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Abstract: This study intends to investigate the settlement response of different
configurations of group of piles subjected to compressive load. Using Plaxis 3D,
large diameter cylindrical concrete piles were modelled as statically loaded single
and in groups and numerical analysis were carried out. Load-settlement curves
obtained from numerical analysis are utilized to estimate the efficiency coeffi-
cient of pile groups. Settlement response of the single pile from numerical anal-
ysis is validated with field test results obtained from published literature. Sensi-
tivity analysis carried out with different mesh sizes for optimization of results.
The study indicates the decrease in efficiency coefficient with the increase in
number of piles in group due to overlapping of stresses. Analysis of concentri-
cally loaded single row pile groups shows that individual contribution of piles to
the total group resistance decreases with increasing distance from the center of
the group. Pertinence of the efficiency coefficient obtained from numerical anal-
ysis is assessed by comparing the results with those calculated from the well-
known formulas available in public sources. Furthermore, results from analysis
of selective pile group with Hardening Soil Model shows marginally higher ca-
pacity as compared to Mohr-Coulomb model particularly for higher settlements.
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1 Introduction

Deep foundation in form of a collection of piles connected at the top to a pile cap is
frequently necessary for heavily loaded structures on soft soil. It is realistic to anticipate
that soil pressures caused by end bearing or side friction will overlap when multiple
piles are grouped together. It is a matter of concern to estimate or predict the load car-
rying capacity of the pile group (Qg) as compared to the summation of the individual
capacity (Qs) of all piles in group. Interaction effect between piles in the group is esti-
mated by the group efficiency coefficient (Cq) which is defined as the ratio of Qgto n
times Qs where n is the number of piles in the group. Some researchers have tried to
estimate efficiency of pile group from experimental results at laboratory scale (Barden
and Monckton 1970 [1]; Briaud et al. 1989 [2]). Majority of previous methods involve
idealizing or simplifying soil profile in order to make calculations easier, sacrificing
accuracy and neglecting the requirement of taking response of pile group and its varia-
bility with level of settlement into account. Therefore, the question remains whether
existing formulae for estimation of pile group efficiency are still applicable for real-life
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field condition. Modern computing devices and powerful computer codes have made it
easier to model the pile-soil system as a single composite continuum and predict the
mass response of different soil layers and their interactions with piles using numerical
analysis utilizing Finite Element Method (FEM). Previous FEM analysis (Comodromos
2004 [3]) showed significant interactions between piles within groups. However, most
of the previous pile group response studies using FEM considered only some regular
(rectangle or square) arrangements of piles in group. Pile group response under static
load for different geometrical configurations other than rectangle or square shapes has
not studied yet. Hence, to understand interaction between piles in pile group and its
overall settlement response under static load for different geometrical shapes, full scale
study for each configurations needs to be done. Present study aims to address this issue
by conducting full scale numerical analysis of pile groups of various configurations to
obtain the settlement responses under static load and thereby assess efficiency of pile
groups on basis of load-settlement response. The obtained efficiencies from numerical
study are then compared with efficiency calculated by well-known formulas available
in literature to check their relevance in predicting pile-group response.

2 Numerical study

2.1  Finite Element Modelling

Geometry: Soil profile and concrete piles have been modelled using the data docu-
mented by Naveen et al. 2011 [4]. Plaxis 3D model contains two layers of soil i.e., clay
(up to 6 m) followed by soft weathered rock (6m to 20m). Diameter of pile (D) is 1.2
m and length is 15 m. For modelling group piles, soil contour proposed by Naveen et
al. [4], was considered insufficient which led to poor and inaccurate results and thus
dimension of the model was increased to 50 m x 50 m x 40 m (X, y and z direction).
The comparative analysis considers soil as Mohr-Coulomb (MCM) as well as Harden-
ing Soil model (HSM) whereas the pile and pile cap are considered as linear-elastic
(LEM). Summary of the property of soil, pile and pile-cap are given in Table 1.

Table 1. Soil and pile parameters used in PLAXIS models

Clay Soft weathered rock Pile and Pile-cap (con-
crete)

MCM HSM MCM HSM LEM
sat (KN/md) 21 21 22 22 25
Punsat (KN/m®) 21 21 22 22 25
E (KN/m?) 40.00E3 - 100.00E4 30.00E6
Ezgf (kN/m?) - 40.00E3 - 100.00E4 -
Eref (kN/m?) - 40.00E3 - 100.00E4 -
Eref (kN/m?) - 120.00E3 - 300.00E4 -
v 0.3 - 0.33 - 0.2
Cohesion (cu) 30 30 50 50 -
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Friction angle 20° 20° 25° 25° -

(@)
m - 0.7 - 0.5 -
Pref (kN/mZ) - 30 - 30 -

Boundary conditions, interface elements, discretization and meshing: Bottom
boundary is considered as rigid, i.e., both horizontal (u) and vertical displacement (v)
are zero. Standard fixities are used at left and right boundaries of model. Side bounda-
ries act like rollers such that u=0 and v#0. Soil-structure interaction is modelled by
introducing an elastic-plastic element between the piles and the soil to describe the be-
havior of interfaces. Interface element properties are linked to strength properties of the
soil layers. Main interface parameter is strength reduction factor Riner which is assumed
1.0 as considered by Naveen et al. [4]. Global coarseness parameters are used while
generating mesh. Average element size and number of generated tetrahedral elements
depend on the global coarseness setting. Global coarseness setting of very fine is con-
sidered for modelling pile groups as the maximum number of elements were generated
by it and thereby most accurate results are expected. However, single pile models using
different mesh sizes are also done to understand the effect of mesh variation on the
results. Global scale factor is taken as 1.2 and the minimum element size factor is taken
as 0.005. Local coarseness parameters automatically generated by Plaxis is used.

Staged Construction: Stages used in analysis of piles are defined as follows:

(i) Pile construction and assigning interface elements in the soil model to allow for
pile-soil slip.

(if) Excavation of soil to a depth of 0.5 m below the pile heads.

(iii) Installation of pile cap (modelled as ‘plate’ in Plaxis 3D) along the top of pile
group. To ensure sufficient rigidity for uniform distribution of load on piles, the
depth of pile cap was chosen as 1.5 m [this step was not included while model-
ling a single pile].

(iv) Applying point load on the C.G. at regular increment to generate load-settlement
curves.

Excavation of 0.5 m was incorporated in the model to ensure the pile group behaves
as free-standing group. No contact in between the pile cap and the soil was provided
and thus, there was no initial transfer of load from the pile cap into the soil. Fig. 1 and
2 illustrate the geometry of the model and the pile-volume interface respectively.

2.2 Methodology

Comparative study of compressive load carrying capacities of pile groups having dif-
ferent number of piles as well as same number of piles in different configurations is
attempted and settlement responses subjected to concentric vertical loads are observed.
Efficiency coefficient of pile groups is calculated using load-settlement curves obtained
from FEM analysis. Some models were also analyzed with HSM in order to study var-
iation in results as compared to MCM. The number of piles in groups were considered
varying from 2 to 10 with different geometrical arrangements in groups. The nomen-
clature (1) in the pile group marking denotes the pile group having linear arrangements
of pile whereas (I1) denotes different pile arrangement other than linear in pile groups
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with respect to number of piles. Detailed illustration of the arrangement of the piles in
different groups are given in Fig. 3. Spacing between piles (Sp) was assumed as 2.5D
in groups.

B SOFT-WEATWERED ROCK LAYER

Fig. 1. FEM model of the geometry Fig. 2. Pile-volume interface with pile cap

Fig. 3. Arrangement of pile in groups

2.3 Coarseness of mesh

PLAXIS 3D uses 5 basic settings for meshing including very coarse, coarse, medium,
fine and very fine. Very fine mesh generates maximum number of nodes and elements
and vice-versa. For dynamic analysis, meshing does play a vital role in order to obtain
realistic results. However, effect of mesh coarseness is not significant for relatively
simple models like this, but is definitely applicable for complex ones. While finer mesh
produces more precise and realistic results, it significantly increases execution time
whereas a too-coarse mesh will overlook the subtle changes in the stress generated in
various regions of the model. (Dey 2011 [5]).

Single pile was modelled and analyzed in all mesh settings and load settlement
curves are shown in Fig. 4. It is clearly evident from Fig. 4 that no significant changes
in load-settlement curves were recorded due to the mesh size variation. However, mi-
nute changes observed in results are shown in magnified view in Fig. 4.
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2.4 Validation of Model

Single pile load test data as reported by Naveen et al 2011 [4] is used in this study for
validation of model. Vertical settlement corresponding to 8250 kN (final load up to
which pile load test was carried out) has been presented in Table 2.

Table 2. Settlement response of PLAXIS models with load test results

Methods Vertical settlement (mm)
Field test (Naveen et al. 2011) 2.56
PLAXIS 2D Analysis (Naveen et al. 2011) 491
PLAXIS 3D Analysis (present study) 4.954

From Fig. 5, it is seen that the load-settlement curve obtained by Plaxis 2D simulation
is closed to the field test results up to the settlement value of 2 mm beyond which the
pile load test curve showed a different shape. Naveen et al 2011 [4] ascribed this dis-
crepancy to field test issues. Plaxis 3D simulations in present study predict slightly
larger settlements during initial loading stage compared to Plaxis 2D curves, but former
load-settlement curve follows a similar trend to later ones, yielding nearly identical
settlement values at a final load of 8250 kN (see Table 2 and Fig. 5).
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Fig. 4. Effect of mesh coarseness on set- Fig. 5. Validation of load-settlement
tlement response for vertically loaded sin- curve in PLAXIS 3D

gle pile in PLAXIS 3D

3 Results discussion

3.1 Comparison of pile group response against single pile

Fig. 6 illustrates total vertical displacement contour corresponding to a settlement of 25
mm measured at the center point on top of the single pile (Fig. 6a) and pile group (Fig.
6b). From these figures it is evident that lower portion of the pile(s) inside the soft
weathered rock layer settles less than the upper part which is situated inside the rela-
tively softer clay layer. Fig. 7 shows relative shear stress contour of soil around the pile
for single pile and pile group of 7 piles. Relative shear stress (tr) is ratio of mobilized
shear stress (Tmob) to the maximum shear stress (tmax), Value of which depicts the prox-
imity of each point to failure. A much greater zone of soil around pile has reached near
to the failure stress for the case of 7-pile group (Fig. 7a) in comparison with case of
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single pile (Fig. 7b). Fig. 6 and 7 also illustrate the extent of influence zone with respect
to settlement as well as the stress induced in the soil, signifying the requirement of extra
depth to model the soil contour. Superposition of stresses occurred because of the action
of all piles in the pile groups due to the close spacing (2.5D) of the piles and a larger
extent of soil was influenced by group action. This is consistent with the higher load
carrying capacity of pile groups where the piles in the group presume to carry load
collectively. It is clear from Fig. 6 and 7 that soft weathered rock layer offers more
frictional resistance than top clay layer.

@ (b)
Fig. 6. Total downward displacement contour corresponding 25 mm settlement
obtained from numerical analysis (a) for single pile, (b) for group of 7 piles.

(b)

Fig. 7. Relative shear stress contour obtained from numerical analysis (a) for
single pile, (b) for group of 7 piles

Fig. 8 and 9 compare load settlement curve of the single pile with average load set-
tlement curves for pile groups of different geometric configurations. Average load set-
tlement curve for a group of piles is simply the equivalent settlement response of a
single pile subjected to an average load, obtained by dividing the total load at each load
level by the number of piles in that group. From the curves presented in Fig. 8 and 9 it
can be observed that for a given settlement value, average load per pile within a group
is less than the load for a single pile. Also, general trend shows that average load ca-
pacity of piles in groups decreases as the number of piles increases in a group, except
with slight deviation to this rule for pile group marked as ‘5 PILE (II)’ in Fig. 9. The
arrangement of the piles in this group may have contributed to this exception. In com-
parison to pile groups with a more compact arrangement of piles comprising many pile
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rows, average load-settlement curves for pile groups with single row pile arrangement
are distinctly separated as exhibited in Fig. 8.

Mean axial load (kN) Mean axial load (kN)

Fig. 8. Load-settlement curve for single pile  Fig. 9. Load-settlement curve for single pile
and average load-settlement curves for pile  and average load-settlement curves for pile
groups having piles in a single row groups

Load distribution of individual piles in group having only one row of piles is pre-
sented in Fig. 10. This figure plots the normalized load of individual pile with respect
to the distance from the C.G. of pile group. Normalized load of individual pile is defined
as ratio of induced axial load in any pile of a group to the load carrying capacity of
single pile corresponding to the same settlement of 25 mm. It is the measure of load
sharing percentage of a pile within a group. The figure shows that central pile carries
maximum load and load sharing percentage decreases with increase in distance of pile
position from center of pile group where load is applied.

09

% 07 o e~

= 06

g o4 E——
2 03 3

-6 45 3 -1.5 0 15 3 45 6
Distance (m)

Fig. 10. Normalized pile load distribution for  Fig. 11. Stiffness efficiency of different pile
linear pile groups groups

Though load-settlement response of pile groups (Fig. 8 and 9) clearly shows the
interaction effect between piles in a group in terms of average load carrying capacity
of pile in a group as compared to individual pile, the effect of interaction has greater
influence on pile group stiffness. Relative stiffness of pile group can be expressed by
the term “stiffness efficiency” which is defined as ratio of settlement of single pile to
that of pile group under action of mean axial load. Fig. 11 compares group settlement
ratio of all cases for a settlement of 25 mm or 2% of pile diameter. Stiffness efficiency
is always found to be less than unity. With increasing number of piles in group, stiffness
efficiency decreases exhibiting increase in interaction effect within piles. It is further
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observed that linear arrangements of pile groups show considerably lower stiffness ef-
ficiency.

3.2 Estimation of Group-efficiency

On basis of design codes, variety of theoretical techniques can be used to evaluate load
carrying capacity of pile foundations. However, most trustworthy approach for estimat-
ing pile capacity is thought to be using load test data from piles that have already been
built on site. Ultimate bearing capacity of pile may be conventionally defined as load
at which the pile head settles at a certain value traditionally 10% of pile diameter (Sal-
gado 2008 [6]). There are several other established methods available to estimate pile
capacity which include Davisson offset limit method (Davisson 1972 [7]), Chin-
Kondner extrapolation method (Chin 1970 [8]), Hansen 80%-criterion (Fellenius 2001
[9]), Decourt extrapolation method (Abdelrahman et al. 2003 [10]) etc. For estimation
of group capacity from load settlement curve, equal settlement criteria were adopted in
majority of previous research investigations (Dai et al. 2012 [11]; Nasrollahzadeh and
Hataf 2019 [12] etc.). IS 2911: Part 4 (2010) [13] also recommends criteria to estimate
safe load carrying capacity from load settlement curve of pile load test. As per the
guidelines given in IS code, maximum settlement values to be considered to arrive final
or safe load carrying capacity of single pile and pile group are 12 mm and 25 mm re-
spectively. In this study, to calculate load capacity, 3 conditions of settlements are con-
sidered. For calculation of group efficiency, capacities corresponding to low settlement
(25 mm = 2% of diameter) for both single pile and pile groups are considered (Criteria
A). Moreover, group efficiencies are also calculated with the criteria of 12 mm (= 1%
of diameter) settlement for individual pile and 25 mm settlement for pile groups to
obtain safe capacity (Criteria B). However, ultimate load capacity in this study is esti-
mated based on well accepted 10% relative displacement criteria, and group efficiency
has been calculated accordingly (Criteria C). Established formulas from some pub-
lished literatures which are also used to estimate the group efficiency are as follows:

Converse-Labarre equation (Bolin 1941 [14]):

i R GU DU GNP
Cg =1— - Sp X [ n2-1"Kni+*ni-1 an] (1)
n1 Knz
Seiler and Keeney Method (1944) [15]:
Cg = {1 — [ 11K Sp ni+np-2 0.3
7K(Sp2—1) X [n1+nz—1 + n1+n2] (2)
Das (2015) [16]:
Cg = 2K (n31+n2-2) K Sp+4d (3)

pKniKn2
Where p stands for the perimeter of the cross section of the pile group.

Los-Angeles Group action method (Das 2015 [16]):

d

Cg=1—mX[n1X(nz—l)+nz X(n1_1)+ \/Ex(nl—l)X(nz—l)]@)
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McCabe-Lehane Method (2006) [17]:

@)0.66

Cg="— (5)
Where Bg and Bp are the diameter of pile envelop of the pile group and the diameter
of the pile respectively and N is the number of piles in group. Here, Cg was termed as

stiffness efficiency.
Poulos and Davies (1980) [18]:
2
IR (DR (©)

cg? Qs*

Where N is number of piles in group. Qo & Qg are ultimate capacity of single pile and
the ultimate capacity of block of piles in group respectively.

Sayeed and Baker (1992) [19]:

Cg=1-1-nik)p @)
[(n2-1)Sp+d]+[(n1-1)Sp+d]
Where’ T),S =2X nmKdKni Knz
in the calculation) and p = friction factor = Qs/Qo; where, Qs & Q, are friction capacity
and total static capacity respectively of single pile.
In general, n;and nydenotes the number of rows and number of piles per row respec-
tively, d is diameter of pile and Sp is spacing between two consecutive piles.

-k =group interaction factor = 1 (assumed

18 ©Converse Labarre m ethod
BSeler & Keeney method
is] Los- Augeles group action method
1 Method givea by Das
#McCabe & Lehane method
DPresent study (Criteria A)
@Present study (Criteria B)

6 Preseat study (Criteria C)
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Fig. 12. Comparison of group efficiency (Cg) values obtained from the present study and different
formulas with respect to geometry available in the literature

Fig. 12 and 13 shows comparison of efficiencies of pile groups calculated from above
mentioned formulas and from results of the present study. Fig. 12 considers formulas
related mainly to geometric arrangement of piles in group. whereas Fig. 13 considers
formulas where the strength properties of different soil layers are involved. With re-
spect to the geometric configuration of pile groups, it is witnessed that efficiencies cal-
culated for given pile groups by criteria A of present study are closely conforming to
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efficiency values calculated using Seiler & Keeney method and Los-Angeles group ac-
tion method. Furthermore, results obtained according to Criteria B conforms to those
calculated using method provided by Das in majority of cases.

Group eflictency (C,)

&
Pile configuration

Fig. 13. Comparison of group efficiency (Cgy) values obtained from the present study and different
formulas with respect to geometry and soil properties available in the literature

For the established formulas requiring input of soil parameters as well the geometric
configuration, group efficiencies calculated as per criteria A of the present study show
a close relation with values calculated using method proposed by Poulos & Davies
whereas, results as per criteria B agrees with values determined using method given by
Sayed & Bakeer.

4 Constitutive Relationship

To understand the variation in response of soil with respect to Constitutive Relationship
in this numerical study, soil behavior is represented either by Mohr-Coulomb model
(MCM) or Hardening Soil model (HSM), whereas behavior of the pile and pile cap are
linearly elastic. MCM results elastic perfectly-plastic relation, HSM follows hyperbolic
stress-strain relation between axial strain and deviator stress in standard drained triaxial
test. To define stress-strain relationship, MCM requires at least two out of the four elas-
tic parameters i.e., Young’s modulus (E), Poisson’s ratio (v), oedometer stiffness (Eceq)
and Shear modulus (G) whereas HSM requires three stiffness parameters i.e., triaxial
primary loading stiffness at half of the maximum deviator stress (Eso), the triaxial un-
loading-reloading stiffness (E.r) and the oedometer loading stiffness (Eqed). Esoand Eyr
are the stress dependent stiffness moduli whose relationship with confining stress, p is
controlled by parameter m. In Plaxis, stiffness values (E"™) for HS soil model are to be
provided from results obtained from triaxial test at an appropriate reference confining
stress (p™f). By utilizing the ‘Soil Test’ facility available in Plaxis, soil parameters uti-
lized for HSM were reasonably approximated based on correlation of drain triaxial
compression test results obtained for MC and HS soil models. Obtained correlations for
all considered soil strata are presented in Fig. 14. Fig. 15 compares load-settlement
curve of single pile and three pile groups (2, 8 & 9 piles) using both MCM and HSM
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for analysis. From curves shown in Fig 15, it is revealed that HSM predicts slightly
higher load carrying capacity as compared to MCM at a certain value of settlement for
all the cases. However, for low settlement values (less than 7 mm), difference in load
between these two models were found to be insignificant.

Load (kN)
0000

30000 100000 120000

Fig. 15. Comparison of settlement response
against vertical load with respect to constitu-
tive relationship of soil

Fig. 14. Correlation of MC and HS Soil model
for Stress-strain relationship

5 Conclusion

The interaction effects and load-carrying behavior of groups of pile subjected to con-
centric vertically applied load, are studied numerically using Plaxis. For this purpose,
various configurations of pile groups were considered. Based on results obtained from
numerical analysis, following conclusions are drawn with respect to the soil parameters
considered in study:

e The layout of piles affects group efficiency of pile groups with same number
of piles. Load bearing capability of pile groups with compacted arrangements
is higher than that of pile groups with linear arrangements. Moreover, in group
of piles with single row layout, pile that is farthest from the centre shares least
load and vice versa.

e  Mesh size variations do not significantly affect output results.

e For particular soil profile considered in this study, group efficiency value is
always less than unity for equal settlement criteria (within the range of safe
load value) no matter the number of piles in group where pile spacing remains
constant (2.5D). Furthermore, efficiency value shows a reversal in trend when
compared to total number of piles in group.

e Group efficiency calculated from the safe load capacity obtained from the cri-
teria suggested in 1S 2911 (Part-4) are always close to unity for the pile group
containing more than four piles and greater than unity for pile group having
small number of piles (up to 4).

e  Group efficiency values in terms of ultimate load capacity criteria lies between
0.7 to 0.95 irrespective of the number of piles in the group for pile spacing
equal to 2.5D.

o  Stiffness efficiency values are always less than unity and is function of pile
configuration in the group. Pile interaction has much greater effect on stiffness
efficiency than group efficiency.
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e In comparison with two different constitutive relationship of soil models,
namely Mohr-Coulomb model (MCM) and Hardening Soil model (HSM),
HSM predicts marginally greater load carrying capacity at a higher settlement.
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