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culation for group of square piles. Firstly, dynamic responses of the single pile-
soil system are derived on the basis of Hamilton’s energy principle and variation
analysis. Then, the effects of square cross section on the pile-soil interaction are
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ulation. The vertical soil vibration around a square pile is found to be dependent
on wave propagation directions in the near field (two times less than the side
length of square pile). As the radial distance off pile axis increases, the soil vibra-
tion tends to be independent on propagation directions. Through superposition
principle, the dynamic impedance of square pile group is calculated. This study
could provide a reference to the problems with how the non-circular piles inter-
play with soil on vibration.

KEYWORDS
interaction factor, soil attenuation, square piles, superposition principle, variation analysis, ver-
tical dynamic impedance

1 | INTRODUCTION

Pile foundations are often subjected to dynamic loads such as vibrating machines, traffic vehicles, earthquakes, wind, and
etc.''° The complex dynamic impedance of a pile shaft is defined by the ratio of the external dynamic load acting on the
pile head to the induced displacement, which is a critical physical quality estimation of its dynamic performances.''?
The real part of the dynamic impedance reflects the corresponding foundation stiffness under various frequencies and
the imaginary part indicates the energy dissipation in a mechanical system.

Three types of method considering dynamic vertical pile-soil interaction generally are usually retained: Voigt model,"
plane strain model,'*""> and continuum-based model.'®"° The concept of Voigt model simplifies the effects of soil on the
pile as a series of discrete springs and viscous damping. Estimating the pile responses is convenient using Voigt model, but
the mechanical coefficients of spring and damping are often empirical and puzzling since their values are independent
with the soil properties. The plane strain model ignores the vertical variation of soil stress and thus usually overestimates
the dynamic stiffness of piles at the low frequency range. Generally, a continuum model can give a relatively accurate
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Wave propagation along various directions

Pile cap

(A) Group of square piles (B) Interaction between soil and a single square pile

FIGURE 1 [Illustration of vertically loaded square piles in a homogenous soil and resting on a rigid base

description for the pile-soil interaction by solving analytically the coupling vibration of pile and soil. Many researchers
have adopted this type of model to capture the dynamic response of the circular or pipe piles.?’~%°

For the case of pile group, calculating the dynamic impedance of pile group is generally based on the superposition
method, which is originally proposed for the static problem and afterwards applied to dynamic problems by Dobry and
Gazeta,”’ Gazetas and Makis,”® Wang et al.,”” Luan et al.’** The recent studies®"** have proved the efficiency of super-
position method using appropriate interaction factors through finite element simulation. According to the superposition
method, three steps are required: (1) calculating the dynamic impedance of single piles; (2) estimating the dynamic pile-
soil-pile interaction and obtaining the dynamic interaction factor that equal the head displacement ratio between the
loaded (“source”) pile and the non-loaded (“receiver”) pile; (3) employing the superposition principle and establishing
the total matrix equation for the dynamic impedance of pile group. However, the traditional analytical solving process
becomes considerably complicated when the boundary of soil domain is inclined*~*> or a non-circular shape of cross
section is designed for piles. Practically, concrete piles with square cross section are often used especially when they are
prefabricated.***' The dynamic interaction between soil and square piles in a group may not conform to the same rule
with that in a circular pile group.

The objective of this study is to examine the effects of square cross section on the vertical dynamic soil-pile interaction.
The pile tip condition is considered as end-bearing for sake of simplification. Variation principle is employed to derive the
governing equations for a single square pile. The displacement field is formulated by the product of pile displacement and
two decay functions of so0il.*>** The required soil parameters to reach a solution are obtained by an iterative algorithm.
According to the results, the effects of square cross section on the complex dynamic impedance and the soil attenuation
factor are explored. Further, numerical simulation is carried out to validate and to correct the results from analytical
solution to soil attenuation factor. Finally, an approximate method is proposed for the vertical dynamic impedance of
square piles in group with the aid of superposition principle.

2 | PROBLEM STATEMENT AND THEORETICAL FRAMEWORK

The problem of interest is the harmonically oscillating square piles installed in a soil layer overlying a rigid bearing layer as
illustrated in Figure 1. The pile is routinely considered as a linear elastic shaft with width 2a, height 2b, length L, cross sec-
tion area A = 4ab, Mass density p,,, and Young’s modulusE,,. The soil layer is considered as a homogeneous, isotropic, and
linear viscoelastic body with Young’s modulus E, Poisson’s ratio of vy, shear modulus G5 = E/[2(1 + vg], density pg, and
hysteretic damping ratio §,. Complex elastic modulus E; = E;(1 + 2if3,), complex shear modulus G; = E; /[2(1 + vy)],
and the Lame’s constant A, = EJvg/[(1 + vg)(1 — 20,)] are introduced for the soil to simplify the formulation. The pile
head is subjected to a harmonic vertical force F(t) = F,e'®!, where F,, denotes forcing amplitude, w represents the excita-
tion frequency, t denotes time and i is the imaginary unit. The pile-soil system is modeled as a continuum and no slippage
or separation at soil-pile interfaces is considered.

2.1 | Displacement model for single square pile

Under the vertical excitation, the horizontal displacement u, and uy of a pile-soil system is trivial and is thus neglected in
this study. The vertical displacement u,, is expressed as:

uy(x, ¥, 2, 1) = up(z, )$(0)p(y) ey
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where u,(z, t)is the time-domain vertical displacement of a pile shaft, ¢(x) andg(y)are dimensionless decay functions that
are introduced to estimate vibration attenuation in the horizontal direction x and y, respectively. Hence, soil attenuation
factor $(x, y)at the concerning position with coordinate (x, y) is the product of ¢(x)and ¢(y). The inherent boundary
conditions for ¢(x) and ¢(y) can be written as:

l,-a<x<a
¢(x)—{ 0. — 400 (22)

_f1L-b<y<b
<o(y)—{ 0y — +oo (2b)

Assume that the load at pile head is denoted by P. Then the dynamic impedance k4 of single pile can be expressed by:

F
ka= o 20)
Z

For the sake of clarity, detailed deduction for k4 is put on Section 3 on the basis of Hamilton’s energy principle and
variation analysis.

2.2 | Describing pile-to-pile interaction

The interaction between the loaded pile and receiver pile can be expressed in the form of displacement as following:
a=p(x,y)§ ®3)

where ais the interaction factor that quantitively describe the pile-to-pile interaction; 1 (x, y)represents the soil attenuation
factor;¢ denotes the diffraction factor which accounts for the wave diffraction effects in the presence of receiver piles,>**
and its value for the case of end-bearing piles in horizontal ground can be calculated through:

ks—ppAcw?

2L
kq EpA

= 1-—
2(ky—pp,Aw? _
( s—Pp ) Sil’lh(2L ks ppsz)
\  Ea

where kg represents the dynamic soil resistance acting on pile shaft.

§

€]

2.3 | Solving the dynamic impedance of pile group

Here we consider the case that the pile cap is right above the ground level and thus no direct stress transfer occurs between
the pile cap and soil. With the aid of superposition method, the governing matrix equation for the M identical square piles
that are connected through a no-mass rigid cap is written as:

0 1 1 .. 1 |[ug22] (Fo
-1 B Bz - Bim P, 0
-18n 1 .. B P, (=470 ®)
=1 Bu1 Buz - Bum Py 0

where ug denotes the vertical displacement of the cap; F; denote the load acting on the head of pile i and Fg is the external
force acting on the cap; the coefficient B;; can be calculated as following:

Epdp

=% 6
Bij kJLOfJ (6)

d
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where de denotes the dynamic impedance of pile j; a;; equals the vertical displacement of the unloaded pile i when the

loaded pile j undergoes a unit displacement. The interaction factor a;; should equals a;; for identical circular piles. How-

ever, for square piles, the rationality of that equation a;; = aj; remains further study, which will be done in Section 5.
Once Equation (6) is solved, the dynamic impedance for a group of square piles can be expressed by:

kg = Fg/ug @)

3 | ANALYTICAL SOLUTIONS TO VIBRATION RESPONSES OF SINGLE SQUARE PILES
3.1 | Energy formations and Hamilton’s principle

From the displacement model for individual square piles in Section 2.1, the non-zero stress and strain components in soil
field can be written as:

€2z [ —0ou,/dz
Vxz - (auz/ax) /2
yyz — - (auz/ay) /2 (8)
Oz —(Ag + 2G¥)0u,/dz
Tyy —2G¥ (0u,/dx)
_Tyz_ _2G: (auz/ay)

In a soil-pile system undergoing vertical wave excitation, the involved total energy includes the kinetic energy (T), the
potential energy (U) and the work (W) defined by external forces. These energy components are given by the following:

L
1 2.2
r- /5 <at)d“///zps¢ () o ©
0

L 2

U= 1EA % d +l ( + + ) dQ (10)
= 5Ep 3z z 2 O2282z T TxzVxz T Tyzlyz
0 Qo

W = Fup’zz0 an

where the first terms in Equation (9) and Equation (10) represent the energy stored in the pile, and the second term
represents the energy in the soil domain Q.

According to Hamilton’s principle, the energy function R from initial time ¢, to final time ¢, of a soil-pile system gets
the minimal value at the equilibrium state, which yields:

OR = /(5T —0U+6W)dt =0 (12)

where § is the variational operator.
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Note that the vertical vibration response of a square pile is symmetric with respect to both x axis and y axis. Therefore,
Equation (12) can be expressed as:

t, a +o
5§R:—ppA/f5( )dzdt+2ps]/ / 5{452 }(%2) }dxdydt
t) +o0 +oo 5 t, © b
+205 [ [ / 5{¢2 2( “P) }dxdydt+2psfff {¢2 2 }dxdydt
ty a ty a 0
1) L ty L o0 o0
—BAf [5(52) dzdt—Z/ffch[(/l +269) (£ ) PP + G ( ) @+ Giud( 22 ) ¢2(x)]dxdydzdt
2 0 fL0ab
tp Lo b d
2f[])s [(/1 +269) (4 ) PP + G ) +oi(E) ¢2(x)]dxdydzdt
t7 0 a0
ty L a oo
2/ []]5 [(/1 +269) (4 ) PP + G ) 92 +Glu 2(“) ¢2(x)] dxdydzdt—/Féup oo dt
ty 0 0 b
=0
(13)
3.2 | Governing equations of pile vibration

Collecting the coefficients of Su,from the variational analysis in Equation (13), the following equation can be obtained:

ppAf Su, =2 |1 dz - ppAff “2Suydidz — FyA [, S26u, [ di + B Afftz 5upa 2 dzdt

o b
+4p5 lff¢2(x)¢2(y)dxdy +ff¢2(x)g02(y)dxdy +f/¢2(x)§02(y)dxdy] ff 2 aup5 tz dzdt
0 00 o b
—4 (A +2GY) l/ [ $*()*(y)dxdy + / / $*(x)p*(y)dxdy + / / ¢2(x)<02(y)dxdy] L - u"5 |L dt
ab

Lit,
—4py l/ J $*()¢*(y)dxdy + / / ¢*(x)p*(y)dxdy + / / ¢2(x)qo2(y)dxdy] / / 5updtdz
(14)
+4 (A5 + 2Gy) / f $*(X)p*(y)dxdy + f / ¢*(x)p*(y)dxdy + f / $*(x)p*(y)dxdy f / p5 pdzdt

—4G; Zb}o(d‘p) 2dxdy + / / (“X) p2dxdy + / / (d¢x>2qo§dxdy] [ [ upSuydzdt

—4G? afbf (%) ¢2(x)dxdy+afof (%) ¢2(x)dxdy+0fbf <d¢y> ¢2(x)dxdy+] f/ upSuydzdt

)
—f[1 Féuy |, dt
=0

Applying Hamilton’s principle, and introducing the harmonic vibration condition, the governing equation of the pile
displacement u;, can be written as:
0 o0 o b a oo N
{EpA +4 (4 +2G7) [/ [ $*(0)e*()dxdy + [ [ ¢*(x)p*(y)dxdy + [ [ ¢*(x)p*(y)dxdy } %
a b a0 0 b

00 00 o b a o
+ {wzppA+4psw2 [/ [ #*X)@*(y)dxdy + [ [ ¢*(x)¢*(y)dxdy + / / ¢2(x)¢2(y)dxdy] u,
a 0
(15)

©

_4G? [f/( ) <p)dxdy+a70/b <%>2<p§dxdy+ofabf< ) cpydxdy+// (d‘*") ¢ (x)dxdy+a70fb ("“’>> ¢2(x)dxdy+0/ab}0<d¢’) ¢2(x)dxdy] Uy
=0

with boundary conditions:
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L 00 00 o b a oo L
poA [ G2 |1 dz + 4, [/ [#00)xdy+ [ [ #0e*0dxdy + [ [ ¢2(x><a2(y)dxdy] 5] dz=Fpa
0 ab a
0 0 o b a o (16)
—4 (s + 2G5) [/ b/ $*(0)p*(Y)dxdy + [ [ $*(x)e*(y)dxdy + [ b/ ¢2(x)¢2(y)dxdy] aaﬁ [§ —Folzzo =0
a a 0 0
and
Uyl =0 an
Equation (15) can be changed as:
o dPup 5 ,
[EpA+(AS+2GS)§]W+ppAw uy — (k — w?ps€)u, =0 (18)
where
k = 4Gg [(pxzqu + Px2qy1 + pleyZ) + (PyZQXZ + Dy2Qgx1 + pyl‘]xz)] (19a)
§ =4 (qXZQyZ + qXqul + qxlqu) (19b)
a
2
d¢
pa= [ (5) (190)
0
(s8]
2
d¢
Px2 = / <5> dx (19d)
a
b
2
d
pa= | <—¢) dy (19€)
y
0
[s9)
2
d
Dy2 = / <—¢> dy (19f)
y
b
a
1 = / $?dx (19g)
0
(6]
aa = [ #ax (19h)
a
b
a = [ #dy (19n)
0
[s9)
Qy> = / p*dy (19m)

b

In Equation (18), the first term on the left represents the axial compression from the pile and soil; the second term on
the left reflects the axial inertia of vibration pile shaft; and the third term represents the dynamic soil resistance acting on
the pile perimeter. The general solution for u, can be given by:
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U, = crex% + c,e 42 (20)

p

where

k= (0pA + psk) 2
x=\J P+ pid) e 1)

(As +2G)E +EpA

and cy, ¢, are the integration constants which are determined by the boundary conditions in Equation (16) and Equation
(17). Considering the variation definition, the first and second terms on the left side of Equation (16) equal zero. Conse-
quently, the boundary conditions of Equation (16) and Equation (17) can be simplified as:

ou, . ou,
{EpAa_Z + A+ 2Gs‘)QXan_Z —Fo¢lz=0 =0 (22)
F, e_X(L_Z) — eX(L_Z)
Up = = L 1 o—xL (23)
. 5 ext +e X
VoA + (s + 26 ] [k = (ppA + i) 2]
Hence the dynamic impedance of pile at head can be written as:
el 41

kg = Z—z = \/[EPA + (A5 +2G) €] [k — (ppA + psé) @2 (24)

1—e2xL

3.3 | Governing equations of soil vibration

In Section 3.1, the vertical displacement of soil on vibration is expressed in the form of the product of pile displacement and
the corresponding soil attenuation factor. The latter factor is determined by the decay functions ¢(x) and ¢(y). Considering
Hamilton’s principle and collecting the coefficients of d¢(x), the governing equation of ¢(x)can be obtained as follows:

o (1)
() o

where yy is introduced as a parameter to characterize the decay function of soil displacement, which can be written as:

2

* + 5
<y_x> — (As +3Gs ) E + pyl pyZ _ ‘OSCZ (26)
4 Gs m  qyu+4qy G
in which
L F2

inh(2L

m = /upzdz = 0 [Sm 2Ly) ZL] an
" [EpA + (A + 2G) €] [k — (ppA + psk) w?] (e24L + e=22L) ¥
; 2 2172
F inh(2L

n=/<d_u> dz= - [Sm ( X)+2L] (28)

J dz [EPA + (A + 2GY) §] [k — (ppA + Psg) wZ] (e21L 4 e=2xL) P%

Also, considering Hamilton’s principle and collecting the coefficients of §¢(y), the governing equation of ¢(y)can be
obtained as follows:

2 2
d—¢—<yl> =0 (29)
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where

2
<7_y> _ </15+3G:) £+pX1 + Dx2 _ps(‘:z (30)
yp Gs m gdx1 + gx2 Gs

Given the boundary conditions in Equations (2a) and (2b), the solutions of ¢(x),p(y)are written as:

<7—X(x+a)>
e\'p x<-—a

<
p(x)=4 1l,-a<x<a (31a)

1L,-b<y<b (31b)

Substituting Equations (31a) and (31b) into Equations (19a-m) yields the following:

2 2
k=Gs<y—X+ﬁb+y—y+ﬁa> (32a)
Yy Tp Yx Tp
s Tp p p )
=4(=—=—+-—b+-—a (32b)
¢ (27/x Zyy - 2yx 2yy
Px1=0 (32¢)
_
Dx2 = or, (32d)
Py1=0 (32e)
Yy
Py2=5- (32f)
g1 =a (32g)
p 32h
Qx2 = 2, (32h)
gy1=b (32n)
p 32
qy2 = % (32m)

Specially, when the cross-section of a pile is square and thus a = b, Equations (19a, b), Equations (32a), 32(b) can be
simplified as:

As+2G5\ n 7/>2( psw?
yx_yy_yP\/<T> E-i_Za%/x+a2 IYeR (33)

S
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Input basic mechanical properties
of pile-soil system

|

‘ Set initial values of yy, yy, |4 |

Calculate ¢(x), ¢(y) by Eq. 31(a), Eq.31(a)

|
Calculate the soil parameters p, g, k, ¢

by Eq. _;,2 (a-m)

Update the initial values
of vy, ¥y

3y

Calculate the function u, by Eq. 18 ‘

Calculate the new values of 7y and 7, by Eq. (26), Eq. (30)

I

No

(2= =5 ) +(rr -7, ) <107

End Iterative

FIGURE 2 Flow chart of the iterative algorithm of MIP

ry  4a?

f= S+ (34)
Vx Vx

k = 2G; (1+2yy) (35)

3.4 | Modulus modification and solution algorithm

Neglecting the horizontal displacement of soil domain brings an artificial restraint and make the pile-soil system slightly
stiffer. The study by Seo et al.*” shows that the influence of this restraint could be reduced by treating the coefficient A
in the matrix of Equation (8) as zero and replacing the coefficient G with 0.6G(1 + 1.25v,%). This replacement approx-
imately accounts for the influence of the horizontal displacement of the soil medium by modifying the coefficient in
stress-strain relationship in the vertical direction. Similar modulus modification for circular piles was made in Anoyatis
and Mylonakis'” and Gupta and Basu.”

There are only two dependent unknown parameters yy,yy to obtain the dynamic pile impedance and soil attenuation
factor. However, their explicit expressions are entangled with serval nonlinear formulas of soil parameters k, £, and decay
functions ¢(x),¢(y). Here a conventical method of initial parameters (MIP, referred*>~*°) is used to find the proper values
of the necessary parameters y,,y, with the aid of iterative technique. Figure 2 shows the flowchart for the iterative process
of MIP. The empirical initial values of y,,y, are around 1.0. A MATLAB script is developed to obtain the solutions. The sat-
isfactory results for the given cases in this study can converge within less than 100 steps of iteration, and the computational
time is less than 10 s in a desktop with Intel core i7-9700 @3.00 GHz and 16 GB RAM.
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FIGURE 3 Comparison of dynamic pile impedance between square and circular piles (L/a = 40, E,/E; = 1000, 3, = 0.02, v, = 0.4, p,/ p,
=1.136)

4 | RESULTS ANALYSIS BASED ON ANALYTICAL SOLUTIONS FOR SINGLE SQUARE
PILES

4.1 | Comparison with circular piles

Gupta and Basu?*® proposed an energy-based solution for the dynamic responses of a circular pile, which was proved to
be of considerable accuracy compared with the ridiculous solution by Zheng et al.'® Here we analyze the effects of cross-
section using that published formula and the presented solution in this study.

411 | Dynamicimpedance at pile head

Figure 3 shows the comparison of a square pile and circular piles - circumscribed and inscribed - in the forms of complex
dynamic impedance at pile tops. Note that the diameter (2r) of the two used circular piles is equal to the side length
(2a) and diagonal length of the square cross section, respectively. The circular frequencywis nondimensionalized by the
formulaa, = wa/V,, in which a, is a dimensionless frequency and Vi is the shear wave velocity of soil. It is observed that
frequency-dependent variation trends of both real and imaginary parts of the two circular piles, though the values of cut-
off frequency are different. In addition, the real part of the square pile is less visible than that of its inscribed circular pile
and quantitatively close to those of circumscribed circular pile. The stiffness decrease and energy loss increase around the
cut-off frequency is less significant for square piles than the circular piles, which make the variation of dynamic impedance
with frequency is smoother in the square pile.

4.1.2 | Soil attenuation factor

The wave propagation in soil is also a critical physical quantity in the problem of pile-soil dynamic interaction. Figure 4
shows the variation of soil attenuation factor (calculated by ug/u,, a complex number that generally ranges from -1 to
1) with respect to the frequency for square and circular piles. Note that the side length direction (6 = 90°) and diagonal
direction (6 = 45°) are selected to analyze the soil attenuation factor for square cross section. It can be seen that the soil
attenuation factors strongly fluctuate with increasing frequency. Generally, the larger the distance from the concerned soil
position to pile axis is, the more intensive the fluctuation of soil attenuation with frequency. Figure 4A shows that, at s =
2a, the real part of soil attenuation factor in a square pile is usually larger than those of corresponding inscribed circular
pile at relatively low dimensionless frequency range (0 < ag < 0.5). As g, increases to a value around 4, that trend tends
to be opposite. The frequencies dividing the monotone interval of the imaginary part of soil attenuation curve differ from
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FIGURE 4 Comparison of soil attenuation factors between square and circular piles, E,/E; = 1000, o/, = 0.88, L/r, =25, 4 = 0.4
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FIGURE 5 Variation of dynamic axial impedance at pile head with various side length

that of the real part. Figure 4B and C shows that the first amplitudes on frequency curves of the soil attenuation factors
for the inscribed circular pile are generally smaller than that for the square pile, along both the side length direction and
diagonal direction. As the frequency increases, the amplitudes of soil attenuation factors for the inscribed circular pile tend
to fluctuate between the side length direction and diagonal direction for the square pile. Besides that, the cross-section
effects are evidenced by the significant differences observed between the different directions, say 6 = 90° and 6 = 45°.
Figure 4A-C also reveals that the waves in soil attenuate faster along the diagonal direction in a square pile.

4.2 | Parameter analysis

In this section, case studies are carried out to analyze the roles of main geometrical and mechanical parameters on the
dynamic impedance and soil attenuation. Otherwise specified, the following mechanical parameters of pile and soil are
used: o = 2500 kg/m3 and pg = 2200 kg/m3, E; = 25 MPa, E, = 25 GPa; a = 0.8 m, L = 20 m,vs = 0.4, $,=0.02.

4.2.1 | Influences of side length and soil modulus on the dynamic impedance at a pile top

Figures 5 and 6 show the influences of side length and soil modulus on the dynamic vertical impedance at the head of a
pile, respectively. Note that the dynamic impedance has been normalized with respect to corresponding static stiffness,
namely real(kq)/ real(ky(0)). From Figure 5, it can be seen that the real part of dynamic vertical impedance increases when
side length increases, whereas the increasing rate tends to decrease. On the other hand, the variation curves of the real
part of dynamic impedance tend to be mild with increasing frequency. The right diagram of Figure 5 clearly shows that
the imaginary parts of dynamic impedance are quite small and approximately keep zero before the cut-off frequencies.
As the frequency becomes larger than the cut-off frequencies, the imaginary parts that represent the damping induced
energy loss gradually increases with frequency. Furthermore, the piles of larger side length generally produce weaker
imaginary parts, which accounts for the aforementioned milder variation with frequency. Also note that the value of cut-
off frequency increases with increasing side length, which agrees with the results that the cut-off frequency is opposite to
the slender ratio L/r for circular piles by Anoyatis and Mylonakis.'”

Figure 6 shows that the cut-off frequencies of both the real and imaginary parts of dynamic impedance are apparently
affected by the modulus variation. The left diagram in Figure 6 reveals that the real parts evidently decrease as the soil
modulus increases. A similar trend is also reported for the end-bearing circular piles by Gupta and Basu.”® That phe-
nomenon is caused by a significant growth of the imaginary components, as shown in the right diagram in Figure 6; this
indicates that the inertial energy loss would increase when the soil becomes stiffer and the soil damping ratio holds.
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FIGURE 6 Variation of dynamic axial impedance at pile head with various soil modulus

4.2.2 | Influences of side length and soil modulus on soil attenuation factor

A common frequency range 0 < aq < 0.5 is adopted for the following analysis. Figure 7A depicts the influences of the pile
length on the soil attenuation factors along the directions 8 = 45° and 6 = 90° around a square cross section at s = 2a. It is
observed that the real parts of soil attenuation factor increase with the frequency and has a maximum before a, = 0.3, then
start to decline with a relatively stable rate. The longer the pile shaft is, the frequency at the maximum soil attenuation
factor becomes smaller, which is dominated by the variation of imaginary parts shown in the right diagram in Figure 7A.

Besides that, the differences of soil attenuation factor along the directions 6 = 45° and 6 = 90° tend to evidently decrease
as the real parts approach the maximum value. Also note that an increasing pile length would make the frequency-
dependent fluctuation of soil attenuation factors become mild. Consequently, the cross-section effects would be impaired
or suppressed in the square pile of greater slender ratio. Similar results can be found in Figure 7B and C.

Figure 8 shows the influences of the soil modulus on the soil attenuation factors along the directions 6 = 45° and 6 =
90° around a square cross section. It is prominent that the real parts of soil attenuation factor would decrease, and the
peak tends to be a plateau as soil modulus increases. The influences of soil modulus on the soil attenuation are smaller
than that responsible for propagation directions. Consequently, the curves in Figure 8 appears to develop into two groups:
0 = 45° and 0 = 90°. The differences between the two interest directions vary with the fluctuation that is affected by the
frequency and the distance from the pile axis. Figure 8 also reveals that soil modulus has a small influence on the real
parts when the excitation frequency exceeds the cut-off frequency. Such trend can be attributed to the little variation of the
imaginary parts of the soil attenuation factor as soil modulus varies, which is shown in the right diagrams in Figure 8A-C.

5 | VALIDATION AND CORRECTION OF THE DYNAMIC PILE-SOIL-PILE
INTERACTION THROUGH NUMERICAL ANALYSIS

5.1 | Method description

Section 4 has proved that the proposed analytical method can obtain the satisfactory dynamic responses for the pile
shaft. However, the accuracy of responses for surrounding soil has not been confirmed. In this section, three-
dimensional finite element (FE) simulation through Abaqus software is done to reveal the wave propagation involving
dynamic pile-to-pile interaction in the form of amplitude and phase.*"***¢ The material assumption and geometrical set-
tings are same with that in Section 2. A harmonic excitation of 1 kN is applied on the pile top in the form of distributed
load and the frequency range is set from 0.5 Hz to 10 Hz. The pile properties are: mass density p,, 2500 kg/m?; Young’s
modulus E, 25 GPa, Poisson’s ratio 0.01, side length 2a = 0.8 m, shaft length H = 40 m; soil properties are: mass density
ps 2200 kg/m?, Young’s modulus E; = 25 MPa, Poisson’s ratio 0.3. Figure 9 shows the finite element discretization for
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calculating pile-to-pile interaction along different wave propagation directions. Infinite element technique is employed at
the lateral boundary to minimize the effects of reflected waves while the bottom boundary is fixed to simulate rigid base.
A Rayleigh damping of x = 2% is attributed to soil to account for material damping effects. The values of two coefficients
a and $ in Rayleigh damping are calculated with the first two natural frequencies w; and w, of pile-soil system by o =
2Kk, /(w1 + w,) and B = 2x/(w+ w,). Associated inherent vibration modes (as shown in Figure 10) and frequencies w;,
w, can be obtained through the linear perturbation step in Abaqus.

5.2 | Vibration attenuation of surrounding soil

The vibration of surrounding soil attenuates as the radial distance from pile center increases. Figure 11A shows the time
history of displacement at pile top, 4a, 10a and 20a from pile center. It is observed that the vibration attenuation process
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companies with not only the amplitude decrease but also the phase lag of displacement histories. Figure 11B plots the
displacement contours when the pile head comes to its lowest position around ¢ = 0.6s. The vibration of pile behaves as a
one-dimensional shaft and the vibration of its surrounding soil currently seems to be of axial symmetry.

Furthermore, the soil attenuation factor is calculated as the ratio of soil displacement by pile displacement at ground
elevation and is expressed in the form of amplitude and phase in Figure 12. It is interesting to observe that no obvious
difference for the vibration attenuation of surrounding soil along the side length direction (90°) and diagonal direction
(45°).

Figure 13 shows the evolution of vertical displacement contour of pile-soil system at ground elevation. For each diagram
in Figure 13, the right part plots the detailed displacement contours near the pile boundary. At the beginning of vibration
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shown in Figure 13A, the displacement contours approximately close to shape of squares instead of circles, which demon-
strates the effects of boundary on the soil attenuation. Very soon at ¢ = 0.0809 s or around 0.011 T, the wave fronts in
soil tend to become curved shape in the diagonal direction. At ¢ = 0.0129 s when the wave fronts still do not arrive the
radial distance of 4a from pile center shown in Figure 13C, it seems that the outer contours have evolved into groups of
concentric circles even though the near-field soil attenuation is still dominated by the square shape contours. It reflects
that the travelling waves along various directions have differential phase velocities due to the non-circular boundary. As
the waves continue to propagate in Figure 13D and Figure 13E, the ratio of propagation distance to the pile dimensions
gradually increases. Simultaneously, the influence of pile geometry on the soil vibration tend to be weak and thus the
cylindrical waves tend to dominate the far-field soil vibration.*” The evolution of displacement contours reflects that the
square boundary plays a significant role on the surrounding soil attenuation in a range less than 4a off the pile axis.
Figures 14-16 show the comparisons of numerically produced soil attenuation factor with three analytical solutions: one
is the classical method based on plane strain assumption by Gazetas and Makis’®; one is the continuum-based method
proposed by Basu et al.?*; and the last is the continuum method proposed in Section 3 for square piles. Note that equivalent
radius is calculated to employ the formula from circular piles by: r. = v/4ab/7. The results in Figure 14 show that the
continuum method for square piles significantly overestimates both the amplitude and phase lag compared with Finite
element (FE) numerical method. Generally, the methods for circular piles by Basu et al.,*> Gazetas and Makis®® can give a
relatively good prediction for the soil attenuation around a square pile, especially for the frequencies larger than 1 Hz. In
addition, it is also found that the amplitude from Gazetas and Makis*® has greater deviation than that from Basu et al.,*
which is because that the vertical wave propagation and material damping in soil is neglected in Gazetas and Makis’
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FIGURE 12 Soil attenuation factor along different directions (90° and 45°)

method. As the radial distance from pile center increases to 10a and 20a, the continuum method for square piles gives
worse estimation for soil attenuation factor as observed in Figures 15 and 16. At the same time, the continuum method
for circular piles from Basu et al.>® remains to produce satisfactory soil attenuation factor, which also demonstrates that
the square pile boundary exerts a weak influence on the far-field vibration of surrounding soil. Actually, it was also found
that the soil attenuation characteristics around a non-circular (barrette) pile was similar to that around a circular pile in
finite element analysis for the static problem.*’

Why the continuum method for square piles yields so prominent error? Based on the displacement model for
single square piles in Section 2.1, the mathematical soil attenuation functions at the area of y > 0 (shown in Figure 17A)
can be written as following expressions:

(0-)
e\ ? ,(x,y) € D,
(-20-0) (-26-0)
e\ '? e ,(x,y) € D,
7y
= = ——(y—b)>
$0o) = 900p0) =1, (F20D) (S e &)
(—?—(y—b)) (y—*<x+a>)
e\ p e\’r ,(x,y) € Ds
(y—"(x+a)>
e\'? ,(x,y) € Dg

From Equation (31), the soil attenuation in D; and D is independent with y coordinate, thus the displacement contour
in Dy and Dg should be lines parallel toy axis. Similarly, the soil attenuation in D; and D, is independent with x coordinate,
thus the displacement contour in D3 and D, should be lines parallel to x axis. When the pile has a square cross section,
Y(x, y)should be symmetric with respect to y = x in D, and be symmetric with respect to y = -x in D5. Consequently,
based on the displacement model in Section 2.1, the soil displacement contours around a square pile can be illustrated as
Figure 17B. The contours in Figure 17B are somewhat like that in Figure 13A, which reflects that the displacement model in
Section 2.1 can explain the pile-soil interaction in the near field. However, as the radial distance from pile center increases,
that displacement model causes growing error for the vibration response of far-field soil (s > 4a). In Figure 17C, a modified
displacement model is proposed to distinguish the variation of soil attenuation pattern in the near-field and far-field.

5.3 | Dynamic interaction between piles

Figure 18 shows the dynamic interaction factors of square piles in forms of amplitude and phase from the numerical anal-
ysis. It’s interesting to observe that the amplitude of passive piles at 90°direction is slightly larger than that at 45°direction
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at low frequency range (say less than 3 Hz). That difference tends to decrease as the excitation frequency grows. Moreover,
the direction dependent difference continuously falls as the radial distance s off loaded pile increases from 4a to 20a. In
other words, the difference of interaction factors along 90° and 45’ is generally not significant, specifically for a relatively
scattered arrangement of pile group on a harmonic excitation with frequency greater than 3 Hz. In contrast, the phases of
striking waves from different directions do not indicate obvious deviation, which demonstrates that the vibration waves
approximately arrive to the passive piles located various direction at the same time.

For the sake of convivence, the variation of pile-to-pile interaction factor along different paths is neglected in hereafter
analytical study. Consequently, the soil attenuation factor ycould be approximated by the existing method for the soil
vibration around a circular pile,”> which has been proved to be efficient in Section 5.2. Based on the governing equation
for a square pile in Section 2.2 (Equation (18)), the dynamic soil resistance kg that acting on a square pile shaft has the



QU ET AL.

1.0+ 180
0.9 ] E/E=1000, L/a=100, £=0.3
1507 £ /E,=1000, Lia=100

o '3 1204
E B
2 0.5 <
g —— 44, FE method Q
< 04 4a, continuum method for square piles, 90° a:f

034 - 4a, continuum method for square piles, 45°

0.2+ 4r,,Basuet al. 2018

0.1q - - - -4r,, Gazetas and Makis 1991

00 —— T T T T T T

0 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) Frequency (Hz)
(A) Amplitude (B) Phase

FIGURE 14 Comparisons of numerically produced soil attenuation factor with analytical solutions: radial distance 4a

107 E,JE=1000, L/a=100, 1=0.3 450
097 —e— 10a, FE method LS R
0.8 — 10a, continuum method, 90° 3601 TP Ha= e
0.71 - - - -10a, continuum method, 45° & 3154
< 064, 107, Basu et al. 2018 5 2701
= 0.5 - - - - 10r,, Gazetas and Makis 1991 = 55 ]
£ 2
< 0.4+ 'E( 1804
034 1351
0.2 — 901
0.1 e 451
0.0 T T T T T T T T T 1 0 -
0 1 2 3 4 5 6 7 8 9 10 0
Frequency (Hz) Frequency (Hz)
(A) Amplitude (B) Amplitude

FIGURE 15 Comparisons of numerically produced soil attenuation factor with analytical solutions: radial distance 10a

1.0 —=—20a, FE method 1080 1
099 e 20a, continuum method, 90° Ep/ E=1000, L/a=100
0.84 - - = -20a, continuum method, 45° 900 1
07 20r,,Basu et al. 2018 >
206l & - ---20r,Gazetas and Makis 1991 %D 7207
= - o
Z 050 % EJE=1000, Lia=100, 4=0.3 S 540
= g 2
< ! =
™ 360
180
| 0
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) Frequency (Hz)
(A) Amplitude (B) Amplitude

FIGURE 16 Comparisons of numerically produced soil attenuation factor with analytical solutions: radial distance 20a



QU ET AL.

FIGURE 17

D,
y
D,
Dy Dy b g
Far-ficld
(A) (B) (©)

Tllustration of displacement contours for square piles. (A) Partitions of soil field when y > 0; (B) Displacement contour

illustration on the continuum theory; (C) Modified displacement contour illustration based on the FE numerical results

0.4 -

4a,90°  ---m-- 4q,45° 450 EP/ES=1000, Lla=100
— 104,90° ---e-- 10a, 45° 405
03] ——20d,90° ---a-- 20a,45° 360
. ammm e m e g s=4a,10a,20a
= 0] E /E=1000, L/a=100 3 225
o, O 2 ps =
£ 2 180
< 0. 0-0 065 * — i 1351
0.1 90+
' 45 A v e
0_
_45 T T T T T T T 1
0.0 T T T T T T T T T 1 0 3 4 5 6 7 8 9 10
o 1 2 3 4 5 6 7 8 9 10 Frequency (Hz)
Frequency (Hz)
(A) Amplitude (B) Phase lag

FIGURE 18 Pile to pile interaction factors of square piles along different directions

following expression:

ks =k — wzps§ (32)
where k can be calculated through Equation (19). Diffraction factor ¢ can be obtained by introducing Equation (32) into
Equation (4). Then, the formula in Section 2.2 (Equation (3)) is used to calculate the interaction factors abetween square
piles. That solution to interaction factors based on the approximate soil attenuation factor is called “approximate method”.
Instead, if the interaction factors are calculated based on the displacement decay functions from continuum model in
Section 2.1 (or 4.1.2), it is called “continuum method”.

Figures 19-21 show the amplitude and phase of interaction factors from different methods. The results in Figure 19
show that the presented approximate method slightly underestimates the amplitude but does not cause obvious phase
deviation at s = 4a. That mild underestimation is due to the one-dimensional assumption for the passive piles, which
had been elaborated by Luan et al.*® As the radial distance increases, the difference between the approximate method
and FE numerical method gradually decreases as shown in Figures 20 and 21. For a comparison, the interaction factors
using the soil attenuation factor based on the continuum method for square piles are also calculated. It is observed that
prominent error occurs through the continuum method for both the amplitude and phase, especially when s = 10a and
20a. Considering that the effects of square boundary on the dynamic interaction factor is not significant, the proposed
approximate method could give a satisfactory estimation for the pile-pile interaction factor.



QU ET AL.

** | WILEY

05- 4a,90°, I'E method 180 7
---®-- 4q,45°, FE method
04 —0— 4qa, approximate method 150 { E/E=1000, L/a=100
. 4a, continuum method for square piles, 90° .
© —o— 4a, continuum method for square piles, 45° § 120 7 /’f
=03 > 0
= =
= 0
E 0.2 1 _E%
o
0.1
0.0 —— T
0 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

Frequency (Hz) Frequency (Hz)

FIGURE 19 Comparisons of numerically produced interaction factor with analytical solutions: radial distance 10a

0.597 —— 10a, 90°, FE method
.o+ 10a, 45°, FE method

0.4 —©°— 10a, approximate method
— 10a, continuum method, 90°

)

H o [0}

_ﬂé 031 —=~— 10a, continuum method, 45 ED
= _ _ <
= EP/ES_IOOO, L/a=100 e
g ]
< £
~

0.0 T T T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3

Frequency (Hz)

4 5 6 7 8 9 10
Frequency (Hz)

FIGURE 20 Comparisons of numerically produced interaction factor with analytical solutions: radial distance 10a

6 | DYNAMIC IMPEDANCE FOR GROUP OF SQUARE PILES

To now, both the dynamic impedance of a single square pile and the pile-to-pile interaction factor have been determined.
Therefore, the dynamic impedance for group of square piles can be computed using the superposition principle through
Equations (6) and (7). Figure 22 compares the normalized dynamic impedance for 2x2 group of square piles with that
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FIGURE 22 Comparison between normalized dynamic impedance for 2x2 group of square piles and circular piles. L/a = 40, E,/E; =
1000, B, = 0.02, v, = 0.3, p,/ p = 1136

for group of circular piles. The two types of groups have identical cross section area and share the same pile spacing. The
results show that both the dynamic stiffness and dynamic damping in a group of square piles have smaller fluctuation
against frequency. Specifically, at pile spacing s = 10a, the real component of dynamic impedance of square pile group is
greater than that of circular pile group when the normalized frequency a is less than 0.55. That positive deviation varies
with frequency and is approximate to 20% at ay = 0.40. As a, continues to grow and exceeds 0.55, the real component of
dynamic impedance of square pile group becomes smaller than that of circular pile group before a, = 0.85. That negative
deviation approximately varies from 0-10% and gets its maximum around a, = 0.75. At pile spacing s = 20a, the fluctuation
of real part of dynamic impedance is much weaker than that at s = 10a. At the same time, the imaginary part fluctuates
more intensively due to the greater radiation damping in soil field. The impedance deviation for two types of pile groups is
most obvious at around ay = 0.15 and a, = 0.37 and corresponding differences are around 12% and 8%, respectively. Those
results in Figure 22 reflects that the difference of dynamic impedance between the two types of pile group could decreases
with increasing pile spacing and frequency.

7 | CONCLUSIONS AND DISCUSSION

Boundary effects of pile cross section on the vibration behavior of pile-soil system are examined in this paper. The dynamic
impedance of single square pile is solved by the energy-based variation principle. Complex coupling process at the pile-soil
interface is avoided by introducing two individual decay functions. The effects of square boundary on the soil attenuation
factor and pile-to-pile interaction factor are investigated through the combined method of numerical simulation and the-
oretical deduction. Based on the principle of superposition, the vertical dynamic impedance for group of square piles is
obtained. For practical interest, the loading frequency is limited to a low range of 0 < ay < 1 in the theoretical analysis.
The following conclusions can be drawn:

1. The frequency variation of the dynamic impedance of a square pile is smoother in comparison with the circular pile.
Also, a square pile generally has a less prominent stiffness decrease around the cut-off frequency than equivalent cir-
cular pile. The real parts of dynamic pile head impedance of a square pile increase with an increasing side length
and decreases with increasing soil modulus. That variation is largely influenced by the imaginary parts of dynamic
impedance.

2. The soil attenuation factor close to a square pile is affected by the wave propagation direction. Generally, diagonal
direction attenuates slower than the side length direction and the difference is dependent on both the frequency and
the distance from the pile axis. As the radial distance of interest soil positions off pile center increases, the effects
of square boundary rapidly become weaker and circular pattern dominates the displacement contours of far-field
soil.
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3. Dynamic impedance for group of square piles generally has weaker fluctuation with frequency. The impedance devia-
tion between those two types of pile group could decreases as pile spacing enlarges and frequency increases.
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