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Abstract This paper presents both experimental and

analytical investigation to monitor the effect of

dynamic pile-soil-pile interaction on the nonlinear

coupled response of a 6-pile group placing in different

arrangements of piles under rotating machine induced

vibrations. Another aspect of the present study is the

theoretical prediction of parameters responsible for

the nonlinear coupled response of the pile foundation.

The pile groups comprised of hollow steel piles with

an outer diameter of 0.114 m and a length of 3 m.

Coupled vibration field tests are performed on the pile

groups laid in two different set of pile arrangements (2

� 3 and 3 � 2 pile groups) to obtain the dynamic

horizontal and rocking responses of the pile groups

under different eccentric moments. For theoretical

study, the continuum approach with superposition

method is used to determine the nonlinear dynamic

responses of the pile groups. The analytical frequency-

amplitude responses for both types of vibrating

displacements are compared with the dynamic field

test results and the variations of the influencing

parameters for the nonlinear dynamic response of the

soil-pile system are predicted for coupled vibration.

For 3 9 2 pile group, the resonant frequencies are

found lower and resonant amplitudes are found higher

than the values of the 2 9 3 pile group for all eccentric

moments. It is also observed that the stiffness and

damping of the 3 9 2 pile group shows lesser values

than the 2 9 3 pile group even if the input analytical

parameters are same for both the pile groups. From the

results, it can be concluded that the effect of dynamic

pile-soil-pile interaction is more pronounced for

3 9 2 pile group as compared to the 2 9 3 pile group.

Keywords Pile group � Coupled vibration test �
Nonlinear dynamic response � Pile-soil-pile
interaction � Continuum approach analysis � Boundary
zone parameters

1 Introduction

In recent years, heavy machines such as turbines,

generators, pumps etc. are extensively used in differ-

ent industries to increase the quality and speed of

production. These machineries produce high magni-

tude of dynamic loads on the foundations. Most often

piles are provided in groups with different spacing and
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arrangements to support these types of foundation.

One of the basic complications the pile groups face is

the interactions between the piles in groups which

have a great impact on the dynamic response of the

pile groups. The stiffness of the piles in a group is

reduced than the stiffness of an individual pile due to

the interaction between the piles. Hence, the stiffness

of the pile group reduced than the sum of individual

piles of a group which results the reduction in resonant

frequency and increment in resonant amplitude values

of the pile groups under dynamic load. This behavior

creates difficulties to predict the exact values of the

resonant frequency and amplitude which is an essen-

tial requirement for safe and economic design of the

machine foundation. However, dynamic pile-soil-pile

interaction can be minimized by placing the piles in a

very wide spacing but most of cases that could not be

possible because of other design aspects. The group

interaction phenomenon is also largely affected by the

arrangement of piles in a group even if the number of

piles in the group is fixed. Therefore, it is very

important for a designer to carefully address these

unavoidable issues for the safety and successful design

of pile group supported machine foundations.

To assess the actual nonlinear dynamic response of

the pile groups, experimental investigations are almost

compulsory. In past decades, many researchers

adopted the small-scale prototype field vibration tests

over the other testing methods because of its fewer

requirements of cost and effort. Novak and Grigg

(1976) performed dynamic tests on small pile foun-

dations to verify the applicability of a linear-elastic

theoretical method and indicated that the dynamic

response could be predicted reasonably well with the

consideration of static pile group interaction factors

introduced by Poulos (1971). El Marsafawi et al.

(1992) did dynamic test on two separate pile groups

embedded in different types of soil subjected to

harmonic motion. Similar kind of dynamic field tests

were also performed by Burr et al. (1997) on 13 model

pile groups on different sites to investigate the effect of

spacing to diameter ratio on the dynamic response of

pile groups. Goti et al. (2016) conducted a laboratory

experiments to obtain the pile-to-pile interaction

factors and impedance functions of fixed headed

model pile groups. The effect of soil nonlinearity on

dynamic response of pile groups was investigated

under horizontal excitation. To understand the com-

plex nonlinear nature of frequency-amplitude

responses of piles, Elkasabgy and Naggar (2013);

Choudhary et al. (2015) and Biswas andManna (2018)

conducted dynamic field tests on piles with varying

foundation weights. The variations of stiffness and

damping of piles with frequency are also investigated

using the continuum approach analysis. From the

studies, it was observed that the theoretical analysis

provided a reasonable estimation of frequency-ampli-

tude response curves as compared to the field test

results under dynamic loading. Such agreement was

achieved by considering a boundary zone around the

pile and the soil-pile separation lengths.

The theoretical study is necessary to provide an

insight about the actual dynamic phenomena occurred

in the field dynamic tests. Among all theoretical

approaches to analyze the pile foundations under

dynamic loading, the continuous approach analysis is

most promisingly and widely used by many research-

ers because of the advantage of the method to function

in nonlinear condition. The linear continuum approach

is broadly described by Novak and Aboul-Ella (1978)

for single pile embedded in layered soil medium. To

account for the soil nonlinearity and the soil-pile

separation, Novak and Sheta (1980) incorporated an

equivalent nonlinear soil model in the continuum

approach. Another soil model was also proposed by

Han and Sabin (1995) to provide better estimation of

dynamic soil stiffness. Novak and Mitwally (1990)

proposed a superposition method along with the

continuum approach analysis and evaluated the pile

group stiffness using dynamic interaction factors.

Later, Kaynia and Kausel (1982) proposed a method to

calculate the frequency-dependent dynamic interac-

tion factors for different modes of vibration based on

the static interaction factors. Dobry and Gazetas

(1988) also proposed a remarkably simple method to

evaluate the dynamic interaction factors for homoge-

neous soil. This study was further extended by Makris

and Gazetas (1992) to compute the dynamic interac-

tion factors for nonhomogeneous soil. Novak and

other co-researchers complied the continuum

approach and the superposition methods as a computer

code to predict the dynamic response of the pile

foundations. Saitoh et al. (2016) proposed a closed-

from solution based on the superposition method to

obtain the impedance functions of inclined pile groups

for different vibration modes using pile to pile

interaction factors.
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From the literature, it can be clearly understandable

that the effect of dynamic pile-soil-pile interaction on

the nonlinear response of pile groups have not been

elaborately reported under rotating machine induced

dynamic loading. In addition to that coupled vibration

field tests and nonlinear dynamic analysis of pile

groups with different arrangements are barely con-

ducted to predict the dynamic characteristics of the

soil-pile system. Hence in this study, dynamic field

tests and nonlinear continuum approach analysis are

performed on 3 9 2 and 2 9 3 pile groups to inves-

tigate the influence of the dynamic group interaction

effect on the nonlinear response of the pile groups with

different arrangements of piles under coupled vibra-

tions. From the numerical analysis, variations of the

parameters accountable for the nonlinear dynamic

response of the pile foundations are presented. The

variations of stiffness and damping of the pile groups

are also investigated for different eccentric moments

and modes of vibration.

2 Experimental Investigation

Coupled vibration tests have been conducted on a

6-pile group with different pile arrangements in

between block II and III at Indian Institute of

Technology Delhi, Hauz Khas, New Delhi, India.

The frequency amplitude responses obtained from the

dynamic experiments is compared with the analytical

responses to get the stiffness and damping of the pile

group.

2.1 Site Characterisation

The vertical soil profile of the test site was charac-

terised by several in-situ and laboratory tests. The

standard penetration tests (SPT) was performed in a

borehole at different intervals up to a depth of 6.5 m

and simultaneously soil samples were collected for

laboratory testing. To determine the properties of soil,

the laboratory experiments such as bulk density,

natural water content, particle size distribution and

Atterberg’s limits tests were carried out on collected

soil samples. The in-situ and laboratory investigation

indicated that the test site consists of sandy silt type of

soil. The shear modulus of the soil layers have been

evaluated from the following well accepted correla-

tion (Bowles 1996).

G ¼ 400Su
2ð1þ lÞ ð1Þ

where, Su is undrained shear strength of soil which has

been determined according to the SPT-N value. The

Poisson’s ratio (l) for all the soil layers was consid-

ered as 0.3. The variation of different soil layers, SPT-

Ncorr value and shear modulus with depth is presented

in Fig. 1. The measured soil properties of the testing

site with depth are listed in Table 1. The shear wave

velocity for different depth of soil is deduced from the

value of shear modulus of soil which is also presented

in Table 1.

2.2 Construction of Pile Group

Hollow steel circular piles having an outer diameter

(d) of 0.114 m and a length (L) of 3.0 m (thick-

ness = 3 mm) were used to construct the 6-pile group

for the dynamic testing. One side of the piles were

closed with circular steel plates for the generation of

the pile tip reactions. For installation of the piles,

boreholes were made with a helical auger having a

diameter of 0.1 m at 3d spacing (s) and the piles were

driven into the boreholes with a hammer. A steel pile

cap of dimensions 0.9 m 9 0.9 m 9 0.037 m

(weight = 2.5 kN) was rigidly connected with the

piles by specially made pile cap connectors. After the

installation, the piles were kept undisturbed for a

period of 2 months to achieve its natural state. The

stepwise installation process of the pile group is

presented in Fig. 2.

2.3 Coupled Vibration Test Setup

Forced vibration tests were performed in the field on

the 6-pile groups under the static loads of 10 kN

and 14 kN to get the coupled responses (horizontal

and rocking) of the pile foundations subjected to

different eccentric levels of rotating machine induced

vibrations. The coupled excitation forces on pile group

were produce by Lazan type mechanical oscillator

which was comprised of two counter rotating eccentric

masses to generate horizontal harmonic forces. The

magnitude of the excitation forces were varied by

changing eccentric degree (h) between the rotating

masses. When angle h was set to a value, the

eccentrically rotating masses induce an eccentric

moment (me) which could be expressed as
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me ¼ We

g
¼ 2:5 sin h=2ð Þ

g
ð2Þ

The magnitude of the dynamic load (P) applied on the

pile foundation was represented as

P ¼ mex2 sinxt ¼ 2:5 sin h=2ð Þ
g

x2 sinxt ð3Þ

where m and W are the mass and weight of the

eccentric rotating masses respectively. e is the eccen-

tric distance of the rotating masses and g is the

acceleration due to gravity. The circular frequency of

the oscillator is x and t is the time.

After the rest period was over, steel plates of

dimensions 0.5 m 9 0.5 m 9 0.022 m (total

weight = 7 kN or 11 kN) were placed on the pile

cap to apply desired static weight on the pile group.

Then the mechanical oscillator (weight = 0.5 kN) was

mounted on top of the loading plates aliening the

centre of the oscillator with the centreline of the pile

cap. The steel plates and the oscillator were tightly

connected with the pile cap with four bolts so that the

total loading system was behaved as a single unit. The

mechanical oscillator was connected with a 5 hp DC

motor through a flexible shaft and the running

Fig. 1 Variation of soil layer, SPT-Ncorr value, and shear modulus with depth

Table 1 Properties of soil at testing site

Depth

(m)

Water

Content (%)

Dry Density

(kN/m3)
LL (%) PL (%) Grain Size Distribution (%) Corrected

SPT-N
Shear wave

velocity, Vs (m/s)

0.75 8.48 18.20 – – – 18 95

1.5 10.29 16.12 25.7 20.1 Sand = 39, Silt = 43, Clay = 18 12 82

2.5 8.84 11.67 – – – 15 108

3.5 7.52 14.77 – – – 26 127

4.5 10.73 18.41 32.0 23.2 Gravel = 3, Sand = 36,

Silt = 42, Clay = 19

49 137

5.5 12.68 15.21 – – – 43 145

6.5 15.00 18.52 35 126
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frequency of the oscillator was controlled by a speed

control unit. To measure both horizontal and rocking

amplitudes of vibrations simultaneously, two

accelerometers and a data accusation system were

used. One accelerometer was horizontally attached to

the side of the loading setup at the height of centre of

gravity (C.G.) on the direction of vibration to measure

the horizontal component. For measuring rocking

component, another accelerometer was vertically

attached at the top of the loading system at a known

distance from the projected centre of the pile cap to the

direction of the dynamic force. A frequency measure-

ment sensor was also attached to the DC motor to

record the frequency of the oscillator. The generated

time history data were stored in a laptop through the

data accusation system. The schematic and the actual

field testing setup of the soil-pile system are presented

in Fig. 3.

2.4 Test Programme and Results

The dynamic responses (horizontal and rocking) of the

6-pile groups with different pile arrangements have

been measured for four different eccentric moments

(W.e = 0.868, 1.269, 1.631 and 1.944 Nm) under the

static loads of 10 kN and 14 kN. Two sets of test were

performed on 6-pile groups by placing the oscillator in

such ways that the unsymmetrical 6-pile group can be

considered as 2� 3 pile group and 3� 2 pile group as

shown in Fig. 4. To conduct coupled vibration testing

for both the pile groups, the horizontal harmonic

forces were applied through the mechanical oscillator

placed at a height from the C.G. of the pile cap-loading

system. This arrangement generated both the horizon-

tal and rocking forces simultaneously at the C.G. of the

loading system. The horizontal forces were acted at a

height of 0.305 m and 0.402 m from C.G. of the pile

Fig. 2 The stepwise installation process of the pile group: amaking of boreholes b driving of piles by SPT hammer c 6-pile group after
installation d installed piles with pile cap
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cap loading system for the 10 kN and 14 kN static

load respectively. The oscillator was run in a con-

trolled manner through the motor to avoid sudden

application of high magnitude dynamic load up to the

frequency of 50 Hz. The steady state time-accelera-

tion responses of the pile group were recorded at

different frequencies for different eccentric moments.

The time versus frequency readings were also

obtained simultaneously. Typical time versus accel-

eration response curves for three different frequencies

(i.e. 10 Hz, 20 Hz and 30 Hz) are presented in Fig. 5a,

b for horizontal and rocking motion respectively.

From these measured responses, frequency versus

amplitude response curves have been plotted for both

horizontal and rocking modes separately. A typical

frequency-amplitude response curve of 2 9 3 pile

group under Ws = 10 kN are presented in Fig. 6a, b

for horizontal and rocking vibration respectively. It is

observed from the dynamic test results that the

resonant frequencies of the soil-pile system are

decreased with the increase of excitation forces and

the resonant amplitude values of first peak of the

coupled responses are also disproportional to the

excitation intensities. This pattern of the response

curves indicate the nonlinear behavior of the pile

foundations under coupled vibration. From the results,

it is also found that there are no second resonant peaks

detected within the frequency range of dynamic tests

due to the high complex stiffness of the pile groups.

To demonstrate the nonlinearity of the system more

clearly, the experimental responses are also presented

in dimensionless form. The dimensionless frequency

versus amplitude responses of 2 9 3 pile group is

presented in Fig. 7. The dimensionless amplitudes are

defined as (Ws/W.e)A, where A is the measured vertical

amplitude. The dimensionless frequencies are defined

as xR/Vs, where x is the measured frequency in

radian, R is the radius of pile and Vs is the average

shear wave velocity of soil. For a linear system, all the

dimensionless response curves of different eccentric

moments should collapse onto one curve. However,

the figures shows completely opposite behavior as the

resonant frequency reduces with the increase of

eccentric moments. This behavior indicates that the

pile foundations behave in a nonlinear manner under

rotating machine induced coupled vibration.

3 Theoretical Study

Numerical analysis of the pile groups are performed

with software called DYNA 5 (Novak et al. 1999) to

determine the nonlinear coupled response under

rotating machine induced excitations. The software

calculates the stiffness and damping of pile founda-

tions using the continuum approach and superposition

method. Based on the continuum approach, the

coupled response of single piles are evaluated (Novak

and Aboul-Ella 1978) considering linear elastic

behavior of soil. The stiffness of the soil medium is

deduced in complex form (Novak et al. 1978) using

Fig. 3 Complete coupled vibration testing setup of pile

foundation a schematic diagram b actual field setup
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Fig. 4 Schematic diagram of pile setup a 2 9 3 pile group and b 3 9 2 pile group

Fig. 5 Time versus acceleration response of the 2 9 3 pile group for 10 kN static load a horizontal mode b rocking mode
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the wave propagation theory, where the real part

implies the stiffness of soil and the imaginary part

represents the damping of soil. As the soil behavior is

hardly linear, a modified equivalent linear soil model

(Novak and Sheta 1980) is implemented which can

take into account the gradual yielding of soil around

the pile with the increase of excitation levels and the

separation between the pile and soil at the top layer. In

this soil model, a cylindrical boundary zone was

proposed around the pile which is characterized by

decreased shear modulus and increased damping

relative to the outer free-field with no soil mass for

Fig. 6 Frequency versus amplitude response of 2 9 3 pile group for 10 kN static load under coupled vibration a horizontal mode

b rocking mode

Fig. 7 Dimensionless frequency versus amplitude response curves of 2 9 3 Pile group a horizontal mode b rocking mode
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preventing wave reflection from the fictitious interface

between the cylindrical zone and the outer region

(Fig. 8). The complex dynamic stiffness of the com-

posite medium is calculated using wave equations by

considering the compatibility conditions at the inter-

face of the two zones. The stiffness and damping of

soil mainly depends on boundary zone parameters;

such as shear modulus reduction ratio (Gm/G), weak

zone soil damping (Dm), thickness ratio (tm/R) and

soil-pile separation lengths. The dynamic soil stiffness

of the composite medium for the horizontal and

rocking motion is expressed as follows:

Horizontal uð Þ :

Ku ¼ G Su1 a0;
Gm

G
;
tm
R
;Dm; tm

� �
þ iSu2 a0;

Gm

G
;
tm
R
;Dm; tm

� �� �

ð4Þ

Rocking wð Þ :

Kw ¼ GR2 Sw1 a0;
Gm

G
;
tm
R
;Dm

� �
þ iSw2 a0;

Gm

G
;
tm
R
;Dm

� �� �

ð5Þ

where Su1, Sw1 = stiffness and Su2, Sw2 = damping

parameters of the complex horizontal (Ku) and rocking

(Kw) soil stiffness respectively and Gm, tm, Dm

mm = are the shear modulus, thickness, damping ratio

of the weak soil boundary zone and Poisson’s ratio of

the inner soil boundary zone respectively. a0 repre-

sents the dimensionless frequency, i.e., Rx/Vs, where

Vs is the shear-wave velocity of soil. The shear

modulus of soil is represented as G and radius of the

pile is denoted as R. This equivalent linear complex

soil stiffness is included into the analysis for effective

implementation of soil nonlinearity in place of the

linear complex stiffness without any other theoretical

modifications.

In order to find out the dynamic coupled response of

the pile group, the superposition method (Novak and

Mitwally 1990) is used for the analysis. In this method,

the dynamic complex stiffness of pile group is derived

from the concept of dynamic interaction factors of

individual piles in a group. The dynamic interaction

factors (a) can be expressed as

a ¼ a1 þ ia2 ð6Þ

where, the a1 and a2 are the real and imaginary part

of the complex dynamic stiffness respectively and

i = H - 1.

The dynamic interaction factors are evaluated form

the static interaction factors of El Sharnouby and

Novak (1986) for both horizontal and rocking modes

of vibration. The frequency dependent dynamic inter-

action factors can be defined in terms of static

interaction factors (ast) as shown below.

a ¼ astðs=dÞFðx; s=dÞ ð7Þ

F represents a coefficient for the frequency varia-

tion of the dynamic interaction factors which are

reported by Kaynia and Kausel (1982). The factor is

different for real and imaginary part of the complex

interaction factors which are varied with the frequency

and the relative directional spacing between the piles.

Finally, the complex dynamic stiffness of the pile

group is calculated by deriving the group interaction

matrixes for different modes of vibration using

equivalent linear soil model.

Fig. 8 Model of boundary zone with shear modulus variation
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All this described methods are compiled as a

computer code named DYNA 5 which is used in this

study to determine the coupled response of the pile

groups subjected to machine induced vibrations.

3.1 Boundary Zone Parameters

From the experimental results, it was found that the

responses of the pile groups were nonlinear in nature.

Therefore in this study, numerical analysis has been

performed using equivalent linear soil model to

predict the dynamic nonlinear coupled responses of

the pile groups after introducing the boundary zone

parameters in the continuum approach analysis.

However, the estimation of precise boundary zone

parametric values is difficult without the help of

experimental results due the lack of guidelines in the

literature. Therefore, the values of boundary zone

parameters are achieved by trial and error method

based on the ranges reported in various literatures

(Han and Novak 1988; Vaziri and Han 1992; Elka-

sabgy and Naggar 2013; Sinha et al. 2015). For

different eccentric moments, the values of soil

parameters of the weakened zone are varied so that

the nonlinear analytical response curves approach

towards the coupled vibration test responses. Step-

variation patterns are assumed to specify the variations

of the boundary zone parameters with depth. The

variations of the boundary zone parameters with depth

for different eccentric moments are shown in Fig. 9. It

can be observed from the figures that the shear

modulus reduction ratio (Gm/G) values are increased

with depth but in the case of the thickness ratio (tm/

R) and the weak zone soil damping (Dm) reverse trend

is observed for all excitation intensities. It can also be

observed that the shear modulus reduction ratio (Gm/

G) are decreased but the weak zone soil damping (Dm)

and the thickness ratio (tm/R) are increased as the

eccentric moment increases. This phenomenon hap-

pens due to the gradual expansion of boundary zone

with the increase of eccentric forces. The separation

between the pile and soil is also introduced in the

analysis using the Gm/G ratio as zero in the topmost

layer of the ground. The soil-pile separation lengths

are assumed to be constant in the analysis for all the

piles in the group. However, different separation

lengths are chosen for the different excitation inten-

sities because it is understandable that the separation

between the pile and soil will be more for higher

eccentric moments than the lower eccentric moments.

The assumed separation lengths are considered as

1.49d (= 0.17 m) for W.e = 0.868 Nm and

2.02d (= 0.23 m) forW.e = 1.944 Nm. In this context,

it can be mentioned that the stiffness of the soil-pile

system are decreased with the increase in shear

modulus reduction, boundary zone thickness and

length of soil-pile separations. On the other hand, the

damping values are incased with the increase of all the

parameters except the soil-pile separation length. To

make the analysis more realistic for the pile-soil-pile

interaction problem, 50% of the boundary zone soil

mass i.e. Mass Participation Factor is considered in the

analysis for all eccentric intensities although there are

no guidelines available in the literature to estimate the

value of Mass Participation Factor. The Mass Partic-

ipation factor represents the amount of boundary zone

soil mass participating in the analysis. The damping

ratio of the outer soil zone is assumed 0.1 for all layers.

3.2 Impedance of the Soil-pile System

After incorporating the best possible variations of the

above mentioned boundary zone parametric values,

the stiffness and damping (impedance parameters) of

the pile groups in different arrangements is determined

for both horizontal and rocking modes of vibration.

The comparison between the impedance parameters

i.e. stiffness and damping of 2 � 3 and 3 � 2 pile

groups are presented in Figs. 10 and 11 for horizontal

and rocking modes respectively. It is observed from

the analytical results that the stiffness and damping

values of 3 � 2 pile group is lower than the 2 � 3 pile

group for both horizontal and rocking modes though

the input boundary zone parametric variations are

same in both the cases for a particular eccentric

moment. This phenomenon implies that the effect of

the dynamic pile-soil-pile interaction for the 3� 2 pile

group is more prominent than the 2� 3 pile group. It is

also observed from the figures that the interaction

effects are more significant at lower eccentric

moments as the difference between both the stiffness

and damping values of lower eccentric intensity are

greater than the higher eccentric intensity. Due to the

interaction effect, the changes in stiffness values are

found salient over damping values for both horizontal

and rocking modes. The reduction in stiffness values

for the pile-soil-pile interaction effect is also found
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Fig. 9 Variations of boundary zone parameters with depth for different excitation levels

Fig. 10 Variation of soil-pile system a stiffness and b damping of the 2 9 3 pile group and 3 9 2 pile group for horizontal mode with

frequency
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greater in the case of rocking mode than the horizontal

mode.

It is also found from the figures that the stiffness and

damping values are decreased with the increase in

eccentric moment as well as operating frequency for

both modes of vibration. However, the variations of

damping values with the change of excitation forces

are found less in comparison of stiffness values for

horizontal and rocking modes of vibration. From the

frequency-damping curves, it is also observed that the

damping of soil-pile system are rapidly increased as

the frequency approaches towards zero due to the

conversion of frequency-independent soil material

damping into the frequency-dependent equivalent

viscous damping with the increase of frequency.

4 Comparison of Experimental and Analytical

Results

The nonlinear analysis of 2 � 3 and 3 � 2 pile groups

are performed by Novak’s continuum approach and

superposition method (DYNA 5) using the anticipated

input boundary zone parametric values and assumed

soil-pile separation lengths for different eccentric

moments. The analytical frequency versus amplitude

responses of both the pile groups are compared with

the dynamic test results and presented in Figs. 12 and

13 for horizontal and rocking modes respectively

under the static load of 14 kN. From the comparison

curves, it is observed that the predicted resonant

frequencies and amplitude values are matched rea-

sonably well with the dynamic test results under both

horizontal and rocking motions. Likewise dynamic

test results, the analytical results are also showing

nonlinearity as the resonant frequencies are decreased

and amplitudes are increased with the increase in

eccentric forces. It is also well noted from the

figures that both the horizontal and rocking resonant

amplitude values of 2 � 3 pile group is lower than the

3 � 2 pile group values for any particular eccentric

intensities. However, in the case of resonant frequen-

cies the trend is totally opposite. This behavior of the

results proves that the dynamic pile-soil-pile interac-

tion phenomenon is eminent in the 3 � 2 pile group

than the 2 � 3 pile group.

The comparison between the resonant frequencies

and corresponding amplitude values of the 2� 3 and 3

� 2 pile groups obtained from both the dynamic test

and theoretical analysis is listed in Tables 2 and 3 for

the static load of 10 kN and 14 kN respectively. A

noticeable difference in resonant frequencies and

resonant amplitude values are found between the 2

� 3 and 3 � 2 pile groups due to the dynamic group

Fig. 11 Variation of soil-pile system a stiffness and b damping of the 2 9 3 pile group and 3 9 2 pile group for horizontal mode with

frequency
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interaction effect. From the table, it is observed that

the amplitude values of 3 � 2 pile groups are more

with respect to the 2 � 3 pile group by 6% to 18% for

horizontal mode and 51% to 80% for rocking mode

because of the greater dynamic pile-soil-pile interac-

tion effect of the 3 � 2 pile group than the 2 � 3 pile

group. On the other hand, the resonant frequencies of

the 3 � 2 pile group are decreased by 6% to 15% as

Fig. 12 Comparison of between test results and analytical results obtained for 14 kN static load under horizontal mode a 2 9 3 pile

group and b 3 9 2 pile group

Fig. 13 Comparison of between test results and analytical results obtained for 14 kN static load under rockingmode a 2 9 3 pile group

and b 3 9 2 pile group
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compared to the 2 � 3 pile group due to group

interaction effect. These differences in resonant fre-

quency and amplitude values are increased with the

increase of static weight. It is also found from the

tables that the resonant frequencies and amplitudes are

decreased with the increase in static load for both the

pile groups.

5 Conclusions

In this study, the dynamic pile-soil-pile interaction

behavior of a 6-pile group placing in different

arrangements (2 � 3 and 3 � 2 pile groups) is

investigated by conducting coupled vibration tests in

the field and the continuum approach analysis. By

comparing the dynamic test and analytical results, the

dynamic group interaction effect on the stiffness and

damping of the pile groups are monitored. Based on

Table 2 Summary of field test results and analytical results of 6-pile group (Ws = 10 kN)

Eccentric moment 2 9 3 pile group 3 9 2 pile group Increase w.r.t. 2 9 3 pile group (%)

(Nm) f1 (Hz) H1 (mm) W1 (Rad) f1 (Hz) H1 (mm) W1 (Rad) For

f1

For

H1

For

W1

Field test results

0.868 16 0.2 0.00006 16 0.22 0.00010 – 10.00 66.67

1.269 15 0.32 0.00010 15 0.36 0.00016 – 12.50 60.00

1.631 15 0.44 0.00013 14 0.47 0.00021 - 6.67 6.82 61.54

1.944 13 0.54 0.00015 13 0.57 0.00024 – 5.56 60.00

Analytical results

0.868 14 0.2391 0.00009 14 0.2596 0.00014 – 8.57 62.35

1.269 13 0.3614 0.00012 12 0.4011 0.00019 - 7.69 10.99 60.00

1.631 12 0.481 0.00015 11 0.5195 0.00023 - 8.33 8.00 57.05

1.944 11 0.5949 0.00017 11 0.6391 0.00027 – 7.43 55.23

f1, first resonant frequencies; H1, first resonant amplitudes for horizontal motion; W1, first resonant amplitudes for rocking motion

Table 3 Summary of field test results and analytical results of 6-pile group (Ws = 14 kN)

Eccentric moment

(Nm)

2 9 3 pile group 3 9 2 pile group Increase w.r.t. 2 9 3 pile group (%)

f1
(Hz)

H1

(mm)

W1

(Rad)

f1
(Hz)

H1

(mm)

W1

(Rad)

For

f1

For

H1

For

W1

Field test results

0.868 14 0.17 0.00005 13 0.19 0.00009 – 11.76 80.00

1.269 14 0.26 0.00008 12 0.29 0.00014 – 11.54 75.00

1.631 13 0.33 0.00010 11 0.39 0.00017 - 15.38 18.18 70.00

1.944 12 0.41 0.00012 10 0.45 0.00020 – 9.76 66.67

Analytical results

0.868 12 0.2031 0.00008 11 0.2313 0.00012 – 13.88 58.92

1.269 11 0.3015 0.00011 11 0.3301 0.00016 – 9.49 51.09

1.631 11 0.3832 0.00013 10 0.4396 0.00020 - 9.09 14.72 58.48

1.944 10 0.4782 0.00014 9 0.5289 0.00023 – 10.60 59.39

f1, first resonant frequencies; H1, first resonant amplitudes for horizontal motion; W1, first resonant amplitudes for rocking motion
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the experimental and analytical results, the following

conclusions can be drawn:

1. The dynamic coupled responses of the pile groups

obtained from the experiments and analysis shows

nonlinear nature of the soil-pile system.

2. It is found from the study that pile arrangement has

a significant effect on the dynamic responses as

well as siffness and damping of pile groups.

3. The stiffness and damping values of 3 � 2 pile

group are found lesser than the 2� 3 pile group for

both horizontal and rocking modes which indi-

cates that the dynamic pile-soil-pile interaction

phenomenon of the 3 � 2 pile group is more

effective than the 2 � 3 pile group.

4. A considerable differences in resonant frequencies

and corresponding amplitude values are observed

between the 2 � 3 and 3 � 2 pile groups due to

dynamic group interaction effect. The 3 � 2 pile

group produces reasonably higher resonant ampli-

tude and lower resonant frequency values than the

2 � 3 pile group for all eccentric intensities. This

behavior also implies that the effect of dynamic

pile-soil-pile interaction phenomenon is greater in

the 3 � 2 pile group than the 2 � 3 pile group.

5. The nonlinear response of the pile groups can be

accuratly predicted by the continuum approach

analysis with a resonable assumption of the

boundary zone parametric values and soil-pile

separation lengths.

6. The complex stiffness of the pile groups are

decreased with the increase in ecentric moments

due to gradual progress of the boundary zone with

the increase of ecentric moment.

7. Both resonant frequencies and corresponding

amplitudes of the pile groups are decreased due

to increse of static weight on pile foundation.

The main intension of this study is to understand the

influence of pile arrangement in a group on the

dynamic coupled response of the pile group with same

number of piles. It is found from the results that the

pile arrangement have a significant influence on the

pile-soil-pile interaction behavior which can alter the

stiffness of the pile groups even if the number of piles

in the group is same. As a result, a pile group can show

different values of the resonant frequency and ampli-

tude under same magnitude of dynamic load depend-

ing on the arrangement of the piles in the group.

Generally, more numbers of piles are used in a pile

group than the number of piles used in the present

study. However, it is understandable that the effect of

interaction to reduce the dynamic stiffness of the pile

group will be more if numbers of piles are increased in

the group. Hence, designers should arrange the piles in

such a way that the pile can exhibits maximum value

of the dynamic stiffness for safe and economic design

of the pile supported machine foundation.
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