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Abstract: Based on the continuous medium model and the pile-soil interaction, the horizontal seismic response of a single pile
subjected to vertically propagating S waves was investigated by regarding the single pile as a one-dimensional linearly elastic beam.
The time-harmonic displacement of bedrock was introduced as the vertically propagating S waves, and the horizontal dynamic
impedance function of the soil was derived by the governing equations of the plane strain model. Analytical solutions for the seismic
response of the single pile subjected to vertically propagating S waves were obtained by subsuming soil impedance into the governing
equation of the single pile and considering the boundary conditions at pile top and toe. The solution was verified by comparing it to
the results of existing studies. Furthermore, as pile-soil modulus ratio increases, the minimum value of the kinematic response factor
decreases. The kinematic response factor is not particularly sensitive to the large pile slenderness ratio and the soil material damping.
For the horizontal amplification factor at the pile top, the increase of the pile-soil modulus ratio only suppresses the amplification at
high resonance frequency, and the large pile slenderness ratio has the trivial effect on it. As the soil material damping increases, the
amplification at resonance frequency gets considerably suppressed. The seismic response of the pile is obviously affected by the
pile-soil modulus ratio only when the pile slenderness ratio is small, and it decreases with the increase of the pile-soil modulus ratio.

Keywords: S waves; pile foundation; seismic response; analytical solution

1 Introduction

Pile foundations are extensively employed in
various engineering projects because of their high
bearing capacity, high stability, small settlement, and
good flexibility to varying geological and load
conditions. In current seismic designs of buildings, the
motion form of building foundations is considered to
be consistent with that of the surrounding free field
during earthquakes, which is conservative under certain
static situations. However, oceans of engineering practices
and studies!'# demonstrate that the displacements of
the pile foundation and the surrounding soil are
inconsistent during earthquakes. During an earthquake,
the pile foundation vibrates due to the soil layer
movement, while the soil movement is conversely
affected by the pile vibration. This dynamic response
of the pile under the earthquake is called the kinematic
pile—soil interaction, and it has a substantial impact on
the seismic analysis and design of the pile foundation
and superstructure. The dynamic response of the pile
is crucial to the dynamic response of the foundation—
superstructure system under the earthquake excitation,
and its precision directly influences the seismic design
accuracy of the superstructure. Therefore, the pile—soil
interaction should be fully considered while investigating
the seismic capacity of the superstructure.

Once an earthquake is caused, the vibration generated
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from the dislocation and fracture of underground rock
masses propagates outward from the focus as seismic
waves, and the energy carried by the seismic waves is
dominantly transmitted in the form of elastic waves.
The elastic wave travelling underground is predominantly
a transverse wave (shear wave or S wave), while the
elastic wave travelling along the ground surface is
primarily a Rayleigh wave. The elastic waves propagate
from the soil to the pile foundation, and then from the
pile foundation to the superstructure, causing the
vibration of the superstructure. The existing research
on the seismic response of pile foundations focuses on
the kinematic pile—soil interaction under S waves, which
has been completed using numerical simulations,
model tests, and analytical approaches. The used
numerical approaches consist of the finite element
method®®! and the boundary element method!!*!'!],
Shen et al.l'?! analyzed the seismic response of an
ultra-deep pile foundation by the three-dimensional
finite element method. Li et al.l'¥! investigated the
influence of soil nonlinearity on the horizontal seismic
response of a single pile using a finite element model
of the single pile—foundation soil system. Kaynial'¥
compared the dynamic responses of the pile foundation
to different incident waves based on the boundary
element method. Sen et al.l'¥] Senm et al.l'®l and
Davies et al.l'”! adopted the boundary element method
to examine the vertical and horizontal vibrations of the
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single pile and pile group. Chen et al.'®! explored the
horizontal seismic response of pile group foundations
using a simplified boundary element model of
kinematic pile—soil interactions. In addition, Feng et
al." studied the horizontal bearing capacity of a high
pile group foundation in soft soil through the physical
model test and three-dimensional finite element
method. Wu et al.?") investigated the seismic response
of piles in coral sand through a shaking table test.
Although the finite element method and the boundary
element method can solve the problems involving
complex structures and soil layering, their boundary
treatments are inconvenient, their computation resource
consumptions are always enormous, and seismic
resistance mechanisms of the pile foundation are only
partially illustrated by them. Most of the available
analytical approaches are based on the dynamic Winkler
(BDWF) model assumption?! 24! and utilize a series of
Winkler springs and damping to simulate the effects of
soil surrounding the pile.

Based on the continuum theory and the plane
strain model, an analytical expression for the complex
dynamic impedance of the soil was deduced through
the established soil model and was then substituted
into the motion equation of the single pile to obtain the
analytical solution for the horizontal seismic response
of the single pile subjected to vertically incident S
waves. The analytical solution was confirmed by
comparing it to existing theoretical and finite element
findings. Furthermore, the influence of the principal
pile—soil system parameters on the horizontal seismic
response of the single pile was quantified.

2 Definite solution problem

In the calculation sketch presented in Fig. 1, a
single pile with a length of H and a diameter of D is
buried in the homogeneous viscoelastic soil layer
sitting on the rigid bedrock. A simple harmonic
horizontal vibration ugei“” is applied to the bedrock
to model vertically incident S waves, where u, is the
horizontal vibration amplitude of the bedrock under
the earthquake, @ is the frequency of the seismic
wave, and ¢ is the time. Based on Novak's plane strain
assumption, the soil is treated as an independent
infinite thin layer, disregarding the vertical normal
stress gradient and assuming perfect contact between
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Fig.1 Conceptual model of pile-soil system
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the pile and the soil!® %), In Fig. 1, A and G are the
Lame constants of the elastic medium, £ is the
hysteretic damping of the soil, p, is the soil density,
and v, is Poisson's ratio of the soil. For simplicity,
the time component e is omitted in the following
derivation.
2.1 Solution for dynamic impedance function of soil
The cylindrical coordinate system attached to the
pile is shown in Fig. 2.

~—1]—
z

Fig.2 Cylindrical coordinate system of pile

According to the -elastodynamics theory, the
simplified motion equation for the soil is established:
* . .0e G (. ou
GVu +(A' +G)———|2—L+u, |=—po’u
A ARG, 1’2( 20 ) et

(D

. . s 0 G ou
GVu,+(A" +G )@—r—z(uf,—z aé)z—psa)zug

2
where A~ and G~ are the complex Lame constants
of the soil, A" =A(1+2if), G =G(1+2ip); u
and u, are the radial and tangential displacements of

”

. .. 0
the soil; the volume strain is e= oy

o8 1o 1 &
=t ——.
o’ ror 1 o6’

The absolute displacement of the soil subjected to
the seismic waves is expressed as the superposition of
the free field displacement and the soil displacement
relative to the free field displacement:

V2

u, =u. +uycos6 (3)
Uy = Uy — g Sin @ 4

where u. and u, are the radial and tangential soil
displacements relative to the free field soil displace-

cos(yz)
¢ cos(yH)

free field displacement®; and y =./p.@’ / G .
Equations (3) and (4) are substituted into Eqs. (1)

and (2), and the differential transformation %+
r

ment under seismic waves; uy =u is the
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W,
0

r r

is performed to produce

(A" +2G")WV’e + pw’e =0 (5

Ou. u. Ou,
+—L4+—Ll =,
rr rod
e =R (r)cD (9) is substituted into Eq. (5) to get
(1), R (), @(0) }MZO

R" JrR’ N
R(r) rR(r) rch(H)

where e =

(A" +2G")

(6)

Equation (6) can be decomposed into the
following ordinary differential equations:

R(r) R() m* _

——= D
R(r) rR(r) r° N
@'(0) =-m’ (8)
@ (0)
2
where q12=—*ps—w*.
A +2G

The general solutions for Eqs. (7) and (8) are as
follows:

R(r)=A4K, (qr)+B]1,(qr) 9

@ (0) =C, sin(mb)+ D, cos(m8) (10)

where 7, ( ) and K, ( ) are Bessel functions of
the first and the second types of order m; and 4,, B,,
C,,and D, are undetermined coefficients.

The boundary condition of the soil at radial
infinity[®®! is

T

=0 D

T
u r—o _uB r—o

When the Bessel function of the first type is utilized,
B, =0 is obtained.

The boundary condition at the pile—soil interface is
U, |, =u,cos0, u,|, . =—u,sind 12
where the pile radius is r,=D/2; and u_ is the
horizontal displacement of the pile under the
earthquake.

When the volumetric strain e is considered as the
even function of 9?2, C =0 and m=1 are
obtained, and the following result is derived:

e' = 4K, (q,r)cosd (13)

For simplicity, u, and u, can be expressed in
the following forms!?*3%);

u.(r,@)=1u.(r)cos@
u,(r,0)=u,(r)sin @

(14
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Equations (13) and (14) are substituted into Eqgs. (1)
and (2), and the addition and subtraction of the
resultant equations are conducted to return

(00 o 4 2 LG
G| —+——-5|U+poU=(1 +G)A4qK,(qr)
or- ror r )

(15

2
G {a_z + ijV + pssz = (ﬂ* + G*)AlqlKO(qlr)
or-  ror
(16)
where U=u'+u, and V =u —iu,.
The solutions for Eqs. (15) and (16) are easily
determined using the variable separation method:

U=yAK,(qr)+ 4K, (q,r) an
V=yAK,(qr)+ 4K,(q,r) (18)
2 * %
where ¢; :_psa: V= (/} 2+G )(]12 ; and 4, and
G G g +po

4, are undetermined coefficients. According to the
definition of volume strain, the following result is got:

A, =-4, (19
Asaresult, u, and wu, can be stated as

‘= [7 4 Kalan+Klan) |\ Ky(gr) —K0<qzr)]
2 2

cos @+ u cos@

(200
u, :l:yAl Kz(qlr)_Ko(qlr) +A2 Kz(er)+Ko(Q2r):l_
2 2
sin @ —u sin 0
Q2D

According to the continuity conditions at the
pile—soil interface, the following result is obtained:

4, =54, (22)

e K, (q:%)

K,(9,%)

According to the stress—strain relationship, the
normal stress o, of the soil is

ou,

where 0 =

» Ou,

0, =(2"+2G") S+ 2" 4 (23)
or r 70
The shear stress 7,, is
1, =G0 P gl (24)
r 06 or r

Substituting Egs. (20) and (21) into Eqgs. (23) and
(24) leads to

o, =4 [(1 +2G")K, (q,7) -

ZG*;/—K2 (rq,r) - ZG*é‘—K2 (rqzi”) cosd

(25)
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r,=-G 4 [27@ + EQ; =—x’N, cos(xz) + K’ N, sin(kz) + K° N, -
K, (4r) (26) nr 5 sinh(q.2)
i cosh(xz) + i° N, sinh(xz) + cu, L2300 D2)
2522127 - +6¢,K, (g, )}sm@ (x2) 4 sinh(xz) + Qu, cosh(g,H)
The horizontal resistance f of the soil to the (34)

pile®® can be written as
f=5 140 =
— Ty 4, [(ﬂ“* + ZG*)Kl(‘h’b) + 5G*Q2K1 (qzro):|
QD

The horizontal complex dynamic impedance K
of the soil along the pile can then be calculated as

P

r=r,0=0 - uff

—nD[ (A" +2G)K, () + 0G 0,K (4,77 ]

7[K2 (qir) + Ko(%”o)] + 5[K2 (g,1,) - Ko(%”o)]
(28)

uV

2.2 Solution for governing equations of pile
Considering the stress balance of the pile, the
dynamic governing equation of the pile is
8414
EJI,— . > ppApa)u +K(u, —uz)=0 (29
where E is the elastic modulus of the pile; /7, is
the inertia moment of the pile section; p, is the
density of the pile; and A4, is the area of the pile
section.

Both sides of Eq. (29) are adjusted to obtain

= —K'u, =Luff 30
dz El

oAt —K /4
where x = (Lj

E pl p
The solution for Eq. (30) is

u, = N,sin(kz) + N, cos(kz) + N, sinh(xz) +

3D
N, cosh(xz) + Suy
where N, — N, are undetermined coefficients and
K
(=
oo (4 — ")

The rotation angle ¢p , bending moment M, and
shear force Q of the pile can be written as

¢, =Kk N, cos(kz) — kN, sin(xz) + kN, cosh(xz) +

kN, sinh(xz) +Cu, 42 5inh(¢,7) (32)
cosh(q,H)
=’ N, sin(kz) — K’ N, cos(kz) + k°N, -
Eplp

2
sinh(xz) + K* N, cosh(xz) + Su, 4, cosh(g,2)
cosh(q,H)

(33)
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The solutions for the pile response under arbitrary
boundary conditions can be collected from Egs. (31)
to (34). The following typical boundary conditions at
the pile top and bottom are considered'**!

Free pile top:
(35)

Fixed pile top:

3.0 (36)
Free pile bottom:

M| _y=0, Oy|..y=0 (37
Fixed pile bottom:

Uy ey=ty, #|..y=0 (38)

Equations (31) to (34) are substituted into the
above different boundary conditions at the pile top and
bottom, yielding a system of linear equations with 4
variables. The displacement and stress of the pile can
be given by solving the system of linear equations.

The kinematic pile-soil response factor 7, 19 is
defined as

_ “p(O)‘
b ug (0)

3 Verification and parameter analysis

(39

The derived analytical solutions are attained by
programming in Mathematica or Matlab software, and
the horizontal seismic response of the single pile under
any boundary condition at the pile top and bottom can
be calculated quickly. First, the results calculated
using the derived solution are verified in comparison
with the calculation results based on the Winkler
foundation model of Anoyatis et al.??], the modified
Vlasov model of Liu et al.”’l, and the finite element
results of Gazetas®!. Then, the effects of the pile—soil
modulus ratio, pile slenderness ratio, and soil damping
on the kinematic pile—soil response factor, horizontal
amplification factor at the pile top, and pile displace-
ment and strain are explored based on the derived
analytical solutions, and the variation law of the
horizontal dynamic impedance of the soil is examined.
Unless particular descriptions are presented, the
boundary conditions of free pile top and fixed pile
bottom are employed in the following analysis. The
calculation parameters are: H /D =20, v,=04, f=
0.05, and p,/p,= 0.7, where E  is the elastic
modulus of the soil. The dimensionless frequency
ay,=wD/V, is used in the calculation, where V, =
\JG/p, isthe S wave velocity of the soil.

Figures 3 and 4 display the kinematic response
factor calculated with the present solution compared to
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the analytical findings of Anoyatis et al.”??! and Liu et
al.>® and the FEM results of Gazetas?.. For the results
displayed in Fig. 3, the boundary conditions of free pile
top and bottom are specified in the present solution,
which is consistent with those of Anoyatis et al.*?! and
Liu et al.®l. For the results displayed in Fig. 4, the
boundary conditions of fixed pile bottom and free pile
top are determined in the present solution, which is
consistent with those of Gazetas!®, and the pile and
soil parameters highlighted in the figure are picked
from the model C (homogeneous soil) of Gazetasl,
where f, is the first resonance frequency of the soil
layer. As shown in Figs. 3 and 4, the present solution
agrees well with the existing results, which verifies the
correctness of the present solution.

1.4r
1.2
1.0
0.8
0.6

I

—— Present solution

04r ___ Anoyatis et al.[2?]

02+ ——Liuetal®]

00 . . . . )
0.0 0.1 0.2 0.3 0.4 0.5

ay

Fig.3 Comparison of kinematic response factor calculated
with present solution against results of Anoyatis et al.[?2
and Liu et al.[?!

1471

12
M

1o v, =04 ° oo

=08 H/D=40
0.6 | E,/E,=50000
04 . B =005
— Present solution

02 |F o Gazetas® o,/ p,=16

0.0 L L L )
0 1 2 3 4

f1h

Fig.4 Comparison of kinematic response factor calculated
with present solution against FEM results of Gazetas!

3.1 Kinematic pile-soil response factor

The existing findings'® 3! indicate that there are
two critical frequencies a,, and a, for the kinematic
pile—soil response factor. The curves of kinematic
response factor [/, with frequency are separated into
three distinct regions, as depicted in Fig. 5.

(1) Within the low-frequency region (0 < a, < a,, ),
I, ~1 implies that the pile and soil deformations are
identical, and the kinematic pile—soil interaction can
be neglected. In this region, the existence of the pile is
irrelevant to the seismic response of the superstructure
in the pile—soil system.

(2) Within the medium frequency region
(ay <a,<agy), I, declines rapidly with the increase
of the frequency, indicating that the incompatibility
and kinematic interaction between the pile and the soil

Published by Rock and Soil Mechanics, 2023

rise progressively. Due to the presence of the pile, the
seismic wave energy reaching the superstructure in the
pile—soil system is weakened.

(3) Within the relatively high-frequency region
(a,>ay, ), I, fluctuates in a low-value range of
about 0.2-0.4, indicating the strongest kinematic
pile—soil interaction occurs, and the seismic wave
energy reaching the superstructure in the pile—soil
system is greatly reduced due to the existence of the
pile.

0.0 iz e, I

Fig.5 Curves of kinematic response factor versus
dimensionless frequency!®

Figure 6 presents the variations of the kinematic
pile—soil response factor with the dimensionless
frequency under four different boundary conditions at
the pile top and bottom described in Egs. (35) to (38).
As shown in Fig. 6, the boundary condition at the pile
bottom has little influence on the kinematic pile—soil
response factor, while the boundary condition at the
pile top has a significant influence. The two critical
frequencies a, and a;, under the fixed pile top
condition are significantly less than those under the
free pile top condition, and the kinematic pile—soil
response factor under the fixed pile top condition is
significantly less than that under the free pile top
condition, indicating that the seismic wave energy
transmitted to the upper part of the pile with fixed pile
top is significantly less than that with free pile top.

L6r —o— Free pile top, free pile bottom
14 F —o— Free pile top, fixed pile bottom
—— Fixed pile top, free pile bottom

1.2 A\.—— Fixed pile top, fixed pile bottom
1.0 p=

~ 0.8
0.6
0.4

0.2

Fig.6 Variation of kinematic response factor with
dimensionless frequency under different boundary
conditions at pile top and toe

The variations of the kinematic pile—soil response
factor calculated using the derived solution with the
modulus ratio E,/E, for different pile slenderness
ratios are shown in Fig. 7. When H /D =5 the first
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critical frequency a, is in a very low-frequency
range for any E_ /E_, as shown in Fig. 7 (a). When
E,/E, is as low as 1 000, the kinematic pile—soil
response factor remains over 0.9, indicating that the
seismic wave energy reaching the pile top cannot be
filtered for piles with low modulus when 0<a,<0.5.
As E,/E_ increases to a higher value, the second
critical frequency a, decreases and the minimum
I, gradually decreases to about 0.2 due to the
enhanced kinematic pile—soil interaction. In the
frequency region a,>a,,, I, shows a rising trend,
indicating that strong high-frequency ground motions
cannot be effectively mitigated when H /D= 5.
When H /D =40, the first critical frequency a,, is
more than 0.1 because the kinematic pile—soil interaction
cannot play an effective role at low frequencies when
the pile flexibility is greater, as shown in Fig. 7 (b).
With the increase of E_ /E , the first critical
frequency a,, decreases, and the lowest 7/, and the
second critical frequency a, decrease, indicating
that the high-frequency ground motion reaching the
pile top can be effectively filtered when H / D = 40.

Wr——
NS
08 NG
20
N
06 |
= — E,/E,=1000">
04 [---E,/E =2500
——E,/E, =5000
02 [~ E | E, =10 000
0.0 s s s s .
0.0 0.1 0.2 0.3 0.4 0.5
aO
(@H/D=5
14 —E,/E, =500
ol —E,/E, =1000
| 2 —E,/ E,=5000
1.0 —E, / E, =10 000

08} :
0.6 N
04 f N <

I
Ve

0.0 L 1 L L 1 L L L Ly
0.0 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0
a

0
(b)H/D=40
Fig. 7 Influence of pile-soil modulus ratio E,/E, on
kinematic response factor

Figure 8 displays the variations of the kinematic
pile—soil response factor in the frequency domain
calculated using the derived solution for different
slenderness ratios when £ /E =10 000 and E,/
E =1 000. When E /E =10 000, the two critical
frequencies a,, and a, increase with the increasing
pile slenderness ratio H /D . When H /D reaches
a higher value ( H / D=20), the variation of [, with
H /D canbeignored. When E_ /E =1000, H/D

https://rocksoilmech.researchcommons.org/journal/vol44/iss2/1
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has little effect on the /, curves except for H /D =
5.

14T

12| Lo e,

1o p=<o N
08t

L

06— H/D=5
|~~~ H/D=10
04F—-H/D=20
......... Tz a0
02

0.0 L 1 L 1 )

Lar
1.2F L ~
1.0
0.8

L

06F — H/D=5

) ---H/D=10

04F ——H/D=20

AT e H/D=140 .
021

0.0

(b) E, / E, = 1000
Fig.8 Influence of pile slenderness ratio on kinematic
response factor

The variations of [, with the dimensionless
frequency for three different soil damping f when
E,/E,=10000and E,/E = 1000 are given in Fig. 9.
As indicated in Fig. 9, the influence of the soil
damping £ on the first and second critical frequencies is
not significant under varied pile—soil modulus ratios.
3.2 Horizontal seismic amplification factor at pile

top

In addition to the kinematic pile—soil response
factor [, the horizontal seismic amplification factor
at the pile top A4, , or the ratio of the horizontal
displacement at the pile top to the bedrock displace-
ment, is introduced:

1,(0)

Uy

A, = (40)

The variations of the horizontal seismic amplifica-
tion factor at the pile top with the dimensionless
frequency for different E /E  and H/D are
depicted in Figs. 10 and 11. As seen in Fig. 10, there
are resonance frequencies for the curves of the
horizontal seismic amplification factor at the pile top,
and the horizontal seismic amplification factor at the
pile top reaches its maximum at the first resonance
frequency. These resonance frequencies in Fig. 10
correspond to the natural frequency of the soil
layer'®!;
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o, - V.2n-Dn
2H
where 7 is the positive integer.
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Fig.9 Influence of soil damping on kinematic response
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Fig. 10 Influence of pile-soil modulus ratio E,/E, on
horizontal amplification factor at pile top

As illustrated in Fig. 10, the horizontal seismic
amplification factor at the pile top corresponding to
the resonance frequency decreases with the increasing
pile-soil modulus ratio E /E  when H/D=5.

Published by Rock and Soil Mechanics, 2023

When H /D =40, the increase of E_ /E_ has little
effect on the amplification factor at the first several
resonant frequencies, while the increase of E_/E_ at
the high frequency causes the decrease of the
horizontal seismic amplification factor at the pile top
corresponding to the resonance frequencies. As
illustrated in Fig. 11, H /D mainly affects the
resonance frequency. As demonstrated in Eq. (41), the
resonance frequency is closely related to the pile
length. Except for H /D =5, the influence of H /D
on the resonance amplitude of the horizontal seismic
amplification factor at the pile top is not obvious.

14

B — W
SoO

Au

(b) E, / E, = 1000
Fig. 11 Influence of pile slenderness ratio H/D on
horizontal amplification factor at pile top

The effect of the soil damping on the horizontal
seismic amplification factor at the pile top is displayed
in Fig. 12. As the soil damping rises, more seismic
vibration energy is absorbed by the soil, and the
horizontal seismic amplification factor at the pile top
corresponding to the resonance frequency is greatly
suppressed.

30

0
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 12 Influence of soil damping on horizontal
amplification factor at pile top
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3.3 Pile displacement and strain

Figures 13 and 14 describe the influence of the
pile—soil modulus ratio £ /E, at the resonance
frequency of the first soil layer o, (0,=Vr/2H)
on the horizontal displacement, rotation angle, bending
strain, and shear strain of the pile when H/D=5 and
H/D=40.

When H/D=5, all dynamic responses are significantly
reduced with the increase of E /E . When H/D=40,
the change of E /E has little effect on the horizontal
displacement of the pile, while the rotation angle,
bending strain, and shear strain slightly decrease as
E,/E, grows, but their effects are considerably less
than those of the pile with a small slenderness ratio.

0o 2 4 6 8 10 12

00 I 1
L
02 iy
i
04F _;"/

z i z
wo | i) f—E E=1000 "
06 ———E /E =2500

——E,/E,=5000
0.8} - E,/E =10000

1.0

(a) Variation of horizontal displacement

Du /u,

2. "
Duy /u,

1.5 2.0

0.0 05 1.0 1.5 2.0 25 3.0 3.5
0.0

(b) Variation of rotation angle

=
N

1.0
(c) Variation of bending strain

D’u)/u,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.4

0.6

(d) Variation of shear strain

Fig. 13 Variations of horizontal displacement, rotation angle, bending strain, and shear strain with pile—soil modulus ratio
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E,/E, (a=a, H/D=40)

4 Conclusion

Based on the plane strain model, a simplified
analytical solution for the horizontal seismic response
of the single pile to vertically incident S waves was
derived considering the pile—soil interaction. It is
worth noting that the derived analytical solution is
simply the elastic solution compared to the finite
element findings, which cannot consider the plastic
deformation of the pile and soil, as well as the
complex pile section and foundation layering. The
derived analytical solution has the benefits of avoiding
complex modeling and lengthy computation. Based on
the derived analytical solution, the horizontal seismic
response of the single pile in homogeneous soil was
investigated, and the following conclusions are
obtained:

(1) When the pile slenderness ratio is low, the
kinematic pile—soil interaction begins at a very low

https://rocksoilmech.researchcommons.org/journal/vol44/iss2/1
DOI: 10.16285/j.rsm.2022.5403

frequency, but the kinematic pile—soil response factor
always keeps high. When the pile—soil modulus is
relatively small, the second critical frequency is quite
high, and it decreases with increasing the relative
stiffness of the pile. However, within the frequency
range greater than the second critical frequency, I,
increases and reaches a larger value, indicating that the
high-frequency vibration cannot be effectively mitigated
for small pile slenderness ratios. When the pile
slenderness ratio is large, the first critical frequency is
higher, and the first and second critical frequencies
and the kinematic pile—soil response factor decrease as
the relative rigidity of the pile increases, indicating
that the high-frequency vibration reaching the pile top
can be effectively filtered out by increasing the
slenderness ratio.

(2) When the pile—soil modulus ratio is relatively
large, the first and second critical frequencies of the
kinematic pile—soil response factor rise as the slender-
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ness ratio increases. When the slenderness ratio
reaches a critical threshold, the kinematic pile—soil
response factor curves do not change with the
slenderness ratio. When the pile stiffness is small, the
slenderness ratio has little effect on the kinematic
pile—soil response factor except for the minimum
slenderness ratio.

(3) The horizontal seismic amplification factor at
the single pile top exhibits resonance phenomena at
the resonance frequency of the soil layer, with the
resonance effect being the most significant at the first
resonance frequency. When the pile slenderness ratio
is small, the horizontal seismic amplification factor at
the pile top corresponding to the resonance frequency
decreases with the increasing relative stiffness of the
pile. However, when the pile slenderness ratio
increases, the increase of the relative stiffness of the
pile has little effect on the amplification factor at the
first several resonance frequencies, and the increase of
the relative stiffness of the pile at the high frequency
reduces the horizontal seismic amplification factor at
the resonance frequencies. The pile slenderness ratio
mainly affects the resonance frequency, but has no
obvious effect on the resonance amplitude of the
horizontal seismic amplification factor at the pile top.

(4) The first critical frequency of the kinematic
pile—soil response factor increases with the increase of
the soil damping, whereas the resonance amplitude of
the horizontal seismic amplification factor at the pile
top obviously decreases.

(5) When the pile slenderness ratio is low, the
horizontal displacement, rotation angle, bending strain,
and shear strain of the pile decrease obviously as the
relative rigidity of the pile increases. For piles with a
large slenderness ratio, increasing the relative stiffness
of the pile only slightly affects the displacement and
strain at the pile bottom, and has little effect on the
upper part of the pile.
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