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A simplified method is developed to analyze the impedance and foundation input motion of foundations
supported by pile groups. In the proposed method, neighboring piles are replaced by a single equivalent
pile. This replacement process reduces the number of degrees of freedom as well as the required com-
puter memory and calculation time. To validate the simplified method, the impedance and foundation
input motion of a raft foundation and an embedded foundation supported by pile groups with rigid
and pin-jointed conditions between the pile head and foundation are calculated using both a simplified
method and a rigorous numerical method. The results show that the proposed simplified method for the
impedance and foundation input motion analysis of a foundation with a large number of piles yields suf-
ficient accuracy. The simplified method is also applied to estimate the dynamic response of an isolated
structure with a foundation supported by 2203 cement-soil piles with consideration of the soil-structure
interaction. The results show that the dynamic response of the structure can be precisely simulated using
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1. Introduction

Pile groups are widely used as foundations for high-rise struc-
tures and offshore platforms. One of the primary characteristics
of these groups is that they consist of numerous piles. Various
methods have been proposed in recent decades for analyzing pile
groups subjected to seismic excitation. The finite element method
(FEM) and boundary element method [1-9] are the most accurate
and powerful approaches for computing the dynamic characteris-
tics of pile group foundations; however, the required programs
are complicated and inconvenient for practical engineering
[10-14]. Models that use boundary element and finite element
methods for the soil and piles require a large amount of computer
memory, which results in high computational costs. This disadvan-
tage is further heightened if the number of piles reaches several
thousand, such that the dynamic response of the pile groups can-
not be calculated even with several micro-computers. Therefore,
the development of a method that can reduce the number of
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degrees of freedom for the dynamic response analysis of pile
groups is necessary.

Approximate procedures that allow for the achievement of a
solution with increased efficiency have been proposed in recent
decades to reduce the number of degrees of freedom of the pile
groups. Dobry et al. [15] developed a simple analytical solution
to compute the dynamic impedances of floating rigidly capped pile
groups embedded in uniform soil with due consideration of the
pile-soil-pile interaction. Using the dynamic interaction factor,
the impedances of two individual piles were calculated with one
equivalent pile. The predictions of the simple method for vertical
and rocking oscillations were comparable with those from rigorous
numerical solutions. Gazetas and Makris [16,17] found that the
error caused by the dynamic interaction factor in the impedance
calculation for floating rigidly capped pile groups increases with
the pile length. Nozoe [18] proposed a simple quasi-dynamic
method for computing the impedances of pile groups installed in
a homogeneous surface stratum situated on rigid bedrock. In the
work by Varun et al. [19-21], using the macro-element to analyze
the soil-pile interaction, the characteristics of soil resistance mech-
anisms and corresponding complex spring functions were devel-
oped based on finite element simulations. This was accomplished
by equating the stiffness matrix terms and/or the overall numeri-
cally computed response to the analytical expressions derived



302 X. Wen et al./ Computers and Geotechnics 69 (2015) 301-319

using the proposed Winkler model. Through the macro-element
model proposed by Varun et al., the analysis of the soil-pile inter-
action problem can be simplified. Asega et al. [22] and Nogami [23]
determined analytical expressions for the soil stiffness for a group
of piles using a plane-strain and Kelvin-Voigt models. However,
the n-times characteristic equation must be computed during the
calculation procedure, and computational difficulties arise for an
increasing number of piles.

Previous researchers have either proposed simplified models to
facilitate the analysis of the dynamic response of the soil-pile prob-
lem or primarily focused on the objective of aggregating the
degrees of freedom of the piles to the node located at the pile head
in the vertical direction to reduce the computer memory and calcu-
lation time requirements. In addition, few studies on simplified
methods of foundation input motion can be found in the literature.
A simplified method is proposed in this paper, in which the dis-
cretization of the piles in the vertical direction remains unchanged,
and the adjacent piles are aggregated as one equivalent pile in the
horizontal direction; thus, the number of degrees of freedom of the
pile groups in the horizontal direction is significantly reduced. The
proposed simplified method can be used to analyze both the impe-
dance and the foundation input motion of the piles group embed-
ded in uniform soil or non-uniform layered soils. In addition, the
proposed simplified method can be easily extended to the case of
pile-raft foundations and embedded foundations supported by
piles. The computational accuracy of the proposed simplified
method was verified with a rigorous method for a foundation sup-
ported by pile groups. Finally, the simplified method was applied
to estimate the dynamic response of an isolated structure with a
foundation supported by 2203 cement-soil piles with considera-
tion of the soil-structure interaction. The simulation result of the
dynamic response of the structure is compared with the recorded
data. The comparison shows that the soil-structure interaction of
a foundation supported by pile groups can be precisely simulated
using the simplified method.

2. Analytical theory of the impedance and foundation input
motion

Consistent with the concept of SASSI proposed by Lysmer et al.
[24], the substructure method and the thin-layer method [25-27]
combined with the finite element method are employed to calcu-
late the impedance and foundation input motion. In this work, as
shown in Fig. 1, the soil-foundation system is separated into three
components, i.e., the free field, foundation, and excavated soil,
using the concept of the substructure method. The dynamic
response of the free field is obtained using the thin-layer method
(see Appendix A) linear interpolation function is used to calculate
the dynamic response of the nodes located between the two adja-
cent layered soil interfaces. At the same time, a paraxial boundary
condition (see Appendix A) [28,29] is used to simulate the bottom
boundary of the layered soil. The embedded foundation and the
excavated soil of the embedded foundation are modeled using
three-dimensional isoparametric solid elements, and beam

elements are used to simulate the piles and the excavated soil of
the piles. The Green's function solutions for a concentrated load
and for a uniformly distributed load acting on a disk (when the
excitation node and reception node coincide with each other) are
applied to form the flexibility matrix of the soil-foundation system.

The analysis procedure in this paper is based on the following
basic assumptions:

(1) The soil is assumed to be a homogeneous or layered
viscoelastic medium;

(2) The foundation remains in close contact with the surround-
ing soil, no slippage is allowed at the soil-foundation
interface;

(3) The foundation is assumed to be a massless rigid foundation
(the mass of the foundation is considered in the superstruc-
ture using the substructure method).

2.1. Rigorous method

The equation of motion for the MRF (massless rigid
foundation)-pile-soil system based on the structure method shown
in Fig. 1 is (the calculation is performed in the frequency domain,
and the term e/ is omitted in the formula):

(KI° + ISP — [SIF){u} = {F} (1)

Where [S] = [K] — w?[M], and [K],[M], {u}, and are the stiffness
matrices, mass matrices, and displacement vector, respectively.
The massless rigid foundation and pile as well as the free field
and excavated soil are denoted by the superscripts S,G, and E,
respectively. The embedded foundation is modeled by a solid
element for the embedded foundation supported on the pile groups.
The beam element is employed to form the stiffness matrices of the
piles. The piles are treated as generalized beam with two nodes and
12 degrees of freedom; thus, a complete stiffness matrix is
employed for the piles. A complete stiffness matrix is formed (1)
so that the foundation input motion can be calculated and (2) to
facilitate the extension of the method to piled-raft foundation and
piles with an embedded foundation.

The stiffness matrix [K]° of the free field can be calculated with
the following equation:

K]° =[G 2)

In this equation, the Green's function solution for a concentrated
load and for a uniformly distributed load acting on a disk
(when the excitation node and reception node coincide with
each other) is applied to form the flexibility matrix of the free
field [G] [27].

To calculate the impedance of the massless rigid foundation, the
subscripts F and O are used to denote the degrees of freedom of the
foundation and piles (except the head of the pile), respectively, as
shown in Fig. 1(a). Thus, Formula (1) can be rewritten as

[ sl (e}~ {isn ) ®

(a) Soil-foundation
system

(b) Free-field

(¢) Foundation  (d) Excavated

soil

Fig. 1. Soil foundation model based on the substructure method.
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Decomposition of Formula (3) yields

(Serl{ur} + [Srol{uo} = {Fr} (4)
[Sorl{ur} + [Sool{tio} = {Fo} (5)
Using Formula (5), Formula (6) can be obtained as follows:

{tt0} = —[Soo] " [Sor}{ur} + [Soo] " {Fo} (6)
Substituting Formula (6) into Formula (4) produces

([Sr] — [Srol [Soo] ™' [Sor]) {ur} = {Fr} — [Srol[Soo] " {Fo} (7)

By converting Formula (7) to a motion equation with six degrees of
freedom for the massless rigid foundation, the impedance of the
foundation can be obtained as

K] = [T)([Se] — [Srol[Soo] " [Sor])[T] (8)

where is the coordinate transformation matrix relative to the geo-
metric center of the massless rigid foundation.
For the foundation input motion, the external force is

{Fr} 1k _ [KFF]G [KFO]G {ur}g
{{Fo}}_m ke = LKOF]C [KOO]GH{uo}C} ®)

where {ur}. and {uo}. denote the responses of the free field and the
soil subjected to seismic wave excitation, respectively. The founda-
tion input motion can be obtained by substituting Formula (9) with
Formula (3).

The impedance and foundation input motion of a foundation
can be computed based on the above procedure. A comparison of
this procedure method with the solution of Kaynia & Kausel [30]
for a group of 2 x 2 and 4 x 4 piles (shown in Fig. 2) in a homoge-
neous half-space as a function of the non-dimensional frequency,
ap = wd/Vs (where d is the pile diameter and V; is the shear wave
velocity of the soil), is portrayed in Figs. 3 and 4. For the horizontal
case, the dynamic impedance was normalized with respect to the
horizontal static stiffness of a single pile in the group, whereas
for the vertical and rocking dynamic impedance, the vertical static
stiffness of a single pile is used for normalization. For the results
presented in this work, it has been assumed that z; (Poisson ratio
of the soil) = 0.4, Epje/Esot = 100 (Epie and Egy are the moduli of
elasticity of the piles and soil, respectively), v, (Poisson ratio of
the piles) = 0.25, L (length of the piles) =15 d (where d is the pile
diameter), S (pile spacing) = 5d, and p,/p, = 0.7, where p, and p,
are the mass densities of the soils and piles, respectively, with N
identical piles in the group. As shown in Figs. 3 and 4, the predic-
tions of the described procedure method compare well with the

| e |

4 X4 pile group

2X2 p.lle group
(a) Profiles of pile groups

) 22 0 o
2, @ 22 oo
@ D © ;D @

<«

€5F 2 22

2 X2 pile group 4X4 pile group

(b) Schematic of pile groups

Fig. 2. Profiles and schematic of the pile groups.

solution of Kaynia & Kausel [30]. The analysis method described
in Section 2.1 can provide accurate results for the dynamic impe-
dance and foundation input motion of the pile group.

However, Formula (8) demonstrates that an increase in the
number of piles requires a large amount of computer memory to
formulate and compute the matrix depicted in the equation; thus,
the rigorous method has high computational requirements.

2.2. Simplified method

A simplified method that aggregates neighboring piles into a
single equivalent pile (shown in Fig. 5) was developed to address
the computational problems of the rigorous method. The single
equivalent pile is referred to in this study as the aggregated pile.
The aggregated pile is treated as a generalized beam with 2 nodes
and 12 degrees of freedom. The proposed simplified method aims
to maintain the impedance and foundation input motion of the pile
groups before and after aggregation. The thin-layer method
[25-27] was employed to compute the dynamic stiffness of the
springs and dashpot connected between the pile and the surround-
ing soil. The weighted average of the pile displacement at the
reception surface was employed to denote the displacement of
the aggregated pile.

2.2.1. Cross-sectional parameters of the aggregated pile

As shown in Fig. 5, the cross-sectional parameters of the aggre-
gated pile are the sum of the cross-sectional parameters of each
pile in the pile group, as depicted in Formula (10).

A=A (10a)
A=) A (10b)
A=) Ay (10c)
In =Y I (10d)
Ly =)y (10e)
J=> (10f)

X=> "xAi/Y A (11a)
Y:ZyiAi/ZAi (11b)

where A,A;,A, represent the cross-sectional area, the effective
shear area along the 1(x) axis, and the effective shear area along
the 2(y) axis, respectively; I;1,l, denote the moment of inertia of
the cross-sectional area on the 1(x) axis and 2(y) axis, respectively;
and J is the torsional moment of inertia in the cross-sectional area.
The coordinate position of the aggregated pile is identified by
Formula (11).

The rocking stiffness of a foundation with multiple aggregated
piles (Fig. 6) was computed using the sum of the products of the
dynamic stiffness of the aggregated piles in the vertical direction
(z-axis) and the distance from the aggregated piles to the center
of the foundation. For simplification, the self-rocking stiffness of
the aggregated piles was ignored.

2.2.2. Thin-layer solution for the aggregated pile under seismic
excitation

As shown in Fig. 7, S and R are the source surface at which the
dynamic forces are applied and the reception surface, respectively,
and F; denotes the dynamic force applied on the j,, pile at source
surface S. If the sum of the dynamic forces applied on the source
surface is 1, then F; can be depicted as in Formula (12).

Wi

Fy= (12)

k=1 Wk
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(b) Vertical stiffness and damping group factors

— Rigorous method described in Section 2.1 — Kaynia & Kausel (1982)
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Fig. 3. Stiffness and damping group factors as a function of frequency: comparison of the rigorous method solution with the solution of Kaynia & Kausel [30] for a group of
2 x 2 and 4 x 4 piles in a homogeneous half-space.
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Fig. 4. Foundation input motion as a function of frequency: comparison of the rigorous method solution to the solution of Kaynia & Kausel [30] for a group of 2 x 2 and 4 x 4

piles in a homogeneous half-space.

Ali AZi Il]i [22i ']i
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(a) Pile group (b) Aggregated pile

Fig. 5. Cross-sectional characteristics of the pile group and the aggregated pile.

where w; represents the weight. If a non-unique diameter is used in
the pile groups, the section area of the piles can be used as the
weight, and Ns, N is the number of piles in the group. The displace-
ment of the iy, pile at reception surface R caused by the force
applied on the source surface can be depicted as in Formula (13).

Ns Ns We; N_S Weill i
U = > Fillgsy = Z( i uRS,-,-> . E”Ls RA (13)
j=1 j=1 k=1 Wsk k=1 Wsk
D,
(a) Pile group (b) Aggregated pile (single)

where us; is the displacement of the iy, pile at reception surface R
caused by force F; applied on source surface S and ug; is computed
with the thin-layer method. Thus, the weighted average of the dis-
placement of the piles at the reception surface can be written as in
Formula (14).

N Ne S Ns 0y wape
_ i Wrillgsi Zi:]Ej:]WRIWS]uRSU

s = (14)
SN WSS Wi

2&1 Wri

If the cross-sectional area of the pile is used as the weight, the aver-
age for a pile group with a uniform pile diameter ugs can be rewrit-
ten as

_— i EJN:Sl Ugsij 15

RS = NRNS ( )
Neighboring piles can be replaced by an equivalent aggregated pile
using the analysis procedure described in this section. The dynamic
response of the aggregated pile can be obtained using Formula (15).
Therefore, the problem of large pile groups is converted into the
problem of solving for the dynamic response of the aggregated
piles; in this way, the number of degrees of freedom of the pile
groups is significantly reduced.

3. Investigation of the effectiveness of the simplified method

To validate the proposed simplified method, the impedance and
the foundation input motion of a raft foundation and an embedded

7\

Dy
(c) Aggregated pile (multiple)

Fig. 6. Rocking stiffness of the pile group and the aggregated pile.
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Fig. 8. Raft foundation supported by pile groups.

foundation supported by pile groups were calculated with the sim-
plified and rigorous numerical methods.

3.1. Use of the simplified method for a foundation supported by pile
groups with rigid contact conditions between the pile head and the
foundation

The layout of a raft foundation supported by pile groups is
shown in Fig. 8. The piles are 600 mm (d) in diameter with a length
of 20 m (L). These piles were placed at a spacing of 2.5d (S,). The
spacing (S) between the centers of the two adjacent pile groups
for the 2 x 2 and 3 x 3 pile groups is 9.75m and 9.0 m, respec-
tively. The dimensions of the raft foundation are 21 m x 21 m.
The contact condition between the pile head and the foundation
is rigid, which means that the freedom of the jointed point
between the pile head and the bottom of the foundation is fixed,
thus, the forces and moments can be transmitted freely, as shown
in Fig. 8. The soil conditions surrounding the foundation are shown
in Fig. 9. To ensure the accuracy of the thin layer method at low fre-
quency, the relationship between the wavelength 1 and the depth
of the soil L should be 2/L < 4. Meanwhile, to ensure the accuracy
of the thin layer method at high frequency, the relationship
between the wavelength 4 and the depth of the soil layer H should

Fig. 9. Foundation conditions.

be //H > 6[31]. In this paper, the frequency domain of the excita-
tion varies from 0.1 Hz to 10 Hz, thus, the soil profile shown in
Fig. 9 is employed. The impedance and foundation input motion
of the raft foundation supported by pile groups were investigated
under uniform and non-uniform soil conditions, respectively. The
normal incident SH wave from the bottom of the foundation was
used as an excitation source. Fig. 10 shows the dynamic impedance
and foundation input motion of raft foundations with 2 x 2 pile
groups determined using the simplified and rigorous methods.
The dynamic impedances are presented for the horizontal and
rocking modes of vibration. The complex dynamic impedance
(k +ic) is resolved into stiffness (real: k) and damping (imaginary:
c) components, and the results for the 2 x 2 pile groups show nota-
bly good agreement. A minor difference was generated in the
high-frequency domain. Fig. 11 shows the dynamic impedance
and foundation input motion of raft foundations with 3 x 3 pile
groups. The figure indicates that the results show notably good
agreement in terms of the impedance and foundation input motion
along the horizontal direction.

As shown in Figs. 10(b) and 11(b), in the low-frequency domain,
the quasi-static stiffness in the rocking direction calculated from
the simplified method is slightly smaller than that obtained with
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(d) Foundation input motion (rocking)
Rigorous method (non-uniform soil)

Simplified method (non-uniform soil)

Fig. 10. Raft foundation supported by 2 x 2 pile groups. Comparison of current results with the rigorous method solution.

the rigorous method; the quasi-static stiffness for the 2 x 2 pile
groups is 1.5% and that of the 3 x 3 pile groups is approximately
3.6%. However, a marked difference was generated for the rocking
impedance in the high-frequency domain (see Fig. 11(b)). This is
because most of the rocking stiffness originates from the vertical
impedance of the piles. The rocking stiffness of a foundation with
multiple aggregated piles was computed using the sum of the
products of the dynamic stiffness of the aggregated piles in the ver-
tical direction and the distance from the aggregated piles to the
center of the foundation. Thus, the calculation accuracy of the ver-
tical impedance of the pile groups determines the validity of the
calculated rocking impedance. Fig. 12 show a comparison of the
results obtained through the proposed simplified method with
the rigorous method solution in the vertical direction for the raft
foundation supported by 2 x 2 and 3 x 3 pile groups. Fig. 12 show
that for the vertical impedance with increasing number of aggre-
gated piles, a difference arises between the results of the proposed
simplified method and the rigorous method solution in the
high-frequency domain; hence, the calculation accuracy of the pro-
posed simplified method will decrease in terms of the rocking stiff-
ness with increasing number of aggregated piles. Fig. 12(a) shows
that for 2 x 2 pile groups, the vertical impedance calculated using
the proposed simplified method is almost identical to that of the
rigorous method solution; thus, the rocking impedances obtained
using the proposed simplified method and the rigorous method
are similar to each other. However, Fig. 12(b) shows that for

3 x 3 pile groups (vertical impedance), a difference arises between
the results of the proposed simplified method and the rigorous
method solution in the high-frequency domain; thus, for the
3 x 3 pile groups, the rocking impedance obtained using the pro-
posed simplified method is different than that of the rigorous
method solution in the high-frequency domain. The aggregated
pile represents the average effect of each pile in the group in the
high-frequency domain, and because the ratio of the distance
between the piles and the wavelength is large, the calculated
Green'’s function exhibits a large discreteness. Therefore, the effect
of calculating the impedance of 2 x 2 pile groups in the vertical
direction is better that of 3 x 3 pile groups using the proposed sim-
plified method.

The layout of an embedded foundation supported by pile groups
is shown in Fig. 13. The embedded depth of the foundation (E) is
4.0 m, and the length of the pile (L) under the embedded founda-
tion is 16 m. The other parameters shown in Fig. 13 are the same
as those depicted in the case of the raft foundation. Fig. 14 shows
the dynamic impedances and foundation input motions of the
embedded foundation supported by 2 x 2 pile groups using the
simplified and rigorous methods. As expected, Fig. 14 shows that
the impedances and foundation input motions obtained from the
simplified method are similar to those calculated using the rigor-
ous method. Similar to the raft foundation supported by pile
groups, a minor difference was generated in the high-frequency
domain. Fig. 15 shows the dynamic impedance and foundation
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Fig. 11. Raft foundation supported by 3 x 3 pile groups. Comparison of current results with the rigorous method solution.
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Simplified Method (Un-uniform Soil)

Fig. 12. Vertical impedances of the raft foundation with pile groups. Comparison of present results with rigorous method’s solution.

input motion of the embedded foundation supported by 3 x 3 pile
groups. Compared with the results depicted in Fig. 14, the differ-
ence between the simplified and rigorous method solutions for
the rocking response in the high-frequency domain grows for an
increasing number of piles in the group.

3.2. Use of the simplified method for a foundation supported by pin-
jointed pile groups

The simplified method was used for raft and embedded founda-
tions supported by pile groups with pin-jointed conditions (the
rocking freedom of the jointed point is free, and hence, the
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Fig. 13. Layout of the embedded foundation supported by pile groups.

moment cannot be transmitted through the pin-jointed point)
between the pile head and the foundation under non-uniform soil
conditions. The layouts of the raft and embedded foundations sup-
ported by pile groups are shown in Fig. 16.

The parameters of the raft and embedded foundations are sim-
ilar to those depicted in Section 3.1. However, the pin-jointed con-
dition between the pile head and the foundation is used, as
depicted in Fig. 16.

K, (10kN/m)
20

Frequency (Hz)
(a) Horizontal impedance

0.8t AN
3

L NS ™
0.6 N AR

04} \

0.2 . . . .
0

Frequency (Hz)

Fig. 17 shows the dynamic impedance and foundation input
motion for raft foundations with 2 x 2 and 3 x 3 pile groups using
the simplified and rigorous methods. The results show notably
good agreement for the 2 x2 and 3 x 3 pile groups with a
pin-jointed condition between the pile head and the foundation.
A minor difference was generated in the high-frequency domain.

Fig. 18 shows the dynamic impedance and foundation input
motion of embedded foundations with 2 x 2 and 3 x 3 pile groups.
The results obtained from the simplified and rigorous methods are
nearly identical for the embedded foundations supported by pile
groups with pin-jointed conditions between the pile head and
the foundation.

3.3. Simplified method employed in a large piles group

The applicability of the proposed simplified method for a large
pile group is presented in Fig. 19(a). Three cases, as depicted in
Fig. 19, are investigated in this section. In Case 1, a large pile group
is meshed by 4 x 4 blocks (uniformly spaced mesh). In Case 2, a
large pile group is meshed by 4 x 4 blocks (irregularly spaced
mesh). In Case 3, a large pile group is meshed by 2 x 2 blocks (uni-
formly spaced mesh). The piles in each block are aggregated into
one equivalent pile. The diameter of the pile is 1.2 m and has a
length of 20 m. The piles are placed at a spacing of 2.5d (S). The
impedances and foundation input motions are evaluated through
the simplified method and compared with those obtained from
the rigorous method, as shown in Fig. 20. Fig. 20 shows that the
results are in very good agreement for Cases 1 and 2 from O to
6 Hz. In the high-frequency domain (>6 Hz), a minor difference is
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Fig. 14. Embedded foundation supported by 2 x 2 pile groups. Comparison of the current results with the rigorous method solution.
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Fig. 16. Layout of the foundation supported by pile groups.
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Fig. 17. Raft foundation supported by 2 x 2 and 3 x 3 pile groups. Comparison of the current results with the rigorous method solution.
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1.0m generated between the solutions of the simplified and rigorous
= methods, particularly for the rocking impedance and foundation
input motion (rocking). For Case 3, the large pile group is meshed
a1 into four blocks. The piles in each block are aggregated into one
~m equivalent pile. The calculation efficiency of the simplified method
- ! decreases in this case, particularly for the rocking direction,
Liquefaction - because the ratio of the area of each block to the area of the large
pile group is large. For Case 3, the difference is approximately 23%
. for the rocking impedance, whereas for Case 1, the difference is
(2) Improved area (b) Cement-treated pile approximately 4%. Theoretically, as we know, the rocking stiffness
I r T ———— is proportional to the moment of the inertial area. Thus, if the large
Table 1
Parameters of the soil and cement-soil pile.
Depth Vs Density Poisson's
GL m/s fem® i
0.00 m (m) g/em ratio
0.00 - 1.50 160 1.80 0.410
1.50-1.95 160 1.70 0.410
1.95-5.30 250 2.00 0.357
5.30-10.00 210 1.80 0.456
10.00 — 13.95 310 2.00 0.459
13.95-16.95 270 1.90 0.486
16.95 —20.30 220 1.90 0.491
20.30—25.25 270 2.00 0.486
Soil
25.25-32.70 300 2.10 0.483
32.70 - 38.70 280 1.80 0.484
38.70 — 44.55 280 1.70 0.484
44,55 -49.35 420 2.10 0.474
49.35-58.50 710 2.10 0.448
58.50 — 62.00 500 2.10 0.468
62.00 — 67.00 540 2.10 0.463
67.00 — 68.75 330 1.70 0.479
Y 68.75 —71.50 330 1.90 0.479
71.50 m 71.50 = 75.00 300 1.80 0.483
Cement—Soil Pile 820 2.00 0.300
N v, Parameters of the accelerometer
05cc ,L
Accelerometers type:
Force balance servo accelerometer
Olcc o - A Dynamic range: 155dB
bmet ‘J_’ / Frequency range: DC~200Hz
gr01 r3
A Trigger threshold value: 0.5gal
o>

Fig. 22. Accelerometer sensor locations.
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pile group is divided into n blocks, the difference in the rocking
stiffness calculated using the simplified method is 1/n?. Through
a comparison of the results, as depicted in Fig. 19(b), our conclu-
sion is validated.

Therefore, to increase the accuracy of the simplified method,
the area of the meshed block should be sufficiently smaller than
that of the large pile group. Thus, considering the balance between
the computation time and the calculation accuracy, the pile group
should be divided into 4 x 4 ~ 6 x 6 blocks.

The effectiveness of the simplified method has been validated in
this section. In the succeeding section, the dynamic response of an
actual structure is investigated with consideration of the soil-
structure interaction. An embedded foundation resting on 2203
cement-soil piles was employed as the structure. The proposed
simplified method was used to model the 2203 cement-soil piles
for analysis of the dynamic response of the structure with consid-
eration of the soil-structure interaction.

4. Use of the simplified method in analysis of the dynamic
response of an actual structure

4.1. Description of the structure

The subject structure 1is a base-isolated, four-story,
reinforced-concrete frame structure. The superstructure is sup-
ported with rubber base isolators that rest on the foot foundations.
The superstructure has side lengths of 100 m and 50 m in the x and
y directions, respectively. The heights of the stories are as follows:
basement, 3 m; first floor, 5.5 m; second and third floors, 4.8 m;
and fourth floor, 4.5 m. The weights of each floor from the
basement to the roof of the structure are 2.09 x 10% tons,
9.58 x 10° tons, 6.39 x 10 tons, 6.66 x 10° tons, 7.02 x 10° tons,

and 5.96 x 10° tons. The stiffnesses of the structure in (x,y) are
as follows: isolation system (0.42 x 10'°N/m, 0.42 x 10 N/m);
first floor (1.79 x 10'°N/m, 1.78 x 10'°N/m); second floor
(1.79 x 10" N/m, 1.74 x 10'° N/m); third floor (1.84 x 10'° N/m,
1.92 x 10'°N/m); and  fourth  floor  (1.81 x 10'°N/m,
1.78 x 10'° N/m).

4.2. Soil-foundation system

An embedded foundation with an embedded depth of 4.0 m
was used, with planar dimensions of approximately 52 m x
104 m. The results of a soil investigation conducted prior to struc-
ture construction showed that 75% of the soil area under the foun-
dation (shadowed area in Fig. 21) might liquefy if exposed to
strong ground motions. Soil liquefaction, which results from a
build-up of excess pore water pressure in loose saturated soils,
leads to a critical loss of soil strength and stiffness and conse-
quently to unacceptably large deformations. To reduce the poten-
tial hazards posed by soil liquefaction, the cement-treated
ground improvement technique was applied in the shadowed area.
The ground improvement area consists of 2203 cement-soil piles
7 m long and 1.0 m in diameter, with a 1.3-m center-to-center pile
spacing. A parallel-seismic (PS) test and boring investigation were
conducted in the improved and unimproved areas, and the results
are shown in Table 1.

4.3. Observation system

Immediately after construction, the structure and free field
were permanently implanted with strong motion accelerometers.
Two unidirectional horizontal accelerometers were installed
orthogonally in the center of the roof, the first floor, and the base-
ment to capture the transverse and longitudinal responses of the
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Fig. 23. Selected acceleration records.
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Table 2

Amplitude of the selected acceleration records (Abs(gal)).
Direction gro1 bmcc 01 cc 05 cc
ew 21.68 21.14 25.45 26.32
ns 21.62 17.46 22.34 22.59

structure. Two unidirectional horizontal accelerometers were
installed in the free field adjacent to the building to observe the
seismic response of the ground induced by an earthquake.
Detailed information on the accelerometers, including their loca-
tions, is provided in Fig. 22. The symbols gr, bm, 01, and 05 indicate
the free field, basement, first floor, and roof, respectively. The

Beam element ..
Finite element

I\
Thin—lgxir method

- - -
-« Paraxialpoundary -

(a) Structural model

Beam element

(Aggregated pile)

symbol cc denotes the location at the center of each floor. The hor-
izontal response of the structure was obtained from the accelerom-
eters located at the center of each floor. Using the observation
system sketched in Fig. 22, the responses of the structure in the
horizontal direction can be obtained simultaneously during earth-
quake excitation.

4.4. Selected acceleration records
The observation system previously recorded the motions

(Fig. 23) of a magnitude 9.0 earthquake that occurred in Pacific
coast of Tohoku, Japan, on March 11, 2011. This earthquake

Pile group block

(O Cement-soil pile

‘} Aggregated pile

I\

(a-1) Superstructure system

a-2) Soil foundation system

!

-

-——1

(a-2-2) Foundation input motion analysisg

Fig. 24. Structural model considering soil structure interaction.
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— Observation
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Frequency (Hz)
(2) Upg/Ug(NS)
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(b) Upp/U(EW)

Note: BF is the foundation of the building, and g is the free field of the foundation

Fig. 25. Transfer function of the soil-foundation system.

induced ground accelerations of less than 22 gals. The recorded
data were used to analyze the dynamic characteristic of the
base-isolated structure in this study. The characteristics of the
records shown in Fig. 23 are summarized in Table 2.

4.5. Considered structural model

The well-known beam model is one of the most commonly used
models for conducting comprehensive parametric studies. In the
MDOF structure models used in this study, each floor is assumed
to be a lumped mass connected by a beam element. The weight

\ Direction EW
8 [ | .
—— Observation

—— Simulation

Frequency (Hz)

of the lumped mass and the stiffness of the beam element were
given previously in Section 4.1. The 2203 cement-soil piles should
be modeled to consider the soil-structure interaction. However,
due to the massive number of cement-soil piles, the simplified
method was used to model the cement-soil piles, and nine
cement-soil pile groups were aggregated to one to reduce the
number of degrees of freedom. The pin-jointed condition was
applied between the pile head and the foundation.

This idealized model is shown in Fig. 24. As shown in Fig. 24(a),
using the substructure method, the structure model can be divided
into a superstructure system and a soil foundation system. Using

Direction NS

Frequency (Hz)

(a) Transfer function: Ugp/Uy

Direction EW

0 2 4 6 8 10
Frequency (Hz)

12
Direction NS
gt
s b
0 /l/\v\ H
0 2 4 6 8 10

Frequency (Hz)

(b) Transfer function: U;/Ugg

Note: RF-the roof of the building, 1F-the first floor of the building,
BF-the basement of the building

Fig. 26. Transfer function of the superstructure.
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251 01cc(NS): Displacement response
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Fig. 27. Absolute displacement response of the subject structure in the time domain (including the displacement of the free field (xg(t))).

the superposition principle, the soil foundation system can again
be decomposed into the impedance analysis and foundation input
motion analysis problem, which can be calculated using the pro-
posed simplified method described in Section 2.2. Using the
obtained impedance and foundation input motion as the boundary
condition and excitation source of the superstructure, the dynamic
response of the superstructure can be analyzed.

4.6. Comparison of the numerical analysis results and observation data

Transfer functions can be visualized to represent the character-
istics of a system that receives input x modified to output y. In the
kinematic soil-structure interaction, input x is the free-field
motion, and output y is the base-mat motion. In the superstruc-
ture, input x is the first floor and y is the roof. The auto- and
cross-power spectral functions of the input and output signals
were used to estimate the complex-valued transfer function indi-
cated below.

_ Sel@)
) =5 @)

(16)

where S.(w) and Sy, (w) represent the auto-power spectral func-
tions of the input and output signals, respectively, and Sy, (w) is
the cross-power spectral function. The actual dynamic characteris-
tics of the building during the Naraken earthquake were estimated
based on the simulated (using the structural model discussed in
Section 4.5) and recorded transfer functions. The recorded and sim-
ulated transfer functions obtained from the basement/free field in
the NS and EW directions are shown in Fig. 25, and the agreement
between the simulated and recorded results is satisfactory. Hence,
the proposed simplified method is effective for establishing the
soil-foundation model and analyzing the effect of the soil-structure
interaction.

Fig. 26 shows the recorded and simulated roof/first floor and
first floor/basement transfer functions. A comparison of the simu-
lated and identified periods indicates good agreement. The ampli-
tude of the simulated and recorded transfer functions
approximately represents the first-mode frequency. However, cer-
tain differences exist between the transfer function(U; ¢/Ugf) ordi-
nates at the second-mode frequency, the observed difference in the
transfer functions for the simulated and observed results should be
investigated in future work.

Fig. 27 shows a comparison of the results of the recorded and
simulated displacements for the first floor in the NS direction,
and good agreement was achieved.

5. Conclusion

A simplified method was developed to estimate the dynamic
impedance and foundation input motion of a foundation with a
large number of piles. To verify the efficiency of the simplified

method, the results of the impedance and foundation input motion
obtained from the simplified and rigorous method solutions were
investigated and compared. The main conclusions drawn from
the investigation are as follows:

(1) The impedance and foundation input motion can be esti-
mated using the simplified method, and thus, the memory
requirements for the computation and the calculation time
can be minimized. For example, a group of m piles is aggre-
gated into one equivalent pile. The number of degrees of
freedom of the piles in the group is reduced to 1/m, and
the computer memory requirement is reduced to 1/m?.
Therefore, analysis of the dynamic characteristics of a foun-
dation with a large number of piles is easier with the simpli-
fied method.

(2) The simplified and rigorous method solutions are nearly
identical for the impedance and foundation input motion
in the horizontal direction. A difference generated in the
high-frequency domain for the impedance and foundation
input motion in the rocking direction tends to increase for
an increasing number of piles in the group. However, in
the low-frequency range, the simplified and rigorous meth-
ods are similar to each other.

(3) The foundation input motion was predicted via the simpli-
fied method for an actual structure. The results indicate that
the proposed simplified method is useful for the seismic
design of structures with a large number of piles with con-
sideration of the soil-structure interaction.

Acknowledgements

The authors gratefully acknowledge financial support provided
by the National Natural Science Foundation of China (Grant No.
51308243) and the National Basic Research Program (973) of
China (Grant No. 2011CB013800).

Appendix A. Formulation of the Green’s function used in the
thin layer method and expression of the paraxial boundary
condition

The displacement solution of a point located at R surface for the
load acting at S surface (see Fig. A.1) includes:

(1) Point load solution(r > 0);
(2) Disk load solution(r—0, pile tip);
(3) Ring load solution(r—0, pile shaft);

A.1. Point load solution

Let uy, uyu, = displace components at elevation R for a point load
acting at elevation S. The Green'’s function for point load is:



318 X. Wen et al./ Computers and Geotechnics 69 (2015) 301-319

(%05 70)

1
Layer (1)
Reception point ~ Yx
o G—p— R
Layer (i)
\ &%

| rcos@
T &

¥ Px
Layer (N-1 '
yer (N-1) %

Fig. A.1. Geometric relationship between the excitation point and reception point in the thin layered method.
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H?(z) is the second Hankel function of order v.

GRS

oy is the kth eigenvalue of characteristic equation (A.4).
By is the kth eigenvalue of characteristic equation (A.5).

Xy, Z, is the corresponding eigenvector of o.
Y, is the corresponding eigenvector of ;.

Xrk 1s the Rth component of the eigenvector X,.
Zgk is the Rth component of the eigenvector Z;.
Yr is Rth component of the eigenvector Y.

A.2. Disk load solution

Let uy, u,u, = displace components at elevation R for a disk load

S
(A1)

acting at elevation S. The Green'’s function for disk load is then

Ux Ve(r =T10) P,
Uy o = Ve(r =r10) P, (A.2)
u, R V7(T' =] T'o) Pz s
where
1 XpXsk o 1 K YV
Ve ==— F. — F
8= 272 Dy, Ar) + gy " Falh)
1 ZnZse
Vi, = pe 2Dy, o Falour)
F _ 2 'nH(Z)
(@) =-5-izHP@
1o is the radius of the disk
A.3. Ring load solution
Uy Va(r=ro) P;
U » = Va(r=ro) P, (A.3)
Uz Jp Vs(r=ro) | L P2 )
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1o is the radius of the ring
A.4. Characteristic equation of the thin layer model as shown in Fig. A.1

The characteristic equations of the thin layer model (shown in
Fig. 1) for Rayleigh (in-plane) and Love (anti-plane) waves are
expressed by equations (A.4) and (A.5), respectively.

<a2 [[AP] [ASJ +a LB]T (B] + [[ES] [EP}D{);} ={0} (A4)

(B*[As] + [Es]){Y} = {0} (A5)
where [Aq],[Ap] , [Es],[Ep], and [B] are the matrices assembled by

[As]?, 1A [Es]V, [Ep]” and [B]", respectively, in the manner pre-
sented in equation (A.6).




X. Wen et al./Computers and Geotechnics 69 (2015) 301-319 319

[a1) (1) T
A AL
1) A1) (2) (2)
Ay Ap +AT Ay
(2) (2) (3)
AL Ay +AT

A= .
AN A
AP A A
DA A

(A6)

where A? is the matrix corresponding to the i-th soil layer, and A"
is matrix corresponding to the boundary condition.

y GH;i[2 1

(iy _ Vit
As]” =5 {1 2}

i /1,'-!—26,')1‘1[ 2 1
A ('):( |: :|
Ar) 6 1 2

[Es](i) = [Gs](i) _ wZ[M](i)
s GI1 =1

-5, |
p _piHi[2 1

" T 6 {1 2}

[EP](!) - [Gp](i) — w? [M](f)

i (/li—&-ZG,-) 1 -1

(G = H; [—1 1 }
o _ [-(Ai-G)/2 (Ai+Gi)/2
B = {"(liJrGi)/z ('L'*Gi)/z}

where o is the excited frequency of the load, and 4, G, H;, p; are the
Lame constant, shear elastic modulus, thickness and density of the
ith soil layer, respectively.
o and {X, Z¢}'(k=1,2...2N) represent the eigenvalue and
eigenvector, respectively, of characteristic equation (A.4).

By and {Y,}"(k =1,2...N) represent the eigenvalue and eigen-
vector, respectively, of the characteristic equation (A.5).

A.5. Paraxial boundary

(D The boundary condition of equation (A.5) is as follows:

.Gy V
R (A7)
EY = iwpyVe (A.8)
@ The boundary condition of equation (A.4) is shown as
follows:
Ni-GN Vs 5 _.}~N+2GN Vsn _
A *ITFUN(WN—Z)—ITF(’?N 2) (A.9)
.Gy V
Ay =i 25 (1= 21y) (A.10)
BY = Gy(2 — 11y) (A11)
E§ = ipyVsn (A12)
Ep = iwpyVen (A.13)
where
_ Vipn
fIn = Vn
q 2N
A

N=T 2wy

Gn = PNVEN

Ny GN, Pys VN, Vsn, and Vpy are the Lame constant, shear elastic mod-
ulus, density, Poisson ratio, S-wave velocity and P-wave velocity of
the boundary, respectively.’
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