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COMPARATIVE ANALYSIS OF PILE FOUNDATIONS IN
AN ELASTIC GROUND SUBJECTED TO
SINUSOIDAL INPUT ACCELERATIONS
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Analyses of a single pile, a pile group and a piled raft in a homogenous elastic ground subjected to earthquake are carried out using FEM and
a sim;;liﬁed analysis method. In the FEM analyses, the raft and the piles are modelled by solid elements, or the raft is modelled by the thin
plate elements and the piles are modelled by beam elements. As a simplified analysis method, a three-dimensional dynamic analysis of piled
raft foundations subjected to earthquake using a hybrid model is proposed in this paper. In the analysis, the flexible raft and the pile are
modelled as thin plates and beam elements, respectively. The soil is treated as springs and dashpots. The results from different modelling are
compared, in order to investigate adequate modelling of raft, pile and ground‘ and to investigate dynamic responses of the pile foundations. It
is shown from the analyses that horizontal displacements and horizontal accelerations are not influenced by methods of modelling. In contrast,
vertical responses such as vertical displacements hence the rocking motion of the pile, axial forces of the pile are influenced by methods of
modelling, although the vertical responses are much smaller than the horizontal responses. Details of the results of the analyses are presented,
and suggestions for the improvement of the simplified analysis method are discussed.
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1 INTRODUCTION

Generally, piles are widely used for foundations in order to support
mainly the static vertical load from the superstructure. However, in seismic
areas, a pile foundation may be also subjected to dynamic horizontal load
due to an earthquake. In recent years, there hgs been an increasing
recognition that the inclusion of the resistance of the raft in pile foundation
design can lead to a considerable economy without compromising the safety
or the performance of the foundation. Responses of piled rafts subjected to
carthquakes were experimentally investigated using centrifuge devices">”
and a shaking table device at 1-g field”®, However, analytical approaches
on this aspect are stitl limited, except an analytical study by Nakai et al®.

When we employ FEM for analysis of a pile foundation subjected to an
earthquake, modelling of soil (constitutive law) and modelling of raft and
pile will be key factors in order to obtain a reliable result from the analysis.
It would be desirable to model the raft and the piles by solid elements.
However, as procedure of this modelling requires cumbersome task, the raft
is often modelled by thin plate elements and the piles are modelled by beam
elements. One of objectives of this paper is investigation on the influence of
different FEM modelling of the raft and the pile on the analysis results. So,
superstructure is not modelled explicitly and the soil is modelled as an
isotropic linear elastic material in this particular paper.

As a simple routine design tool for piled raft foundation subjected to
static combination load (vertical load, horizontal load, moment load), a
computer program PRAB (Piled Raft Analysis with Batter piles) has been
developed™. Later, the program was extended to accommodate
three-dimensional simplified analysis of piled raft foundation subjected to

ground movements such as tunnelling induced ground movements®'®.

In this study, PRAB was extended so that it can be used to analyse the
behaviour of piled raft foundation subjected to an earthquake. The extended
program is called D-PRAB hereafter. In this method, the raft is modelled as
thin plate elements, the pile is modelled as beam elements, and the soil is
treated as springs and dashpots. The dynamic responses of the foundations
are calculated also using the simplified method and compared with the FEM
analysis results, in order to examine a validity of the proposed simplified
analysis method.

Analysis results of a single pile, a pile group and a piled raft using
FEM and the simplified analysis method are presented, and advantages of
the piled raft over the pile group are demonstrated. And suggestions for the
improvement of the simplified analysis method are discussed.

2 METHOD OF ANALYSIS

2.1  Analytical model and governing equations used in D-PRAB

Figure 1 illustrates the analytical model for piled raft foundation
subjected to earthquake used in D-PRAB. This model was extended from
the model used in the analysis of piled raft subjected to static load”®,
The flexible raft is modelled as thin plate elements with masses, the pile is
modelled as beam elements with masses, and the soil is treated as springs
and dashpots connected to the raft and pile nodes.

The load-displacement relationship of the group piles and the raft can
be written in matrix form as

LK, Jw}+[ M, ]{io} = {7} +{P} ()
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(K. J{w}+[M, {5} ={F.} -{P} @

where [K;] is the pile stiffness matrix, [K;] the raft stiffness matrix, [A}] the
pile mass matrix, [M] the raft mass matrix, {w} the displacement vector,
{Fp} the external force vector acting on the pile, {F;} the external force
vector acting on the raft, and {P} is the internal force vector.

The hybrid modelling of the pile and the soil as shown in Figure 2 is
adopted. The values of the vertical spring, £, the horizontal springs, ¥* and
#’, the vertical radiation damping, ¢, and the horizontal radiation damping,
¢* and ¢’, per unit shaft area are approximated by means of Equations (3)
and (4), based on the work of Novak ez al.'".
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where G; and V; are the shear modulus and the shear wave velocity of the
surrounding soil respectively, and d is the outer diameter of the pile.

The values of the soil spring at the pile base, &y, the damping, ¢y, and the
lumped soil mass, m, per unit pile base area can be estimated as follows'?:
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in which v and p are the Poisson’s ratio and the density of the soil,
respectively, and 7, is the pile radius.

The values of the vertical spring, ., the horizontal springs, & and &7, the
vertical radiation damping, c,, and the horizontal radiation damping, ¢ and
¢?, per unit raft base area can be estimated as follows'”:

4G, x_ gy 2 32(1-%)G,
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where a is the equivalent radius of the raft element.
Using Equations (3) to (9), the soil resistance can be written in matrix
form as follows:

[K.J{wp +[C. 1w} + [ M, ] {9} = { P} (10)

where [K], [C], and [M,] are the stiffness matrix, the damping matrix and
the mass matrix of the soil.
Finally, from Equations (1), (2) and (10), we get

(K] +{C1) +[M1 (5 = ) an

where [KIFIKHKIHKS, [Cl= [C [M] = [MHMIHM], and {F} =
{Fp)HF

Newmark’s 8 method"” is used for solving Equation (11).

The external force vector {F} is active loads applied to the structure
directly or passive loads such as earthquake-induced loads.
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In the case of the pile foundation subjected to earthquake load, the
induced external force vector {F} can be calculated by means of Equation
(12).

{F}=[K,]{wo} +[C.J{} 12

where {wo} is the free field ground movement vector and {WO} the

velocity induced by an earthquake.

Pile-soil-pile, pile-soil-raft and raft-soil-raft interactions are taken into
account based on Mindlin's solutions in PRAB for static analysis.

However, in the dynamic analysis proposed in this paper, the above
interactions are not considered, although these interactions exist also in the
dynamic response of the piled raft. The influence of the neglect of the
interactions in D-PRAB will be discussed through the comparisons of the
calculated results using FEM and D-PRAB.

(]
[]
: A 0| O
[l T T =X
L] []
UT 5 Soil spring
(]
<0 Radiation
damping
Fig. 1. Plate-beam-spring-dashpot modet of a piled raft.
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Fig. 2. Hybrid modelling of the pile and the soil.

NI | -El ectronic Library Service



Architectural Institute of Japan

2.2 Analytical procedure used in D-PRAB

Figure3 show the analysis procedure used in D-PRAB. In the dynamic
analysis of a foundation subjected to earthquake load, first, the response of
free field ground movements is calculated. Second, the calculated free field
ground movement profiles at each position of pile and raft nodes are used to
estimate the forces at each node. These forces are then used as the external
forces in Equation (11). Equation (11) can be solved for the pile settlements,
deflections and rotations from which the axial forces, the shear forces and
the bending moments can be obtained.

2.3 Method of ground motion analysis used in D-PRAB

The free field ground movement during an earthquake may be attributed
primarily to the upward and downward propagating shear waves. If the
boundaries between different soil layers are essentially horizontal and each
soil layer deforms in simple shear mode without volumetric strain, the soil
deposit may be modelled as a series of lumped masses interconnected by
springs and dashpots'® as shown in Figure 4.

When the soil deposit is subjected to a horizontal seismic motion
through its base, the equation of motion of the system may be represented in
matrix form as:

(Ko o} +[Ca i+ M It} = - [, i} )

where [M;] is the soil mass matrix, [Cy] the soil damping matrix, [Ky] the
soil stiffness matrix, and {u}is the vector of the relative displacements
between each layer. Each element of [M,], [Cw] and [K})] can be defined as

- (Pt p) G ¢

M, xAz, K, ==t C,=-1 (4
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where G; is the shear modulus, p, is the density and ¢; is the damping factor
of the soil, and Az is the thickness of each soil layer. The damping factor,
c;, takes account of strain rate dependency of the soil. The horizontal free
field ground movement vector {uo} can be calculated by Equation (15).

{uo} = {u} +{u, } (1)

where {u,} is the input seismic displacement.

Analytical model of the free field ground L Raft

dzoy G Raftnode
A3 G3’p3/%
. Pile node
0il column
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Free field Input !
ground =y dynamic
movements external
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Fig. 3. Analysis procedure used in D-PRAB.

Input acceleration
Seismic bedrock

Fig. 4. Lumped mass-spring-dashpot model.

It should be noted that the existence of the pile foundation structure is
neglected in calculation of the movements of the free field. Validity of this
assumption will be demonstrated below through comparison of analysis
results calculated by FEM and the proposed simplified method.

3  COMPARATIVE ANALYSES

3.1  Analytical conditions

In this paper, the problems as shown in Figure 5 are analysed. Only
elastic responses of soil and pile foundations are analysed for the first step
of this work. The soil, the pile and the raft were treated as elastic
homogeneous materials in the analyses. The soil, the pile and the raft
properties are summarised in Table 1. All analyses were carried out using
these properties.

Figure 6 shows the analysis model used in FEM. A commercial FEM
program Soil Plus'® was used for FEM analyses. Considering the plane
symmetric condition of the problem, only a half of the ground and the
foundation were modelled. Vertical displacements at the bottom were fixed
and time history of horizontal input acceleration was applied to the bottom.
Free-field boundary conditions were set at the side walls of the model
ground, vertical displacements at the side walls were fixed so as to the soil
¢lements far from the foundation deform in simple shear mode to simulate
semi-infinite ground. With this boundary condition, the response of the
ground without the foundation corresponds to that of the free field.

In the FEM analyses, two types of modelling of the raft and the pile
were used: the raft and the piles are modelled by solid elements with an
octagonal cross-section (designated as FEMS); the raft is modelled by thin
plate elements and the piles by beam elements (FEMB). Bending moments
of the piles are directly calculated when the piles are modelled by beam
elements, whereas pile bending moments are not directly obtained from
FEM analysis when the piles are modelled by solid elements. Hence,
bending moment of a pile segment was estimated as shown in Figure 7.
Axial strains at both sides the pile segment, e, and &g, are calculated from
the vertical displacements of the nodes to obtain bending strain g
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(a) Whole mode! (Plane symmetric)
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(a) Capped single pile (b) Pile group & piled raft
Fig. 5. Problems analysed.
Table 1. Material properties used in analyses. 20 elements
Property Value for a pi]e
Soil: , :
Young’s modulus 5.96x10* kPa e
Poisson’s ratio 0.49 FEMS FEMB
Density 2 ton/m’
Shear wave velocity 100 nv/s
Pile: :
Young’s modulus 3.84x10” kPa (b) Two types of modelling of raft and piles
Poisson’s ratio 0.16 . . .
Density 2.4 ton/m® Fig. 6. Analysis model used in FEM.
Longitudinal wave velocity 4000 m/s _
Shear wave velocity 2626 m/s &x =W, ~w)/AL
Length 20m &g =(w,—w;)/AL
Diameter 0.5m

Unit squared raft (pile cap): Eom = (e A& B) /2

Young’s modulus 3.84x10” kPa El g,
Poisson’s ratio 0.16 AL M=—"
Density 2.4 to/m® To
Width 2m

Thickness Im

Bending moment, M, is then calculated from &, with Young’s modulus, E,

second moment of area, /, and radius, r,, of the pile.

In the case of FEM analyses of single pile and pile group, a gap of 0.1 Fig. 7. Calculation of bending moment of a pile scgment.

m between the raft base (pile cap) and the ground surface was incorporated

. . . . . . ‘(m\ 24 T T T T ¥ T v T T T T T ¥

in the model. On the other hand, in the analysis of single pile and pile group E 18 [ h

using D-PRAB, the values of the vertical and horizontal soil springs and ‘C’ 1.2F \ \ ]

soil dashpots at the raft base were set at 0. % 0.6 - A ﬁ \ A\\/\ A‘ W\ s —
The input acceleration was applied at the base of the ground model (at z § 0.0f "\V \ v«»v VA e ]

) goo MY
Figure 8 shows the input accelerations at the depth z = 50 m that are g -1 8'_ { : -— f=05Hz ]

calculated using the following equation: 2 .24 P RPN SN TS SR SR R

(1) = r——&ﬂe_mt, sin(27 1) (16) =70 2 4 6 (s)s 10 12 14

=22, =0.375, y=8.0;f=0. =1.0 Hz. )
where @=2.2; f=0.375; y=8.0,/=0.5 andf z Fig. 8. Input accelerations.
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3.2 ANALYSIS RESULTS

3.2.1 Results of free field ground motion analysis

Figures 9 and 10 show the free field ground movements at the ground
surface (z =0 m) and z = 20 m, calculated using D-PRAB and FEM without
foundation, for the case of input frequencies of /= 0.5 Hz and f=1.0 Hz,
respectively. The absolute displacements are plotted in the figures.

It is seen that the solutions calculated using D-PRAB match very well
with those calculated using FEM. Very large horizontal soil movement
responses were obtained in the case of /= 0.5 Hz. This frequency is equal to
the natural frequency, f,, of the ground, which is calculated based on
Equation (17).

fo=V./4H an

where H is the depth of the homogeneous ground.

zQ 2= 20m
A /\ 7( A /\ f
-1000 | ]
I— ]
'2000_" +  D-PRAB
_3000 N 1 N 1 N 1 N 1 L ! N ]

0 2 4 6 81012!14
Time (s)

Fig. 9. Free field ground movements (f= 0.5 Hz).
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Fig. 10. Free field ground movements (f= 1.0 Hz).

3.2.2  Analysis results of single pile

Figures 11 and 12 show the horizontal accelerations and displacements
at the pile head of the capped single pile calculated using FEM (FEMS and
FEMB) and the proposed method D-PRAB for the case of input frequency
of f = 0.5 Hz. The calculated results from the various solutions are
undistinguishable. The maximum absolute horizontal displacement of about
2 m occurs at a time £ = 13 s. The distributions of lateral displacements and
bending moments of the pile at 7= 13 s are shown in Figures 13 (a) and (b).
The distributions of lateral displacements from the various solutions are
identical and almost equal to the free field ground movements. In contrast,
differences of bending moments are found between the solutions.

When comparing the solutions from FEMS (piles are modelled by solid
elements) and FEMB (piles are modelled by beam elements), bending
moments of the pile from about 10d (d = pile diameter) from the top and tip
calculated from FEMB overestimate those calculated from FEMS. This
trend is pronounced near the pile tip. This is due to that rotational resistance
at the bottom of the pile cannot be taken into account in FEMB where the
cross-sectional area of the pile is inherently zero.

0N 20——T——3 T T T T ]
2 |5l —FEMS i
E job --- FEmB ]
§ 5t © DPRA ]
< - p
< Of ]
€ -5 ]
K -10f
:3:-15_'
_2 A 1 I 1 " 1 " i " " I
% 2 4 6 8 10 12 14

Time (s)
Fig. 11. Horizontal acceleration at pile head (f= 0.5 Hz).
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Fig. 12. Horizontal disp. at pile head (f=0.5 Hz).
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Depth (m)
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Fig. 13. Single pile responses (f= 0.5 Hz ).

The bending moments calculated from the proposed simplified method
D-PRAB are larger than those calculated from FEM. This may be attributed
to that the interactions between soil springs through the soil are not
considered in the current D-PRAB,

Figures 14, 15 and 16 show the dynamic responses of the pile for the
case of input frequency of f= 1.0 Hz. The dynamic responses of the pile
from the various solutions are again comparable especially for the lateral
deflections. The distributions of the bending moments from the various
solutions have a trend similar to those for the input frequency of 0.5 Hz (Fig.
13(b)).
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It can be seen from the above results that the solutions of the proposed
method match well with those calculated using FEM for a wide rage of
input acceleration frequencies.

= N
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Fig. 14. Horizontal acceleration at pile head (f=1.0 Hz ).
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Fig. 15. Horizontal disp. at pile head (/= 1.0 Hz).
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Fig. 16. Single pile responses (f= 1.0 Hz ).

3.2.3 Analysis results of pile group and piled raft

Figures 17 and 18 show the horizontal accelerations and displacements
at the pile head in the pile group for the case of input frequency of /= 1.0
Hz calculated using the various analyses. The horizontal accelerations and
displacements at the pile head in the piled raft were almost the same as
those shown in Figures 17 and 18, although figures are not indicated. It can
be seen from the figures that the dynamic responses from the various
solutions match very well in both pile group and piled raft.

The lateral deflections, bending moments, vertical movements and
axial forces along the pile in the pile group and those along the pile in the
piled raft at a time when the horizontal displacement at the pile head shows
the maximum absolute value are plotted in Figures 19 and 20.

The distributions of the lateral deflections of the pile from the various
solutions are almost equal in both cases of the pile group and the piled raft.
The trends of the differences in the bending moment distributions from the
various solutions are similar to those for the case of the single pile. That is,
bending moments of the pile near the top and tip calculated from FEMB
overestimate those from FEMS, and the bending moments calculated from
the simplified method D-PRAB are larger than those from FEM.

—132 —

° 2

£ I

‘87 1

< 0

s

s - ----FEMB ]
g 2k o D-PRAB
T 0 2 4 6 8 10 12 14

Time (s)
Fig. 17. Horizontal acc. at pile head in pile group (f= 1.0 Hz).
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Fig. 18. Horizontal disp. at pile head in pile group (f= 1.0 Hz).

Vertical displacements of the pile from the various solutions are very
small or negligible compared to the lateral deflections (Fig. 19(c) and Fig.
20(c)).

Howevet, it is useful to discuss the vertical responses of the pile for
improvement of the simplifiecd method D-PRAB, because vertical
displacements are expected to become larger when the influence of the
superstructure is considered. The vertical displacements of the pile
calculated using D-PRAB are a little bit of smaller than those calculated
from FEMB, but much smaller than those calculated from FEMS,
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Fig. 19. Responses of pile group (f=1.0 Hz ).
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Fig. 20. Responses of piled raft (f=1.0 Hz').

The difference of the vertical pile responses between FEMS and FEMB
may be attributed to the beam modelling of the piles adopted in FEMB
where pile-to-pile distance is 2.0 m that is smaller than pile surface-to-pile
surface distance of 1.5 m in FEMS, Hence, interaction between the piles
becomes smaller in FEMB than in FEMS, resulting in smaller vertical
displacements in FEMB. Although the pile is modelled as beam elements in
D-PRARB, the effect of the pile diameter is incorporated in the estimation of
the soil spring in D-PRAB. However, as mentioned, interactions between
the soil springs through the soil are not taken into in the current D-PRAB.
This leads to smaller vertical displacements in D-PRAB.

3.2.4 Comparison of single pile, pile group and piled raft

Hereafter, the pile responses of the single pile, the piles in the pile group
and the piled raft at time instants when the horizontal displacement at the
pile head shows the maximum absolute value are compared based on the
analysis results from FEMS which is thought to be most reliable in the
various solutions.

Figure 21(a) shows a comparison of the lateral deflections of the piles.
It -can be seen that the lateral deflections of the piles in all types of
foundations are almost identical.

Figure 21(b) shows a comparison of the bending moments of the piles.
As might be expected, the bending moment at the pile head of the single
pile is zero. Below a level of 10d from the pile head, the bending moment
profiles of the piles in all types of foundations are almost the same.

Figures 21(c) and 21(d) show comparisons of the vertical movements
and the axial forces of the piles in the piled raft and those of the piles in the
pile group. It can be seen from the figures that the vertical movements and
the axial forces of the piles in the piled raft are smaller than those of the
piles in the pile group, i.e., the rocking motions of the piled raft are smaller
than those of the pile group.
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Fig. 21. Comparisons of the pile responses from FEMS (f= 1.0 Hz).

4 CONCLUSIONS

Dynamic behaviours of a single pile, a pile group and a piled raft in a
homogenous elastic ground subjected to earthquakes were analysed using
FEM and a simplified analysis method D-PRAB. In FEM analyses, raft and
piles were modelled by solid elements (called FEMS), or raft was modelled
by thin plate element and piles by beam elements (called FEMB).
Comparisons of the analysis results were made, in order to examine validity
of the various analysis methods and to investigate difference of dynamic
responses of the foundations.

From the comparative analyses using the various solutions, following
findings were derived:

1) Horizontal accelerations and displacements of the single pile, the pile
group and the piled raft calculated using the various methods are almost
the same.

2) FEMB and D-PRAB tend to underestimate the vertical displacements of
the pile compared to FEMS that is regarded as the most rigorous
approach, although the vertical displacements are very small compared
to the horizontal displacements.

From the comparison of the foundations calculated using FEMS,
following findings were indicated:

3) Lateral displacements of the single pile, the pile group and the piled raft
are almost the same for an earthquake.

4) Rocking motion of the piled raft is smaller than that of the pile group.
The axial forces of the pile in the piled raft are much smaller than those
in the pile group.

It should be noted here that the above findings are valid for the cases
that strains induced in the soil are small enough where the soil exhibits only
elastic response and that effect of a superstructure does not exist.
Comparison of the analysis results with observation would be also desirable
to confirm these conclusions.
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Following improvements are recommended for D-PRAB:
1) Incorporation of dynamic interactions between the soil springs though

the soil, in order to obtain more reliable vertical responses of the

foundation.
2) Modelling of the superstructure for the analysis of a total structure
composed of a superstructure and a substructure including piles.
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