0.36 0.36 0.37
Results of limit equilibrium method 5.86 6.23 7.47 11.89 0.41 0.43 0.47 0.45
Results of coordinated deformation method 5.81 6.33 6.35 7.89 0.28 0.31 0.36 0.42
Error (%)—time—frequency analysis method 5.84 7.08 8.30 8.36 2.94 5.26 7.69 —8.82
Error (%)—limit equilibrium method —-6.93 - 10.27 - 10.67 —32.55 —-20.59 —13.16 —20.51 —32.35
Error (%)—coordinated deformation method - 6.02 - 12.04 5.93 12.04 17.65 18.42 7.69 —23.53
Table 3 Comparison between the calculated results and the shaking table test results (Kobe earthquake)

Resultant force of active earth pressure (kN)  Acting point (h/H)

0.1g 02¢g 04¢g 0.7¢g 0.1lg 02¢g 04¢g 07¢g
Shaking table test 6.02 7.09 7.87 12.98 0.33 0.34 0.37 0.35
Results of time—frequency analysis method 6.18 7.32 791 13.08 0.33 0.36 0.39 0.38
Results of limit equilibrium method 5.86 6.23 7.47 11.89 0.41 0.43 0.47 0.45
Results of coordinated deformation method 5.81 6.33 6.35 7.89 0.28 0.31 0.36 0.42
Error (%)—time—frequency analysis method —2.66 —-3.24 - 0.51 -0.77 0.00 —-5.88 - 541 - 8.57
Error (%)—limit equilibrium method 2.66 12.13 5.08 8.40 —24.24 —26.47 —27.03 —28.57
Error (%)—coordinated deformation method 3.49 10.72 19.31 39.21 15.15 8.82 2.70 —20.00

of rigid retaining wall, which may reduce the seismic
safety reserve of retaining wall.

With the increase in seismic intensity, the active earth
pressure gradually increases and the action position of
resultant force moves up, while the critical rupture angle
gradually decreases. Meanwhile, with the increase in
frequency, the distribution of critical rupture angle and

the active earth pressure force is “inverted saddle” and
“saddle shaped,” respectively. And they reach the maxi-
mum value when the frequency is close to the natural
frequency of rigid retaining wall system. However, the
action position of seismic active earth pressure is basi-
cally unchanged.

@ Springer
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Table 4 Comparison between the calculated results and the shaking table test results (El Centro earthquake)

Resultant force of active earth pressure (kN)  Acting point (h/H)

0.1lg 02g 04¢g 0.7¢g 0lg 02¢g 04¢g 0.7¢g
Shaking table test 5.63 5.89 7.13 10.02 0.33 0.36 0.4 0.37
Results of time—frequency analysis method 5.53 5.68 7.21 10.35 0.34 0.37 0.37 0.38
Results of limit equilibrium method 5.86 6.23 7.47 11.89 0.41 0.43 0.47 0.45
Results of coordinated deformation method 5.81 6.33 6.35 7.89 0.28 0.31 0.36 0.42
Error (%)—time—frequency analysis method 1.78 3.57 -1.12 -3.29 —3.03 —-2.78 7.50 —-2.70
Error (%)—limit equilibrium method - 4.09 -5.77 —4.77 — 18.66 —2424 —19.44 —17.50 —-21.62
Error (%)—coordinated deformation method —-3.20 — 747 10.94 21.26 15.15 13.89 10.00 —13.51

Error = (results from shaking table tests — results from calculated tests)/results from shaking table tests X 100%
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