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Abstract

The group effect which causes different downdrag distribution in individual piles within the group
was investigated by using a numerical analysis and an analytical study. The interaction factors
due to group spacing and total number of piles in a group were estimated by using a three dimen-
sional non-linear finite element approach. Based on the results obtained, it is shown that the interac-
tion factors of pile groups varies remarkably according to the group spacing, a major influencing
parameter for the group effect. Also the downdrag prediction by the proposed method was compared
with the other analytical methods through an example of calculations.
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1. Introduction

The behavior of pile groups subjected to down-
drag is primarily influenced by the three-dimen-
sional interaction between the soil and the piles.
Most of the previous research has been conducted
by using simplified assumptions for the geometry
and material properties. To obtain detailed infor-
mation on the behavior, however, it is necessary
to simulate the three-dimensional geometry and
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nonlinear behavior of the soil.

For piles embedded in soft clay, substantial yie-
lding may occur at the pil-soil interface. For such
a condition, a non-linear analysis is more approp-
riate and realistic than a linear one. In the past,
the non-linear behavior of soils has been exami-
ned mainly with the plasticity theory.

The overall objective of the present study is
to investigate the interaction factors of pile groups
by using a detailed numerical approach and com-
pare it with the other analytical methods through



an example of calculations.

2. Description and Validation of the Analy-
tical Model

2.1 Model Description

The three-dimensional model includes standard
finite element techniques. This approach consists
of solving a boundary value problem by determi-
ning the displacement function that makes the co-
rresponding functional stationary with respect to
nodal unknowns. This leads to the following equi-
librium equations.

(K- {u} ={r} 1)

where [K]=global stiffness matrix, {u}=nodal
displacements, {r}=global load vector.

The finite element mesh for a typical case is
shown in the Fig, 1. The mesh consists of three-
dimensional 8 noded solid hexahedral elements
and is assumed to be resting on a rigid layer,
and the vertical boundaries at the left- and right-
hand sides are assumed to be on rollers to allow
downward movement of soil layers due to external
surcharge loading. Gravity(self weight) of the sur-
rounding soil is used and the embankment is si-
mulated by applying a surcharge loading to the
ground surface.

The pile element is assumed to remain elastic
at all times, while the soil is idealized as a linear
elastic material or an Extended Drucker-Prager
elastoplastic material. This model was selected
from among the soil models in the library of
ABAQUS." All elements are 8 noded hexahedral.
For certain group configurations, the use of sym-
metry reduced the size of the mesh. The actual
size of the mesh is related to the pile length;
the lower rigid boundary has been placed at a
depth equal to 1.6 pile length and the side boun-
dary is extended laterally to r,=25 L (1-w)."?
The mesh was refined in the region surrounding
the piles and near the pile head and tip until sati-
sfactory results were reached.

2.2 Model Validation
The validity of the three-dimensional model was

VA [ 777077
pile cap. pile - - -~
pile - s o
q
80 m / ¥
Typical boundary
eonditon st sach
/— side & bollom node
5 #
100

..344_

Fig. 1. Typical Finite Element Mesh.
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Fig. 2. Comparison of Endbearing Single Pile: Ulti-
mate Axial Force.

first tested by comparing some of the elastic resu-
Its with the results of the previous elastic studies.

2.2.1 Single Piles

The downdrag force on an endbearing single
pile (Fig.2) was compared with the normalized
results provided by Poulos and Mattes."? Their
analysis was based on Mindlin’s equations. The
agreement between the two analysis is good. In
Fig. 2, Pa is the axial force in the pile, S, is the
final surface settlement, L and d are the pile le-
ngth and diameter, z is the depth along the pile,
and E is the soil elastic modulus.
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2.2.2 Pile Groups

Fig. 3 is a comparison of the solution obtained
in this study with the solution presented by Ku-
wabara and Poulos® for endbearing pile groups.
They extended the analysis of a single pile to
the analysis of pile groups using Mindlin's equa-
tion. Fig. 3 shows the distribution of the axial fo-
rce in a pile group with a perfectly flexible pile
cap: 25 piles are arranged in a square configura-
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with Flexible Pile Cap: (a}) 3-d FEM, (b) Ku-
wabara and Poulos (1989).
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tion with a spacing-to- diameter ratio equal to 5.0.
The downdrag force, F,, is normalized by the ma-
ximum downdrag force in a single isolated pile,
Fi.. Resonably good agreement is obtained bet-
ween the 3-dimensional solution (Fig. 3-a) and the
solution presented by Kuwabara and Poulos (3-b).

3. Numerical Analysis

The behavior of a pile in a group is influenced
by the presence of and loadings on neighboring
piles when piles are closely spaced. This is refer-
red to as group effect. A major parameter influen-
cing the group effect is the spacing between piles.
Experiments by Koerher and Mukhopadhyay®
and Ito and Matsui® clearly show this influence
through the use of small scale experiments: at
center to center spacings larger than 5 diameters
there is no evidence of group effect while below
2.5 diameters there is a definite group effect.

Based on the above literature review, a series
of numerical analyses on pile groups were perfor-
med for different endbearing conditions, soil mo-
del and two different spacings (2.5, 5.0) between
piles (Table 1). The cases of a single pile and
of pile groups are analyzed. Table 2 shows the
material properties and geometries used in this
study.

The elastoplastic analyses were run to take into
account the local yielding at the pile-soil interface
and used an iterative and incremental analysis.
For the solution of nonlinear problems, equation
(1) is not satisfied at any stage of the computa-
tion

y=[K]{u} ~(r}#0 2)
where v is the residual force vector. For an elas-
toplastic state, the material stiffness is continually

changing and instantaneously the incremental st-
ress-strain relations is given by

{do}=[C*]-{de} 3
where [C®] is the elastoplastic constitutive mat-

rix.

3.1 Analysis without Yielding
Fig.4 and 5 present a comparison of the intera-



Table 1. Numerical Analysis for Pile Groups

Table 2. Material Properties for Pile Groups

Group Endbearing | Soil Model | Spacing

Condition (s/d)

1X1 Endbearing Elastic 25 & 5
(single) & Friction

& Elastoplastic | 25 & 5

1X2 (G) > Elastic 26 &5

Endbearing |Elastoplastic { 25 & 5

1x4 (G) 4 Elastic 25 & 5

1X6 (G) % Elastic 25 &5

1xX8 (G) 2 Elastic 25 & 5

1X10 (G) |Endbearing Elastic 25 & 5
& Friction

2x2 (G) > Elastic 25 & 5

> Elastoplastic | 2.5 & ¢

3X3 (G) ” Elastic 2b & 5

~ Elastoplastic | 25 & 5

3X10 (G) 2 Elastic 25 &5

4X4 (G) » Elastic 25 &5

5X5 (G) “ Elastic 25 & 5

s Elastoplastic | 25 & 5

5X10 (G) » Elastic 25 &5

6X6 (G) 2 Elastic 25 &5

% Elastoplastic | 25 & 5

8X8 (G) 2 Elastic 25 & 5

10X10 (G) “ Elastic 25 & 5

Notes: 3X10 (G)=3 rows and 10 columns of pile
groups, s= center-to-center spacing between piles, d
=diameter of pile, G=pile group

ction for the 2.5 d and 5.0 d spacing between piles
based on the elastic analysis of pile groups. The
results are presented on table 3 in the form of
downdrag interaction factors for endbearing and
friction piles and for the two ratios. The downdrag
interaction factor is defined as the ratio of the
downdrag force on a pile in the group to the dow-
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Pile area  [0.6mX06m
length |30 m embedding depth
E, 20X 10°kN/m* (concrete)
v 0.3
Soil Elastic Properties
E, 20X 107 kN/m?
E, 20X 10* kN/m*
v 04
Y 9.0 kN/m*
Soil Plastic Properties
o' 25 degree
B 36.5 degree
] 0 degree
(o 3.0 kN/m*
Surcharge |q. 250 kN/m*

Notes: E,: Young's modulus of piles; E.: Young’'s mo-
dulus of soil; Ey: Young's modulus of bearing layer;
y': effective unit wt. of soil; ¢": internal friction angle
of soil; C": cohesion of soil

ndrag force on an isolated pile. It can be seen
that the downdrag interaction factors of the piles
within the group are much less than that of a
single isolated pile.

3.2 Analysis with Yielding

In the previoue section (3.1), all analyses were
based on the linear elastic solution. The analysis
of downdrag using a linear elastic soil model is
of limited value when trying to represent the ac-
tual pile-soil-pile behavior. In general, the soil
around most of the piles and the soil near the
bottom of the endbearing piles are strained well
into the plastic range, so that the direct applica-
tion of an elastic solution is not wvalid.

To understand the true behavior, yielding of
the soil at the pile-soil interface was considered
by taking into account the effective strength para-
meters of a clay: the effective cohesion, C' and
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Table 3. Downdrag Interaction Factors (Without Yielding)

Groups Interaction Factor
Endbearing Piles
s/d=2.5 s/d=5.0
Corner Perimeter Interior Corner Perimeter Interior
Pile Pile Pile Pile Pile Pile
Single 1.0 - 1.0 - -
2X1 0.66 - - 0.75 - -
2x2 041 - - 0.51 - -
3X3 0.35 0.20 0.06 0.48 0.30 0.14
4x4 0.33 0.17 0.04 0.44 0.27 0.11
5X5 0.32 0.15 0.03 0.44 0.25 0.09
3X10 0.33 0.13 0.04 045 0.24 0.11
6X6 0.30 0.13 0.03 0.43 0.24 0.09
5X10 0.32 0.12 0.03 045 0.24 0.09
8X8 0.30 0.13 0.03 0.44 0.24 0.09
10X10 0.33 0.12 0.03 V.46 0.24 0.09
Friction Piles
s/d=25 5/d=5.0
Corner Perimeter Interior Corner Perimeter Interior
Pile File Pile Pile Pile Pile
Single 1.0 - 1.0 - -
2X1 0.68 - - 0.79 - -
2X2 0.44 - - 0.57 - -
3x3 0.40 0.22 0.09 0.54 0.37 0.23
4X4 0.38 0.19 0.08 0.53 0.34 0.21
5X5 0.37 0.17 0.06 0.52 0.32 0.18
3x10 0.39 0.16 0.07 0.54 0.32 0.20
6X6 0.36 0.17 0.06 0.51 0.32 0.18
5X10 0.38 0.16 0.06 0.54 0.32 0.18
8X8 0.35 0.16 0.06 0.53 0.32 0.17
10X 10 0.39 .16 0.05 0.55 0.32 017
348~ A LA aE R
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the effective friction angle, ¢'.

Fig. 6 and 7 present a comparison of the intera-
ction between piles with different spacings based
on the non-linear analysis of pile groups. The re-
sults are presented on Table 4 in the form of
downdrag interaction factors for endbearing and
friction piles and for the two ratios.

The interaction factors on each pile decrease
significantly as the pile spacing decreases.

4. Group Effect by Interaction Factors

The interaction factors obtained by the three-

K14 E F2948-1994 4 3 K

dimensional parametric analysis can play a signifi-
cant role in determining the group effect between
piles.

The maximum downdrag force on each pile wi-
thin the group can be estimated by the product
of the interaction factor and the downdrag force
on an isolated pile determined from the analytical
solution.”

5. Example of Calculations

An example of calculations®™ for a group of piles
(Fig. 8) is given. This is a group of 12 piles (3 X 4);
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Table 4. Downdrag

Interaction Factors (With Yielding)

Groups Interaction Factor
Endbearing Piles
s/d=25 s/d=5.0
Corner Perimeter Interior Corner Perimeter Interior
Pile Pile Pile Pile Pile Pile
Single 1.0 - - 1.0 - -
2X2 0.64 - - 1.0 - -
3x3 0.58 0.36 0.14 091 0.78 042
5X5 0.50 0.35 0.10 0.88 0.76 0.38
6X6 049 0.34 0.09 0.87 0.75 0.37
Friction Piles
s/d=25 s/d=5.0
Corner Perimeter Interior Corner Perimeter Interior
Pile Pile Pile Pile Pile Pile
Single 1.0 - 1.0 - -
2X2 0.65 - - 1.0
3X3 0.58 0.40 0.22 0.93 0.88 0.72
5X5 0.50 0.38 0.19 0.90 0.84 0.65
6X6 0.50 0.38 0.18 0.89 0.82 0.63
each pile has a diameter of 0.5 m and a center o o Q
to center spacing of 1.772 m. The water table is ot e
at the surface and the piles are driven through © ©
20 m of very soft clay with an effective unit weight RECEN

of Y'=8 kN/m® into a rigid bearing layer. The coe-
fficient B is 0.3. A 10 m high embankment is pla-
ced on the ground surface and imposes a pressure
g equal to 200 kN/m? over a very wide area. Ca-
sings are used in the fill so that no downdrag
exists between the fill and the pile.

Proposed Method

The parameter b is the average radius of inf-
luence for one pile:

n b?=4 d?

@

1350-

soft clay

114 A4

fill losd
Al dy131gl

20 m

Rigid Bearing Layer

Fig. 8. An Example of Calculations for 12 Pile

Group.
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where d=1/2X1.772; therefore b=1m.

The proposed method consists of calculating fi-
rst the downdrag on a single pile: the vertical
effective stress at the single pile shaft proposed
by the author® is

’ ’

6'(z, R)“*"'L — + exp “‘“’Lq,”““—y 5)

, b) fQy,

and the analytical solution ¢’ (z, R) from equation
(5) for a single pile will be

depth Y N 6'(z) |o'(z, B)
(m) kN/m*) | kN/m?» | (kN/m? | (kN/m?
0 8.0 0 200 200
2.0 8.0 16 216 215.09
4.0 8.0 32 232 230.12
6.0 8.0 48 248 245.06
8.0 8.0 64 264 259.95
10.0 8.0 80 280 274.77
12.0 8.0 96 296 289.53
14.0 8.0 112 312 304.12
16.0 8.0 128 328 318.85
18.0 8.0 144 344 33342
20.0 8.0 160 360 347.92

The maximum downdrag force of the single pile
is:

H

F,=2nRp f 0

_2nRB ., L

L) [o'(z)—o'(H, R)]

2n 0.25 0.3
00022

= 2568 kN (6)

d'(z, R) dz

—————""[ 360 —347.92]

The downdrag on the group (s/d==3.54) is then
calculated by choosing interaction factors halfway
between the interaction factors for s/d=2.5 and
s/d=5.0:

Fnl_mmer) - 08 X Fn(smgle)
=0.8X2568=2054 kN (7N

Fn(side) = 06 X Fn(smgle)
=0.6X2568= 1541 kN ®

Fn(imeriur) = 0 25 X Fn(;mglel
=0.25X 2568=642 kN 9

F14E H25 - 19945 37
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This leads to a total downdrag on the group
of:

Foagroup= 4 X 2504+ 6X 1541 + 2 X 642 = 18746 kN
10)

Other Analytical Methods
The first method consists of calculating the do-
wndrag on a single pile:

F,=2nRp f: o'(z) dz D

where o'(2)=q,+Y'z (12)

Then, F,=2nR(GH+ - HY)

F,=2nX0.25X0.30(200 X 20+ —;— X 8X20%)

F,=2640 kN 13

The downdrag on the group is then calculated
as:

Fn(group) = 12 X 26‘4’0 = 31680 kN (]_4)

Terzaghi and Peck’'s method" makes use of
the group perimeter (Fig. 8):

P=2X582+2X4.04=1972m (15)

The average friction over the 20 meter depth
of clay is:

:%f: Bo'(z) dz

1 ..
S=B(qo+ 'Z“Y'H)

S$=0.3(200+0.5X8X20)
S=84 kN/m? (16)

The downdrag for the group is therefore:

Fn(group) = S H P
Fn(group) =84X20X19.72
Fn(gmup) = 33130 kN (17)

Alternatively, if this method is applied to a
short term condition with the undrained shear
strength of the soft clay averaging 30kN/m’
then



Fn(group) = Su H P
Fn(group) =30X20X19.72
Fn(gﬂ,up): 11832 kN (18)

In this case the long term downdrag is much
more severe than the short term downdrag. The
above results also tend to show that in the short
term the shear plane for the downdrag maybe
around the perimeter (11832 kN <31680 kN) while
in the long term the shear planes may switch to
individual piles (31680 kN<33130 kN).

Broms® method requires the consideration of
three different cases. Case 1 is the case of indivi-
dual pile action in the group and leads to F.om™
31680 kN. Case 2 is the case of the long term
approach in Terzaghi and Peck which gave Foup
=33130 kN. In case 3 the following calculations
apply:

Interior Piles

Fn(x) - qoﬂ(b2 - RZ)
Faiy= 200X 3.14(12~ 0.25%)
Frg =590 kN/pile (19)

for the 6 perimeter piles with a coefficient a=5

H
Fn(p) = q()(; + d) 2d

2]
Foup= 200(—“—59 +0.886) X 2 X 0.886

Fuem=1730 KN/pile (20)

for the 4 corner piles

H
Fn(r): qo("‘ +d)*
d

20 .
Fro= 200(—5— +0.886)

Fuo=4775 kN/pile 21

Table 5. Summary of Results for Example of Downdrag Calculations for a Pile Group

Downdrag Downdrag Force Corner Perimeter Interior Single
Method on the Group Pile Pile Pile Pile
Fn(;{mup) Fn((') Fn(p) qu Fn(smglrr
kN kN kN kN kN
B method 2640
F,.=n F, 31680
Terzaghi & 33130
Peck (1948) {Bo' v approach)
11832
(S, approach)
Broms (1966) Case 1: 31680
Case 2: 33130
Case 3: 22120 (4775) 1730 590
2640
Broms (1976) 27580 2640 2640 590
Zeevaert (1957) 26620 2640 2480 590
Combarieu (1985) 10448 1265 758 420
Proposed (1993) 18746 2054 1541 642 2568

-352-
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This value is too high since it is larger than
the downdrag on an isolated pile: 2640 kN. The
downdrag on the group is:

Fn(gmup) - 2 X 590 + 6 X 1730 + 4 X 2640
Fn(gmup) = 22 120 kN (22)

Broms method™ leads to a somewhat higher
answer, Indeed all parameter and corner piles are
treated as isolated piles.

Fn(gmup) = 2 X 590 + 10 X 2640
F ogeroupy = 27580 kN 23)

Zeevaert’s method leads to the following re-

sults™;

Foo=590 kN (24)
Foo = 2640 kN (25)
Fn(p) = 2480 kN (26)

The downdrag on the group is
Fn(gmup): 26620 kN (27)

Combarieu's method®™ starts with obtaining the
parameter A from §. Since 0.15<$<0.385, A=0.385
—B=0.085. Fn() which is the value of F, for
an isolated pile is 2450 kN while F,, the value
of F, for an interior pile, is 420 kN with a neutral
point at a depth of 9.50m. Combarieu as a result
of his theorerical work proposed some practical
rules for pile groups:

~

5
corner piles F,.= L Fam+ 2 Fo(0)=1265 kN

12
(28)
. . 5 1
Perimeter piles F,,= i Foyt+ i F,()="758 kN
(29
Interior piles F.5=F.m=420 kN 30
The downdrag on the group is:
Fn(;zmup) = 4 X ] 265 +' 6 X 758 + 2 X 420
Fn(gmup\: 10448 kN 31

Table 5 summarizes the resuits.

5. Conclusion

HlAE B2 19 3 H -353-

The downdrag on pile groups was investigated
based on a numerical analysis and on analytical
study. The case of a single pile and subsequently
the response of groups were analyzed by develo-
ping interaction factors obtained from a three di-
mensional non-linear finite element study. On the
basis of the findings of this study, the following
main conclusions are drawn:

1. The pile-soil-pile interaction is much less fa-
vorable for a non-linear analysis than for a linear
analysis. Thus, calculating downdrag in pile
groups by using the results of linear analyses can
substantially overestimate the degree of interac-
tion in realistic situations.

2. The major parameters highly influencing the
interaction factors are the group spacing, the total
number of piles, and the relative position of the
piles within the group.

3. The downdrag interaction factors of the piles
within the group is much less than that of a single
isolated pile.
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