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ABSTRACT

Investigating the effects of lateral loads in design of foundation is important as compared
to axial loads, although it gets normally less consideration in the usual practice. This
study investigates the behavior of group piles in terms of load - displacement curves for
trailing, intermediate and leading rows when it is laterally loaded by using FEM analysis
employing Plaxis 3-D FOUNDATION. Mohr-Coulomb model has been used to model
the soil material. A 15-noded triangular element is executed while 3-D meshing for soil
material. The soil parameters were taken from previously done thesis, which has been
calibrated from local soil property. Structural materials were modeled by using linear-
elastic model, since steel and concrete behaves elastically under loading. Parameters
which has been considered were pile geometry such as pile length/depth, spacing and
pile number (number of rows) with different loading step. In addition, the pile is fixed
head system, but the effects of pile cap have not been considered, only used for
distributing lateral loads equally. It has been found out that pile group lateral
deformations are small when the pile spacing is large enough, while the number of piles
in the group increases, lateral movement of leading rows are decreasing. This is due to
the overlapping shearing zones of the intermediate rows. When depth of piles increases
there is increment of lateral confinement because of the increment of over burden
pressures. It is concluded for the laterally loaded group of piles; the leading rows can
resist more reaction loads from the soil than the trail rows and deformed less than the
trail and intermediate rows. Finally based on the parameter analysis the difference of row
displacement of leading, intermediate and trailing row were from 4% up to 8%, 9% up to
14%, 15 up to 20% respectively of total pile movements.
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Analysis and parametric study of Load —Displacement Behavior of Large group Piles
under Lateral Loading

CHAPTER 1 INTRODUCTION

1.1 Back ground

Pile foundations are frequently used for structures when the soil immediately below the
base will not provide adequate bearing capacity. The purpose of the piles is to transfer the
load from the structure to soil strata which can sustain the applied loads. If all loads from
the structure and all piles are vertical, then the loads transmitted to the piles will all be
principally axial. If some horizontal component of load is present, a lateral force will also
be transmitted to the piles. If some of the piles are battered, an axial and lateral force will

be transmitted to the piles regardless of the direction of the applied load.

For most structures both horizontal and vertical components of loads are present. In some
instances, the horizontal component may be small and can be neglected. However, for
many structures, such as offshore drilling platforms or tall bridge bents, wind and wave
action will produce significant horizontal forces. Therefore, for a complete analysis of a
pile foundation, the behavior of the piles must be analyzed for both lateral and axial
loads. Examples of structures where piles are commonly used as foundations are tall
buildings, bridges, offshore platforms, defense structures dams and lock structures,
transmission towers, retaining structures, wharfs and jetties. However, in all these
structures, it is not only the axial force that the piles carry; often the piles are subjected to
lateral forces. In fact, there are some structures (e.g., oil production platforms, earth
retaining structures, wharfs and jetties) where the primary function of piles is to transfer

lateral loads to the ground.

Wind gusts are the most common cause of lateral force that a pile has to support. The
other major cause of lateral force is seismic activity. The horizontal shaking of the ground
during earthquakes generates lateral forces that the piles have to withstand. Certain
buildings are also acted upon by lateral earth pressures, which transmit lateral forces to
the foundations. Depending on the type of structures a pile supports, there can be
different causes of lateral forces. For tall buildings and transmission towers, wind action
is the primary cause. For offshore oil production platforms, quays, harbors, wharfs and

jetties, wave action gives rise to lateral forces. In the case of bridge abutments and piers,

MSc Thesis Page 1
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horizontal forces are caused due to traffic and wind movement. Dams and lock structures
have to withstand water pressures which transfer as horizontal forces on the supporting

piles. Defense structures often have to withstand blasts that cause lateral forces.

In the case of earth retaining structures, the primary role of piles is to resist lateral forces
caused due to the lateral pressures exerted by the soil mass behind the retaining wall.
Sometimes, piles are installed into slopes, where slow ground movements are taking
place, in order to arrest the movement. In such cases, the piles are subjected only to
lateral forces. Piles are used to support open excavations; here also, there is no axial force

and the only role of the piles is to resist lateral forces.

In the above examples, there are some cases in which the external horizontal loads act at
the pile head. Such loading is active loading. Common examples are lateral loads (and
moments) transmitted to the pile from superstructures like buildings, bridges and offshore
platforms. Sometimes the applied horizontal load acts in a distributed way over a part of
the pile shaft; such a loading is passive loading. Examples of passive loading are loads
acting on piles due to movement of slopes or on piles supporting open excavations. There
are cases in which external horizontal loads are minimal or absent; even then external
moments often exist because of load eccentricities caused by construction defects, e.g.,
out-of-plumb constructions. Thus, piles in most cases are subjected to lateral loads.
Consequently, proper analysis of laterally loaded piles is very important to the

geotechnical engineering profession.

Major problems associated with pile groups subjected to lateral masses represent final
load capacity, Resistance to overturning moments, and Lateral Movement. The pile
analysis technique unremarkably employed in follow is the p-y approach. p-y curves
represent the relationships between the lateral load (p) and also the displacement (y) at

some extent within the pile.

1.2 Laterally Loaded Large group piles

Piled foundations are most often designed in a group configuration, and piled foundations

that support long span bridges are no exception. Such a foundation configuration typically
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contains a large number of closely spaced piles cast into a substantial pile cap, referred to

here as a “large pile group.”

Large group pile is a pile which contain more rows especially four rows and above, it is
called large group piles (Michael McVay, 1998). Field data is lacking given that full-
scale load testing is obviously not feasible, and instrumentation of constructed large pile
groups are rare. Experimental tests on large group pile was very expensive therefore

scholar is modeled large group piles by constant p- multiplier from single piles. It is

found value of lateral deformation for large group piles.

Pile group will be divided into two classes depending on the spacing: (1) groups of large
spaced piles; and (2) groups of closely spaced piles. The primary class consists of piles
that measure spaced way enough apart so the deflection of one pile within the group
doesn't have an effect on the opposite piles, which the piles act individually through the
pile cap. Group of large spaced piles will be analyzed by distributing the lateral loads
equally among all piles within the group, and considering the behavior of anyone pile in
isolation. In group of closely spaced piles, the response of one pile affects the close piles

by influencing deflection of the soil between them.

Moss et al. (1998) wanted to further investigate pile group response in clay. Using model
tests and cyclic loading conditions he found an interesting phenomenon. As cycling
progressed the clay compressed and gapping formed in front of the pile. This caused the
resistance to become more dependent on the pile stiffness instead of the p-y curve, and
maximum moments occurred at greater depths. This phenomenon was not as significant
in pile groups tested in sand. Rao et al. (1998) also did model tests in clay, with the intent
to investigate the influence of pile rigidity on pile group response. He found that pile
strength was only significant in long flexible piles, and with short rigid piles the response

depended more on soil resistance.

Finite component analysis is that the most vital tools for modeling load interaction and
capable of modeling non-linearity and additionally for large group piles and for various

non-standard geometries.

Nowadays, installation-induced changes to the effective stress around single piles can't be

modelled properly exploitation routine finite component analysis, understanding of the
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method has been increased by instrumented single pile tests (i.e. Jardine et al., 2005).
McCabe and Lehane (2006a) examined resistive stresses on the center pile of a 5-pile
group in capital of Northern Ireland soft clay/silt thanks to near pile installations and all

over that their effect was transient.

The behavior of pile group beneath lateral loads will be analyzed exploitation the p-y

technique.

Poulos (1971) best owed elastic behavior for load — deflection relationships in each free-
headed and fixed-headed single piles and he makes the solutions for group of piles by
exploitation the principal of superposition. An increase in spacing between the piles
magnified the resistance to lateral loads in an exceedingly groups of laterally loaded piles

underneath vertical and batter piles (Brungraber (1976).

1.3 Statement of the problem

There is a gap of understanding about the group of piles which are laterally loaded,
especially the deformation of piles along their rows. Limited knowledge on the behavior
of large pile groups exists due to lacking of field data because of full-scale load testing is
obviously not feasible. There are no specific design procedures for large pile groups,
current practice is therefore forced to use numerical predictions to assess large pile group
behavior ,Therefore this study want to show deformation of leading, intermediate and

trailing rows while laterally loaded.

1.4 Research objectives

This paper help to address a quantitative information on laterally loaded large group piles,
and to clarify issues of laterally loaded large group pile parameters. The ultimate
objective is to quantify behavior of large pile group response based on different pile

geometry.
The specific objectives of this paper are

e Modeling and developing load-displacement curves for Laterally Loaded large
group piles under layered soil. The soil profile is divided into a number of layers.
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e Determining displacement (deformation) of the leading, trailing and the
intermediate piles in respect to pile depth, spacing and pile number.
e Comparing the deflections of (trailing rows with the leading rows and

intermediate rows too).

1.5 Scope of the Study

This paper focuses on local soil parameters and laterally loaded group piles which equally
spaced in each orthogonal direction. Factors considered include pile number, loading step

and depth of pile and spacing center to center.

e Loading type: static lateral loads (only translational load), no existence of axial
load,;

e Number of piles: 6x6, 4 x 4 and 7x3 pile group configurations are considered as
large pile groups.

e Soil parameters: Soil is simulated using Mohr coulomb model which states
elasto-plastic non- linear characteristic.

e Pile head fixity: fixed head condition, is only distributing loads equally for all
piles in group

e Center to center pile spacing: For each pile group configuration spacing of 3D
and 5D, are considered.

e Pile depth: the pile length is 10m, 20m and 30m is used in the parameter.

1.6 Structure of the Study

Chapter 1 deals with introduction about deep foundation specifically pile foundation and
sources of lateral loads, statement of the problem, scope and structure of the study and
objectives were discussed. Chapter 2 reviews of the literature comprehensively. This
chapter starts with different methods for analysis group of pile under lateral loading.
Previous numerical and experimental studies on the lateral loading of pile groups are also

reviewed in this chapter.

Chapter 3 presents the tools and methodologies used in this research to fulfill the
objectives listed in above section. Chapter 4 result and discussion of different parameters

on the overall response of the pile groups through the calculation for different pile group
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configurations. Chapter 5 provides conclusion and recommendations of load displacement

curves of large group piles, and directions for some future research and the gap of
knowledge.
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CHAPTER 2 LITERATURE RIVIEWE

2.1 Laterally Loaded Group of piles

The behavior of pile groups under lateral loads can be analyzed using the p-y method.
Recently, extensive research has been carried out on the p-multiplier concept originally
suggested by (Brown et al. (1988). This method accounts for the loss of soil resistance
due to the ‘‘shadowing’ effect (that is, overlapping of shearing zones), and different
values of p-multipliers are assigned to each row within the group. The p-y curves of
individual piles in the groups are then obtained by multiplying the soil resistance values

of p-y curves for a single pile by the assigned values of p-multipliers.

A horizontal load test on piles can be conducted by either pulling toward each other or by
pushing apart the neighboring piles. A load-displacement curve obtained from a test by
(Briaud (1997) for single piles is presented below.

600

Pressure meter H
lirmit pressure Pressure meter . 500 ou
Hg P, (kPa) modulus Eg(MPa)
o 500 1000 o 5 10 15 5
— Opr—— idDO
- o
“ q Load test result
Sk . Stiffclay - 9 30
> -
¢ 2 200
46 M \ 5
B Texam
o R N o
: - B0
af 0 20 40 60 80 100

Ground deflection (mm)

Figure 2-1 Load displacement curve for single piles (Briaud, 1997)
The ultimate load is defined as the one resulting in a displacement of 0.1B. The ultimate

load can be obtained from horizontal force equilibrium of the portion above the point of

zero shear (or max. moment). Thus,
HOU = Ph Bzmax (2_1)

Based on analysis of database from pile load tests and associated pressure -meter data,
Briaud (1997) proposed for the mean pressure pwith in z,,.
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Py =0.75p, (2-2)

File
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Figure 2-2 the depth at where the shear force is zero and M max and Zmax for single piles
of laterally loaded.
When it came back to the group piles under lateral loadings the major issues include
Ultimate load Capacity, Resistance to overturning moments, and Lateral Movement. The
horizontal ultimate load capacity may be expressed as follow.

Ho
= — 2'3
Yo Ik (2-3)
Where H,, = ultimate horizontal load of group piles, e = group efficiency,

n = number of piles, H,, = ultimate horizontal load of single piles

However, load distribution is uneven, piles in the front row (leading piles) resist more
than those in the back rows (trailing piles). This is because the soil around the trailing

piles loosen up partially when the front piles are pushed forward.

The figure 2.3 below shows that how the leading piles and trailing piles are reacted under
lateral loading. Estimation of lateral movement of a pile group is not an easy task. The
simplest option is to assume that the pile cap prevents rotation of the pile heads as shown
in the sketch. In this case, the horizontal displacement of the single pile was obtained

above as
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Figure 2-3 The reaction of leading piles and trialing piles under lateral

loading
. . ) Ho
Fixed head flexible piles, Yy, = W (2-4)
Fixed head rigid pile y = Ho (2-5)
° LK
I, =1/4E I /K
0 R F / (2-6)
The soil stiffness, K, is given by
K = 2.3E0 (2_7)

Where Eo is the pressure meter first load modulus of the soil, for pile group, a reduced
value of E, is used to account for the group interaction, y, lateral deffelection ,Ho horizal

load, lo is tranfer length and L is length of pile.

Piles are very rarely isolated but are usually put into pile-groups in order to strengthen
load resistance. Although a pile-group strengthens overall lateral load resistance can
weaken the individual pile response of the piles in the group. The overall lateral load is
divided among each of the piles in the group. Each pile pushes against the soil behind it
creating a shear zone in the soil. These shear zones begin to enlarge and overlap as the
lateral load increases. More overlapping occurs if the piles are spaced very closely
together. When overlapping occurs between two piles in the same row it is called “edge
effects” and when overlapping occurs between piles in different rows it is known as
“shadowing effects.” All of these ‘“group interaction effects” result in less lateral

resistance per pile.
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Piles installed in groups at close spacing takes less load than a single pile subjected to the
same lateral deflection because of the group effect. The group effect is caused by the
overlap of the resistance zones of piles and the consequential reduction of lateral soil
resistance. Many researchers (e.g. Prakash and Saran 1967, Brown and Reese 1985,
McVay et al. 1998) have performed the pile group load tests and presented different
approaches to consider the group effect. The widely used approach in current practices is

to use the concept of p-multipliers described by Brown et al. (1988).

Numerous groups of piles must support loadings that are both axial and lateral; however,
for the purpose of this study only group of piles subjected a lateral loading will be taken
in account. Reese and Van Impe (2001) had mention that the behavior o f a group of piles

may be influenced by two forms of interaction:

1. Interaction between piles in close proximity where efficiency is involved: -Here the

relevant forces are transmitted through the soil.

2. Interaction by distribution of loading to individual piles from the pile cap: - In this case

the forces are transmitted by the superstructure.

In practice, piles are sometimes used as single piles to transmit a column load to a deeper
and stronger soil layer, but they are generally used in groups. The response of a single
pile can be drastically different from the response of a similar pile in a pile group. When
piles act in a group, pile-soil-pile interaction reduces the lateral resistance of the
individual piles so that the group will generally exhibit less lateral resistance than the sum

of the lateral resistances of the individual piles.

Approach used for analysis of a single pile, except that the p-value are reduced using a p-
multiplier to account for the group effect. The value of the p-multiplier is related to the
pile spacing and the pile location within the group. Leading row in a pile group has a
higher value of p-multiplier than that of trailing row because the overlap of the resistance
zone for trailing row is more significant. The average value of p-multipliers of all piles is
used to represent the group efficiency of pile group in the design practice. Mokwa and
Duncan (2001) provided a design chart for estimating the value of p-multipliers as

functions of pile group arrangement and pile spacing.
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In the pile group, every pile pushes against the soil before of it, creating a shear zone
within the soil. These shear zones begin to enlarge and overlap because the lateral load
will increase. Additional overlapping happens if the piles are spaced near one another. In
this context the term edge impact is employed to explain the impact of overlapping zones
of influence between piles within the same row. The term shadowing impact is used to
explain the impact of overlapping zones of influence between piles in different rows
(Larkela, 2008).

Figure 2.4 describes the sting impact and shadowing effect in a very laterally loaded pile
group. Leading row and trailing rows are outlined based on the direction of loading as
shown in Figure below Group impact reduces the lateral resistance of every individual
pile within the pile group compared to single pile. Test measurements indicate that the
leading row of the piles in the group will carry higher loads than the piles in the trailing
rows at the same deflection. Group effect is expected to become less significant as the
spacing between piles increases because there is less overlap between adjacent zones of

influence.

Trailing row 2 Trailing row 1 Leading row

Lateral Load

Edige Effect [ ]

Shadowing Effect [

Figure 2-4 lllustration of shadowing effect and edge effect

2.2 Load Transfer Mechanism

2.2.1  Static load
A proper means of the load transfer mechanisms for piles is very important for analysis.
Piles will transfer axial loads and lateral loads through totally different mechanisms.
Within the case of lateral loads, apart or whole of the pile tries to shift horizontally within
the direction of applied load, as a result it causes bending, rotation or translation of the
pile (Fleming et al. 1992, Salgado 2008). The soil mass presence within the direction of
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applied load develops compressive stresses and strains within the soil that gives resistance
of the pile movement. The soil resistance acting over the complete pile shaft behaves the
external horizontal load. Typically, within the case of laterally loaded pile, piles behave
as transversely loaded beams. In case of this research a large group pile subjected to

translational Load at the ground line with fixed head were considered.

The figure below shows that they transfer lateral load to the surrounding soil mass by

using the lateral resistance of soil.

Applied Lateral

Force and Moment Ground Surface
7 \ ”
J—
b
A
) I | Pae===.
Pile — \
———r |
\
\ Lateral
7 Resistance

Frictional

Resistance
L
——

Figure 2-5 Load transfer mechanism of laterally loaded piles (Basu, 2006)
Interaction between piles happens within the case of laterally loaded pile groups
furthermore. Furtherly laterally loaded pile group, every pile pushes the soil before of it
(i.e., within the direction of the applied force). Movement of the piles placed within the
leading row force is resisted by the soil before of it. In distinction, the piles within the
rows behind the primary row (i.e., the piles within the trailing rows) go on the soil that
successively pushed on the piles within the rows before of them (Figure 1-4). The
resistive forces applied on the trailing-row piles groups’ measure generally but the

resistive forces working on the leading row (Prakash and Sharma, 1990)

MSc Thesis Page 12



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
under Lateral Loading

Applied
Horizontal ——#

Force

Influence Zones

s

~
\ Overlapping of
B -

-~

Zone of
Influence of a
Pile

Figure 2-6 lllustration of over-lapping zones creating additional load on piles within

a group

2.2.2 Kinematic Load

The mechanics of axially loaded piles is simple: the pile moves vertically downward
below the acting load and, if the resistive forces (i.e., shaft and base resistances) exceed
the limiting values, then the pile suffers excessive plunging, resulting in failure. The
mechanics of laterally loaded piles is a lot of advanced and varies betting on the pile
types. Since laterally loaded piles are transversally loaded, the pile might rotate, bend
and/or translate. Because the pile moves within the direction of the applied force, a spot
may additionally open up between the rear of the pile and therefore the close soil over the
highest few meters. If the pile is rigid and short, not bend abundant however will rotate or
perhaps translate, such piles are known as rigid piles. If the pile is long and slender, then
it bends. These piles are known as flexible piles. In most sensible things, piles are long
enough to behave as flexible piles. For flexible piles, the laterally loaded pile problem
could be a common soil-structure interaction (SSI); i.e., the lateral deflection of the pile
depends on the soil resistance, and therefore the resistance of the soil, in turn, depends on
the pile deflection.

2.3 Soil -Pile-Soil- Interactions

In structures founded on non-rigid formations, the soil flexibility influences structural
response and the structure flexibility itself influences the soil responses. This

phenomenon is called soil structure interaction. Soil structure interaction involves the
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interaction of three inter-linked systems: The structure, the foundation and the geological
medium (Paulson, 1985).

In practice, when a pile group is subjected to the lateral load, the induced interaction
between the piles and the surrounding soil can be very complicated. The non-linear nature
of soil response is an obvious source of complexity and the interaction of pile behavior on
the surrounding soil increases this complexity. Presence of other piles in the vicinity of
each pile provides further complexity through pile-soil—pile interaction. Understanding
the behavior of group pile under lateral loading helps to comprehend general soil-pile
interaction issues as well as providing a basis for assessing the lateral response (McVay et
al. 1996b).

2.4 Response of Soil from a Pile under Lateral Loading

Soil response to a given lateral load is modeled by developing a relationship between the
pile’s lateral deflection and the resistance of the soil. This relationship is represented
graphically in a p-y curve, where y represents the lateral displacement of the pile and p
represents the soil resistance per unit length of the pile. Each layer of soil that the pile
passes through will have a different amount of resistance depending on the strength of the

soil, and therefore a different p-y curve

There are some strategies like those advised by Brinch-Hansen (1961) and Broms (19644,
b) for estimating the ultimate lateral resistance of single piles directly. However, they're
not wide used as a result of these strategies don't offer the corresponding data concerning
the lateral deflections (Tehrani, 2009). The most approaches for analyzing soil—pile
interaction is the strain wedge (SW) methodology, p—y method, and continuum
methodology. All of those approaches are delineating in short within the following

sections.

2.4.1 Strain Wedge Method
The strain wedge (SW) technique has been developed to predict the lateral response of a
flexible pile (Ashour and author, 2000,). The SW model parameters are associated with
the passive wedge of soil developing before of the pile. The SW model relates stress

strain-strength behavior of the bedded soil within the wedge to pile parameters.
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Therefore, the strain wedge model is in a position to supply a theoretical link between the
additional advanced 3D soil-pile interaction and also the less complicated one-
dimensional BEF characterization. Figure 2.7 shows the concept of SW model. The
geometry of the passive failure wedge is characterized by the mobilized effective friction
angle of the soil (¢m), the depth of pile deflection under lateral load (h), and mobilized
base angle (fm= 90-6m), where 6m= 45c -pm. For the calculation of soil reaction at each
stress level (SL) in the soil, the initial pile deflection pattern is assumed to be linear
(being zero at depth h and reaching to a nominal value at the surface) and an iterative
procedure is used to determine ¢m and h for a given head load. Iteration terminates when
equilibrium between mobilized geometry of the passive wedge and the deflected pattern
of the pile is satisfied (Ashour et al. 1998).

Mobilized Pastioa
Soil Wedge

Dirssctiom of pils
mosairant

@) Strain
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forces
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Figure 2-7 Strain Wedge model concept (after Dodd’s and Martin, 2007)

24.2  P-ymethod
The p-y technique is the most typical analysis tool for pile foundations in practice.
During this approach resistance of the surrounding soil is drawn by a series of non-linear

springs that are connected to the pile as shown in Figure 2.8. The properties of those non-
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linear springs are outlined by the thus referred to as p—y curves. Figure 2.8 additionally
shows that p—y curves get stiffer increasingly with depth. The pile during this technique is

modeled with beam elements.

_ dsz _ Eplpd“y
dz* dz*
Where Mp = E, I, is moment in pile at the depth of z,

p (2-8)

y  =is lateral deflection of the pile at depth of z,
E,I, =isflexural rigidity of pile and
P=is soil reaction at depth of z.

The prediction of the soil resistance at any point along the pile as a function of pile
deflection is perhaps one of the most critical factors in solving the problem of a laterally
loaded pile. The distribution of stresses against a cylindrical pile before installation is
shown in figure 2.8 (a) at a given depth, the stresses will be uniform and normal to the
pile wall (Reese and Van Impe 2001). After the pile is subjected to lateral loading, the
pile will deflect and the soil stresses acting on the pile would have a distribution similar to
that shown in figure 2.8 (b). It is important to point out that some of the stresses will not
be perpendicular to the pile wall due to development of shear stresses at the interface
between the pile and the soil. The net soil reaction, p(x), is obtained by integrating the
stresses around the pile cross section.

McClelland and Focht (1958) introduced the procedure for getting p and y for laterally
loaded piles. Matlock (1970) and Reese et al. (1974) have developed the thought of p-y
curves for finding laterally loaded pile issues. Since the initial work of McClelland and
Focht (1958) various studies have been undertaken to calibrate the p—y curves for various

depths, soil varieties or pile geometries.
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Figure 2-8 Representation of (a) pile and non-linear springs in p-y method, (b)

corresponding p-y curves
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Figure 2-9 distribution of stresses against a pile before and after lateral loading (adapted
from Reese and Van Impe 2001).
In general, p-y curves are non-linear and they are a function of depth, soil type, and pile
dimensions and properties. A typical p-y curve is shown in figure. Important elements of
the p-y curve include the initial slope, Epy-max, and the ultimate soil resistance value, Pu.
At any point of the p-y curve the soil reaction, p, is related to the pile deflection, v,
through the p-y modulus, Epy (Reese and Van Impe 2001). The p-y modulus is also
known as the reaction modulus and it has units of force/length?. Reese and Van Impe
(2001) propose using the nomenclature given above instead of the modulus of subgrade
reaction, which was originally developed to describe settlement of footings and relates the

footing pressure (units of force/length?) to the footing settlement (units of length). These
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authors also point out that, although the subgrade modulus and Epy are related to the
values of the Young modulus of the soil, Es, they are not only a function of the soil, but
rather a result of the soil-structure interaction process between the soil and the footing and

pile, respectively.

2.4.3 American Petroleum institute (API) (2007) p—y-curves
The most commonly used p—y curves in engineering practice are those provided by
American petroleum Institute (API, 2007). These recommendations are supported the
works of Murchison (1983) and Matlock (1970). The API suggests totally different p—y
curves for sand, soft clay and stiff clay that are referred as standard p—y curves.

Clay: The p-y curves derived from a full-scale test by Matlock (1970) are used in API
(2007) for soft clays. To determine p—y curves for laterally loaded piles in soft clays the

following relation is recommended in API:

p- o_5pu(y)%, Y/ )<s (2-9)
Ye Ye
Y/ >8
Pu VA%
Where y: lateral deflection, in (m)

y c= 2.5¢cD, in (M),

ec. strain which occurs at one-half the maximum stress on laboratory unconsolidated
undrained compression tests of undisturbed soil samples, py: ultimate resistance, psi (kPa)
(for obtaining pu please refer to API (2007)) API (2007) does not have any relationship
for stiff clays but it refers to the work of Reese et al. (1975) for stiff clays.
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Figure 2-10 a) Graph presented in APl (2007) for coefficients C1, C2,and C3 b) Graph

presented in API1 (2007) for initial modulus of subgrade reaction.

2.4.4  Continuum Method
The major weakness of the p—y method is the independence of each spring from others.
However, in reality soil should be considered as continuum media. Finite Difference (FD)
and Finite Element (FE) methods are two numerical approaches for discretization and

solution of the problem which consider the soil as continuum media.

Continuum approaches, as defined here, comprise an assortment of solution techniques
utilizing either the theory of elasticity alone or both the theory of elasticity and plasticity.
These include fully three-dimensional analyses and simplifications using two-dimensional
analyses (plane strain or plane -stress). Three-dimensional analyses offer the most
realistic approach to assessing pile-soil interaction, and are divided into integral equation

(or boundary element) method and differential method analysis categories.

The main advantage of the continuum approach compared to other approaches is that less
simplifications need to be made in simulation of a real problem. Other features include
the ability to apply any combination of axial, torsion, and lateral loads, the capability of
considering the non-linear behavior of structure and soil, and the capability to model soil—
pile-structure interactions. The continuum approach potentially provides the most
powerful means for performing Soil-Structure Interaction (SSI) analyses, but it has not

yet been fully realized as a practical tool. Challenges to successful implementation of
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numerical technique lie in the selection of appropriate constitutive models for materials
for the soil and the pile, and the accurate assignment of the parameter values for these
models. The selection or development of constitutive models and quantification of their
parameters are still open areas of research. The degree of uncertainty associated with the
specification of model parameters as well as laborious mesh generation and interpretation
of results, often renders the continuum approach a secondary option (to the p—y approach)
in engineering practice (Tehrani, 2009). Also, performing three-dimensional continuum
analysis requires considerable time for generating input and interpreting results.
Therefore, continuum approach has been mostly used for research on pile group behavior,
rarely for design

2.4.5 Boundary Element for laterally loaded piles
An advantage of the boundary element method over other methods is its use of surface
discretization that provides for the greatest numerical efficiency when dealing with three-
dimensional problems possessing low surface area to volume ratios, as is the case with
pile foundation problems (Banerjee, 1976). This enables a three-dimensional solution
with the least computational effort and is certainly a redeeming feature of the method.
Boundary element methods use the Mindlin (1936) solution for lateral displacement
induced by a horizontal point load (refer Figure: 2.10) as the mechanism responsible for
interdependency. Through numerical integration of this solution over a discretized pile
surface, equating lateral displacements from the elastic soil (Mindlin’s solution) and
elastic pile (Bernoulli-Euler beam theory), and imposing equilibrium conditions, a
simultaneous equation solution ensues to solve for unknown forces that then allows

determination of pile actions.

Introducing this type of approach to assess lateral response of piles, Spillers and Stoll
(1964) noted that the purely elastic solution generated very high lateral pressures against
the pile near the surface that would result in yielding of real soil. Non-linear behavior of
the soil model was therefore introduced by specifying maximum permissible pressures
mobilized against the pile based on plastic yield criteria, considered a “first modifying
effect” towards reconciling results with observed behavior. This reiterated the need for
attention to surficial soils when assessing lateral load behavior, and the need of non-
linearity in the pile- soil system. Subsequent work developed the boundary element

principle put forward by Spillers and Stoll to produce useful design information for
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various pile-soil configurations, albeit from a mostly linear-elastic perspective. Notable
was the work of Poulos (1971a), Banerjee and Davies (1978), Davies and Budhu (1986),
and Budhu and Davies (1987, 1988).

Elastic half-space
characterized by Shear
Modulus (G) and
Poisson's Ratio (V)

A

Z=C

Figure 2-11 Mindlin (1936) solution

U, =Lateral displacement at point R due to point load P

P 3-4v 1+(1-v)@-2v) 2bc
Ug = + + 3
167G(1-Vv)| [b—c| b+c (b+c)

(2-10)

Poulos (1971a) choose a somewhat crude approach, starting with the depiction of a pile as
a thin rectangular strip of width equal to the pile diameter (d), and possessing a length (L)
and flexibility (Eplp) corresponding to that of the pile. A linear-elastic continuum with
Young’s modulus (Es) constant with depth was used to represent the surrounding soil, and
no separation between the pile and soil allowed. Any shear stresses at the pile edges were
neglected, pile-soil interaction derived solely from uniform distribution of normal stress
assumed across each pile-segment width, where pile lengths were discretized into
standard 21 equal-length segments. Although a very crude approximation of actual
behavior, the approach provided a consistent framework in which to assess the behavior

of both rigid and flexible piles.

Such behavior was presented using the concept of pile head influence factors of the form
given by the following equation below, where rotational influence factors were similarly

defined to obtain rotation at the pile head.
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(2-11)
Where

o0, = lateral deflection at pile head,
| 5, =displacement influence factor for horizontal load only,

P =horizontal load (applied at pile head),

5, =displacement influence factor for moment only, and

M =moment (applied at pile head).

Typical trends observed are shown in Figure-2.12, where the parameter KR represents a
relative pile-soil stiffness measure, and the length-to-diameter (or slenderness) ratio, L/d,
an appropriate parameter for distinguishing between rigid and flexible piles. In effect, KR
accounts for non-rigidity of the pile foundation and L/d accounts for embedment
(Kuhlemeyer, 1979). Poulos (1972) noted that displacement and rotation at the pile head
are virtually unaffected by the boundary condition at the pile tip when KR values are less
than about 0.01. Kuhlemeyer (1979) noted that this translates to an effective slenderness
ratio at which flexible pile behavior can be assumed to apply, and such effective
slenderness ratio values are plotted in Figure-2.13 against the ratio of the pile to soil
modulus, E, Es. Shown are slenderness ratios corresponding to Kr.values of 0.01 and
0.05. Kuhlemeyer considered that Kr= 0.01 was appropriate for displacement behavior at

the pile head, but Kr= 0.05 more appropriate for rotation behavior.

The work of Banerjee and Davies (1978) mainly served to provide a more rigorous
boundary element technique whereby both normal and shear stresses around a cylindrical
pile-soil interface were incorporated into the solution scheme using an a priori numerical
procedure. Results for the soil modulus linearly increasing at the ground surface from
both zero and half the pile tip modulus (i.e., triangular and trapezoidal distributions
respectively) were also obtained, although these required an approximate solution scheme
given that the Mindlin (1936) solution is strictly only valid for a constant modulus

distribution with depth. These non-homogenous modulus cases exhibited a relative
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increase in the values of influence factors and transfer of pile actions to greater depths
compared with the homogeneous modulus case. Relatively higher bending moments in

the pile were also noted in the non-homogeneous cases.

Davies and Budhu (1986) and Budhu and Davies (1987, 1988) advanced on Banerjee and
Davies (1978) by acknowledging different soil resistance patterns around a pile.
Assuming a solid cylindrical elastic beam for the pile (as used by Banerjee and Davies),
limiting soil stresses were assigned at the front, sides and back of the pile. These were
based on conventional bearing capacity values for the normal stresses acting against the
front face of the pile, empirical adhesion values for shear stresses acting along the sides of
the pile and limiting the decrease in normal stresses at the back of the pile to be no greater
than in situ horizontal stresses derived from assumed lateral earth pressure coefficients.
The latter served to prevent tensile stresses and thus convey a pile-soil separation effect.
While only an approximate account of soil non-linearity, this approach emphasized the
significant increase in pile displacements, rotations and bending moments as a result of
soil yielding. This effect was shown to increase as the level of loading increased and was

most apparent with flexible piles.
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Figure 2-12 Influence factor for free headed pile
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Figure 2-13 Typical displacement profiles showing effect of L/d and Kr
Typical trends for rigid and flexible piles (after Poulos and Davis, 1980)
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Figure 2-14 Apparent effective slenderness ratios for flexible pile behavior
Besides emphasizing the importance of nonlinear soil effects, the work of Davies and
Budhu (1986) and Budhu and Davies (1987, 1988) also improved on prior elastic
boundary element solutions by providing algebraic expressions to directly calculate pile
head behavior for flexible piles. This approach was initiated by Kuhlemeyer (1979), who
showed that, given flexible pile and elastic conditions, the independence of pile head
displacement and rotation to pile length leads to behavior that is only a function of the
pile-soil stiffness ratio. The algebraic expressions together with appropriate critical pile
lengths for constant and linearly increasing distributions of Young’s modulus with depth,
as determined by Davies and Budhu and Budhu and Davies, are indicated in Table. Also
given are expressions for a parabolic distribution of Young’s modulus with depth, as
determined by Pender (1993) using the work reported by Gazetas (1991). Such

information can be used as a means of back-calculating equivalent elastic soil moduli at
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small deflections using real load-deflection behavior. This is an important consideration
when modeling pile load tests because the initial stiffness assigned to a soil model,
particularly an elastic-plastic soil model, is one of the key parameters that control the

nonlinear response of a modeled pile.

Although useful from a general design standpoint, the boundary element technique suffers
in that its underlying elastic nature limits its applicability and allows for soil non-linearity
in only an approximate manner (i.e., introduction of limiting pressures that are strictly out
of place in an elastic system). Idealization of the pile as a line element, necessary to avoid
otherwise prohibitively expensive numerical computations, is also restrictive. This is
because the governing integral equations can be satisfied only at the centerline of the pile,
which in turn enforces limitations on the nature of surface tractions (i.e., normal and shear
stresses) acting around the mathematical pile circumference (Banerjee and Driscoll,
1976). To this end recourse to differential methods in the form of finite elements, and use
of elastic-plastic soil models, affording a more rational representation of soil non-

linearity, has provided a powerful alternative for modeling pile-soil interaction.

2.4.6 Group Reduction Factor (p-multiplier)

One of the most common strategies of accounting for the group effects in Winkler
approach is to change the single pile p-y curves employing a p-multiplier, as
recommended by Brown et al. (1988). During this approach, the soil resistance, p, is
reduced by a constant issue, Pm, as shown in Figure 2.15 P cannot be larger than one.
Supported accessible recommendations like AASHTO (2012) and FEMA P-751 (2012),
process p-multipliers for pile group design depends on the row spacing with in the
loading direction. The p-multiplier for a leading row is more than the p-multiplier for a
trailing row due to the shadowing result. Given the relative prevalence of p-y curves,
stress on determination of applicable p-multipliers for a given pile spacing is taken into
account because the most applicable suggests that to research pile group response under
lateral loading.
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Figure 2-15 a) definition of P multiplier b) Distribution of load in a pile group for different
cycles of loading (after Brown et al., 1998)

Leading row has higher p-multiplier than trailing rows. In an alternative approach, rather
than defining p-multipliers row by row, an average p-multiplier is used for all piles in the
group which gives the same pile cap load—deflection curve (Brown et al., 2001). This
average p-multiplier is called the group reduction factor. Use of a group reduction factor
is convenient for seismic and cyclic loading because the direction of loading changes
repeatedly and often unpredictably during the loading event, and each load reversal
converts a leading row, with high p-multiplier, to a trailing row, with low p-multiplier,

instantaneously.

2.5 Theoretical Studies

As De Beer (1977) indicated, the theoretical studies can be classified as (1) modulus of
subgrade reaction method considering the pile as an elastic beam on a foundation, (2)
elastic continuum methods assuming the soil to be a linear elastic or elastic-plastic
material, (3) finite element methods simulating the stress-strain behavior of soil with

multilinear or hyperbolic approximations and some other empirical methods.

2.5.1 Modulus of Subgrade Reaction Method
Hetenyi (1946) assumed piles as beams on an elastic foundation and soil reaction

represented by Winkler springs. Equation (2-5) was proposed by Hetenyi (1946) for the
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solution of loaded piles in soils as long as both pile and soil stay in elastic limits (Ozturk
2009).

d’M d’y
—2_p=0 2-12
e +Qd22 p (2-12)
Where;

M: Bending moment

Q: Axial load on the pile

z: Depth along the pile

y: Lateral deflection of pile at point z

p: Lateral resistance of soil per unit length of pile

In case of slope stabilizing laterally loaded passive piles, axial loading on pile (Q), can be
ignored and Equation (2.5) can be transformed into the following equation with some

modifications as:

E,l %= KoY, —Ys) (2-13)
Where;

Ep: Deformation modulus of pile

I: Moment of inertia of pile

yp: Lateral displacement of the pile at depth z

ys. Lateral displacement of the soil at depth z if no pile was placed in the slope

Ks: Subgrade reaction modulus of soil

In Equation above, subgrade reaction modulus, (Ks) is variable with depth and relative
displacement (yp-ys). De Beer (1977) indicated that there may be uncertainties of the
solution of Equation above because of the difficulties of determining lateral displacement

of the soil if no pile exists in the slope, (ys).

MSc Thesis Page 27



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
- underlateralloading

2.5.2 Elastic Continuum Theory
The modeling of the soil as a homogeneous elastic continuum has been suggested for the
analysis of the soil-pile interaction. For the analysis of limit pile capacity, Plane Strain
Models were developed with some authors like Davis and Booker (1971). For modeling
the 3D system as a series of parallel horizontal planes in plane strain, the Plane Strain
Models are used which are related to the case of shallow-embedded sheet piling.

Douglas and Davis (1964); Poulos (1971, 1972), and other authors developed Three
Dimensional Elastic models. These models were established on Mindlin’s method for the
horizontal displacement due to a horizontal point load within the interior of a semi-
infinite elastic-isotropic homogeneous mass which can be found in various Elasticity
handbooks, such as Poulos and Davis (1974).

Douglas and Davis (1964); Spillers and Stoll (1964) and Basile (2002) recommended
integral solutions over a predefined area, representing a fraction of the pile surface, since
Mindlin’s solutions become singular when evaluating the displacement corresponding to
the point where the load is located. These solutions which define the displacement field
due to an assumed loading system (pattern) associated with the pile-soil interaction, are

generally known as Green Functions.

Utilization of the model suggested by Poulos (1971, 1972), was presented by Poulos and
Davis (1980). The pile is assumed to be a thin rectangular vertical strip divided in
elements in this model, and it is observed that each element is acted upon by uniform
horizontal stresses as it shown in Figure 2.10 which are related to the element

displacements through the integral solution of Mindlin’s problem.

At last, in which soil pressures over each element are unknown variables, they realized
the differential equation of equilibrium of a beam element on an infinite soil with the
Finite Difference Method (FDM). The displacements are found after achieving the

pressures.
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Figure 2-16 Continuous Analysis Model of Soil-Pile Stress reacting on (a) Pile, (b) Soil
around the Pile (Poulos& Davis, 1980)
The ability to take into consideration the homogeneous nature of soil, the semi-infinite
dimension of the half-space, and the boundary conditions along the unloaded ground
surface is the advantage of this model. Although yielding of soil may be presented by
varying the soil elastic modulus, this method does not allow to consider local yielding and

layered soil conditions.

In this way, Spillers and Stoll (1964) suggested the calculation of the maximum allowable
load by any appropriate yielding condition (e.g. a wedge model for the top part of the soil,
where the yielding of soil happens and displacements are larger), together with the elastic
solution and a repetitive procedure to control that the maximum load is not exceeded at

any point.

Two of the disadvantages of the discretization by cooperating with means of the FDM is
that the difficulty to present general boundary conditions at pile top and bottom, and the
needed uniform size of the elements. This soil model was used for the BEM (Boundary

Element Method) analysis of piled foundations, as Basile (2002) informed.
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2.6 Constitutive Models

Soil is a complicated material that behaves non-linearly and often shows anisotropic and
time dependent behavior when subjected to stresses. Generally, soil behaves differently in
primary loading, unloading and reloading. It exhibits non-linear behavior well below the
failure condition with stress dependent stiffness. Soil undergoes plastic deformation and
is inconsistent in dilatancy and also experiences small strain stiffness at very low strains
and upon stress reversal. In addition to soil behavior, its failure in three-dimensional state
of stress is extremely complicated. Numerous criteria have been devised to explain the
condition for failure of a material under such loading state.

Currently, various constitutive models for the soil have been developed. These models
cover a wide range of soil features such as anisotropy, cyclic loading, creep etc. The
selection of a constitutive model for a geotechnical application depends on the
mechanical properties of the soil. (i.e. permeability, stiffness and strength), previous
history on the mechanical properties of the soil and the stress changes that will occur in

feature.

In the finite element analysis, reliable predictions can be achieved by using an appropriate
constitutive model for a particular geotechnical problem. In general, the criterion for the
soil model evaluation should always be a balance between the requirements from the
continuum mechanics aspect, the requirements of realistic representation of soil behavior
from the laboratory testing aspect, convenience of parameter derivation and simplicity in
computational application. The application of some constitutive models in Plaxis finite

element model and some parameters are listed below:

Linear Elastic Model (LE), Mohr Coulomb Model (MC), Hardening Soil Model with
small stiffness (HSS), Soft Soil Model (SS), Soft Soil Creep Model (SSC), Modified Cam
Clay Model (MCC), Linear Elastic Model (LE)

2.6.1 Linear elastic model
The linear Elastic Model (LE) is based on the Hook’s law of isotropic elasticity. It only

involves two basic parameters Young’s modulus (E) and Poisson ratio() . The LE
Model is not suitable to model soil because soil behavior is highly non-linear and

irreversible. Hooke’s law is on the other hand a good idealization for material in
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structural elements, such as steel, which often behaves linear elastic and isotropic, at least

in its lower stress states

&, -v v v 0 0 0 ][s,
&, vV 1-v v 0 0 0 |[|g
tf-"._-: E v 1=v 0 0 0 &
.| (-2vfi+v)] 0 o0 o0 i-v 0 0 ||,
&, 0 0 0 0 i-v o0 ||
o | 0 0 0 0 1-v||j

(2-14)

Where v is poison ratio, E young modulus, € axial strain, ¥ shear strain and o stress

According to Hook’s law the relationship between E, young modulus, G shear modulus

and K of bulk modulus is as the following equations.

E
G =
21+v) (2-15)
E
K -
3(1-2v) (2-16)

2.6.2 Mohr Coulomb Model (MC)

The Mohr-Coulombs model (MC-model) is an elastic perfectly-plastic model. The
general behavior of an elastic perfectly plastic material is illustrated in Figure 2.17.The
most widely used constitutive model for soils is the Mohr-Coulomb model, which has the
advantage of requiring only the classical geotechnical parameters (unit weight, void ratio,
deformation modulus and shear strength parameters). However, it has been noted that the
Mohr-Coulomb model frequently overestimates soil deformations for small strains (Truty,
2008).

The Mohr Coulomb Model (MC) is a linear elastic and perfectly plastic model. It
involves five parameters, both elastic and plastic behavior parameters i.e. Young’s

modulus (E) and Poisson’s ratio (v) for soil elasticity, friction angle (¢) and cohesion (c),

for soil plasticity and the dilatancy angle () .
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Although the increase of stiffness with depth can be taken in to account. The stiffness
behavior below the failure line is assumed to be linear elastic according to Hook’s law.
Hence, the model does not accurately predict deformation behavior before failure,
especially in situation where the stress levels are changing or multiple different stresses
paths are allowed. For tunnel construction, the MC model predicts too wide settlement
trough. As far as its strength behavior is concerned, this model is suitable to analyze the
stability of dams, slopes and embankments. However, the model does not show softening
behavior after peak strength. Soft soils like normally consolidated clays, generally show a
decreasing mean effective stress during undrained shearing, whereas the Mohr-Coulomb
model would predict a constant mean effective stress in this case, which results in an over

prediction of the shear strength.

v
™

Figure 2-17 Basic idea of an elastic perfectly plastic model

2.6.3 Mohr coulomb’s failure criteria and strength
Strength is the maximum stress a soil can withstand without failing. Failure in soil is, in
general, caused by shear stress, i.e. shear failure. Shear failure occurs when particles slide
or roll past each other. Failure due to compression would be particles crushing, but, since
the particles start sliding and rolling, when exposed to compression, they fail in shear and
not compression (Coduto C.P. (1999).

T=c' +d6'tan ¢’ (2-17)

Where t shear strength of soil, ¢’ cohesive property of soil, 8’ effective stress and ¢’ is

frictional angle.

MSc Thesis Page 32



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
under Lateral Loading

When modelling plasticity Plaxis introduces functions called yield functions, which are
equal to zero when the material behaves plastic. The Mohr-Coulomb yield condition
consists of six yield functions, all expressed with principal stresses, the friction angle and
the cohesion. The Mohr-Coulomb yield condition is an extension of the Coulomb friction
law and obeys this law in any plane within the material. When the six functions are set to
zero (i.e. acting plastic) they create a surface in the principal stress space called the yield
surface, illustrated in Figure 2.18.When the material is exposed to stress states within this

surface it acts elastic and Hooke’s law obey.

fia = %[E}";—E}"})+%(J': +cr‘3]sinqo —ccos@ <0
fis =%(5'3—J:)+%{JT3+J'3}5111¢)—CCDS@EG
fra =%[ﬂ"rﬂ"l)+%{J’s+a‘1}sm¢1—ccuswiﬂ
[ = %(0"1—0"3}+§{G‘1+G'3}sinm— ccos@p <0

(0", 40", )sing — c cosp <0

[y = %(dj —0, )+I?{JT: +0";)sing - ¢ cosp <0 (2-18)

Figure 2-18 Mohr-Coulombs yield surface in principal stress space (Brinkgreve
R.B.J 2008)
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2.7 Analytical Studies

Reese (1975) presented two simple expressions for the determination of the ultimate

lateral soil pressure Pys® at any depth z below the surface:

For shallow depth

pe_fu_[3,72, 051 (2-19)
d S, d

and for greater depth

Ps =95, (2-20)

Where:

Py = the ultimate lateral soil resistance

D = diameter of the pile and y = soil unit weight (bulk).

The expression given above seems to suggest that the ultimate lateral load resistance, Py,
in a purely cohesive soil increase a value of 3Sud at the ground surface to 9Syd down to a

depth of about 3d and remain constant for greater depth.

Later, Randolph and Houlsby (1984) showed that the ultimate lateral soil resistance is
very much depend up on the pile-soil interface. Using the method of characteristics, they
produced the exact analytical solutions for the ultimate lateral load resistance which
develops in front of the laterally loaded rigid circular pile -11.94S,d for a completely

rough pile-soil interface, and 9.14Sud for a smooth interface.

Similarly, for sand Broms (1964b) suggest a triangular distribution of a passive pressure
along the front of a laterally loaded pile ignoring the active pressure at the back of the

pile. The passive pressure being equal to 3 times the Rankine passive pressure:

P’ =37ZK, (2-21)
Where

y = effective soil unit weight

_1+sing
P 1-sing

(2-22)

¢ = angle of internal friction (effective stress)
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For the more general case, Hansen (1961a) suggested that the following simplified
expression for the determination of ultimate soil pressure P °at any depth z below the
surface:

P = yzK, +S K, (2-23)
Where

K., K, = factors that are function of ¢ and z
C [ d

¢ = friction angle
For purely cohesive soil, the factor K is zero and the overburden pressure has no effect

onP .

u

2.8 Experimental Tests

In addition to theoretical ways, matters of the pile subjected to lateral soil displacements
has been investigated with laboratory tests by totally different researchers. It ought to be
noted that this thesis concentrates on supportive the PLAXIS 3D foundation a group of
piles by comparison with measurements from laboratory tests for validating the software.
The results of those previous tests become terribly useful for the analysis of this analysis.
A laboratory check of laterally loaded pile relating to the analysis of the influence of pile
stiffness was allotted by city (1977).

The model pile was put in in Associate in Nursing iron box stuffed with soils. The pile
was instrumented with strain gauges on the pile shaft to live the deformations. The
uniform distribution of soil movements was incrementally applied to the pile. The pile
model is varied with totally different materials (steel pile, wood pile) to research the
influence of pile stiffness on its deformations. As a result of take a look at, it can be over
that the misshapen form of the pile depends a lot of on the flexural rigidity of the pile.
Moreover, variations of pile diameters were dole out by Matsui (1982) to research their
influences. He conducted a series of experimental tests on the model piles loaded laterally
by soil movements to predict lateral pressures performing on the piles. The model piles
were inserted through clay layer and sand layer stuffed within a steel box. The soils were
emotional towards the piles by the loading plates. Masses on the piles were recorded
mistreatment the load cells.
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It was found that they will increase of pile diameters lead to increasing pressure
performing on the piles. Stewart (1992) used a geotechnical centrifuge to hold out a series
of model tests on the pile adjacent to the development of Associate in nursing hill. The
tests were conducted on each single piles and pile teams. The model piles were plane-

strain gauged in order that the bending moments induced in piles can be measured.

The piles were put in through a soft clay layer and a dense sand layer. The development
of Associate in nursing hill was dole out consecutive and therefore the bending moments
within the piles were measured at every stage of hill construction. From the results, it can
be thought-about that the utmost bending moment’s area unit found at the pile heads and
therefore the interface between the soft layer and therefore the stiff layer. As compared
with the results from the sector take a look at, this technique was typically in smart
agreement. The centrifuge tests offer insight within the pile behavior and therefore the

results area unit thought-about to be of significant practical values.

2.9 In-situ tests

The in-site tests on the piles loaded laterally by soil movements are thought of because
the best practical strategies that mirror the important pile behaviors. Several instrumented
field tests are reportable by totally different researchers, as an example, Heyman &
Boersma (1962), Heyman (1965), Leussink & Wenz (1969), and NICU (1971). Most of
them concerned the piles supporting the bridge abutments wherever lateral soil
movements were caused by the development of hill, whereas the others concerned the
piles for slope stabilization and also the piles for retentive structures. But in term of this
half, solely two reports created by Esu & D’Elia (1974) and Ingold (1977) square

measure mentioned so as to achieve the summary of the pile behaviors.

Esu and D’Elia (1974) delineated a field trial referring to a landslide. A concrete pile with
dimensions of 30m long and 0.79m in diameter was instrumented with pressure cells on
the pile shaft Associate in nursing an inclinometer within. It may well be seen from the
measurements that, the pile head malformed considerably and therefore the pressures

engaged on the pile step by step hyperbolic.
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Ingold (1977) bestowed a field trial wherever the steel pile was put in or so four months
when the development of mound. The pile was set at the mound toe and inserted through
the soft clay layer & the stiff sand layer. The bending moments and therefore the pile
deflections were recorded by vibrating-wire strain-gauges and inclinometer severally. In
short, the measurements showed that the utmost bending moments engaged on the pile
may well be typically found at the pile high, the center of the soft layer and therefore the

interface between totally different layers.

29.1  p-ycurve criteria for clays
a) Soft clay criteria (Matlock, 1970)

Matlock (1970) planned a procedure for the event of p-y curves for piles in soft, saturated
clays. The strain hardening criteria are supported the results of 4 lateral load test
performed on a completely instrumented twelve.75 in. diameter pile driven into soft to
medium loose clays at two completely different sites (Stevens &amp; Audibert, 1979).

y, =2.5xe50xd (2-24)

Where, £50= strain at one half the maximum deviator stress in undrained test

d = pile diameter.

The ultimate soil resistance, Pu, is calculated as
P, =N, xSuxd (2-25)
Where, Su = undrained shear strength of soil

Np = ultimate lateral soil resistance coefficient
P, =ultimate lateral soil resistance
P = lateral soil resistance

Matlock suggested that Np =9 for the great depths where sufficient confinement exists
that corresponds to horizontal flow of the soil around the cylindrical pile. But near the
surface the soil in front of pile is not well confined and as the pile deflects the soil is
pushed up and away from the pile Np = 3 at the surface and increases with depth with

the following relationship.
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o'z z
Np=3+—+JIx— 2-26
p Sy q (2-26)

Where, ¢’z = effective overburden stress at depth z.
Su =undrained soil shear strength at depth z
J = an empirical constant with an approximate value of 0.5 for the soft offshore
clays and a value of 0.25 for somewhat stiffer clays.

2.9.1.1 Above water table stiff clay criteria (Reese & Welch, 1975)
Reese and Welch (1975) developed p-y curve criteria for piles embedded in stiff clays
higher than the groundwater level on the premise of one full scale field lateral load take a
look at. The load was performed on a 30-inches diameter trained shaft within which a
0.75-inches diameter instrumented pipe was embedded.

PE —0.5x (y—{)% (2-27)
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Figure 2-19. A graph of soil resistance p versus soil deflection y of clay above water table
(Reese et al., 1975).

2.9.1.2 Below water table stiff clay criteria (Reese et al, 1975)

Reese, et al. (1975), projected a procedure for the event of p-y curve for piles embedded
in stiff clays below the water level. Reese developed separate expressions for the ultimate
soil resistance for two distinct mechanisms by that the pile was assumed to maneuver

through the soil. supported the failure of wedge of soil ahead of pile and on the plastic
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flow of soil round the pile in a very horizontal plane, the ultimate lateral soil resistance,
Pu, per unit length of the pile is set because the lesser of the subsequent equations.

P, =2xSuxd+ozxd+2.83xSuxz (2-28)
or P, =11xSuxd (2-29)

Where, o’z = effective overburden stress at depth Z, Su = undrained soil shear strength at

depth Where d= pile diameter,
The deflection at one half the ultimate soil resistance is given by:

y. =€50xd (2-30)
€s0= Strain at one half the maximum deviator stress in undrained test

d = pile diameter
The shape of the p-y curve for static loading condition generated by below water table

stiff clay criteria is shown in Figure below.
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Figure 2-20 p-y curve for below water table for stiff clay criteria (Mac Vay, et.al,
1995)
2.10  Design Codes Recommendations for p-y Curve (API, 1993)

American Petroleum Institute (API, 1987, 1993) and Det Norske Veritas (DNV 2007)

have recommendations for design of piles in offshore industries. The design regulations
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for pile in soft and stiff clay are based on the work of (Matlock, 1970) and (Reese, Cox,
& Koop, 1974). The only difference is variation of Np with depth. The API introduces a
new term ZR to relate the variation of Np depending upon the depth. The Np values near
the mud line are presumed to vary linearly from zero at mud line to nine at depths equal
or greater than ZR. The relation for ZR given as:

Z, (2-31)

___6d

(4 %u +j)
For static lateral loads the ultimate unit lateral bearing capacity of soft clay Py has been
found to vary between 8Su and 12Su except at shallow depths where failure occurs in a
different mode due to minimum overburden pressure. Cyclic loads cause deterioration of
lateral bearing capacity below that for static loads. In the absence of more definitive

criteria, the following is recommended:
Pu increases from 3Su to 9Su as Z increases from 0 to Zr according to:

Pu =9xSuforZ > ZR (2-32

Pu=3><Su+7'+Z+J><Su><§ (2-33)

Where, Pu=ultimate resistance, (KPa)

Su = undrained shear strength for undisturbed clay soil samples, (KPa)

d=pile diameter (m)

s =effective unit weight of soil, KN/m?

J = dimensionless empirical constant with values ranging from 0.25 to 0.5 having
been determined by field testing.

Z = depth below soil surface, (m)

Zr = depth below soil surface to bottom of reduced resistance zone in (m). For a

condition of constant strength with depth,

2.11 Discrete Load-Transfer Approach

The Discrete Load-Transfer (DLT) approach maintains the subgrade reaction idea of

replacing the soil with discrete soil reaction mechanisms, but enables a far more realistic
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depiction of lateral pile-soil interaction through specification of soil reaction behavior of a
form that mimics the reaction behavior that has been observed in full-scale field tests. A
basis for obtaining soil reaction behavior in the field is evident from the beam theory

relations given in Table below.

Table 2-1 A basis for obtaining soil reaction behavior in the field is evident from the beam

theory
Displacement Slope Moment Shear Loading
(2" Integral) (1% Integral) (1* Derivative) (2" Derivative)
d 2 3 4
Y - d_v - Ep"’pd f - Eﬂ‘lpd f - EP!Pd f
z dz" dz dz

2.12 3 -Dimensional Finite Element group model

Continuum approaches utilizing a three-dimensional finite element framework have
circumvented this problem to some extent, being able to provide a well-defined group
pile-soil system from which observations of pile-soil-pile interaction can be inferred. Of
course, and as was the case with isolated single pile behavior, the degree of realism
afforded by a finite element approach relies on the ability to model the soil, pile and pile-
soil components appropriately. Modeling pile groups is computationally intensive, a
frequent approach has been to examine elements of the group in isolation using

appropriate boundary conditions.

An example of this type of approach is shown in Figure below, used by Tamura, Ozawa,
Sunami and Murakami (1982) to examine group effects for 3 x 3 and 5 x 5
configurations. Tamura et al. utilized a nonlinear (hyperbolic) stress-strain soil model in
conjunction with a three-dimensional finite element framework, but no account of pile-
soil separation is evident from the study. Nevertheless, the analyses confirmed the
observation that the leading row attracts a disproportionately greater portion of the total
applied lateral load, allowing some confidence in the ability of such an approach to
provide insight into group effects. The analyses suggested that group effects increase at a
decreasing rate with increasing number of rows, and that the effect is more pronounced

with inner piles than with outer piles.
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Trochanis et al. (1988, 1991a, 1991b) utilized an in-line pair of piles as a means of
assessing the main features of group action. This extended on the single pile
axisymmetric model adopting the same pile-soil-interface properties and loading as used
for the single pile analysis, and performing the same series of three analyses (i.e.
bonded/elastic soil, separation/elastic soil, separation/inelastic soil). Imposing equal loads
to the pair of piles spaced at two and three pile diameters (i.e. s = 2d and 3d), a shadowing
effect was clearly demonstrated by much larger deflections experienced by the trailing

pile.

Brown and Shie (1990b, 1991a) also utilized an in-line pair of piles to assess group
effects, but adopted a rectangular model configuration with symmetry boundaries
following the modeling approach. This represented two rows of piles loaded in-line and
extending to infinity in the direction perpendicular to loading. Group spacing of 3d and
5d were investigated, and a single row of piles with 10d spacing was used to simulate
isolated single pile behavior. Two soil model cases were analyzed to depict “clay”

(constant strength) and “sand” (frictional) conditions.

The work by Brown and Shie (1990b, 1991a) reaffirmed general observations from field
testing, such as reduced shears for trailing piles leading to higher moment to shear ratios,
and the occurrence of maximum bending moments in trailing piles at greater depths
compared with the leading piles. Comparison of both cases also indicated more
significant shadowing effects in the sand case, attributed to its stress-dependent shear
strength. The latter was thought to have also affected leading pile behavior, in that
increased shear strength near the sides of the pile, induced by increased confining stress
imposed by load transfer from the trailing pile, served to “hold back” the pile and

partially offset any additional displacement from strain superposition effects.

Leading pile behavior was therefore considered as being comparable with an isolated

single pile in both the sand and clay cases.

A most significant aspect of the Brown and Shie (1990b, 1991a) work was the additional
step taken for extracting p-y curves from each analysis and deriving p-multipliers and y-
multipliers to represent group effects. This was undertaken by fitting discrete bending
moment values along the pile (obtained via stress values at the pile element centroids) to

a fifth-degree polynomial and then twice differentiating to obtain p values (y values being
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extracted directly). A practice-orientated assessment in the form of p-y multipliers was
thus achieved, providing a more rational basis for comparison with full-scale tests. In this
way good correlation with field test results was demonstrated using numerical

experiments.
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Figure 2-21: Plan views of in-line analysis models used by Tamura et al. (1982)

2.12.1 3-Dimentional finite element for large group piles
Three-dimensional efforts to the same extent and level of numerical sophistication as
Wakia et al. (1999) are not apparent from the existing literature, indicating such an
approach is relatively rare. In terms of very large pile groups, being the topic of the
current study, three-dimensional approaches are necessarily restricted given the
substantial number of piles typically involved, and a three-dimensional large group
analysis to the totality of Wakia et al. is certainly beyond current computational

standards. A partial three-dimensional finite element analysis undertaken by Ono,

MSc Thesis Page 43



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
under Lateral Loading

Shimamura, Kasai and Omoto (1991) is likely to represent one of the largest problems
investigated numerically, consisting of a circular tank 44 m in diameter, supported on 421
steel pipe piles (d = 700 mm; L/d = 43) spaced at 2.9 pile diameters.

By symmetry to reduce the problem by half for modeling purposes, three-dimensional
soil elements were governed by the hyperbolic Duncan and Chang (1970) constitutive
formulation, and piles modeled using one-dimensional beam (“stick™) elastic elements
(fixed-head conditions applying at the pile heads). Modeling up to 23 rows of piles at the
center of the group, analysis results indicated piles in the leading third portion of the
group attracted a greater share of the lateral load imposed (up to 4.9 times the average
load of all the piles for the leading piles), while the remaining piles attracted a fairly
uniform share of between 60% to 80% of the average load of all the piles. Bending
moments in piles were similarly distributed, and deepening of the zone of significant pile-
soil interaction apparent with trailing piles. In the case of the 23 piles located along the
center of the group in the line of loading, an increasing depth of interaction was apparent
to the seventh trailing pile, reaching a maximum depth at this point and then maintaining

the same depth over the remaining trailing piles.

While the analysis by Ono et al. (1991) is obviously limited by the simplistic portrayal of
piles as line elements, and furthermore provision for separation does not appear to have
been made, the results nevertheless reflect a somewhat intuitive sense that uniform
behavior should prevail for a large portion of 81 the piles in a large pile group. Such a
notion has been adopted by Law and Lam (2001) in the form of a three-dimensional
modeling economy employing periodic boundary conditions. The so-called periodic
boundary concept, which results from viewing a large pile group as recurring rows of
infinite number of piles, is illustrated in Figure below. The notion of infinite bounds is a
fair approximation, at least for piles located in the interior region of a large pile group. As
depicted in Figure below, this is seen to enforce periodic displacement conditions
between piles, necessary in order to satisfy displacement compatibility between each

tributary region.
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Figure 2-22 Periodic boundary analysis approach for large pile groups (after Law and Lam,
2001)
Deformations at adjacent points along periodic boundaries are therefore identical. For
example, deformations at points A and B on Figure above are identical, likewise for
points C and D. Further simplification arises by making use of symmetry boundaries
through the centerline of the piles and through the midpoint between piles, also shown on
Figure above. The resultant analysis model can therefore be reduced to the analysis region
indicated in Figure above, with adjacent nodes along each periodic boundary slaved
together to enforce the periodic displacement condition. Law and Lam (2001) utilized
such a three-dimensional finite element model to assess the lateral behavior of 0.75 m
diameter fixed-head cast-in-steel-shell piles (L/d = 30) forming a large pile group (380
piles) in soft clay soil conditions. By comparing the pile-head load-deflection behavior of
the finite element model with an isolated single pile DLT model employing Matlock
(1970) soft clay p-y curves, Law and Lam established appropriate p-multiplier and y-
multiplier values. These results indicated the periodic boundary analysis approach was
successful in portraying group effects, with increasingly lower lateral resistances

mobilized at greater deflections for reduced pile spacing.

2.13 Previous studies on laterally loaded pile groups

The first theories on the subject of the ultimate load design for horizontally loaded

foundations were developed in the 1960’s. These theories are:
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e Broms’s (1964a) theory for cohesive soils (soils with cohesion > 0, friction = 0)

e Broms’s (1964b) theory for cohesion less soils (soils with cohesion = 0, friction
>0)

e Brinch-Hansen’s (1961) theory for soils having both cohesion and friction (soils
with cohesion > 0 and friction >0)

The first analysis conducted on laterally loaded piles is finished by Feagin (1937). Full
scale tests were conducted on timber and concrete single piles in addition as numerous
pile group. Configurations, just with the intent to get information on lateral load
movements. Feagin ascertained that the common soil resistance per pile bated as
additional piles were further to the group. Feagin additionally finished that group effects
were solely important at massive deflections which at deflections of (0.25 in) group
effects failed to occur. Additional all-out testing was done by Kim and Brungraber (1976)

on numerous pile group in clay.

During this era piles were designed by using elasticity theory. This theory used nonlinear
techniques in analyzing single isolated piles then used elastic interaction factors to work

out more group responses.

This theory was challenged by Barton (1984). Barton conducted centrifuge check on
different pile group at totally different spacing in sand. These tests over that soil
nonlinearity should be accounted for in pile group arrangement which the elastic theory

didn't account for this non-linearity.

Elastic strategies underestimated the interactions inside closely spaced pile group whereas
overestimating the interaction with pile groups at larger spacing. Barton additionally
determined that the number of total loads carried by every pile inside the group wasn't
equally distributed (as calculable by the elastic theory) and trusted spacing. Separate
model tests were worn out the identical year by Cox et al. (1984) in soft clay. These tests
were performed on piles in an exceedingly line with lateral loads each parallel and
perpendicular to the line of piles. Cox found that once load was placed perpendicular to
the road of piles, group effects didn't occur in spacing bigger than three times diameters.
once the load was parallel with the road of piles, group effects were enlarged and potency

ablated with the amount of piles within the line.in the figure below it shows these results
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comparison the efficiencies of the piles organized parallel (in-line) with the lateral
loading to the piles organized perpendicular (side-by-side) to the lateral loading.
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Figure 2-23 group efficiency vs clear spacing for both in-line and side —by side
configurations (Cox et al., 1984).
Both of these tests made further insights into the influence of spacing on pile group

response to lateral loads.

Several complete tests were additionally conducted throughout this point amount.
Meimon et al. (1986) did full scale tests on steel piles and confirmed what had been
discovered by Feagin (1937) therein group effects raised with larger deflections. Meimon
additionally noted what Kim and Brungraber (1976) had discovered therein front row
piles had bigger resistance and additionally developed bigger moments for a given pile
group deflection. Neither Feagin (1937) nor Kim and Brungraber (1976) directly

measured load on every pile group

Brown et al. (1987) conducted complete tests in stiff clay and in agreement with Barton
(1984) that the elastic theory failed to address what he saw to be the key consider

predicting pile group response; final soil resistance. Brown began to plot a brand-new
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technique to predict soil resistance and also the planning of pile group with the idea of p-
multipliers (Brown et al, 1988).

Brown et al (1988) prompt p-multipliers to account for the reduction in resistance in
every row. These p-multipliers act as reduction factors that scale down the particular p-y
curves of the isolated single pile model, so accounting for all non-linearity within the
profile. These back-calculated p-multipliers, together with different p-multipliers prompt

from different tests,

Previous numerical and experimental research performed by different researchers are
reviewed in this section. Several field and laboratory tests have been performed by
different researchers to evaluate the group effect, obtain parameters like p-multipliers or
validate analytical methods. The existing research that has been done on laterally-loaded

pile groups can be divided into three general categories:

ae Full scale tests: These tests are conducted in the field. They have advantages of real
piles, real soil and realistic soil—pile condition. It is, however, very difficult and expensive
to perform a full-scale test on a pile group. The capacity of the loading equipment also
limits the size of the pile group that can be tested. Therefore, full scale tests are usually

carried out on small pile groups with close spacing.

be Centrifuge tests: These tests are conducted in the laboratory and we call it small scale
tests. Centrifuge tests are more economical and easier to modify and repeat for parametric
studies in comparison with full scale tests. The main advantage of centrifuge testing is
that the gravitational stress field in the model can replicate the prototype. This
consideration is crucial when testing materials such as sand for which the stress—strain

behavior is a function of confining pressure (Meymand, 1998).

c. Numerical studies: This type of testing uses computer algorithms and equations to
solve lateral-load problems. This is the least expensive type of testing but also the most

difficult to represent actual conditions

Some analytical models like the ones by Poulos and Randolph (1983) have utilized
elasticity-based relationships for modelling pile-soil-pile interaction and also
modification of p-y curves (O’Neill et al., 1977). However, experimental research by
Brown et al. (1987), Brown et al. (1988), Holloway et al. (1982), and Meimon et al.
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(1986)) has indicated that the elasticity-based analytical models do not reproduce the
degree of non-linearity observed in pile—soil—pile interaction.

Brown and Shie (1990) performed a series of numerical experiments on one row of piles
subjected to lateral loading. To model clay soils, an elastic- perfectly plastic (Von Mises)
model was used which provides a constant yield strength envelope. Sand was modeled
using a modified Drucker-Prager model with no associated flow. They observed that
group effects are most significantly influenced by row position and also center to center
pile spacing. Brown and Shie (1991) used the same simulation to evaluate the group
effects using p-y curves derived from pile stresses. Pile spacing effects were determined
in terms of p-multipliers and related y-multiplier that were applied to p-y curves of single
pile. First, p-multipliers were determined, and then appropriate y-multipliers were

selected to best fit the sloped portion at the beginning of the p-y curve.

Trochanis et al. (1991) conducted numerical analysis on in-line pairs of piles to assess the
main features of axial and lateral response of piles to monotonic and cyclic loading. They
concluded that the assumption of purely elastic behavior for soil can substantially
overestimate the degree of interaction in realistic situations. Finn and Wu (1994) showed
that by relaxing some of the boundary conditions associated with a full 3D continuum
analysis, it is possible to get reliable solutions for non-linear response of pile foundations

including both kinematic and inertial interaction with reduced computational effort.

Yang and Jeremic (2003) also simulated centrifuge tests on 3 x 3 to 4 x 3 pile groups
which were conducted by McVay et al. (1998). Yang and Jeremic (2003) showed their FE
simulations can predict the behavior of pile groups with good accuracy. Finn (2004)
explored the reliability of approximate methods for estimating the rotational and
translational stiffness’s of pile foundations in the 3D non-linear analyses of a
superstructure. Como dromos and Pitilakis (2005) carried out parametric three-
dimensional non-linear numerical analysis for different arrangements of pile groups. They
used Finite Difference (FD) simulations to evaluate the influence of the interaction
between piles on the lateral resistance of pile groups. They also proposed a relationship to
predict the response of fixed-head pile groups using response of a single pile. Dodds and
Martin (2007) examined large pile groups under lateral loading using a three-dimensional

FD approach. They focused on local soil-pile interaction using p-y curves as the primary
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assessment tool and p-multipliers to characterize group effects. In their research, two piles
with in-line configuration and a single pile with periodic boundaries represented typical
leading and immediately trailing piles, and internal piles, respectively. Ultimately, they
provided p-multipliers to be applied to p-y curves for large pile groups in clay and sand

conditions.

Ideally p-y curves should be generated from full-scale lateral load tests on instrumented
test piles. In the absence of experimentally derived p-y curves, it is possible to use
empirical p-y formulations that have been proposed in the literature for different types of

soils. Table below lists the sources for some of the p-y expressions commonly used in

practice.
Table 2-2 Sources of some scholars listed for p-y
Soil Type and Condition Reference
Soft clay below the water table Matlock (1970)
Stiff clay below the water table Reese, et al. (1975)
Stiff clay above the water table Welch and Reese (1972), Reese and Welch (1975)
Sands Reese, et al. (1974)
Sands API (1993)
Soils with cohesion and friction Evans and Duncan (1982)
Weak rock Reese (1997)
Strong rock Nyman (1980)

2.14 Recent studies on laterally loaded pile groups

(Gouw and Hidayat, 2015), presented the research on Effects of pile lateral movement,
pile spacing and pile numbers on laterally loaded group pile by employing PLAXIS 3D
geotechnical finite element software with the circular bored piles of 1000mm diameter.
The sub soil was assumed to be in undrained condition Su, of 50kPa and has stiffness of
500 times undrained shear strength, E=2500kPa. For material modeling, Mohr-coulomb
model were used. The lateral load carrying capacity of single piles is determined at 6mm,
9mm, 12mm, 25mm, 40mm and 100mm lateral movement of the pile head .these selected

lateral movement of pile heads are based on the following criteria’s

e 6 mm is normally adopted as allowable lateral movement under static condition.
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e 9 mm is allowable lateral movement under small earthquake shaking.
e 12 mmis allowable lateral movement under medium earthquake shaking
e 25 mm is allowable lateral movement under strong earthquake shaking.

e 40 mm is based on the local practice (Jakarta, Indonesia) that the pile ultimate
Load is determined at pile head movement of 4% pile diameter, i.e. 4% x 1000mm
=40mm

e 7100mm is the original Terzaghi's 10% pile diameter failure criteria for lateral
movement, i.e.10%x1000mm=100mm.

(1) The piles were modelled as embedded beam with unit weight of 24 kN/m3 and
structural stiffness of 3x107 kN/m?2.

(2) Model 3x3, 5x5 and 9x9 piles group subjected to lateral load.

(3) Lateral load is applied at the side the of the pile cap. Magnitude of the load is adjusted
until all piles in the group move laterally by 100mm or more.

(4) The center to center pile spacing is varied from 3D, 4D, 5D, 6D, 8D to 10D (D=pile

diameter).

(5) Since it has been found that the effect of pile cap thickness is marginal, on this further
study the pile cap thickness for all pile groups are taken as 2D. The pile caps are modelled
as soil cluster with non-porous, linear elastic material model, with the unit weight of 24
kN/m?3, stiffness of 3x107 kN/m?, and Poisson’s ratio of 0.15.

(6) To eliminate the effect of soil friction between the base of the piles cap and the
underlying soil, a 10-cm thin layer of dummy soil with nearly zero strength and zero

stiffness is placed under the pile cap.

Figure 2-24 Typical Finite Element Model of the Pile Group (Gouw and Hidayat,
2015)

MSc Thesis Page 51



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
under Lateral Loading

(7) To eliminate the effect of soil passive resistance acting on the pile cap, the pile cap is
placed on the ground surface.

(8) The lateral movement of each pile in the group is then generated by Plaxis 3D. Then,
load carrying capacity of each pile is derived at the corresponding pile head lateral
movement of 6mm, 9mm, 12mm, 25mm, 40mm and 100mm. Generally, the results of the

above models were summarized as figure below.
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Figure 2-25 Pile Head Lateral Movement for Pile Spacing of 3 Pile Diameter
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CHAPTER 3 MODELING PARAMETERS

3.1 Modeling in Plaxis 3- Dimensional foundation

Plaxis 3D Foundation is a three-dimensional program, developed for the analysis of three-
dimensional Foundation and geotechnical problems. It is part of the Plaxis suite finite
element software used world-wide for geotechnical engineering design. The software
allows the complex finite element model to be solved quickly. In the finite element
method, a continuum is divided into a number of elements. Each element consists of a
number of nodes. Each node has a number of degrees of freedom that correspond to
discrete values of the unknown variables to be solved. The various available output

facilities can be used to display the detail computational results.

Piles are modeled using beams which are structural objects used to model slender
structures in the ground with a significant flexure rigidity (bending) and a normal
stiffness. A three-dimensional mesh is automatically generated taking into account the

soil stratigraphy and structure levels as defined by the user.

Soil material is modeled by using Mohr—Coulomb constitutive model built in PLAXIS. In
general stress state, the model’s stress strain behaves linearly in the elastic range, with
two defining parameters from Hooke’s law (Young’s modulus, E and Poisson’s ratio, v).
Where the plasticity range were defined by the angle of shearing resistance (¢’) and

cohesion (C’).
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3.2 Steps involved in the finite element method
Step 1: Element Discretization

In this process, the geometry of the problem is modelled by an assembly of small regions
termed as finite elements, which have nodes defined on the element boundaries, or within

the element.
Step 2: Primary Variable Approximation

Primary variables such as displacements, stresses, etc., must be selected. The rules with
regard to how these variables have to vary over a finite element are established. Nodal
values are used to express the variations. Displacements are usually adopted as a primary

variable in geotechnical.
Step 3 Element Equation

The elemental equations below are derived using an appropriate variation principle (the

minimum potential energy).
[K]. = [[BT'[D][BIdv (3-2)

Where, K is element stiffness matrix, D is material property (the elastic material matrix
according to Hooke's law) is in terms of poison ration and young modulus and B is strain

interpolation matrix.

Step 4 Global Stiffness Matrix

The element equation is combined to form the global equation or global stiffness matrix.
Step 5 Boundary Condition

Global equations are modified by formulating boundary conditions, loading like point

loads, distributed loads, line loads it affects displacement.

(e} =[B], {6} &2
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Where § is the nodal displacement vector is strain and B is strain interpolation function
Step 6 Solve Global Equations

The displacement at all nodes can be obtained by solving the global equations, these

Nodal displacements are used to evaluate the stress and strains

33 Boundary conditions

The boundary should be located sufficiently far from the piles, so that the stress
transferred from the laterally loaded pile to the soil should not reach the boundary. For
this paper 80mx100m (x, z) is taken, hence it is large group pile gets sufficient

confinement from both directions.

At the bottom level of the model, all movements were restrained, whereas, at the lateral
sides, lateral movements perpendicular to the boundary were prohibited (Younggyun
Choi, 2018). To ensure that the stress zone around the pile group is not affected by the
boundaries, they should be far enough from the piles. Sensitivity analyses were carried

out to determine appropriate dimensions of the continuum model.

PLAXIS automatically imposes a set of general fixities to the boundaries of the geometry

model. These conditions are generated according to the following rules:

e Vertical boundaries with their normal in x-direction (i.e. parallel to the y-z plane)
are fixed in x-direction (Ux = 0) and free in y- and z-direction.

e Vertical boundaries with their normal in z-direction (i.e. parallel to the x-y plane)
are fixed in z-direction (U, = 0) and free in x- and y-direction.

e Vertical boundaries with their normal neither in x- nor in z-direction

e Boundary lines in a work plane) are fixed in x- and z-direction (Ux = U; = 0) and
free in y-direction.

e The bottom boundary is fixed in all directions (Ux = Uy = U, = 0)
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3.4 Interface modeling

Interfaces will be required to simulate the finite frictional resistance between the
structure such as pile and adjacent soil and also pile to pile interaction, pile to raft

interaction and raft to soil interaction.

In addition, it is assumed that no pile cap resistance is present on the applied load (i.e.
only distributing the loads to the pile head). The raft is used to connect the pile group
together and assume the same rows of the group piles are deformed equally, it allows
relative displacement and separation between the structure and soil mass. When using 6-
node elements for soil, the corresponding interface elements are defined by three pairs of
nodes, whereas for 15-node soil elements the corresponding interface elements are
defined by five pairs of nodes. Interfaces are modeled as 16-node interface elements and
elements consist of eight pairs of nodes, compatible with the eight-nodded quadrilateral
side of a soil element.

==L 2 n-1.0
. 14 P-4 <— PILE
500 @ 95 12
2L X e

INTERFACE

Figure 3-1 the adopted 3D interface element in the numerical modeling
The basic property of an interface element is the associated material data set for soil and
interfaces. When interface element models the interaction between a pile and the soil,
which is intermediate between smooth and fully rough. The roughness of the interaction
is modeled by choosing a suitable value for the strength reduction factor in the interface
(R-inter). This factor relates the interface strength (structure surface friction and
adhesion) to the soil strength (friction angle and cohesion). Elastic-plastic model is used
to describe the behavior of interfaces for the modeling of soil-structure interaction. The
Coulomb criterion is used to distinguish between elastic behavior, where small
displacements can occur within the interface, and plastic interface behavior when

permanent slip may occur.
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3.5 Material modeling

The parameters in study, soil is obtained from previous thesis on local soil properties
(Emmanuel EJ, Addis Ababa University, 2016). The site of soil parameter is new head
quarter of Commercial Bank of Ethiopia.

3.5.1 Soil modeling and soil properties of the study Area
The preliminary surface investigation was performed by Design and Share Company
Limited under a contract with the China State Engineering Corporation Limited. The
totals of 10 sampling borings were taken and the laboratory testing was done. The
Standard Penetration Test (SPT) was useful in profiling, identification and assessing

Engineering parameters of the soils during boring.

Characterization of the soil to determine the input parameters are used for modeling
obtained from geotechnical investigation report conducted by Design Company, see table
below , material properties are from the catalog of the manufacturer were used to
determine the composite properties of materials by combining the Young’s modulus,
shear modulus and Poisson’s ratio using Halpin-Tsai Equations. For further information

refer geotechnical report of the site.

Soil is modeled as a cylindrical with outer diameter larger than 30 times diameter of pile.
For each analysis, the mesh with 15 nodded elements is considered to be sufficient. The

study is focused on the lateral displacement and soil reaction,
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Figure 3-2 distribution of Nodes and Stress points in a 15-noded Wedge Element
(Plaxis 3D Foundation Manual, 2004)
The soil parameters considered for this study were modeled by using Mohr coulomb
(MC) constitutive relation. This analysis considered a layered soil profile. Therefore, the
soil was divided into strata according to the thicknesses found from the field test results
and as listed in the following table. Each stratum was assigned the properties as found

from test results.

The Detailed Soil Properties which are taken as input for Plaxis- 3D software is presented
in the table below.

Source: (Emmanuel EJ, Addis Ababa University, school of technology, journal of

architectural Engineering, 2016)
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Table 3-1 soil parameters used for analysis

Elv. E50 Eoed Eur Yuns Ysat cref 0° v Rint
Soil Description ™ [ MPa NI o~ - -
2
Soft organic Silty | -4 4 4 12 12 147 [ 0.015 |13 |03 |1
Clay
Silty Clay 66 |4 4 12 14 153 |0.02 |17 [03 |09
5
Highly Weathered | -8.8 | 2770 | 2770 | 8310 | 23 327 | 7.8 33 |02 |09
Basalt 7 5
Medium strong, to | -15 2063 | 2063 | 61890 | 24 35 18 34 |02 |08
Fragment 0 0 6
Moderately
Weathered Basalt
Silty Clay -18.2 | 4 4 12 12 142 1002 |17 |03 |09
5
Stiff, Sandy Clayey | -21 4 4 12 14 16.7 | 0 28 0.3 |09
Silt
Highly Weathered | -25.5 | 630 630 | 1890 | 22 329 | 136 |32 |02 |09
Scoriaceous 7 5
weathered basalt
Moderately -39 2063 | 2063 | 61890 | 24 345 | 26 36 |02 |08
Weathered Basalt 0 0 7
swelling Clayey silt | -45 4 4 12 15 17.4 1 0.015 |22 |0.2 [0.9
5
Moderately -52 2063 | 2063 | 61890 | 24 35 26 35 |02 |08
Weathered Basalt 0 0 7
Strong fractured, -61 4651 | 4651 | 13953 | 26 36.8 | 29 38 |03 |06
fresh to faintly 0 0 0
weathered Basalt
Moderately -75 2063 | 2063 | 61890 | 24 35 25 34 |02 |08
Weathered Basalt 0 0 6
Strong fractured, -83 4651 | 4651 | 13953 | 26 37 29 38 |01 |06
fresh to faintly 0 0 0 9
weathered Basalt.

3.5.2  Pile properties and modeling
The piles were modeled as cylindrical massive circular piles with different geometry, in
active working space. Pile is generated by replacing the soil element by the pile with the
adjusted strength and stiffness parameter. Between the pile element and the soil element,
an interface is established to model the soil-pile interaction, the system is brought to
equilibrium. The combinations of lateral loads are applied in each stage. The pile

properties used for the inputs of Plaxis 3D Foundation are in the following table.
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Table 3-2 Structural materials

Name Material | Modelin | Unit Young’s | Poison Rint Drainage
g type weight modulus | ratio type

Pile Steel, Linear 25kN/m?® | E=30GP | v=0.2 1 Non-
massive a porous
circular
pile

Pile cap | Concrete | Linear 25kN/m*® | E=30GP | v=0.2 1

a

Pile number: the large group pile is containing four or more rows (McVay,
e.tal.1998).The independent parameters are Loads, these stepping loads are 100kN/m,
200KkN/m, 500kN/m, 1000kN/m 1500kN/m, 2000kN/m because of large group piles and
the pile diameter is taken to be fixed as 65cm throughout this paper. Generally, the model

parameters used to study in this paper are summarized in the table below.

Table 3-3 Pile group geometry and combination of parameters in the study

No Pile number/rows Pile depth Spacing
1 6X 6 10m 3D 5D
(6 rows) 20m 3D 5D
30m 3D 5D
2 4% 4 10m 3D 5D
(4 rows) 20m 3D 5D
30m 3D 5D
3 7% 3 10 3D 5D
(7 rows) 20m 3D 5D
30m 3D 5D

The combinations of the above pile parameters are used in modeling. Numerically Pile
modeling by Plaxis 3-D Foundation has its own procedure, as can be referred in Plaxis 3D
Foundation manual. Before starting the basic construction, stages fixing the dimensions
and defining the working plane should be done. Basically, in case of this paper the
construction stage has five stages. Initial phase, piling phase, excavation phase, pile cap
phase and the Loading phases.

The first is the initial stage, in this stage if there is water table nearest to the foundation or
pile layer, ignore it because of the water table is considered as the undrained condition, it
is dissipated in the long time throughout the construction period. The next stage is the
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installation of the piles. In this stage a group of piles are installed, in Plaxis 3D
Foundation. Piles are installed according to the pile depth defined in the material cluster.
The successive phase is the excavation stage and the pile cap. Pile cap are used to fix the
head of the piles. The last construction stage is the loading stage, this stage takes a time
up to performing the whole iteration and converge the whole iteration together and

generate the output.

The figure below shows that the stage of excavation stage from construction stages. It is
clearly seen that the white color indicates that the materials, soil and water were removed

from it and the next is continued according to the models.

s & & © B ©
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Figure 3-3 Geometric Parameters of Plaxis 3D Model excavation stage

3.5.3 Modeling Loads
The loading was displacement controlled, and this displacement was applied over the
surface of the pile cap, with zero allowance of pile cap rotation. The large group pile is
normally designed to carry the vertical load, lateral load and bending moment. But in this
analysis only the static translational lateral load is considered. For the development of the

soil resistance-pile displacement curves, the loads are applied in steps.
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Figure 3-4 Plaxis 3-D Foundation of 4x4 pile arrangement during loading

3.6 Constitutive Model and Input Parameters

3.6.1 Mohr - Coulomb model
The Mohr-Coulomb plasticity model was obtained from extension of Coulomb frictional
materials. The yield criterion is expressed in terms of shear stress, normal stress and
frictional angle acting on a plane. The model suggests that the yielding begins as long as

the shear stress and normal stress satisfy the following equation, 7 =c+ Jtan¢ which is

stated in equation (2-17) where, c is the cohesion and ¢ is the friction angle. It is based on
plotting of Mohr’s circle for state of stress at failure in the plane of maximum and
minimum principal stresses. The failure line is the tangential line to the Mohr’s circle.
Basically for Plaxis 3D Foundation Mohr- coulomb model gives yield surface when all
the yield functions give zero which means acting plasticity. Refer literature equation (2-
18) and figure (2- 18).

Based on the data from geotechnical report of new head quarter CBE site, the parameters
are not elastic in behavior it has inelastic property too. Their inelastic behavior under
static loading can be described by elastic-plastic constitutive models. According to the
constitutive model options available in Plaxis, Mohr-Coulomb’s soil model was used for
static analysis. Due to its simplicity, it is highly popular and gives reasonable results. The

model involves five parameters, i.e. Young’s modulus, E, Poisson’s ratio, v, cohesion, c,

internal friction angle, ¢, and dilatancy angle, y
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3.6.2 Input parameters
When prescribing soil’s stiffness Plaxis recommend using Esp as stiffness when
modelling initial loading and Eyr when modelling unloading and reloading problems as
excavations. Where Eso is the Young’s modulus at 50% of the maximum stress-level
occurred in a triaxial test and Eyr is the Young’s module for soil when unloading and
reloading. The latter is normally higher than for initial loading since the soil stiffens due
to increased stress-level. When v is unknown Plaxis recommends using values in the
range 0.3 to 0.4 and 0.15 to 0.25 for loading scenarios and reloading scenarios,
respectively. When modelling sand without cohesive strength Plaxis will not perform well
numerical. The cohesion should be prescribed to a small value, in the order of
magnitude ¢ < 0.2kPa. According to (Brinkgreve, 2008) the dilatancy angle for sand with
high friction angle is roughly v = ¢ - 30. For sand with less friction angle less than 30°and

for clay the dilatancy is close to zero.

In addition to the five input parameters mentioned above three advanced parameters can
be set; increase of stiffness, increase of cohesion and tension cut-off. Increase of stiffness
involves soil’s stress-dependency by introducing Eincrement and Vrer, 1.€. increase of stiffness
per meter and the depth where the increase starts, respectively. In an analogous way the

cohesion could be increased with depth in “increase of cohesion”.

Tension cut-off indicates prescribing soil’s tensile-capacity to zero. The basic Mohr-
Coulomb model has this option by default. Tension cut-off is suitable for most soils, such
as sand and gravel which are cohesion less soils with no tensile strength. However, in
clay it could be adequate to account for tensile strength and tension cut-off could then be
deactivated.

3.7 Types of Calculations performed by Plaxis 3-D

The first parameter to be set when defining a calculation phase is the type of calculation.
This was found at the upper right-hand side of the General tab sheet. Distinction is made
between four basic types of calculations: Plastic calculation, Consolidation analysis,
Gravity loading and KO procedure. The latter two types are only available for the initial

phases.

MSc Thesis Page 63



Analysis and parametric study of Load —Displacement Behavior of Large group Piles
- underlateralloading

3.7.1  Plastic calculations
A Plastic calculation is used to carry out an elastic-plastic deformation analysis according
to small deformation theory. The stiffness matrix in a plastic calculation is based on the
original un-deformed geometry. This type of calculation is appropriate in
most practical geotechnical applications. In general, a plastic calculation does not take
time effects into account, except when the Soft Soil Creep model is used (see Material
Models Manual).

Considering the quick loading of water-saturated clay-type soils, a Plastic calculation may
be used for the limiting case of fully undrained behavior using the Un-drained option in
the material data sets. On the other hand, performing a fully drained analysis can assess
the settlements on the long term. This will give a reasonably accurate prediction of the
final situation, although the precise loading history is not followed and the process of

consolidation is not dealt with explicitly.

3.7.2 Gravity loading
Gravity loading is a type of Plastic calculation, in which initial stresses are generated
based on the volumetric weight of the soil. All options that are available for a Plastic
calculation are available. In a Gravity loading analysis the relative proportion of weight is
raised from O to 1. In all phases after the initial phase, the full soil weight remains
activated. If Gravity loading is adopted, then the initial stresses are set up by applying the
soil self-weight in the first calculation phase. In this case, when using an elastic perfectly-
plastic soil model such as the Mohr-Coulomb model, the ratio of horizontal effective
stress over vertical effective stress, Ko, depends strongly on the assumed values of
Poisson's ratio. It is important to choose values of Poisson's ratio that give realistic values
of Ko. If necessary, separate material data sets may be used with Poisson's ratio adjusted

to provide the proper Ko-value during gravity loading.

3.7.3 Ko- procedure
The Ko procedure is only available for the initial calculation phase. It is a special
calculation method available in PLAXIS 3D FOUNDATION which can be used to define
the initial stresses for the model, taking into account the loading history of the soil. Two

Ko values can be specified, one for the x-direction and one for the z-direction
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K, == (3-3)
51/)’

K,, =22 (3-4)
5)’)/

In practice, the value of Ko for a normally consolidated soil is often assumed to be related
to the friction angle by Jacky’s empirical expression in an over-consolidated soil, Ko

would be expected to be larger than the value given by this expression.

K, =1-sing (3-5)

3.8 Mesh size and properties

In using a finite element method to solve a problem, first the domain of the problem must
be discretized. Selecting a proper mesh size is very important because it considerably
affects the accuracy of the results. It is important to have a high-density mesh in regions
of high stress or strain gradients. Sizing the mesh for accurate results, but with a
reasonable number of zones, can be complicated. Mesh size significantly affects the

analysis time. For selecting proper mesh size, these factors should be considered:

e Finer mesh leads to more accurate results because it provides a better
representation of high stress gradients.

e Accuracy increases as zone aspect ratios approaches unity.

e If different zone sizes are depending on the expected stress concentrations, the
results are more reliable.

The p-y method is widely used for design of laterally loaded piles. This method replaces
the soil reaction with a series of independent nonlinear springs. The p-y curves represent
the non-linear behavior of the soil by relating the soil reaction and pile deflection at

points along the pile length.

Figure below shows the 3D mesh generation of 6 by 6 pile group
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Figure 3-5 3D mesh generated of six by six group of pile

3.8.1 Evaluation of Mesh dependence
To perform finite element calculation, the model geometry has to be divided in to
elements. In PLAXIS, the mesh coarseness is considered to have a significant effect
influence on the calculation results. Furthermore, the mesh can be fine enough to get the
accurate results in order to evaluate the mesh dependence, PLAXIS implemented with
five types of mesh coarseness (very coarse, coarse, medium, fine, and very fine meshes)
which indeed results in different number of the generated mesh elements. In this paper, in
all model’s finer mesh type is used. The following table shows how mesh types affects

the number of elements and node number.

3.8.2 Sensitivity analysis
Sensitivity analysis in Plaxis 3D Foundation, is finding the results of pile movement by
all meshing types. The more accurate displacement of element is the fine meshing types.
But while doing with numerical cost and time should be considered., in case of this study
sensitivity analysis were done on 4x4 model types, as it can be seen from table 3-5,18420
number of element’s and 52517 node numbers have meshed by fine mesh types. Since

while it compared with the very finer meshing types, maximum deformation was very
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close to each other. Therefore, the whole model in this study were considered the finer

mesh types.

Table 3-4 Mesh types and number of nodes with number of elements

Model type Mesh type Number of Number of Average
elements nodes element size
4x4 Very coarse 6812 21179 6.56*10°m
Coarse 7670 23620 6.18*10°m
Medium 10660 31842 5.24*10°m
Fine 18420 52517 3.99*10°m
Very fine 36560 100865 2.83*10°m
6x6 Very coarse 6942 20276 6.49*%10°m
Coarse 8983 23710 6.02*10°m
Medium 18503 49067 5.78*10°m
Fine 24616 68816 5.19*10°m
Very fine 53016 124340 3.2*10°m
3x7 Very coarse 8476 24817 5.88*10°m
Coarse 10400 30087 5.31*10°m
Medium 13244 37841 4.7*10°m
Fine 20032 55903 3.82*10°m
Very fine 42440 114751 2.63*10°m

Table 3-5 Maximum deformation of 4x4 pile model by different meshing types

4x4 number of number of average element avg. deformation
elements nodes size (mm)

very 6812 21179 6.56*10m 45.9

coarse

coarse 7670 23620 6.18*%10m 52

medium 10660 31842 5.24*10m 56.31

fine 18420 52517 3.99*10m 59.5

very 36560 100865 2.83*10m 59.87

fine
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Figure 3-6 Deformation versus number of elements

3.9 Boreholes and ground water table condition

Bore holes are used to define the soil stratigraphy and ground surface level. Soil layers
and ground surface may be non-horizontal by using several bore holes at different
locations. Moreover, bore holes are used to define the pore pressure distribution in the
sub-soil. In case of this paper, the case of New head quarter of commercial Bank of
Ethiopia Building, it has 13 soil layers and totally 10 bore holes are excavated, 83 meter
below Natural ground level and maximum depth of excavation is 90m (geotechnical
report document of new CBE, 2016). The geological location is Located around
FLOWWUHA, natural ground water table is found there and the geological formation of
the location is within the Rift valley fault, in case of the ground water table are found at
6m and 5.5m below natural ground level with in different bore holes, but in case of this

modeling the location of GWT is taken at 5.5m averagely.
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Figure 3-7 Soil stratigraphy of the Plaxis 3-D Foundation bore hole

3.10 Plaxis 3-D Foundation validation with the field test result

The validation is used to confirm the ability of Plaxis 3D Foundation finite element
software to predict the load-displacement relationships for pile groups with various
configurations. It is the procedure of determining the degree to which a model is an
accurate representation of the real world from the perspective of the intended uses of the
model (Oberkampf et al., 2002, Roy et al., 2015). Quantifying the confidence in the

capability of the model in predicting the response by comparison with experimental data
is the goal of validation.

3.10.1 Validation case-1
Pile load test on laterally loaded pile: A pile load test conducted by Ismael et al. (1998)

has been modeled and studied. The pile was 0.3 m in diameter and had a length of 5 m
situated in Kuwait. The surface soil was found to a depth of 5 m and was characterized as
having both component of shear strength, ¢ and ¢. The soil profile consisted of a medium
dense cemented silty sand layer to a depth 3 m. This was underlain by medium dense to

very dense silty sand with cemented lumps to the bottom of the borehole. All properties
of soil are listed in Table Below.
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Table 3-6 Geotechnical properties of the soil layers and the pile

Parameter symbol Silty sandy, | Very dense Pile Unit

cemented silty sand

cemented
Unsaturated S e 18 19 25 kN/m?3
unit weight
Saturated Ysat 18 19 | L kN/m3
unit weight
Young’s E 13000 13000 2.*E10° kN/m?
modulus
Poison ratio v 0.3 0.3 015 | -
Cohesion C 20 1 kN/m?
Friction ¢’ 35 15
angle
3.10.2  Validation result, case 1

The following 3D-block diagram indicates that the output of the validation result of 80kN

load result. Generally, over all the load used by Ismael at the field test is starting from

20kN up to 180kN. In this research too, to validate with the test result the same stepping

load is used and the output is shown below graphically as well as by tabular form.

FEEEEEEEEEE 2

valaidating model

Figure 3-8 Plaxis 3-D Foundation output of from the field data
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Table 3-7 Comparison of finite element results with field test data (ISMAEL, 1998)

Load Field test result Plaxis3D-FOUNDATION Difference
(KN) (Ismael,2010) (m) output(m) (%)
20 1.32E-03 1.44E-03 3.33
40 3.00E-03 3.45E-03 49
60 4.21E-03 4.32E-03 2.55
80 6.62E-03 6.65E-03 0.4
100 8.99E-03 9.50E-03 5.233
120 1.40E-02 1.46E-02 411
160 1.89E-02 1.95E-02 3.005
180 2.07E-02 2.09E-02 0.912
200 L.oad -deformation curve
180
160
140
2120
T
2100
80
60
40 < plaxis 3D foundtion out put
20 o O Field test rersult (ismael,2010)
0
0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02 2.50E-02
deformation (m)

Figure 3-9: Validation result of the full -scale field test graphically (P-y) curve with
Plaxis 3D
The above p-y curve and the table shows that both results are very close to each other

therefore Plaxis 3-d foundation FEM is validated correctly.
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3.10.3 Validation case -2 Field test of laterally loaded pile

The bored cast-in situ pile considered in this study is a diameter (D) of 1000 mm, length
17m and of C35 grade concrete. The site soil is composed of layers of sandy clay and
soft-weathered rock. Table 3.8 lists the parameters of the soil stratums at the test site and
Table 3.9 lists the parameters of the concrete pile. The same parameters have been used
for the numerical simulations. A hydraulic jack, fixed horizontally between an immovable
wall and the top of the pile, was used to apply lateral loads (Hu), in stages, up to 120kN
(B.P. Naveen et.al, 2014)

Table 3-8 Field soil data parameters (B.P. Naveen, 2014.et.al)

Layer 1 Layer 2
Material Sandy clay Soft weathered rock
Model Mohr-coulomb Mohr- coulomb
Unit weight, ¥ KN/m?3 18.00 21
Young’s Modulus, | KN/m? 55000 65000
Eref
Poisons ratio, v 0.330 0.330
Cohesion, cref, kN/m? 15.00 42.00
Friction angle, ¢ ’ 42.00 65.00
Table 3-9 Pile data set parameters
Material Normal  stiffness,  EA | Flexural rigidity, EI [KN/m?
[KN/m]
Pile 2.11E07 1.32E06

Therefore, the validated result is as follows. The soil layer is partially removed to indicate

the pile deformation.

PLAXIS 3D Found

FIELD TEST
a1 [Toei0arts

Figure 3-10 Plaxis 3d validation of meshed pile case 2
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Figure 3-11 Plaxis 3d Foundation output with the soil block diagram model
The above figure clearly shows that the deformation of the field test and the Plaxis is very
small due to small amount of applied load. Generally, by this applied load test the
ultimate capacity of the pile was not satisfied, because of to reach the maximum ultimate
capacity, the pile has deformed 0.1B (Terzaghi, 1995). The following table indicates the
difference between field test and computational out puts.

Table 3-10 Comparison of Plaxis output with field test

Force(kN) Plaxis 3d foundation | field test(mm)
(mm)

20 0.345 0.5

40 0.8 1

60 1.35 1.78

80 1.74 2.14

100 2.56 3.6

120 2.812 4.1

Therefor the average deference of the field and the Plaxis 3-d foundation software is

4.74%, hence it is acceptable the difference is due to the following reasons.
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3.10.4 Comparison of field test and numerical analysis
The prediction of the adopted method is reasonably close to the field test results. Hence
the applied load at the field is only until 120kN and deformation of 4.1mm is attained.
Even though this is the field test, it is nearly close with the results of FEM analysis. Since
the soil layer of this field site is also close to the site where this research parameter of soil
is taken, because both of them have weathered rock layer and sandy clay.

The little difference in deformations may come from, the ultimate load is not applied at
the field, as seen from the original document of the field test data it is recommended that;
non-availability of jacks and supports of adequate capacity might be the reason. This

become more common due to large diameter piles.
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CHAPTER 4 PARAMETRIC STUDIES

As mentioned in the previous chapter the study is focused mainly on the load -
displacement of laterally loaded large group piles, mainly Load displacement curves of
different models. Below there are out puts of Plaxis 3-D Foundation for different models

and discussion of parameters mentioned in the objective.

4.1 Laterally loading piles versus deflection for each models

411 6x%6 group pile arrangement
a) at 30m depth and 3d spacing center to center

Load displacement curve for each pile length is gathered and shown in figure below.
Deformation of rows has been shown in figure 4.2 below. It indicates that the first leading
rows which resist more loads than the other rows, because of the overlapping shear zone
of the behind piles and they are stiffer than the trail rows, and it is more susceptible to
lateral resistance, as a result leading rows deforms less than the trailing and intermediate

rOws.

Figure 4.1 is the output of Plaxis 3-D Foundation when 1000kN/m load is applied on 6
x6 pile geometry and deformed laterally 22.7mm. Deformation which is shown on 3-D

Plaxis output is total horizontal deformation of the body.

ﬁso *SCD MO #SO #6 #10
000000
g O-0-0-0-0-0
0-0-0-0-0-0
O-0-0-0-0-0
e -0~ -O-

Figure 4-1 Plaxis 3-D foundation output of 6x6 pile groups at 3d spacing of 30m
depth
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The following graph indicates that the deformation of each rows.
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Figure 4-2 p-y curve for each row of 6x6 pile arrangement
Due to pile to pile interaction a group of piles tend to deform more than a proportionally
loaded single piles. The simultaneous presences of piles with in the soil mass has an

effect on stiffening soil continuum.
b) at 30m and 5d center to center spacing

Figure below indicates that, Plaxis-3D FOUNDATION result of total deformation of 6
x6 pile arrangements at 30m depth. The legend indicates that by the last loading step of
2000kN/m, the lateral deformation of the last trail row is 47.8mm. But every row has
successively descending deformation values. In this model the other parameter is the

spacing of the pile.
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Figure 4-3 3-D deformed mesh of 6x6 at 5d spacing

Figure below indicates that, the difference of displacements of leading row with the other
intermediate and trailing rows. For example, at load 1500kN the leading piles are
deformed 25.23mm, while the last trailing row has been deformed 30.9mm, this is
significant difference of 5.67mm it is about 19.35% decrement. This shows that the
leading rows are the piles which deforms less than the other intermediate and trailing

rOws.

Figure 4.4 is the load-displacement curve of 6x6 pile model for each row, which is
created by applying the stepping load from 100kN up to 2000kN in the Plaxis 3D
Foundation.
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Figure 4-4 . P-y curve for every row in the 6x6 pile arrangements of 5d spacing
This graph shows that, the spacing of pile and deformation have opposite proportions,
while spacing increasing, the piles get more confinement and shadowing effect decreases
relative to 3d spacing at the same depth. Even though, some scholars mentioned that
(McVay, 1995, et.al) after certain spacing, 6d the effect of stress overlapping is greatly
decreased or totally neglected, piles may act like single pile. Actually, in this paper the
whole model of large group pile laterally loaded were fixed head which is restrained, the

deflection of the pile is takes place just below the pile cap.

c) At 20m pile length and 3d spacing center to center
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Figure 4-5 P-Y curve of 6x6 pile arrangement at 20m pile length at 3d center to center

The behavior of a pile within a pile group may differ substantially from that of a pile

alone. Also, the behavior of a pile within the group varies depending on its group

position. At 20m depth from the ground level the piles are more displaced than at 30m

because of as the depth increases, stiffness of the soil increases .Therefore, depth and

deformation are inversely proportional to each other while the application of load is at the

ground level.

d) At 20m pile length 5d spacing center to center

The diameter of the pile is 65cm, 5x0.65m is 3.25m, and pile cap size of 17.8 x 17.8m.

The following figure shows that partial view of deformed mesh of Plaxis 3D Foundation

output for horizontal displacement.
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Figure 4-6 p-y curve of 6x6 pile arrangement of 20m pile length and 5d center to center
This indicates that as spacing increases from 3d to 5d Deformation decreases, here the
graph try to show how the deformation is vary from leading rows, the first trailing row
and the last trailing rows. The other intermediate rows also have descending order of
deformation with their respective of their rows. For example, take the above model by the
last stepping load of 2000kN the leading piles movement is 49.2mm while the last trailing
row is 55.12mm hence the difference is very significant.

e) At 10m pile depth and 3d center to center spacing
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Figure 4-7 load-deflection curve of 6x6 pile and 3d center to center spacing

NB: The results obtained from the present analysis are quite comparable with result

obtained by other researchers. The 15-Pile test was performed on five different days
between July 29 and August 10, 2004 (J Walsh, 2004) Target deflections were selected as
6, 13, 19, 25, 38, 51, 64 and 89 mm. The system was loaded until the specific target

deflection was reached for a predetermined string potentiometer. Because all piles

deflected slightly different amounts, this string potentiometer was not necessarily equal to

the average deflection of the group as a whole. Therefore, compare the figure 4.7 with the

field-test result with figure 4.8. It is nearly close to each other. The result by 2000kN is

75mm and 76mm, almost close to each other.
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Figure 4-8 Load- deflection curve of loading test (J Walsh, 2005)
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f) At 10m pile depth and 5d center to center spacing
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Figure 4-9 6x6 pile arrangement of laterally loaded large group pile at 10m pile depth and

5d center to center spacing

Leading row and trailing rows are outlined based on the direction of loading as shown in

Figure 4.9. Group impact reduces the lateral resistance of every individual pile within the

pile group compared to single pile. This indicate that the leading row of the piles in the

group will carry higher loads than the piles in the trailing rows at the same deflection.

Group effect is expected to become less significant as the spacing between piles increases

because there is less overlap between adjacent zones of influence.

Table 4-1 Summary of 6x6 model by last stepping load (2000kN/m)

Pile 6%6 Deformation(mm)

arrangement
Depth/pile | The last trail | Leading row | Difference
length row (mm/%)

spacing 3d 10 76 70.5 5.5=7.23%
20 66.4 62.5 3.9=5.87%
30 47.8 445 3.3=6.90%

5d 10 65.12 58.2 6.8 =10.44%

20 55 49.2 5.8 = 10.54%
30 44.1 39 5.1 =11.56%
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4.1.2 4x4 laterally loaded group of pile
a) At 10m pile length and 3d center to center spacing

Below, there are 4x4 pile models Plaxis 3D Foundation output with respect to spacing
and depth of piles. Figure 4.11 shows that the leading rows have more resistant to the
loading and the trail rows have less than the leadings, as a result the trail rows have higher
displacement than the leading rows. There is summary of difference by percentage in the
table 4.2 below.

107
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Exireme Lx 6043710 m

Figure 4-10 Plaxis 3D-Foundation output of 4x4 pile arrangement top view
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Figure 4-11. 4x4 laterally loaded group of pile at 10m pile length and 3d center to center
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b) At 10m pile length and 5d center to center spacing.

T |
8

B +5.000

Figure 4-10 Plaxis 3-d foundation output of 4x4 arrangement section view of

laterally deformed mesh
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Figure 4-11 the result of p-y curve for each row graphically of 4x4 arrangements

c) At 20m pile length and 3d center to center spacing
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Figure 4-12 4x4 laterally loaded group of pile at 20m pile length and 3d center to

center spacing

The shadowing effect, or decrease between the lead to the trail rows within a group,
appears to be a function of pile spacing. Look figure 4-13 and compare it with above

graph while the spacing was 3d that is why it is a function of spacing.

d) At 20m pile length and 5d spacing
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Figure 4-13 P-y curve of 4x4 pile arrangement at 5d spacing
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Stiffness of the pile group decreases as the spacing of the piles in a pile group decreases.
At the closer spacing, block failure mechanism is developed with full pile-soil slip being
developed only along the outer face of the outer piles while widespread plastic zones
form beneath the entire group. As the pile spacing increases, the amount of pile-soil slip
along the inner piles increases and the region below the piles in which plasticity develops
diminishes.as a result the displacement at 3d spacing is greater than at 5d spacing. From
the figure 4-13 the last trailing rows has been deformed by 36.4mm while the leadings

were 34.25mm. This is a significant difference.

e) At 30m pile length and 3d center to center spacing
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Figure 4-14 p-y curve of 4x4 pile arrangements at 30m pile length

e) At 30m pile length and 5d spacing
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Figure 4-15 p-y curve of model 4x4 at 5d center to center
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Table 4-2 Summary of 4x4 pile arrangement for deformations difference of leading and the last

trailing row

Pile 4x4 Deformation(mm)

arrangement
Depth/pile | The last trail | Leading row Differences
length row mm/%

spacing 3d 10 59.5 55.7 4.20 =7.05%
20 46.2 44.1 2.1=4.54%
30 23.5 22.1 1.4=5.9%

5d 10 40 38.4 1.6 =4.16%

20 36.4 34.5 1.9=5.21%
30 14.1 12.6 1.5=10.61%

N.B: The intermediate rows have between these values refer the movement curves and

appendix.

4.1.3 7x3 Laterally Loaded Group of Pile
a) At 10m pile length and 3d spacing

Figure 4.16 represent the response of a ’representative pile’ in each row in terms of

load-displacement curve
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Figure 4-16 p-y curve of 3x7 pile arrangements
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b) At 20m pile length and 3d spacing
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Figure 4-17 p-y curve of Model 7x3 at 20m depth of 3d center to center
d) At 10m pile length and 5d spacing center to center

The following model indicates that it is the 3-D section model of deformation of 21 piles,
while 100kN/m load is applied on it, it shows that how it deform laterally while laterally
load is applied on it in the direction of the applied load, and the magnitude of deformation

is large in the direction of trail rows.
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Figure 4-18 3-D section of Plaxis output for 7x3 at 3d center to center and 10m depth
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Figure 4-19 load-displacement curve of 7x3 and its Plaxis 3-D output
e) At 30m pile length and 3d center to center spacing

The load-displacement curves related to subsequent rows, instead, are significantly
more flexible. In fact, the movements of the front piles induce a reduction in the stress
state of the soil between the two rows of piles. The following rows, therefore, are in

contact with a soil conditioned by the presence of the other piles.
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Figure 4-20 p-y curve of 30m pile length and 3d center to center spacing

The leading row is the first row on the right, where the lateral load acts from left to right.

The rows following the leading row are labeled as 1% trailing row, 2" trailing row, and so

on. The spacing between two adjacent piles in a group is commonly described by the

center to center spacing, measured either parallel or perpendicular to the direction of

applied load. Pile spacing’s are often normalized by the pile diameter, D. Thus, a spacing

identified as 3D indicates the center to center spacing in a group is three times the pile

diameter. Inside of the group a loss of efficiency of the piles occurred. The cause of this

loss is related to the “shadowing phenomenon”, which in terms of soil resistance means

that the loss of soil resistance in the trailing rows is smaller than in the leading row.
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Table 4-3 Summary for 7x3 pile arrangement for 2000kN load

Pile 7%3 Deformation(mm)

arrangement
Depth/pile | The last trail | Leading row | Differences
length row (mm/%)

spacing 3D 10 35.6 30 5.6 = 15.73%
20 34.1 29.5 4.6 = 13.48%
30 325 27.5 5.0 = 15.38%

5D 10 28.8 225 6.3=21.87%

20 23.37 19.12 4.25=18.18%
30 17.25 14.12 3.13=18.14%

4.1.4 Pile length vs normalized deformation
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Figure 4-21 Pile length vs normalized deformation
Normalizing deformation at 5D spacing is also as shown in the figure below. It can be
concluded that as the piles length increases the ultimate deformation decreases due to the
increase in the lateral surface area of friction, and hence the ultimate deformation is

attained below the pile cap.
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PILE length vs normalized deformation at 5d spacing
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Figure 4-22 Normalizing deformation at 5D spacing
As expected, the soil resistance increases with depth. The figure also shows that p-y
curves are non-linear .This indicates that as the pile length increase in to ground the
deformation is decreased, as a result the deformation is high at the point of applications
lateral load .it is clearly shown that on the model nearly on the ground, below the pile cap.

This result is true for the rest of four by four and three by seven pile groups in this paper.

Generally Reese (1986) discussed that, the dependence of lateral behavior on pile length,
short piles can deflect a large amount at the ground line given movement of the pile tip,
but with increasing depth of penetration the soil resistance at the pile tip increases until a

point is reached at which ground line deflection reaches a limiting value.
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Figure 4-23 depth vs average deformation of 6x6 pile groups at 3D spacing

0.09

The above figure shows that as depth increases the deformation decreases the soil is

became stiffer than the above layer due to overburden pressure. In addition, the stiffer

behavior of the soil near the bedrock is likely due to the higher strength and stiffness of

the bedrock; (Contribution of the bedrock stiffness becomes greater as the obtained p-y

curves gets closer to the bedrock. (Soil resistance did not reach the ultimate value).

The following figure shows that soil lateral resistance of 16 piles with the average

deformation of all rows at 3d spacing .it is unfortunately the leading rows can carry more

loads than the other rows. This is true for the other group of piles in this research. It is on

the back of appendix B.
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Figure 4-24 Soil resistance (kN/m?) vs average deformation for each row
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Figure 4-25 Soil resistance vs total average deformation of the rows for 6x6

4.1.5 Effects of stiffness on piles for 4x4 and 7x3 pile Arrangements
The stiffness of the interface element (Ei) simulating the pile-soil interaction was
determined by the stiffness of the surrounding soils (Es). Figure below illustrates the
effect of the stiffness of the interface element on the lateral response of the pile. Stiffness

of the pile group decreases as the spacing of the piles in a pile group decreases.

2500
2000 \d
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Figure 4-26 Soil stiffness vs applied load

In real soils, the stiffness depends significantly on the stress level, which means that the

stiffness generally increases with depth (Plaxis manual, scientific,)
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By changing lateral load values, soil reaction and pile deflection will be changed.
Therefore, according to Eq. (2.6), the subgrade reaction modulus definitely will be
changed. Figure 4.27 applied load vs stiffness curve for some values of lateral loads for
long pile. By comparing curves, it can be seen that with increasing lateral loads, the

horizontal subgrade reaction modulus is reduced.
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Figure 4-27 Soil reaction vs stiffness
Stiffness of the interface element (Ei) simulating the pile-soil interaction was determined
by the stiffness of the surrounding soils (Es). By changing lateral load values, soil
reaction and pile deflection will be change. Therefore, the subgrade reaction modulus
definitely will change. Figure 4-28 shows subgrade reaction-depth curve for some values
of lateral loads for long pile. By comparison the curves, it can be seen that with increasing

lateral loads, the horizontal subgrade reaction modulus is reduced.

(7x3) pile arrangement deformed mesh out put

] ____21CBEPILE
[T o [0527/19 | CONSOFT Technologies Sdn. Bhd.

Figure 4-28 - 21 piles (7x3) pile arrangement deformed mesh out put
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4.1.6 Slender ratio against row deformation of 6x6 pile arrangements
The influence of pile slenderness ratio is an important parameter to be considered in pile
design. The influence of the pile slenderness ratio (L/D) under the effect of laterally
loaded employed by Plaxis 3D Foundation at different pile depth is shown in figure 4-30.
The analysis was carried out by 100kN, 200kN, 500kN, 1000kN, 1500 and 2000kN of
applied load. The Result indicates from the following graph were as the slender ratio

increases the deformation decreases and vice versa.

0.06
—@— 2000KN
0.05 —@— 1500kN
1000kN
0.04 —@—500kN
B —@— 200kN
003 |6 100kN
)
© \
£ *0-\‘
0.02 |£
()
©
0.01 e
y° —
— . e )
0
0 5 10 15 20 25 30 35 40 45 50
L/D

Figure 4-29 Average deformation vs slender ratio
The soil stratigraphy near the top of the pile is the most important when studying laterally
loaded piles (Duncan, et al., 1994). Typically, the significant lateral deflections of piles

occur within the upper 10 to 15 meters.
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Figure 4-30 Soil reaction vs stiffness
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It can be observed that in figure 4.31, lateral pile displacement occurred when there is a

decrease in pile flexural rigidity EI or stiffness. It can also be observed that the pile with

low amount of stiffness behave as a most flexible element, whilst, the pile with high

amount of EI tend to behave as rigid element or more stiff

[0
o

soil ressistance vs defformation

0 /—.
= 60 /
S
S~
é 50
3 ® soil rgssistance vs
c 40 )
o defformation
wv)
g 30
2 20

10

Average defformation(mm)
0
0 10 20 30 40 50

60

Figure 4-31 Soil reaction vs average deformation for 36 piles

Pile-soil-pile interaction causes a decrease of the stiffness of the overall system. In

general, for an equal average load at each pile, the displacement of a pile group is greater

than the displacement of a single isolated pile.
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4.2 Result interpretations and discussion

The lateral displacement behavior of group of pile was depended on several factors such

as number of piles, pile length, and pile spacing.

4.2.1 Assessments of Lateral pile displacement

The influence of group interaction on the three Large pile groups (i.e. 6 x 6, 4 x 4 and 3 x
7) on the lateral pile displacement at two different pile spacing (i.e. s = 3D and 5D) were
shown in Figs. Above. For the same magnitude of lateral load Group interaction obtained
showed an increase in lateral pile displacement. This conclusion was also supported by
Brown et al. [1998], and Rollins et al. [2005]. Generally, even in the same pile group
arrangements the lateral displacement of the Leading piles and the trailing piles are not
equal. The leading piles are the one which resist more Loads and deflects less. There are
also a difference of the displacement with intermediate rows but it is not significant as
leading and the last trailing rows. It has been shown graphically in the previous section
and tabular form in the chapter 7of Appendixes.

4.2.2  Effects of spacing in the large group pile
Several analyses were shown that from the above model, first, the lateral resistance of the
piles within the group was a function of row location. All the piles within a row carried
the same amount of load. Additionally, the front row piles carried more load than the
trailing row piles with the second row carrying the next highest load followed by third
row. However, the fourth and fifth rows carried approximately the same load as the third

with the back row carrying a slightly higher load than the preceding row.

Spacing affected the lateral resistance of the pile groups. The group spaced at 5D showed
very little reduction on lateral resistance. However, lateral resistance consistently
decreased with closer spacing as a result it can show that the lateral resistance of the

group piles of 3d spacing is less than the 5d.

4.2.3 Effects of depth
In case of this research three slenderness ratio were taken to analyze L/d i.e.15.4, 30.76
and 46.15 by keeping the cross-section of the pile constant through the study to 65cm
diameter and varying the length of the piles 10m, 20m and 30m. Lateral deflections were
obtained along the longitudinal for the three cases considered are shown in the above
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summary table for each group arrangements. Different lateral loads are 100 kN/m,
200kN/m, 500kN/m 1000kN/m, 1500kN/m and 2000kN/m (Briaud, 1997, Walsh, 2005)
takes the same loading step for field test, are applied at the center of the pile cap, It is
observed that as the slender ratio of the pile increases, corresponding there is a decrease

in deflection of the pile.

4.2.4 Effect of pile head fixation
In this study, the fixity of the pile head affects its load—displacement under lateral
loading. Typically, in the large group piles the cap is used to restrain the pile head and
equally distributed the applied load to all of the piles in the rows( Duncan,1998, 2001),
therefore in this case the load is only static translational loads and the fixed head is

preventing the rotation and torsion of the pile head.

A pile cap that remains in contact with the ground provides additional lateral restraint to
the group. However, scour of the soil around the piles may reduce or eliminate the cap-
soil contact and thereby reduce the lateral restraint provided by the cap. For this reason,

the resistance of the cap to lateral loads is usually neglected (duncan, 1994).

4.2.5 Effect of interfaces
The contact between the piles and soil is modelled by an interface element, characterized
by the parameter Rint, which allows the relative displacement between pile and soil. When
interface element models the interaction between a pile and the soil, which is intermediate
between smooth and fully rough. The roughness of the interaction is modeled by choosing

a suitable value for the strength reduction factor in the interface (Rinter).

The value of interface Rint Is different for every layer, refer chapter 3 table3.1 the values
were between 0.6 and 1. For the interface to remain elastic, the shear stress, |z| < on tan ®i
+ ci, where @i and ci are the friction angle and cohesion (adhesion) of the interface

respectively and on, the effective normal stress.
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CHAPTER 5 CONCLUSIONS AND RECOMENDATIONS

5.1 Conclusions

Based on the analysis using Plaxis 3D Foundation, it is summarized that the spacing and
number of piles, in addition the soil stiffness and pile depth have an appreciable effects to
the lateral displacement for the large group pile, the greater the pile spacing between rows
the greater the reduction of deformation, this is due to the reaction area of the soil behind

pile.

In the large group piles, the shadowing effect, is successively decreasing from the last
trailing row to the leading row, this causes directly minimizing the pile movement
through the rows. Increasing the pile spacing from 3D to 5D within a group shows,
Groups of large spaced piles; and groups of closely spaced piles. Group of large spaced
piles were analyzed by distributing the lateral loads equally among all piles within the
group, and considering the behavior of anyone pile in isolation. In group of closely
spaced piles, the response of one pile affects the close piles by influencing deflection of

the soil between them.

For pile groups with fixed head, the leading row in the group carries the highest load,
middle and backrow piles carry smaller loads for a given active loading, since
intermediate rows carry more loads than the last rows without considering the edge effect.
The over-lapping zones of influence of each pile not only transfer load to neighboring
piles but also cause a reduction in the soil stiffness between the piles.

Increasing the number of piles within the group lead to decrease lateral deformation but it
decreases the efficiency. The lateral soil pressure and stiffness under lateral loads in

group piles changed with pile depth due to stiffness is stress dependent.

Finally based on the parameter analysis the difference of row displacement of leading,
intermediate and trailing row were from 4% up to 8%, 9% up to 14%, 15 up to 20%
respectively of total pile movements. Depending on the other parameters like depth of

pile, spacing, number of rows and applied loads.
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5.2 Recommendations

e Full-scale tests are generally believed to provide for the most accurate results but
are rare because of large costs required to successfully perform a test for group
piles.

e Usually the unloading modulus is determined by performing unloading and
reloading test in the Odometer laboratory test. For this simulation the results used
were not obtained from the Odometer test but default value as suggested by Plaxis
from tangent modulus, this is not accurate as the laboratory result.

e For future analysis it is better while modeling laterally loaded group of piles, to
consider both linear and non- linear combination properties of the soil, because
the soil property nearest to the shaft of the pile may act like the linear and the

away have non- linear property.
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CHAPTER 7 APPENDIXES

APENDIX A Plaxis 3-D Manual

Basic Equations of Continuum Deformation

The static equilibrium of a continuum can be formulated as:

‘c+p=0

It~

- e

This equation relates the spatial derivatives of the six stress components, assembled in
vector o, to the three components of the body forces, assembled in vector p. LT is the

transpose of a differential operator, defined as

& 0 0 & 0 0
0 x R 0z
L'-l 0 & 0 & & 0
foh! ox Oz -
00 2 0 9 2 e=Lu
| 0z dy 0ox | -
£ {cﬁg_f(_gfg+p)ffrf:0

[seTcav=[su" pav+[su”rds

J‘(»ET Ac dV :J-{Fﬂrgi (?’V—|—I§£T.=_‘f(fS—.‘.c‘;gTJf_l(fI’y

Discretization of elements,
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s

u=Nv =

[t~

Nv =Bv

- then the above equation is rewrite as

[Bovf agar=[(Novf p'av + [N ovf r'ds - [(Bovf o av

Finally,

Discretized equation in equilibrium is

J‘ETQQ dl’r:JQQTEEdI;JFJ.f:VT{jdS—J.ﬁrg"'ldlf’

Global iterative procedure:
Substitution of the relationship between increments of stress and increments of strain,

Ac = M Ag, into the equilibrium equation above

i

"

I A i -1
Av =71 -1,

While K is the stiffness matrix and v is
the incremental displacement fex is the external force vector and fin is the internal vector

reaction
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APENDIX B TABLES

1. Plaxis 3-DFOUNDATION output for deformations at different loading step of
6x6 or 36 piles with 6 rows .at 3D center to center pile spacing and 30m.

Force| RowA |RowB |RowC |RowD | RowE | F(the Avg. y/d
kN (leading last | Deformation
row) trail
row)
(m) (m) (m) (m) (x) (m) (m) y/d
3.68E- | 3.94E- | 4.16E- | 4.43E- | 4.89E- 6.24E-
100 | 3.23E-03 03 03 03 03 03 4.06E-03 03
5.68E- | 5.94E- | 6.16E- | 6.43E- | 6.89E- 9.32E-
200 | 5.23E-03 03 03 03 03 03 6.06E-03 03
1.01E- | 1.03E- | 1.05E- | 1.08E- | 1.12E- 1.61E-
500 | 9.70E-03 02 02 02 02 02 1.04E-02 02
2.12E- | 2.14E- | 2.15E- | 2.17E- | 2.27E- 3.32E-
1000 | 2.09E-02 02 02 02 02 02 2.16E-02 02
3.28E- | 3.29E- | 3.30E- | 3.32E- | 3.36E- 5.08E-
1500 | 3.26E-02 02 02 02 02 02 3.30E-02 02
4.47E- | 4.47E- | 4.47E- | 4.49E- | 4.53E- 6.89E-
2000 | 4.45E-02 02 02 02 02 02 4.48E-02 02
2. Table: **out puts at 10m depth for 3D spacing 6x6 large group pile
Load(force) | Rowa | Rowb | Rowc | Rowd | Rowe | Rowf | Avg.deform
KN/m m m m m m m m y/d
4.90E- | 4.96E- | 4.99E- | 5.12E- | 5.32E- | 5.45E- 7.88E-
100 03 03 03 03 03 03 5.12E-03 03
6.45E- | 6.68E- | 6.79E- | 6.86E- | 6.99E- | 7.25E- 1.05E-
200 03 03 03 03 03 03 6.84E-03 02
1.50E- | 1.52E- | 1.58E- | 1.60E- | 1.63E- | 1.68E- 2.44E-
500 02 02 02 02 02 02 1.58E-02 02
3.23E- | 3.29E- | 3.23E- | 3.26E- | 3.35E- | 3.38E- 5.06E-
1000 02 02 02 02 02 02 3.29E-02 02
5.58E- | 5.60E- | 5.62E- | 5.67E- | 5.74E- | 5.83E- 8.73E-
1500 02 02 02 02 02 02 5.67E-02 02
6.15E- | 6.17E- | 6.19E- | 6.21E- | 6.23E- | 6.24E- 9.54E-
2000 02 02 02 02 02 02 6.20E-02 02
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3. Plaxis 3D foundation output at 10m 5D spacing of 6x6 piles at 30m depth

Force | Rowa | Rowb | Rowc | Rowd | Rowe | Rowf | Avg.deform | y/d
1.09E- | 1.88E- | 2.06E- | 3.17E- | 3.56E- | 4.05E- 4.06E-
100kN 03 03 03 03 03 03 2.64E-03 03
4.72E- | 4.82E- | 4.90E- | 5.91E- | 6.30E- | 6.79E- 8.57E-
200kN 03 03 03 03 03 03 5.57E-03 03
1.23E- | 1.31E- | 1.32E- | 1.43E- | 1.47E- | 1.52E- 2.12E-
500kN 02 02 02 02 02 02 1.38E-02 02
2.62E- | 2.79E- | 2.89E- | 2.98E- | 3.09E- | 3.27E- 4.52E-
1000kN 02 02 02 02 02 02 2.94E-02 02
4.18E- | 4.36E- | 4.46E- | 4.55E- | 4.67E- | 4.85E- 6.94E-
1500kN 02 02 02 02 02 02 4.51E-02 02
5.82E- | 5.99E- | 6.09E- | 6.19E- | 6.32E- | 6.51E- 9.47E-
2000kN 02 02 02 02 02 02 6.15E-02 02
4: 6x6 piles at 5D center to center pile spacing.
FORCE | Rowa | Rowb | Rowc | Rowd | Rowe | Row f | Avg.deform. y/d
1.30E- | 1.40E- | 2.44E- | 2.52E- | 2.57E- | 2.88E- 3.06E-
100kN 04 03 03 03 03 03 1.99E-03 03
2.50E- | 3.18E- | 3.29E- | 3.98E- | 4.02E- | 5.66E- 5.80E-
200kN 03 03 03 03 03 03 3.77E-03 03
6.97E- | 7.30E- | 7.60E- | 8.26E- | 8.59E- | 9.26E- 1.23E-
500kN 03 03 03 03 03 03 7.99E-03 02
1.06E- | 1.08E- | 1.37E- | 1.47E- | 1.57E- | 1.74E- 1.88E-
1000kN 03 02 02 02 02 02 1.22E-02 02
3.40E- | 3.46E- | 3.56E- | 3.60E- | 3.69E- | 3.89E- 5.54E-
1500kN 02 02 02 02 02 02 3.60E-02 02
451E- | 4.62E- | 4.75E- | 4.85E- | 4.98E- | 5.02E- 7.37E-
2000kN 02 02 02 02 02 02 4.79E-02 02

All deformations are by meters ***

****For all above: ROW-F last trailing row

Row e-first trail row ,Row —d-second trail row, Row c-third trailing row, row B forth
trailing row and Row -A the leading row

5: out puts of Plaxis 3d-Foundation for 16 or 4x4 pile arrangement at 10m depth and 3D
center to center

Force(kN) Deformation (m)
Row a Row b Row ¢ Row d Avg Y/d
100 2.62E-03 | 2.65E-03 | 4.89E-03 | 2.69E-03 | 2.14E-03 | 3.29E-03
200 5.35E-03 | 5.37E-03 | 6.89E-03 | 5.43E-03 | 3.84E-03 | 5.91E-03
500 1.39E-02 | 1.42E-02 | 1.12E-02 | 1.46E-02 | 9.00E-03 | 1.39E-02
1000 2.89E-02 | 2.94E-02 | 2.27E-02 | 2.99E-02 | 1.85E-02 | 2.84E-02
1500 4.43E-02 | 4.43E-02 | 3.36E-02 | 4.45E-02 | 2.78E-02 | 4.28E-02
2000 5.87E-02 | 5.87E-02 | 4.53E-02 | 5.90E-02 | 3.70E-02 | 5.69E-02
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6. Table: Plaxis 3D-Foundation output at 20m depth and 3d center to center for 4x4

pile
Force(kN)
deformation(m)
Row a Row b Row ¢ Rowd | Average y/d
deformation
(m)
100 1.95E- | 1.99E-03 2.05E-03 | 2.13E-| 1.35E-03 2.08E-03
03 03
200 4.21E- | 4.26E-03 4.35E-03 | 4.47E-| 2.88E-03 4.43E-03
03 03
500 8.85E- | 8.95E-03 9.02E-03 | 9.25E- | 6.01E-03 9.25E-03
03 03
1000 1.62E- | 1.65E-02 1.71E-02 |1.77E-| 1.13E-02 1.73E-02
02 02
1500 3.21E- | 3.25E-02 3.35E-02 | 3.45E- | 2.21E-02 3.40E-02
02 02
2000 4.41E- | 4.46E-02 452E-02 | 4.62E- | 3.00E-02 4.62E-02
02 02
7. Plaxis 3D-Foundation output at 10m depth and 5D center to center for 4x4
Force(kN) Deformation(m)
Row a Row b Row ¢ Row d Avg.def | y/d
100 1.89E-03 1.95E-03 1.99E-03 2.05E-03 1.31E- | 2.02E-
03 03
200 3.45E-03 3.53E-03 3.59E-03 3.68E-03 2.37TE- | 3.65E-
03 03
500 7.12E-03 7.16E-03 7.25E-03 7.32E-03 4.81E- | 7.40E-
03 03
1000 1.12E-02 1.14E-02 1.16E-02 1.18E-02 7.65E- | 1.18E-
03 02
1500 2.45E-02 2.49E-02 2.53E-02 2.57E-02 1.67E- | 2.57E-
02 02
2000 3.84E-02 3.87E-02 3.92E-02 3.96E-02 2.60E- | 4.00E-
02 02
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8. Plaxis 3D-Foundation output at 20m depth and 5D center to center for 4x4

Force(kN) Deformation(m)

Row a Row b Row ¢ Row d y/d

100 1.58E-03 1.64E-03 1.67E- | 1.77E-03 | 1.71E-
03 03

200 3.23E-03 3.28E-03 3.33E- | 3.36E-03 | 3.38E-
03 03

500 6.54E-03 6.58E-03 6.61E- | 6.65E-03 | 6.76E-
03 03

1000 8.85E-03 8.89E-03 8.96E- | 9.01E-03 | 9.16E-
03 03

1500 1.18E-02 1.25E-02 1.29E- | 1.34E-02 | 1.30E-
02 02

2000 2.21E-02 2.25E-02 2.29E- | 2.35E-02 | 2.33E-
02 02

NB: row, d = the last trail row, row, c= second trail row, Row, b =first trail row. Row, a=

leading row

9. Plaxis 3-D foundation output of 7x3 pile arrangement, deformation of rows, average
deformation, normalized deformation and soil reaction at 10m of pile length.

Force Deformation(m) Soil.

(KN/ Reac(kN/

m) m?)
Row | Row | Row | Row | Row | Row | Row | Avg.defo | y/d
a b C d e f g rm.

100 | 1.37 | 1.37 | 1.47 | 1.67 | 1.78 | 1.83 | 1.90 | 1.67E-03 | 2.57 | 1.63E+01
E-03 | E-03 | E-03 | E-03 | E-03 | E-03 | E-03 E-03

200 | 275 | 275 | 276 | 276 | 2.77 | 279 | 2.81 | 2.77E-03 | 4.27 | 1.62E+01
E-03 | E-03 | E-03 | E-03 | E-03 | E-03 | E-03 E-03

500 | 7.06 | 7.06 | 7.08 | 7.10 | 7.13 | 7.16 | 7.20 | 7.12E-03 | 1.10 | 1.70E+01
E-03 | E-03 | E-03 | E-03 | E-03 | E-03 | E-03 E-02

1000 | 145 | 145 | 145 | 146 | 1.49 | 157 | 1.68 | 1.52E-02 | 2.33 -
E-02 | E-02 | E-02 | E-02 | E-02 | E-02 | E-02 E-02 | 3.13E+01

1500 | 2.22 | 222 | 223 | 223 | 2.24 | 235 | 2.46 | 2.29E-02 | 3.52 -
E-02 | E-02 | E-02 | E-02 | E-02 | E-02 | E-02 E-02 | 4.93E+01

2000 | 3.00 | 3.00 | 3.12 | 3.32 | 3.33 | 3.44 | 3.56 | 3.29E-02 | 5.07 -
E-02 | E-02 | E-02 | E-02 | E-02 | E-02 | E-02 E-02 | 7.01E+01
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10. Table: 7x3 pile arrangement at 20m depth and 3D center to center spacing

Force(k
N) Deformations (m)

Rowa | Rowb | Rowc | Rowd | Rowe | Rowf | Rowg Avg. y/d
1.00E+ | 1.20E- | 1.41E- | 1.52E- | 1.65E- | 1.75E- | 1.80E- | 1.85E- | 1.86E- | 2.87E-
02 03 03 03 03 03 03 03 03 03
2.00E+ | 2.18E- | 2.25E- | 2.38E- | 2.45E- | 2.61E- | 2.69E- | 2.75E- | 2.89E- | 4.44E-
02 03 03 03 03 03 03 03 03 03
5.00E+ | 5.65E- | 5.71E- | 5.85E- | 5.96E- | 6.05E- | 6.25E- | 6.65E- | 7.02E- | 1.08E-
02 03 03 03 03 03 03 03 03 02
1.00E+ | 9.65E- | 1.01E- | 1.33E- | 1.44E- | 1.56E- | 1.59E- | 1.69E- | 1.34E- | 2.07E-
03 03 02 02 02 02 02 03 02 02
1.50E+ | 1.85E- | 1.90E- | 1.95E- | 2.05E- | 2.15E- | 2.25E- | 2.29E- | 2.41E- | 3.70E-
03 02 02 02 02 02 02 02 02 02
2.00E+ | 2.97E- | 3.05E- | 3.25E- | 3.27E- | 3.31E- | 3.35E- | 3.41E- | 3.77E- | 5.80E-
03 02 02 02 02 02 02 02 02 02

11. 7x3 pile arrangement at 10m pile depth and 5D center to center spacing
Force(kN/ Deformation(m)
m)
Row | Row | Row | Row | Row | Row | Row Avg y/d
a b C d e f g deformatio
n,
100 1.25E | 1.29E | 1.39E | 1.42E | 1.52E | 1.65E | 1.68E | 4.45E-03 | 6.85E
-03 -03 -03 -03 -03 -03 -03 -03
200 1.98E | 2.09E | 2.32E | 2.41E | 2.48E | 2.58E | 2.65E | 8.78E-03 | 1.35E
-03 -03 -03 -03 -03 -03 -03 -02
500 4.56E | 4.68E | 4.85E | 5.01E | 5.64E | 5.68E | 5.76E | 1.95E-02 | 3.01E
-03 -03 -03 -03 -03 -03 -03 -02
1000 9.35E | 9.89E | 1.12E | 1.15E | 1.21E | 1.31E | 1.39E | 3.58E-02 | 5.51E
-03 -03 -02 -02 -02 -02 -02 -02
1500 1.65E | 1.69E | 1.78E | 1.89E | 1.99E | 2.15E | 2.23E | 5.24E-02 | 8.06E
-02 -02 -02 -02 -02 -02 -02 -02
2000 2.25E | 2.39E | 2.48E | 2.58E | 2.69E | 2.79E | 2.88E | 3.01E-02 | 4.63E
-02 -02 -02 -02 -02 -02 -02 -02
MSc Thesis Page 111




Analysis and parametric study of Load —Displacement Behavior of Large group Piles
- underlateralloading

12. Table 7x3 pile arrangement at 30m pile depth and 3D center to center spacing for the

same load as above

Deformation(m)

Rowa | Rowb | Rowc | Rowd | Rowe | Rowf | Rowg Avg. y/d
1.32E- | 1.42E- | 1.49E- | 1.55E- | 1.69E- | 1.75E- | 1.82E- | 3.82E- | 5.88E-
02 03 03 03 03 03 03 03 03
2.32E- 2.39E- 2.45E- 2.52E- | 2.65E- 2.69E- | 2.71E- 2.96E- | 4.55E-
03 03 03 03 03 03 03 03 03
4.65E- | 4.75E- | 4.79E- | 5.23E- | 5.69E- 5.86E- | 5.92E- 6.15E- | 9.46E-
03 03 03 03 03 03 03 03 03
9.35E- | 9.65E- 1.05E- 1.15E- 1.24E- 1.38E- 1.48E- 1.37E- 2.10E-
03 03 02 02 02 02 02 02 02
1.68E- 1.74E- 1.79E- 1.87E- 1.99E- 2.07E- | 2.21E- 1.96E- 3.01E-
02 02 03 02 02 02 02 02 02
2.15E- 2.37E- 2.46E- | 3.02E- | 3.01E- 3.08E- | 3.25E- 3.22E- | 4.96E-
02 02 02 02 02 02 02 02 02
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APPENDIX C

OUT PUTS OF PLAXIS 3-D FOUNDATION

T atal multipliers at the end of previous loading step Calculation progress
T Mstage: 0.481 | PMax _31.809 | | M5tee
E -Mloadd; 1.000 | Z-Marea: 1.000
E -MloadE: 1.000 | Force-x: 0.000
E -Mweight: 1.000 | Force-y: 0.000
T -hzf: 1.000 | Force-2 0.000

Stiffriess: 0.896

Tirne: 0.000

U] |Mode A -

[teration process of current step

Current ztep: 14 bl &, steps 262 | Element 28576
Iteration; 2 b &, iterations: 20 | Decomposzition: 100 %
Global error: 0.0 Tolerance: 0.010 | Calc. time: 220=

Flaztic points in curent step

Flastic stress points: 17153 | Inaccurate: 473 | Tolerated: 1718
Flaztic interface points: 2383 | Inaccurate: 288 | Tolerated: 242
Tension points: &011 | CapsHard points: 0 | Apex points: 0

G iter= 6, error = 0.00544 Cancel

[*107m]

43.000
l 44.000
40.000

1 36.000
1 32,000
— 28.000
1 24.000
— 20.000
—— 16.000
—— 12.000

8.000
4,000
0.000
-4.000
-8.000

Horizontal displacements (Ux)
Exfreme Lx 46.18710 7 m
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F107m]

47.500
45.000
42.500
40.000
37.500
35.000
32.500
30.000
27.500
25.000
22.500
20.000
17.500
15.000
12.500
10.000

7.500

5.000

2.500
-0.000
-2.500

e ———— T J

Lo

v

Total displacements Utot
Extreme Ulot 45.35%10° m

PLAXIS 3D Foundation

r10%m

15.000
I“mJ
12.000

—i1.000

——a000

—— 800

——7.000

—lsoo0

——1s.000

4.000

3,000

2000

1.000

0.000

Horlzontal displacements (Us)
Extreme Ux 14.97°10% m

Froject description

21 CBE PILE

S

" 10 ["0527/19 | CONSOFT Technologies Sdn. Bhd.

. Plaxis 3-D foundation output 6x6 pile arrangement with pile cap at 3d center to center

spacing at 30m pile length by 1500kN
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[#10”n]
34.000
. 30.000
1 26.000
—22.000
— 18.000

= 14.000

| 10.000

6.00C

2.00C

-2.000

Dis

Horizantal displacements (Ux)
Extreme Lx 33.81%10° 7 m

#1071
. 34.000
30,000
——25.000

—22.000

— 18.000

— 14.000

| 10.000

6.000

2.000

-2.000

Horizontal displacements (Ux)
Exireme Ux 33.81°10 7 m

Plaxis 3-D FOUNDATION of 6x6 partial view of pile meshed deformation
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