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Abstract: Based on wave mechanics theory, the dynamic response characteristics of cantilever flexible
wall in two-dimensional site are analyzed. The partial derivative of the vibration equation of soil layer is
obtained, and the general solution of the volume strain is obtained by the separation of variables method.
The obtained solution is substituted back to the soil layer vibration equation to obtain the displacement
vibration general solution. Combined with the soil-wall boundary condition and the orthogonality of
the trigonometric function, the definite solution of the vibration equation is obtained. The correctness of
the solution is verified by comparing the obtained solution with the existing simplified solution and the
solution of rigid retaining wall, and the applicable conditions of each simplified solution are pointed out.
Through parameter analysis, it is shown that when the excitation frequency is low, the earth pressure on
the wall is greatly affected by the soil near the wall. When the excitation frequency is high, the influence
of the far-field soil on the earth pressure of the wall gradually increases. The relative stiffness of the
wall, the excitation frequency and the soil layer damping factor have a significant effect on the dynamic
response of the flexible retaining wall.

Keywords: seismic analysis, flexible retaining wall, wave mechanics theory, dynamic response, analytic
solution

1Prof., PhD., Central South University, School of Civil Engineering, Changsha, 410075, China, e-mail: xzyang
1661 @126.com, ORCID: 0000-0003-2316-2910

2MSC., Central South University, School of Civil Engineering, Changsha, 410075, China, e-mail: 1xy2021
@csu.edu.cn, ORCID: 0000-0001-8989-9531

3MSC., Central South University, School of Civil Engineering, Changsha, 410075, China, e-mail: zhao
shuang @csu.edu.cn, ORCID: 0000-0002-8761-0148

4Pr0f., PhD., Central South University, School of Civil Engineering, Changsha, 410075, China, e-mail: yujun
@csu.edu.cn, ORCID: 0000-0002-5745-8157


https://doi.org/10.24425/ace.2023.145277
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xzyang1661@126.com
mailto:xzyang1661@126.com
https://orcid.org/0000-0003-2316-2910
mailto:lxy2021@csu.edu.cn
mailto:lxy2021@csu.edu.cn
https://orcid.org/0000-0001-8989-9531
mailto:zhaoshuang@csu.edu.cn
mailto:zhaoshuang@csu.edu.cn
https://orcid.org/0000-0002-8761-0148
mailto:yujun@csu.edu.cn
mailto:yujun@csu.edu.cn
https://orcid.org/0000-0002-5745-8157

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

436 X. YANG, X. LIU, S. ZHAO, J. YU

1. Introduction

The dynamic response analysis of retaining wall is the basis of its seismic design.
According to the wall stiffness, retaining wall is mainly divided into rigid wall and flexible
wall. Under the action of earthquake, the rigid wall mainly depends on its own material
strength and embedded depth of foundation to resist the impact of earthquake on the wall [1],
and the flexible wall can rely on its deformation energy consumption to reduce the impact of
earthquake on the wall [2]. In recent years, many scholars have put forward some practical
simplified analysis methods for retaining wall design [3-5], such as response displacement
method [6, 7], response acceleration method [8], static elastoplastic analysis method [9]
and numerical simulation analysis method [10]. These methods have been widely used in
engineering practice.

The wave method is a practical method to study the dynamic response of structures
under earthquake. Based on the theory of wave mechanics, the dynamic response charac-
teristics of structures are obtained by studying the propagation characteristics of vibration
waves. Veletsos et al. [11, 12] established two two-dimensional semi-infinite site models
of soil-flexible wall bonded on rigid bedrock. One model has elastic rotation constraint
at the bottom of the wall, and the other model has the bottom of the wall rigidly con-
nected to the rigid bedrock. Both models assume that there is no vertical stress in the
soil medium. On this basis, the analytical solution of the dynamic response of the flexible
wall under earthquake is derived. Based on the same assumption, Theodorakopoulos et
al. [13] and Lanzoni et al. [14] presented the analytical solutions of dynamic response
of cantilevered rigid wall and flexible wall in two-dimensional saturated site under earth-
quake. Based on the assumption of ignoring vertical displacement, Liu et al. [15, 16]
obtained the analytical solution of dynamic response of flexible retaining wall under hor-
izontal earthquake by semi-analytical method. Brandenberg et al. [17] gave the dynamic
response analysis of rigid wall in non-uniform fill under earthquake. Ke et al. [18] pro-
posed a simplified analytical solution of dynamic response of retaining wall considering
the influence of soil shear stiffness. Based on the wave equation, Zhao et al. [19] studied
the dynamic response of two-dimensional cantilever rigid wall under earthquake action,
and gave a more rigorous analytical solution considering both vertical stress and vertical
displacement.

The above analytical studies usually ignore the vertical stress or vertical displacement
of the soil layer. Since the vibration equation of soil layer based on Biot theory is a coupling
equation, it cannot be solved directly. Based on the two-dimensional soil layer vibration
equation, this paper achieves the purpose of decoupling through differential transformation.
Combined with the interaction conditions between the wall and the soil layer, a more
rigorous analytical solution of the dynamic response of the cantilever flexible retaining
wall is derived. The solution of this paper is reduced to rigidity and compared with the
existing analytical solution of the rigid wall, which verifies the correctness of the analytical
solution of this paper. At the same time, it is compared with the existing simplified analytical
solution of the flexible retaining wall, and the difference between the simplified solutions
and their application scope are pointed out.
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2. Methodology

2.1. System considered

The system considered is shown in Fig. 1. The flexible retaining wall is embedded in the
rigid foundation. The bottom of the wall is rigidly connected with the foundation. The upper
surface of the soil layer is free, and the lower surface is full bound; The flexible retaining
wall is homogeneous and elastic material, and the soil is homogeneous and isotropic semi-
infinite linear body; Between the wall and soil fully bond; The wall and the bottom of the soil
layer are subjected to a simple harmonic excitation of constant magnitude and the material
damping is constant hysteretic damping. The wall height and soil thickness are H, the wall
density is p,,, the elastic modulus of the wall is E,,, and the wall thickness is t,,,. The relative
flexibility coefficient d,, proposed by Veletsos and Younan [11] is defined as follows:

GH? G (H
2.1 dy=——=12(1 —v2)— [ —
2D "= D -v)g (tw)

where G is the soil shear modulus; D, is the bending stiffness of the unit length wall; v,,
is the poisson’ s ratio of the wall.

Soil layer

D, llj]% "

Flexible wall

X

Rigid Foundation %) Harmonic excitation

Fig. 1. Mechanical model of soil-flexible wall

The process of analytical solution is shown in Fig. 2.

Dynamic response analysis of soil-flexible wall

Basic
theory
Governing
equation
The expressions of the soil The solution of the wall
Solution displacement, stress and Coupling displacement is obtained by
volumetric strain are obtained combing orthogonality of
Process Bounda
by differential transformation cary trigonometric function and
and variable separation method condition wall stiffness matrix
N Analytical solution of dynamic response of soil-flexible wall
Analysis 2 E ot -
system is obtained and parameter analysis is carried out

Fig. 2. The process of analytical solution



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
—

438 X. YANG, X. LIU, S. ZHAO, J. YU

2.2. Governing equation

2.2.1. Governing equation of soil

According to Biot dynamic consolidation equation, the motion of the total system is
expressed as [19]:

00 0Ty, 8%u,y .
2.2 + = + t
(2.2) ax T . P an pig (1)
do; 0Ty 0%u,

2.3)

oz " ox Fon

where oy, Ty, and o, and are the horizontal normal stress, shear stress and vertical normal
stress of the soil layer respectively; and u, are u, the x directional and z directional
displacement of soil layer relative to rigid foundation respectively; p is the mass density
of the soil; ¢ is the time; X4(¢) is the simple harmonic vibration acceleration. The signs
of stress and displacement are positive along the positive direction of the coordinate axis
and negative along the negative direction of the coordinate axis according to the elastic
mechanics.

2.2.2. Governing equation of wall

The Euler—Bernoulli beam theory [20] is used to simulate the wall. The bending stiffness
of the wall is E,, I,,, E,, is the elastic modulus of the wall, I,, is the section moment of
inertia per unit length of the wall. Considering the horizontal force balance of the wall, the
vibration equation of the wall is:

%uy (z,1) *uyy (z,1)
2wt g %wis b

2.4 +E, I,
24) or? " az*

=0w(z,t) + mig(t)
where u,, (z, 1) is the horizontal displacement of the wall relative to the rigid foundation;
oy (2, 1) is the soil pressure on the wall; m is the mass per unit length of the wall.

For the two-dimensional plane strain element, the relationship between stress and
displacement is expressed as [19]:

Oty
(2.52) oy = '0 +26+ 2
ox
. [Ou ou
(2.5b) ez =G ( azx + a;)
* ® 6MZ
(2.5¢) o, =10 +2G—=
az

where G* and A* is the complex Lame constant, G* = G(1 +id), A* =2vG*/(1 = 2v).d is
the soil material damping factor; v is the soil Poisson’s ratio, e is the soil volumetric strain,
e =0uyx/dx +0u,/0z.
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2.3. Boundary conditions
1. The free surface shear stress is zero.
(2.6) Tyzlpey =0
2. The displacement of relative rigid foundation at infinity is finite.
2.7 Ux| oo — finite value, Uz| oo — finite value

3. The bottom is in full bond with the rigid foundation, and the contact surface has no slip
and detachment.

2.8) xlo=0 = 0, Uzly=0 =0

4. The interface between soil and wall is full bond, it means that the contact interface has
no slip and separation.

(29) MX|x:0 = Uy (Z)’ Uz |x=0 =0

5. The bottom of the wall does not produce displacement and rotation relative to the rigid
foundation.

du,, (z
2.10) u@lo=0, @ g
dz z=0
6. The wall top bending moment, shear force is zero.
d2 d3
@11) dun@| -y dw@
dz2 z=H dZS z=H

3. Solution of the equation

3.1. Solution of the governing equation of soil

For harmonic vibration, harmonic vibration acceleration, soil horizontal relative dis-
placement, soil vertical relative displacement, soil volume strain, soil horizontal normal
stress, soil horizontal shear stress and soil vertical normal stress can be written as follows:

Ko (1) = Xgei‘”t; Uy = ue(x,2)e' " uy =u(x,2)e'"; e =e(x,z)e'l;

G-b ox = 0x(x, Z)eiwt§ Txz = sz(x,z)eiwt; sigmaz = O_Z(x,z)eiwt

where Xg is the amplitude of the input harmonic vibration acceleration; uy(x, z) is the
horizontal displacement amplitude of the soil layer relative to the rigid foundation; u, (x, z)
is the vertical displacement amplitude of the soil layer relative to the rigid foundation; e
is the volumetric strain of soil. oy (x, z) is the horizontal normal stress amplitude of the
soil layer; 7, (x, z) is the soil shear stress amplitude; o, (x, z) is the vertical normal stress

amplitude of the soil layer.
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Because the whole system is a steady-state harmonic vibration with a circular frequency,
the partial derivatives of both sides of Eq. 2.2 are solved, and the partial derivatives of both
sides of Eq. 2.3 are solved, and then the two equations after operation are added.

(3.2) (A +G"V?e + pw?e =0

where V? is the Laplace operator, denote as V2 = 92/dx* + 8% /97>
The equation is solved by the separation of variables method. Suppose that e =
U(x)W(z)e'?, Eq. 3.2 can be rewritten as:

1 d*U(x) 1 d*W(2)

3:3) U(x) dx2 +W(z) dz?

+ﬁ%=0

2

pw
h 2

where 3] T 120

According to the theory of differential equations, the solution of Eq. 3.2 can be writ-

ten as:

(3.4) U(x) = Aje®"* + Bie 8"
3.5) W(z) = C; sin(gaz) + D1 cos(g2z)

where Ay, By, C1, D1, g1 and g, are undetermined constants; g% - g% = ,8%.
Therefore:

(3.6) e = (A5 + B1e 8%)[C sin(g2z) + D1 cos(g22)]

According to the boundary condition (2.7), when x — oo, the dynamic response of soil
layer is finite, so it will not increase infinitely. Reintegrating the constant coefficient term
of Eq. (3.6), it can be simplified as:

3.7) e =e' e 81X Ay sin(grz) + B cos(g22)]

where A, and B, are undetermined constants.

Therefore, the solution of soil volumetric strain containing undetermined constants has
been obtained, and then it is substituted back to the soil motion equation to solve the soil
displacement.

Egs. (2.2) and (2.3) are rewritten as:

06
(3.8) G*Vu, + pwiu, = —(1" + G*)a— + pig (1)
b4
v 2 * * 00
3.9 G*'Vou, + pou, =—(4 +G)8_
z
Observing Egs. (3.8) and (3.9), it can be seen that the two equations are non-homo-
geneous equations about x and z, respectively. The solution of the equation can be obtained

by solving the general solution of the corresponding homogeneous equation and adding
the particular solution.
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The homogeneous equation corresponding to Eq. (3.8) is as follows:
(3.10) GV + po*ul =0

where u” is the general solution.

pw’
Assume that ,8% =G we can obtained:

3.11) u]; = eiwl(A3€g3x + B3€_g3x) [Cs sin(g4z) + Ds COS(g4Z)]

where A3,B3, C3, D3, g3, g4 and are undetermined constants; gi - g% = ,B%.
Combined with the boundary condition (2.2), the constant coefficient term in the
integrated Eq. (2.2) can be simplified to:

(3.12) ul = e1“e 8% [ Ay sin(gyz) + By cos(g4z)]

where A4 and B4 are undetermined constants.
Observing the inhomogeneous Eq. (3.8), its particular solution can be set as

(3.13) u? = e 8% As sin(grz) + Bs cos(g22)] + Ca}
where As, Bs and Cy4 are undetermined constants.

Uy = e [ A4 sin(gaz) + B cos(gaz)]

(3.14) _ )
+e 8% [As sin(g2z) + Bs cos(g22)] + C4}

Similarly, the solution of Eq. (3.9) is expressed as:
(3.15) u, = '“{e 8 *[Ag sin(g4z) + Bs cos(gaz)] + e 8*[A7 sin(g2z) + B7 cos(g22)]}

where Ag, A7, B¢ and B are undetermined constants.
Since the soil layer is dominated by horizontal vibration, combined with the boundary
conditions (2.6) and (2.8), the eigenvalue of the vibration equation can be taken as:

nm
(3.16) 84=82=8n =7 n= 1,3,5...

Combined with superposition principle, the solution of soil horizontal displacement,
soil vertical displacement and soil bulk modulus amplitude can be written in the form of
the following series sum:

o)

(3.17) ue(x,2) = D (Ere™® + Eye ™' + E3) sin(gn2)
n=1,3

(3.18) ug(x,z) = Z (E4e™8* + Ese™8%) cos(gnz)
n=1,3

(3.19) e(x,z) = Z Are 8" sin(g,2)
n=1,3

where E1, E,, E3, E4 and E5 are all undetermined constants.
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Substituting Eqs. (3.17), (3.18) and (3.19) to Egs. (3.8) and (3.9), combine with e =

ou ou ., )
* 4 a—z, and extend X, to the sum of series:

Ox z
. >4,
(3.20) X, = Z — X, sin(gn2)
nm
n=1,3
Thus
. 4
oo ng_
(3.21) Uy (x,2) = Z A4e*g3x+11A2e’g1x+# sin(gnz)
n=1,3 2 _ G* (—)
pe 2H
(3.22) u; (x,z) = Z (—§A4e_g3x - /12A2e_glx) cos(gnz)
n=1,3 84
(3.23) e(x,2)= ) Are ¥ sin(gn2)
n=1,3

Substituting Egs. (3.21) and (3.23) into Eq. ( 2.5a), the horizontal normal stress ampli-
tude of soil layer is
(3.24) or(6,2) = D) [(" = 2G"g141) Aze 8 = 2G" g3 Age 5] sin(g,2)
n=1,3
In order to solve the dynamic response of flexible wall, the boundary condition (2.4),
is substituted into Eq. (3.22):

(3.25) 83 A~ 1A =0
84

1

Assume that A, = g—3A4, we can obtain A4 = g—4An, Ay = _/I_A" where A, is the
84 83 2

undetermined constant.

Substituting Eq. (3.25) into Eqgs. (3.21) and (3.24) and sorting, the amplitude of earth
pressure on the wall and the displacement amplitude of the wall can be obtained:

(3.26) 7:(0,2) = (2) = D FinApsin(gnz)
n=1,3
(3.27) ux(o’ Z) = Uy (Z) = Z (FZnAn + FSn) Sin(gnz)
n=1,3
% 4
2G* g1 — A* = 21,G* A pag—
where Fj,, = 8141 2 g4’ B, = 84 _ =, F3n = L
A2 g A2 nn

—_— .
pu? =G (37

Therefore, the undetermined constant is only A, and it can be determined by the
coupling relationship with the wall.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

ANALYTICAL STUDY ON DYNAMIC RESPONSE OF CANTILEVER FLEXIBLE. .. 443

3.2. Solution of the governing equation of wall

Substitute Egs. (3.1), (3.26) and (3.27) into Eq. (2.4):

d4”w (Z) 4 3 4ng .
(3.28) B —Buw(z) = El., n;3 FinAn+—— sin(gnz)
2
where g* = g:‘;w )

The general solution of the homogeneous equation corresponding to Eq. (3.28) is
expressed as:

(3.29) ui’v (z) = By sin(Bz) + B, cos(Bz) + B3 sinh(Bz) + B4 cosh(Bz)
where B, B,, B3 and B, are undetermined constants.
Assume the particular solution of Eq. (3.28) that:
(3.30) ul(2) = > Busin(ga2)
n=1,3
Substituting the particular solution back to Eq. (3.23), we get:

4ng

FlnAn +
(3.31) B,=—— "
Ewly(gh - B%)

The solution of the system of Eq. (3.28) is expressed as:
(3.32) uy (z) = By sin(Bz) + By cos(Bz) + Bz sinh(Bz) + By cosh(Bz)

FoA dmX,
ol +
: g !

By the boundary condition (2.9), there is no slip between the contact surface of the
wall and the soil, there are:

(3.33) Bjsin(Bz) + B, cos(Bz) + B3 sinh(Bz)
4m)?g

0 FlnAn +
+ B4 cosh(Bz) + —— M _in(gu2)
n:ZL3 EWIW (g;"fz _184)

= > (Fandn + F3) sin (g,2)
n=1,3
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Using the orthogonality of the sine function on the interval, the two ends of the equal
sign of Eq. (3.33) are multiplied, and then integrated on the interval to obtain:

4 b 4mHXg 4 4
2NnEwIw(gn_ﬁ )+ _HF3nEwIw(gn_:B )
(3.34) A, = n :
HFZnEwlw(gn _ﬂ ) - HFln
where
- H)(=1)(n—D/2
N, = N\B, + NaBy + N3 Bs + NyBy: Ny = PeosBH(ED) :

B - gk

_ Bsin(BH) (=)D — g, _ —Beosh(BH)(~1) "D/

e B> - gn M B> +égn ’
—Bsinh(BH)(=1)"* V2 + ¢,
o= B> +gx
The solution of Eq. (3.28) is expressed as:
(3.35) uw(z) = B1f1(2) + B2f2(2) + B3 f3(2) + Bafa(2) + [ (2)
where
fi) =sin(B) + ) (Nisin(ga):  fa(2) =sin(B2) + ) (Nasin(gn2);
n=1,3 n=1,3

fi(2) =sin(B2) + ) {N3sin(ga2);  fal2) =sin(B2) + ), {Nasin(gn2);

n=1,3 n=1,3
Fo(2) = D Funsin(gaz)
n=1,3
In which
4mF1,,X'g
- F,.F ..
£~ PTEw Ly gi-pH " N 4mX,

4n = 5

FZnEwIw(gfz_B‘l)_Fln nﬂEwIw(gfz_ﬁ‘l)
2F,
4

HFynEwly (85 = B*) = HF 1
Therefore, combined with boundary conditions (2.10) and (2.11), the following matrix
can be obtained:
@) L@ B )] (B Ip(2)
(3.36) 1@ @ f£@ f@]]B N fp@) | _
@) £, f5'@ f'@]|Bs ()
7@ ;7@ ;7@ f;7(2)] \Bs ' (2)
where the superscript represents the partial derivative.
By calculating the above matrix, all unknown constants (B, By, B3 and By4) can be
determined.

(= el o)
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3.3. Soil normal stress and shear stress

Substituting Eq. (3.26) into Eq. (3.34), the horizontal normal stress amplitude of soil
layer is

ni
sin —z

o [ (2G g4 -2
(3.37) ox(x,2) = Z [M e 81X _2G* g4Ane —83x S

n=1,3 A2

Substituting Egs. (3.21), (3.22) and (3.26) into Eq. (2.5b), the shear stress amplitude of
the soil layer is written that:

(3.38) Tyo(x,2) = Z G| 22

X N
g4A e 8% _ ﬁAne—glx_i_ P }’lT(
2H A )2

nm
n=1,3 Z_G*(_
pe 2H

nw

+ 834,78 — g1 A e8| cos —

83Ane g14ne ZHZ

3.4. Wall bottom bending moment and shear force

The expression of the shear force amplitude and the corresponding bending moment
amplitude per unit length of the wall bottom can be determined by integrating the expression
(3.37) of the wall-side earth pressure amplitude:

 2H (2G*gi Ay — A*
(3.39) 0p= ) = (g‘—‘An—zG*gmn)
S nm A
S 4H? (2G*g1A; — A*
(3.40) My, = Z(—l)(”’”/z - 2( 171 An—ZG*g4An)
T n°m Ar

4. Results and analysis

In the following analysis, w; = 7wvs/(2H) is the natural frequency of the soil layer,
where vi = 4/G/p. For the convenience of comparison, except for special instructions, the
parameter values in this paper refer to Reference [11], Poisson’s ratio v is 0.3, material
damping is 0.1, soil density is 2300 kg/m?, soil shear modulus is 3 x 107 Pa, base accelera-
tion amplitude is 3 m/sZ, wall height is 5 m, the Poisson’s ratio of wall is 0.2, the thickness
of wall is 0.125 m.

4.1. Comparative validation of results

In order to verify the rationality of the solution in this paper, the dynamic response
analysis of the flexible wall in this paper is degenerated into the dynamic response analysis
of the rigid wall. And compared with the rigid wall analytical solution proposed by Zhao et
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al. [19], as shown in Fig. 3. It can be seen from Fig. 3 that when the solution of this present
degenerates into the solution of rigid wall, which is completely consistent with the solution
of the earth pressure on the top of rigid wall proposed by Zhao et al., which verifies the
accuracy of the calculation result of the dynamic earth pressure on the top of flexible wall.

30k Present reduced solution (d,,=0)
= Zhao et al (2022)

2.5
S
& 2.0
k=l
N
= 1.5
<
g
s
Zz 1.0

0.5

00 1 1 1

0 1 2 3 4
olw,

Fig. 3. Comparison and verification of the inverse present solution with the solution
proposed by Zhao et al. (2022)

The present solution is compared with the solution that ignoring vertical stress proposed
by Veletsos etal. [11], as shown in Fig. 4. When the excitation frequency is low, ignoring the
vertical stress solution is slightly larger than the present solution. The friction between the
soil walls is considered in the process of solving, and the relative motion between the soil
walls is allowed in the model ignoring the vertical stress solution. This difference makes the
dynamic response that assume no vertical stress solution develop in soil medium slightly
larger than that of present solution. When the excitation frequency is high, the solution

3o e Veletsos and Younan (2000)
Present solution
25+ ‘.\l
it HJt,=40

- !
Saol ol 50.1
= ity v=1/3

2 s
N P=0
Tg 1.5 * !

S
Z

-
(=}
T

o
[

0.0

Fig. 4. Comparison and verification of the present solutions with the solution
proposed by Veletsos and Younan (2000)
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proposed by Veletsos et al is slightly smaller than the present solution. The reason for this
phenomenon is that the solution proposed by Veletsos et al that ignore the vertical stress
and the vibration superposition effect caused by it. In addition, it can be seen from Fig. 4
that when the relative flexibility coefficient is large, the two solutions are very close except
for the first-order resonance point, indicating that the dynamic response of the flexible wall
can be approximately considered by ignoring the vertical stress solution when the relative
flexibility coefficient is large.

The variation of wall top earth pressure with Poisson’s ratio is compared with the
solution that ignoring vertical stress and the solution that ignoring vertical displacement,
as shown in Fig. 5.

- - -Liuetal (2014)
6k e Veletsos and Younan(2000)
Present solution

S
‘ 1

g4l |

g 1]

N 7

= )

E 4

s p

7 ——.::.f:. ____________
0 ) . I |
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 5. Variation of earth pressure on top of wall with Poisson’s ratio of soil

Take frequency, relative flexibility coeflicient. It can be seen from Fig. 5 that the
solution that ignoring vertical displacement and the solution that ignoring vertical stress
are basically consistent and close to the present solution. At that time, the solution that
ignoring vertical displacement increases rapidly. When it is close to 0.5, this solution has
lost its meaning.

4.2. Size and distribution of earth pressure on the wall

Figure 6a shows the distribution of earth pressure along the height of flexible wall
under different excitation frequencies. As can be seen from the figure, when w/w; < 1,
the wall earth pressure increases with the excitation frequency increases; when w/w; = 1,
the earth pressure on the wall takes the maximum value at any position; when w/w; > 1,
the amplitude of earth pressure on the wall decreases with the increase of frequency. It
can be seen from Fig. 6b that when the excitation frequency is high, namely w/w; = 3,
the real and imaginary parts of the earth pressure on the wall are large, indicating that the
influence of the damping part corresponding to the imaginary part cannot be ignored when
the excitation frequency is high.
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Fig. 6. Distribution of wall pressures and displacements along the wall height for different frequencies:

(a) different frequencies; (b) w/wi =3

4.3. Horizontal distribution of soil stress and displacement

Figure 7 shows the horizontal distribution of stress and displacement of soil-flexible

wall system under different excitation frequencies. The results show that:

1.

Normalized o, (x, H)

The distribution law of horizontal normal stress of soil layer: when w/w is 1 or less, the
maximum value of horizontal normal stress of soil layer appears near the wall, and only
a turning point occurs near the wall. After the turning point, it decreases monotonously
with the increase of distance from the wall, and tends to O in the far field. When w/w,
is 2 or greater, with the increase of the distance from the wall, the horizontal normal
stress of the soil layer shows a wavy change with the increase of the distance from the
wall and gradually decreases, and tends to O in the far field.

The distribution law of horizontal displacement of soil layer: when w/w; is 1 or smaller,
the horizontal displacement of soil layer increases monotonically from the wall to the
far field, and the far field tends to a constant. When w/w; is 2 or greater, the horizontal
displacement of the soil layer shows a wavy change with the increase of the distance

4 |
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E 54
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Fig. 7. Variation of horizontal normal stress of the top layer with excitation frequencies along the

horizontal axis
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from the wall. In the far field, it also tends to a smaller constant, and the radiation

damping effect is obvious.

3. Distribution law of soil shear stress: when the excitation frequency is low, that is, 0.1
or greater, the minimum value of soil shear stress amplitude appears near the wall, and
then increases monotonically with the distance from the wall. When w/w is 2 or more,
the soil shear stress changes with the distance from the wall.

The above rules show that when the excitation frequency is low, the amplitude of the
earth pressure on the wall and the displacement of the wall are mainly controlled by the soil
near the wall. When the excitation frequency is high, the far-field soil has a non-negligible
influence on the amplitude of the earth pressure on the wall and the displacement of the wall.

4.4. Bottom shear and bending moment

Figure 8 show the distribution of shear force and bending moment at the bottom of unit
length wall with different frequencies. It can be seen from Fig. 8 that with the increase of
the relative flexibility coefficient of the wall, the shear force and bending moment at the
bottom of the wall generally decrease. This may be because the flexible wall can reduce the
shear force and bending moment at the bottom of the wall by adjusting its shape. However,
at the first order resonance frequency, when the frequency ratio is 1, the amplitude of the
base shear force increases slightly with the increase of the relative elastic coefficient of the
wall. The shear force at the bottom of the wall decreases with the increase of the relative
flexibility coefficient of the wall, but the range is not large. For the bending moment at the
bottom of the wall, the reduction at the resonance frequency is greater than the reduction
of the shear force. It can be seen from the figure that when the relative flexibility coefficient
of the wall is 5 or smaller, the shear force and bending moment amplitude at the bottom
of the wall are greatly affected by the relative flexibility coeflicient of the wall, especially
when it is 2 or larger.
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Fig. 8. Variation of shear force at the bottom of the wall with relative elasticity

Figure 9 give the magnification factors of the shear force and bending moment at the
bottom of the wall under dynamic excitation relative to static excitation.
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Fig. 9. The dynamic amplification factor of the wall bottom shear force

It can be seen that whether it is the shear force or the bending moment at the bottom
of the wall, the peak value of the amplification factor appears at the natural frequency of
the soil layer, and the amplification factor here is much larger than that at other excitation
frequencies, especially at high excitation frequencies, indicating that the basic vibration
mode is the main contributor to the dynamic response of the wall and plays a controlling
role. At that time, the dynamic amplification factor of shear force and bending moment
at the bottom of the wall decreased rapidly to less than 1, indicating that the radiation
damping effect was obvious and the radiation energy dissipation of the wave was more. In
addition, it can be seen from the Fig. 9 that the peak value of the amplification factor is
quite sensitive to the relative flexibility coefficient of the wall, and the larger, the greater
the peak value of the amplification factor. Therefore, in the seismic design of underground
engineering, for walls with low stiffness, special attention should be paid to the shear force
and bending moment at the bottom of the wall under the first resonance frequency.

The convergence characteristics of the shear force and bending moment at the bottom
of the flexible wall are given in Fig. 10. As the calculation results converge when the order
of modes is greater than 50, the first 50 modes are approximately considered as all modes.
It can be seen from Fig. 10 that if only the first-order vibration mode is considered, there is
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still a large error in the accurate value of the shear force at the bottom of the wall compared
with the bending moment, especially at low excitation frequencies. If the first two vibration
modes are considered, the solution at this time is very close to the exact value, and the error
is negligible.

5. Conclusions

Based on Biot theory and Euler—Bernoulli beam theory, a more rigorous analytical
solution for the dynamic response of vertical flexible retaining wall in homogeneous soil
is derived. The following main conclusions can be obtained through analysis:

1. The solution of this paper is degenerated and compared with the existing solution.
It shows that the degenerate solution is in good agreement with the existing solution,
which proves that the solution of this paper is reasonable. When the Poisson’s ratio of
soil is less than 0.3, ignoring the vertical displacement and vertical stress are close to
the more rigorous solution in this paper. When the Poisson’s ratio of soil is greater than
0.3, the solution of ignoring vertical displacement increases rapidly. When the Poisson’s
ratio of the soil tends to 0.5, ignoring the vertical displacement solution cannot be used
as a reference.

2. When the excitation frequency is low, the earth pressure on the wall and the displacement
amplitude of the wall are mainly controlled by the soil near the wall. When the excitation
frequency is high, the influence of the far-field soil on the earth pressure and the
displacement of the wall gradually increases, and its influence cannot be ignored.

3. Wall displacement, wall soil pressure, wall bottom internal force and its amplification
coeflicient are highly correlated with the relative flexibility coefficient of the wall. With
the increase of the relative flexibility coefficient of the wall, the wall displacement and
the amplification coefficient of the internal force of the wall bottom increase, the earth
pressure on the wall decreases, and the shear force of the wall bottom decreases with the
increase of the relative flexibility coefficient of the wall except the first order resonance
frequency.

4. The shear force and bending moment at the bottom of the wall can be approximately
expressed by the first two vibration modes.

At present, the research on the dynamic response of retaining walls under earthquake
mainly focuses on analytical research, and the main contribution of this study is to obtain
a more rigorous analytical solution. However, the actual seismic waves are not simple
harmonics, so the research in this study cannot be directly used in engineering practice. In
the future, a variety of seismic waves will be considered as input waves to carry out a more
intuitive study on dynamic response of retaining wall which can directly reflect seismic
wave.
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