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ABSTRACT

Batter piles are used when the foundation structure is exposed to a considerable amount of
lateral loads to support super structure safely. The behavior of batter piles had for many years
been studied by performing laboratory tests. The difficulty of modeling the pile soil-
interaction in the laboratory is assisted by numerical modeling/finite element/, which is
increasingly gaining more acceptance and application. Besides, of laboratory and field tests,
finite element method used increasingly to deal with this problem.

In this paper, the behavior of a batter and vertical pile subjected to lateral, axial and inclined
loads are modeled with finite element software. The paper attempts to examine the effect of
batter angle on its ultimate lateral and axial load carrying capacity. The overall response of
vertical and batter pile subjected to lateral, vertical and inclined loads are investigated.
Negative and positive batters inclined at angles ranging from 30° to -30° are simulated using
the validated software PLAXIS 3D. The results showed that small inclination angle of piles
give better resistance than vertical piles especially for lateral loads. From the analysis of a
single pile, it is found that negative batter piles have more resistance than positive piles. For a
specified pile property, batter piles inclined at -20° and subjected to lateral loads have more
capacity to resist applied loads than vertical piles subjected to the same magnitude of lateral
loads. The equivalent behavior of vertical pile is observed clearly from the analysis result.
This shows batter piles inclined at 20° have more capacity and it is similar to vertical piles
with that of 20° inclined load from the vertical. Batter piles subjected to vertical loads show
continuous reduction in ultimate capacity for both negative and positive batter piles. Negative
batter pile deformation reduced by 8.25 %, 2.11 % and 19.4 % for lateral, vertical and
transverse components respectively for similar geometry, property of materials and equal

magnitude of loads.

Key words: Batter pile, negative batter, positive batter, inclination angle
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CHAPTER ONE

1 INTRODUCTION

1.1 Background of the study

A geotechnical engineer faces different types of foundation designs corresponding to their
applications for different types of soils and structural loads. For heavy structures and unfavorable
soil bearing capacity, deep foundations are more relevant. When soft or loose soil extends to a
considerable depth and the structure load is heavy as compared to bearing resistance of the soil,
piles used to transmit vertical and lateral loads to the surrounding soil. Batter piles are more
capable of resisting lateral loads because of ability to resist large lateral forces along its length and

to convert overturning movement into compression and tension forces.

Analysis of pile structure is mostly done for vertical piles corresponding to their vertical
loads. When structure is loaded laterally, i.e. the lateral load per pile exceeds the limiting value,
batter piles are used in combination with vertical piles. Generally, a pile carries much larger axial
loads than lateral loads. Standing from this, a designer expects to transfer a portion of the lateral
load to axial load, thereby increasing the lateral capacity of a pile. Batter piles convert overturning
moment into compression and tension forces. Therefore, it is better to analyze the batter (inclined)
piles to meet the maximum resistance capacity of pile for both vertical and lateral loads. During
the lifetime, structures are exposed to a significant amount of lateral loads in addition to vertical
loads. Super structures exposed to wind, tension cable loads and other impact lateral loads, while
substructures exposed to soil, water flow, ship impact and seismic lateral loads in addition to
vertical loads of the structure. So batter piles have wide range of applications in engineering

developments to handle such loads under control without hazard.

Deep foundations often used in weaker soil to transfer super structural loads to underlying
ground, aiming to increase the bearing resistance of soils and decrease the settlement of
structures. There is no general equations to predict the bearing capacity and settlement for single
pile under different working conditions. Researches on this problem are still conducting by using
field or laboratory tests. Recently, with the rapid development of computing technology,

numerical analysis methods involving finite element method (FEM) are widely used to
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understand the bearing capacity behavior of piles, especially for piles under combined lateral and
vertical loading conditions.

Investigation on response of pile is an important issue in the analysis and design of
many civil engineering structures. In past, many analytical and numerical methods for analysis of
pile have employed with simplified assumptions such as, replacement of the soil medium by
Winkler springs, treating the soil medium as an elastic continuum, and neglecting the interaction
between various components. Most of previous studies have been concerned with vertical piles
and relatively few investigations have involved on batter piles. For three dimensional finite
element analyses, inclined piles pose difficult problems, specifically from the point view of mesh
generation. For a structure having potential for high lateral loads, it is desirable to consider in the
analysis the batter pile geometry and nonlinear behaviour of soil medium.

Large-scale finite element software PLAXIS 3D specializes in the calculation of various
combinations of materials, complex loading processes and varying contact conditions. The
advantage of finite element analysis lies in its ability to address complex soil layer and the

interaction between soil and structure.

In this paper, an investigation is made to assess batter pile contribution on the bearing
behaviour of pile foundation. Commercial Bank of Ethiopia (CBE) head quarter building and
Wogagen Bank (WB) has been taken as a case study by partial replacement of existing pile with
batter pile. The complex geometry and interaction of single batter pile foundation can be
accounted for using Finite Element Method modelling. So, this method used for modelling and
analyzing the batter pile foundation system. Prior to detail modelling a preliminary assessment of

the foundation has been carried out using simplified method.

AAU/AAIT Msc Thesis Page 2
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1.2 Classification of Batter Pile

Piles are classified as vertical/plumb/ and batter depending on the alignment of a pile with the
vertical axis. Batter piles are inclined with some angle from the vertical axis and they further
more classified as positive and negative batter piles depending on the loading direction and pile
inclination. Piles are called "Pile battered reverse”, if the lateral load acts opposite to the direction
of pile inclination (negative batter angle), and "Pile battered forward", if the lateral load acts in
the direction of the pile inclination (positive batter angle) (Zhang et al 2002).

=) =

B) Vertical g (Plumb) pile

Figure 1-1: Classification of piles depending on the alignment

1.3 Statement of the Problem

In Ethiopia, only vertical pile is common rather than using a combination of batter pile as a partial
replacement of vertical pile to resist lateral and vertical loads. Knowing the ultimate capacity of
batter piles with different inclination angle requires its own analysis. The load carrying capacity
of these batter piles with respect to those angles need more detail investigation. In Ethiopia, it is
not common to use batter piles in addition to vertical piles to support the vertical and lateral loads
in deep foundations. There are no more researches that has been done for inclined loads from the
vertical axis and their effects on the pile behavior. As compared to the practical use of battered
pile, there were no more researchers those studies on battered pile to overcome it safer,

serviceable and economical.

AAU/AAIT Msc Thesis Page 3
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The research is done to investigate the behavior of batter pile loaded with inclined loads using
numerical modeling. In doing so, the study try to answer the following questions:

1. At what range, battered pile inclination angle gives more bearing capacity resistance for
inclined resultant loads.

2. What look like the deformation behaviour of battered pile corresponding to load direction?

3. Why laboratory tests of battered pile simulated with finite element modeling?

To address such concerns of the pile behavior, the analysis of the pile with different inclination
angle must employ. Thus, there is a growing need for analysis tools and simplified approaches
with finite element modeling approach.

1.4 Scope of the study

Commercial bank of Ethiopia (CBE) and Wogagen Bank building sites were used for the study to
assess the behaviour of pile foundation for Addis Ababa soils. Batter pile modeled to incline at an
angle © from the vertical axis and load applied is only static response on the pile. Then a
continuum-based analysis perform, which rigorously connects the properties of the three-
dimensional continuum surrounding the pile to those of the soil springs. A three-dimensional
model of pile and soil would use for the study. The effect of inclined loads from the vertical
would study thoroughly and the magnitude of the bearing pressure investigated. The influence of
the contact condition at the pile—soil interface also investigated. The pile is assumed as a free head

and it can away in n any direction.

AAU/AAIT Msc Thesis Page 4
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1.5 Objectives

General Objectives

To compare the behavior of batter pile in partial replacement to vertical piles in new head quarter
building of Commercial Bank of Ethiopia around national theatre and Wegagen bank building site
around stadium by using finite element technique.

Specific objectives

®,

% To analyze the behaviour of battered pile for horizontal, lateral and inclined loads.
% To compare the effect of batter angle on ultimate load carrying capacity of batter and
vertical pile.

Rl

% To investigate load versus deflection behaviour of batter pile on its ultimate capacity.

1.6 Methodology

Batter pile load carrying capacity has been analyzed using numerical analysis and through
modeling finite element software PLAXIS 3D is used. It based on the assumption that vertical
pile with central inclined load is equivalent to batter pile inclined and subjected to vertical load.

The analysis carried out using an elasto-plastic constitutive law based on the non-associated
Mohr—Coulomb criterion. From the analyses, the effect of load inclination with regard to the
pile’s axis for both the lateral and axial response of the battered piles is studied. So the numerical
modeling simulated with three-dimensional finite element modeling software.

Methodology on numerical modeling with finite element employs the following phases:
1. Modeling: give the proper properties and dimensions of the pile and soil using finite
element software:
v" Model the soil and pile in their proper positions in the soil mass
v Describe the behavior of the physical quantities on each element
v Generate 2D and 3D meshes for the discretization of nodes
v Solve the system of equations involving unknown quantities at the nodes (e.g.,
displacements).

v' Calculate desired quantities (e.g., strains and stresses) at selected elements

AAU/AAIT Msc Thesis Page 5
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2. Data Generation: Determining the displacement, load and model behaviour.

3. Formulate from the test data, simple but realistic constitutive models that accurately
reflect response under states and conditions of practical concern.

4. Apply the analysis procedures to real situations, point out the limitations. In this manner,

analysis tools that are of practical value developed.

1.7 Thesis organization

Chapter one describes the overall introduction about the pile, statement of the problems and
research objective are described. Chapter two presents the literatures that have been published in
journals and books described. Experimental, numerical test and finite element equation
derivations are included in this chapter.

Chapter three presents the information about site geology and assessment of preliminary bearing
capacity determination of the two sites. In chapter four the pile soil system is modeled with finite
element software PLAXIS 3D with a given soil parameters described in chapter three. Model size,

mesh sensitivity analysis and validation of the software are properly described in this chapter.

In Chapter five the analysis and discussions of the model are described in detail. This portion
investigates the answers of the research objectives. Standing from analysis and discussions
described in chapter five results, conclusions and recommendations are made in chapter six.

Finally, references are described at the end of this chapter.

AAU/AAIT Msc Thesis Page 6
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CHAPTER TWO

2 LITERATURE REVIEW

2.1 Historical Development of Batter Pile
Until 1990 s, batter piles were used to carry lateral loads, especially when lateral loads were large,

unsupported pile length and weak soils present at the ground surface. In 1990s following the poor
performance of batter piles in series of earthquakes, some engineers began advising against the
use of batter piles (Mahmoud G. et al 2014). However, once the reason for the poor performance
of batter piles understood, engineers develop design strategies to address these problems. Using
these strategies, batter piles have once again become an important weapon in the engineer’s field

for the designing foundations subjected to lateral loads.

Shamshar Prakash & Hari D. Sherma (1990), Source of lateral load on deep foundations
include not only seismic loads but also winds, blasts, impacts, waves currents, lateral earth
pressure and displacements. Throughout the 20" century, batter piles employed routinely to carry
lateral loads. Retaining walls founded up on soft soils, anchored bulkheads, pile supported decks,
breasting dolphins and bridge piers regularly employed batter piles. In fact, batter piles were the
preferred methods for deep foundations subjected to lateral loads until the second half of the 20"
century. Reasons for this include the extremely poor moment (bending) capacity of some of the
more common deep foundations employed in the first half of the 20" century. Through the 1960s,
major bridges routinely employed a large number of relatively small driven piles to support the

main piers, including several rows of batter piles to carry the lateral loads.

In the 1970s and 1980s, more and more bridges employed large diameter drilled piers for
bridge foundation elements. The increased popularity of the large diameter drilled piers for the
bridge foundations due to the larger part to the development of reliable procedures for their design
and construction. However, batter pile remained a popular means of carrying the large lateral
loads associated with pile-supported decks and for limiting the displacement of foundations
subjected to lateral loads. Towards the end of the 20" century, poor performance of batter piles in
a series of earthquakes cast batter piles in a poor light. Damages recorded on bridges and other

structures composed of batter piles. Because of these incidents, some engineers began advising

AAU/AAIT Msc Thesis Page 7
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against the use of batter piles. As the cost of not employing batter piles for many seismic design
problems became apparent, many engineers began to question the conclusion that batter piles
were unsuitable for seismic loading. Forensic analysis of the observed failures suggested that the
poor performance of batter piles in seismic events was due to the fact design analyses typically
assumed the head of the pile was “pinned”, i.e. free to rotate, and thus was not designed to sustain

any moment loading.

However, due to the design details, the heads of the prestressed concrete piles could not
rotate freely and subjected to large shear and moment loads, resulting in failure at the pile head.
This suggested that the observed deficiency in the performance of batter piles remedied by a
combination of strengthening the pile head so that it resist the applied moment and shear loads
and provide sufficient ductility to the pile head or pile-structure connection allow it to rotate
without a loss of capacity. With this understanding the source of the observed poor performance
and how it could be mitigated, in the past few years batter piles have re-assumed their traditional
role in withstanding large lateral loads applied to deep foundations.

The use of batter piles along with vertical piles in the pile-soil system increases the overall
efficiency. In many fields, battered pile used especially when the resultant of forces inclined such
as retaining walls, bridge abetments offshore structures, slope stability power transmission poles
and high rise water tanks. The ability to install driven piles on an angle, or batter, gives them a
distinct advantage with respect to their ability to carry lateral loads. Batter piles carry lateral loads
primarily in axial compression and/or tension while vertical deep foundations carry lateral loads
in shear and bending. Large shear and moment loads induced at the pile head have been a source
of performance problems with batter piles in some cases. However, these problems can be

mitigated by appropriate design and detailing of the pile-structure connection.

The most frequent situation for the design of pile structures against lateral and uplift forces occur
when the piles are required to restrain forces to the sliding or overturning of the structures.
Vertical piles have very low resistance and uneconomical to lateral loads. Substantial loadings are
designed to be resisted by groups of inclined/batter piles. Thus, the batter piles reduce horizontal
forces in to two components of a group piles, one producing axial compressive in one-side piles

and tensile forces to opposing piles.
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If battered pile installed in fill or compressible soil, which is settling under its own weight or
under the surcharge pressure, considerable bending stress induced in the piles requiring a high
moment of resistance to withstand the combined axial and bending stresses.

2.2 Estimating the load capacity of piles

In most situations, single pile behaviour is different from group piles with respect to load
resistance and design characteristics. Therefore, procedures developed to determine the allowable
load of a pile group derived from that of a single pile. The analysis covers a wide range of
methods according to the pile and soil properties with respect to the pile inclinations (Shamsher
prakash and Hari D. Sharma 1990). Pile load carrying capacity depends on various factors,

including

» Pile characteristics such as pile length, cross section, and shape;
» Soil configuration and short- and long-term soil properties;

Two widely used methods to estimate the load carrying capacity of piles are o and B methods
Reese & William (2011). The former method used to calculate the short-term load capacity of
piles in cohesive soils, and the latter method used to calculate the short- and long-term load

capacity of piles in both cohesive and cohesionless soils.

According to Johansson and Kate (2005) the ultimate bearing capacity can be estimated by
extending the straight line through the elastic region of the load displacement curve, so that it

intersects a straight line extending back from the plastic region of the curve.

= {1/3)*Ultimate Ultimate

Capacity Capacity Qux Loade
— o
_— — b Gradient of linear elastic
— displacement line
—
/ " =
\ =
Load-displacement curve \ _— T -

Displacement

1 \ N

Pile undergoing Pile undergoing elasto- Pile undergoing elasto-

linear elastic plastic behaviour wiith plastic behaviour with

behaviour. predominately elastic predominately plastic
strain_ strain (i.e. failed).

w

Figure 2-1: Ultimate capacity of a pile from load displacement curve
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The corresponding load at the intersection is the ultimate capacity of the pile. It noted that
straight line extending through elastic region of the curve is the linear elastic response and only
represents the displacement response in elastic region of the curve. It assumed by researchers such
as Craig (1992) that the elastic region extends from zero load to approximately 1/3 of the ultimate

load.

2.2.1Vertical piles with axial compression load

Bearing capacity

Ultimate bearing load Q. for a single pile subjected to axial loading can be determined using
statics or dynamics depending on the pile installation technique. The static approach is based on
soil mechanics and requires the input of soil properties as described by Shamshar Prakash & Hari
D. Sharma 1990. The dynamic approach is highly unreliable and factors of safety in the order of
5-6 is applied to the predicted loads. The static approach is commonly used and it requires the
estimation of the ultimate shaft friction and end bearing loads, as shown in figure 2.2 below.

Qn]t
Qui = ultimate
load

Q¢= shaft friction

S

-:~:-:-:-:-:-:-1. :F:-:-:-:-:-:-: load
B o I . Qp~ end bearing

Figure 2-2: Forces acted on axially loaded vertical pile

The ultimate bearing capacity of the pile is the sum of end bearing capacity and frictional capacity

along the pile length. Q,=Q,+Q;=A.q, (2.1)

Where, Q, =A (CNc+0.5BN _+D,N,) and
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L=L
Q=P Y fAL
L=0

Where, A, = area of the pile tip

C = cohesion of the soil supporting the pile tip gp = unit point resistance
q = effective vertical stress at the level of the pile tip N, Ny = the bearing capacity factors
P = perimeter of the pile length fs = unit frictional resistance at any depth z

AL = incremental pile length over which p and fs are taken to be constant

All of the methods used to approximate the ultimate capacity of (Qur), based on the assumption
that the skin friction and end bearing resistance have been fully mobilized. The design engineer
also divide the ultimate load by a factor of safety (Fs) usually equal to 3 to reduce the risk of
failure. This enables the allowable design-working load (Qan) to be determined for a working pile.

2.2.2Vertical piles with lateral load

Lateral loads and moments may act on piles in addition to the axial loads. The allowable lateral

loads on piles is determined from;

1. Allowable lateral load obtained by dividing the ultimate failure load by factor of safety.

2. Allowable load is corresponding to an acceptable lateral deflection Shamshar Prakash1990.

Therefore, the smaller of the two above values is the one actually adopted as a design of lateral
load. A pile subjected to lateral loading has to satisfy the same design as a pile under axial
loading. The criteria are an adequate factor of safety against ultimate failure and acceptable
deflection at working loads. Generally, each of the above criteria are analyzed separately and
should satisfy their individual safety margins. Two categories of calculating lateral resistance of

vertical pile.

AAU/AAIT Msc Thesis Page 11



Numerical Investigation of single Batter Pile due to Inclined Loads

Calculating ultimate lateral resistance

Brinch Hansens method

Brinch Hansens method (1961) based on the earth pressure theory and applicable for ¢ - ¢ and
layered soils. It consists determining the center of rotation by taking a moment of all forces by
taking about the point of the load application and equal to zero. The ultimate resistance, then
calculated by using the sum of all horizontal forces equal to zero.

Brom’s method calculating the ultimate lateral loading

Broms (1964) describes the lateral resistance of laterally loaded piles. This method also based on
earth pressure theory, but simplifying assumptions made for distribution of ultimate soil
resistance along the pile length. This method is applicable for short and long piles, considers both
purely cohesive and cohesionless soils and considers both free head and fixed head piles that

analyzed separately.

1rD 60 ™ Restrained 100 E
Pile »
Qn ? S0F - Restrained
I Pile
¢ 40— =
A A
< 30 (1=
] jw7) o
20+ B
B Free-Headed
0k I Pile
L Free-Headed el =() 5
IF'ile |
{) ] L 1L LLFI LALILin Ll L
0 5 10 15 20 1 10 100 1000
LID M,le,D?
— (a) (h)
(a) Short pile (b) Long pile

Figure 2-3: Broms’ method solution for piles embedded in cohesive soils

Broms’ method presents the solution for short piles embedded in cohesive soils with a set of
curves shown in figure 2.3a. The curves relate the pile’s embedment length-to-diameter ratio,
L/D, to the normalized ultimate lateral force, Q./c,D? for various e/D ratios. In general, piles

having a length-to-diameter ratio L/D greater than 20 are long piles. Figure 2.3b used for long
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piles embedded in cohesive soils. The curves in this figure relate the normalized ultimate lateral
force, Qu/c,D? to the normalized yield moment of the pile, Myie|d/cuD3, for various e/D ratios.
These curves are used only when L/D > 20 and when the moment generated by the ultimate
lateral load is greater than the yield moment of the pile. For short piles embedded in cohesionless
soils, Broms’ method provides the curves given in figure 2.3a, which relate the pile’s embedment
length-to-diameter ratio L/D to the normalized ultimate lateral force Q./K,D% for various e/D
ratios. Note that K; is the passive lateral earth pressure coefficient and y is the unit weight of the
soil around the pile. Figure 2.3b used for long piles embedded in cohesionless soils. The curves in
this figure relate the normalized ultimate lateral force Qu/KpD3y to the normalized yield moment
of the pile Myieid/KpD"y for various e/D ratios. These curves are used only when L/D > 20 and
when the moment generated by the ultimate lateral load is greater than the yield moment of the
pile.

200 = 1000
ar .U E Rle:z.lruined
0 150 [ : Pile
o o Restrained 100 =
= Pile % 8
& <& 100 - = -
= b L
o =
N 10 £
50 - , E
Free-Headed i g lr;:\c—Heudcd
L 0 1 Pile | 1 £ i 1l
“»
0 5 10 15 20 w1 1w w1 1t
LiD
M, /DK,
= (1) (k)
a) Short (b) long piles

Figure 2-4: Broms’ method solution for piles embedded in cohesionless soils:

Therefore, Broms method is suitable to calculate the lateral deflection when using calculating the

ultimate lateral resistance.
Calculating acceptable deflection at working lateral load

In most situations, the design of pile to resist lateral load based on acceptable lateral deflection

rather than the ultimate lateral capacity.
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Modulus of subgrade reaction approach (Rees and Matlock, 1956)

This approach assume a soil acts as a series of independent elastic springs. The method is
relatively simple and it can incorporate factors such as non-linearity, variation of subgrade
reaction with depth, and layered systems. The stiffness of the spring kn (modulus of horizontal
subgrade reaction) is the ratio of the soil reaction per unit length of the pile and the pile

deformation.

Modulus of horizontal subgrade reaction: <, — B (2.2)

Palmer and Thompson (1948) employed the horizontal subgrade reaction throughout the depth of
H . X n
the pile as: k, =Kk (E) , where ki, =values of ky at x=L or tip of the pile

x= any point along the pile depth and n = a coefficient equal to or greater than zero

According to Davisson and Prakash (1963), a more appropriate value of a will be 1.5 for sands and 0.15 for
clays under undrained conditions.
The behavior of a pile can be analyzed using the equation of an elastic beam supported on an

elastic foundation and it is given by:

4 4

+p=0 i El + =0
dx® P we can write as e =T (2.3)
P P
Ground /\1-" Ground /—\l"
surface —_— surface — o
= y - > Y

Pie before pk, ¥, Elastc sprngs
w ‘. = p/’

Sod

reachon

Pile, E7

Deformed
pile under
load

Figure 2-5: Laterally loaded pile in soil and spring
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Elastic Continuum Approach (Poulos, 1971a and b)

In this approach, the soil assumed as an ideal elastic continuum. The method is theoretically more
realistic approach and it can give solutions for varying modulus with depth and layered system.
The determination of deflection and moment of pile subjected to lateral load and moment is based
on the theory of subgrade reaction is un-satisfactory, as the continuity of the soil mass is not taken
in to account. The behavior of elastic continuum explained by Poulos (1971a and b) is
theoretically more realistic, one of the major obstacles in its application to the practical problem is
the realistic determination of soil modulus Es™ (k. used interchangeably). In addition, the
approach needs more field verification by applying the theoretical concept to practical problems.

2.2.3Vertical pile with inclined load

According to Meyerhof and Ranjan (1972), the ultimate central inclined load, Q.. on the pile head

at inclination “o” obtained using a semi empirical equation:

2 . 2
[Qau cosaj +[Qau sin aj 4
P Qu (2.4)
Where Pu = ultimate axial vertical load capacity

P, = AN A + KL tana (A /2) for cohesionless soil

P, =9c, A +ac A for cohesive soil

Qu = ultimate pile capacity under horizontal load (6 = 90°)
This can be theoretically obtained from the triangular pressure distribution for 6,=6, = 0.

%+ For cohesionless soils the value of Q, can be obtained from the relationship:
QU == 0.1257BL2kb (2 5)

Where, 7 = unit weight of soil L = pile length

d = angle of skin friction ky = lateral earth pressure coefficient
B = pile diameter A: = area of the pile toe

A = area of the pile shaft Ks =average earth pressure coefficient of the shaft
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% For cohesive soils the ultimate pile capacity under horizontal load (o = 90°) is theoretically
estimated using zero adhesion. For a fully embedded pile the following expression is
obtained by Meyerhof et al. (1981) to calculate the value of Q..

Q, =0.4C,BL K, 2

Where, Cys = average undrained shear strength of a clay along pile shaft

K. =2tan(45+¢/2)S., s =is the shape factor obtained from the graph

P-y curves

Lateral capacity of pile calculated by the subgrade reaction approach extended beyond the elastic
range where soil yields plastically. This can be done by employing p-y curves (Matlock, 1970;

Rees et al 1974). The differential equation for laterally loaded piles, assuming that the pile is

4 2
linearly elastic beam; EI szl +p ((jsz —p=0

Where, p = ky, where y is the lateral

deflection of x along the pile length, k is the soil modulus

A family of curves that shows the soil reaction p as a function of deflection y best accomplishes
the numerical description of the soil modulus. In general, these curves are nonlinear and depend
on several parameters, including depth, soil shear strength and number of load cycles. The curves

are assumed to have the following characteristics (Shamsher Prakash and Hari D. Sharma 1990).
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Figure 2-6: Set of p-y curves and representation of deflected pile
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Once sets of p-y curves established for a soil pile system, the problem of laterally loaded pile
solved by an iterative procedure.

2.2.4Batter pile with inclined load

The equivalent behaviour of batter pile and vertical pile indicates that, a vertical pile subjected to
at inclined load at angle a is equivalent to the behavior to a batter pile inclined at angle  and

subjected to vertical load (Shamsher prakash and Hari D. Sharma 1990).

Qﬁl‘
« i
i i
sss o
I
|
o | E - L |
i i
u.x 2 U
|

Figure 2-7: Equivalent behavior of vertical batter pile

The equivalent behavior of batter and vertical pile is presented by (Shamsher Prakash and Hari D.
Sharma 1990) and satisfactory result were obtained with some factors stands for inclination of

pile and load as a reference of vertical pile and load as shown in table 2.1below.

Table 2-1: Comparison between load capacity of vertical and batter piles

a or B (degree) Q,, Qu
(Quw) (Qu)
0 1 1
7.5 1.14 1.04
15 1.25 1.20
22.5 1.35 1.34
30 1.28 1.31
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a = inclination of load on vertical pile
B = inclination of batter pile

Q,, = ultimate inclined load on vertical pile
Q, = ultimate vertical load battered pile

Q,, = ultimate vertical load on vertical pile

This exhibits that ultimate inclined load capacity of a vertical pile (Q.,) is equivalent to the
ultimate vertical load capacity (Qp.) of the batter pile inclined at an angle p = a. Thus, in this
research the behavior of the batter pile analyzed by considering the equivalent vertical pile
subjected to inclined loads. The ultimate capacity Qg. of a single batter pile therefore calculated
after the ultimate inclined load of an equivalent vertical pile is determined.
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2.3 Finite Element Equation Derivations

2.3.1.Basic equations in elasticity

In theory of elasticity, usually right hand rule used for selecting the coordinate system. Equations
derived for any one such orientation hold good for all other orientations of coordinate system with
right hand rule.

A. Stress in a Typical Element

The direct stress ¢ and the shearing stress t acting on the negative face show suitable face
subscript. The first subscript of shearing stress is the plane face and the second subscript is the

direction.

Table 2-2: Element stress distribution component

Face Stress on negative face | Stress on positive face
Ox o, =0, + Zx gx
OX
X Txy Vg =V + LA
OX
Txz Ve =7x + 72 gy
OX
Gy N O'y
o, =0,+—dy
Tyx Vo =Vt T gy
oy
y
Ty Vi =7y + 2 dy
yz yz ay
oz o, =0, +—dZ
Tax Vo= Vot L2z
oz
z
+ 72
Ty Yoy =V + a—ydz
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Thus, the t y, means the shearing stress on the plane where x value constant and y is the
direction. A stress is positive when it is on positive face in positive direction or on negative face

in negative direction.

Note that stress on positive face is equal to the stress on negative face plus rate of change of that
stress multiplied by the distance between the faces. The intensity of body force acting on the
element along x, y, z direction is X, Y, Z respectively and those forces are uniform over the entire

body. Hence, the total body force in x, y, z direction on the element given by:
(1) X dx dy dz in x — direction
(if) Y dx dy dz in y — direction and
(iii) Z dx dy dz in z — direction
Equations of Equilibrium
Considering all the forces acting, it can write the equations of equilibrium for the element.
YFx =0, ZFy =0, ¥Fz = 0, we obtain:

% T_yx+%+x:0
ox oy oz
ot 6ryz+80'Z+Z:O
oX oy oz

or, Oo, Ort,
+—L+—2+Y=0
OX oy 0z 2.7)

Now again by taking summation of moment about x-axis is zero and neglecting the 4™ order and

dividing by dx dy dz it is obtained: 1y, =Tz SiImilarly T, =T zxand T xy = T yx

Thus the stress vector is:

|G|T=[O'X Oy Oy Ty Ty sz] (2.8)
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B. Strain displacement equations

Corresponding to the six stress components given equation 2.8, the state of strain at a point
divided in to six strain components:

= [8X 8y

& Yy Yy m] (2.9)

Taking displacement components in the X, y, z directions as u, v and w respectively, the relations
among components of strain and components of displacement are:

& =—

X

&y =

&=

Vo T A0

Ve =

Ve =

ou 1
+

ox 2

ov 1

oy EK

(2 -(2) (2]
3

%H%ﬂ

(2.10)

ow 1|(ouY (ovY

— || = +| =
oz 2|\oz 0z
ov ou odu Gu oV OV OW OwW

+—+— . —
X Oy ox dy ox oy ox oy
8w+av+6u ou +Q@ ﬂa_w
oy oz oy oz oy oz oy oz (2.11)
ou Oow ou ou oV OV OW OwW

e — = — —
0z OX OX oz ox 6z ox oz

In equation 2.10 and 2.11 above strains are expressed up to the accuracy of second order

(quadratic) changes in displacements. These equation may be simplified to the first (linear) order

accuracy only by dropping the second order changes terms. Then linear strain - displacement

equation obtained as:

N, _ow

oy 1 o (2.12)
ow o ou oW ov

o = 4= =

> Ty Ty a

AAU/AAIT Msc Thesis

Page 21



Numerical Investigation of single Batter Pile due to Inclined Loads

C. Linear — Elastic Constitutive Equations

In order to relate the stress components, we theoretically need thirty-six material constants. The

‘Generalized Hook’s low’ stated as:

Ox i D, Dg, D13 D., D15 D16 118
Oy D21 D22 D23 D24 D25 Dze y
9 ( _ Dy D; Dy Dy Dy Dy e,
Txy D, Dy D Dy Dy Dgll7 Xy
Ty Dy, Ds, Ds; Ds, Dgs Dgs ||y vz
T, L Des Ds; Dgy Dgy Des  Deg 7

(2.13)
Alternatively, in matrix form:- {o}=[D}¢},

Where D is ‘6x6’ matrix of constants of elasticity to be determined by experimental investigations
for each material, as D is symmetric matrix [Dj; = D;i], there are 21 material properties for linear

elastic an isotropic material.

However, for an isotropic elastic material, it can be shown that only two constants are sufficient
to characterize the continuum and relate the strains and stresses. These material constants are
elastic (Young’s) modulus, E, and Poisson’s ratio, v. There also certain materials (orthotropic
materials) exhibit symmetry with respect to planes with in the body. Hence, the number of

material constants reduces to 9 as shown below.

Oy D, Db, D 0 0 0 |
Oy D, D, 0 0 0 [|¢
0, . D33 0 0 0 &,
Ty sym Dy 0 0 |7y
Ty, D 0 |y vz
D
T, L 66 17 ax (2.14)

Thus for three dimensional problem, the stress strain relation for isotropic material is,
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l -V v 0 0 0
E E E

y 1 O-y
& | E 0 0 0 o,
2 T
Y yve 1 0 vz
7/2)( 2 TZX

1-v

2

L § (2.15)

By taking G = _E , Where G is the shear modulus of a material and the material constants are

2(1+v)

determined from appropriate laboratory tests.

1 1 1

Vy = G xy’yxz_GszJ/yz:ETyz

1—v \Y \Y 0 0 0
Ox 1-v v 0 0 0 ||*%
Gy 1-v 0 0 0 y
\__ E sym 1-2v 0 0 2
T @+v)1-2v) 2 1oy Vi
T 2 0 Yy
T, 1-2v iy,
L 2 | (2.16)

With the six additional linear relationships between strain components in equation below, an
equal number of equations and number of unknowns are in a position to tackle specific elasticity

problems.

=L

w=t[on—v(e,+ol)] Vo =G Ty

w=%tlo,—v(c.+0o.)] }’_.::%f
=T,

:=%|:O' —v(c:r + o, }:I

MM

shear Ve G
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2.3.2. Formulation of Finite Element Method (FEM)

The first step in FEM analysis is to define the problem domain, which usually includes all the
materials enclosed by a set of restraints or boundary conditions. The problem domain can be
broken (discretized) into a series of continuum elements to form a mesh. The elements in the
problem domain are connected together by nodes that transfer forces and displacements
between elements. The force applied on the element is represented by a load vector act of the
forces that at the nodes.

N, ‘///“'_% Problem area

4 a4
~ N

‘/’_\,\'—— Element mesh
/ ~ )

- ,1' Node
/

-

(connecting elements)

( \ Individual element

Figure 2-8: Typical mesh problem domain for FEM (Kate 2005)

Once the problem domain is defined and the element type is chosen, then individual element
matrices can be formed. The individual elements have an element property matrix, a vector of
unknown degree of freedom, and a resultant vector of element nodal forces. This relationship
for static loading is described in the simple form of

[KI{d}={f} where,
| & | = element property matrix, commonly stiffness or general property matrix
{d} = vector of unknown degree of freedom (nodal displacement)
{f } = vector of element nodal forces
The element functions are gathered in the global equation system containing material and
geometric data. The unknown nodal displacement is solved from the global equation system
and the values between the nodes are determined either by linear or polynomial approximated

shape (or interpolation) functions. The accuracy of a finite element analysis result depends on the
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element type, mesh size, boundary conditions, interface elements and constitutive models
employed. Therefore, proper selection of these parameters is required for accurate results. Some
of the parameters used for this study are reviewed as follows.

2.3.3. Constitutive models

In the model, it assumed that the soil behaved linear elastically, until a Mohr Coulomb plastic
failure envelope reached. Once the stress state at any location reaches the failure surface it will
undergo plastic deformation. The constitutive parameters and initial stresses state imposed on to
the model before the analysis started. The initial stress accounted for the in situ stresses due to the
self-weight of the system before the load is applied.

Mohr-coulomb model

Soil behaves elasto-plastically; when it subjected to loads, the displacement will contain both a
recoverable and non-recoverable component. Hence, a failure criterion needs to be included in the
elastic models to define the stress states that cause plastic deformation. One possible failure

criterion is the Mohr-Coulomb line.

o) = major principal stress

-

63 = minor principal stress

shear stress (1)

friction angle

cohesion
(c)
je=—>}

>

03 1 normal stress (o)

Figure 2-9: Mohr—Coulomb failure surfaces

The Mohr-coulomb failure surface in 1-6 space defined by:

AAU/AAIT Msc Thesis Page 25



Numerical Investigation of single Batter Pile due to Inclined Loads

T¢+=C+oftand Where, T ¢= failure shear stress

C = cohesion

ot - failure normal stress

¢ = friction angle
The failure surface is only dependent on the major and minor principal stresses (o1, 63), and is
independent of the intermediate principal stress (c2). Mohr-Coulomb criterion resolves in to an

irregular hexagonal pyramid once mapped in to three-dimensional stress as follows.

Failure Surface

g,

Space diagonal

0,=0,=0,

Figure 2-10: Mohr-Coulomb failure surface (Chen and Saleeb, 1983)

The above pyramid forms a failure yield surface that intern governs how the soil behave. The
material behave either linear or non-linear elastically if the stress point lies within the failure
envelope. However if the stress point reaches the yield surface of the material it undergo a degree
of plastic deformation. It noted that several researchers have utilized Mohr-Coulomb failure
criterion, and found it to be sufficiently accurate for most geotechnical applications (Chen and
Saleeb 1983).
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Drucker-Prager model

Fundamental modeling of soil behavior under general loading and different site condition is the
important factor to achieve accurate numerical outcomes. A linear elastic basic relationship has
been widely utilized to depict soils in early numerical researches; but most soil behavior is highly

nonlinear.

PLAXIS 3D provides a large number of plasticity models to incorporate soil nonlinearity in the
analysis. These include the extended Modified Drucker Prager models, the Mohr-Coulomb
plasticity model and the critical state (clay) plasticity model. This plasticity model is
recommended by Drucker-Prager (1952) for frictional soils.

Plasticity approach

Soil deformation includes elastic and plastic strains relating to loading and unloading was
(Shamsher Prakash and Hari D. Sharma 1990). Plastic behavior taken into account as soil
irrecoverable deformation and elastic behaviour considered when the deformation is recoverable.
Incremental approach of plasticity utilize successfully in depicting a wide range of materials such

as soils.

Soil failure surface

Many experiments carried out on different sands at various confining pressures
showed the general shape of the failure surface as presented in Figure below. In numerical soil

model, the shape of the failure surface is the same as shown below.

(=1

Cieneral failure surface

A) Mohr’s Coulomb surface B) Drucker Pragar surface

Figure 2-11: Deviator plane surface for two parameter models (PLAXIS 3D)
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Soil constitutive properties

The accuracy and reliability of estimating a foundation of soil response dependent on the
constitutive and failure models used to represent the stress strain behaviour. Several models
developed for estimating the stress strain behaviour of sands and soils. Constitutive and failure
models are dependent on a number of variables, which estimated from standard field and

laboratory testing of soils.

Friction angle of soil

Soil in real life is a collection of discrete particles that interact with each other to form an overall
continuum. Soil particles interact with surrounding particles via friction at particle surface. This
friction effect forms the interlocking along shear lines that result from load placed on to the soil.
The roughness, particle shape, particle density and overburden pressure of soil influences its
shearing capacity. The interlocking capacity or shear strength of soil is represented by an angle of
internal friction, which is commonly referred to as effective friction angle, ¢’. This friction angle
effectively represents the inclination of the ultimate shear stress failure line, as defined by Mohr-
Coulomb. In general, sandy soils have higher friction angle up to 50° for pure sand and clay soils

have low friction angle up to 0° for pure clay.
Young’s modulus of soil

PLAXIS uses the Young's modulus as the basic stiffness modulus in the elastic model and the
Mohr-Coulomb model, but some alternative stiffness moduli displayed as well. The soil
commonly said to be a nonlinear elasto plastic material that stress history dependent. The
constitutive behaviour of soil in general is very complex. Therefore, approximations and
simplifications have made when estimating constitutive parameters such as Young’s modulus. It
is dependent on the confining stresses, foundation type and different loading scenarios. From this,

it expect that the method of pile installation would have a vast impact on the soil properties.

In soil mechanics, the initial slope is usually indicated as Eo and the secant modulus at 50%

strength is denoted as Eso (Figure 2-12). For highly over-consolidated clays and some rocks with
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a large linear elastic range, it is realistic to use E; whereas for sands and near normally
consolidated clays it is more appropriate to use Esg, at least for loading conditions.

lo-as] A

strain -£4

Figure 2-12: Determination of modulus of elasticity
For soils, both the initial modulus and the secant modulus tend to increase with the confining
pressure. Hence, deep soil layers tend to have greater stiffness than shallow layers. Moreover, the
observed stiffness depends on the stress path that is followed. The stiffness is much higher for
unloading and reloading than for primary loading. In addition, the observed soil stiffness in terms
of a Young's modulus is generally lower for drained compression than for shearing. Hence, when
using a constant stiffness modulus to represent soil behaviour one should choose a value that is
consistent with the stress level and the expected stress path. Note that some stress-dependency of
soil behaviour is taken into account in the advanced models in PLAXIS, which are described in
the Material Models manual. For the Mohr-Coulomb model, PLAXIS offers a special option for

the input of a stiffness increasing with depth.
Poison ratio of soil

Soils in real life exhibit an isotropic behavior. However, assumptions and simplifications required
to achieve a closed form of solution that used to estimate footing and soil response. For this
reason, many researchers have idealized soil behaviour as an elastic isotropic material, which
allows approximations for the footing displacement behaviour to be determined. Young’s
modulus and Poisson’s ratio needed to define the sand behaviour under load, when assuming the

soil is an elastic medium.
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Poisson’s ratio typically represents the relationship between axial and lateral strain components.

As general, poison’s ratio for an elastic isotropic material given by the following equation:
V= Slateral/ Eaxialy where, eeral = latral strain - and  €3xjgl= axial strain

This equation is complicated further if the material is considered to be an isotropic. For isotropic

elastic material Poisson’s ratio varies from o to 0.5.
For the model, the soil property is taken from Krishna M V Ratnam D. Neelima Satyyam (2017).
Alternative stiffness parameters

In addition to Young's modulus, PLAXIS allows for the input of alternative stiffness
moduli, such as the shear modulus, G, and the Oedometer modulus, Eoed. These stiffness
moduli are related to the Young's modulus according to Hooke's law of isotropic
elasticity, which involves Poisson's ratio, v:

E (1-v)E

G=_—_ E . =
2(1+v) T (1-2v)1+v)

When entering one of the alternative stiffness parameters, PLAXIS will calculate the

corresponding Young's modulus and retain the entered Poisson's ratio.

2.3.4.Contact behaviour and Interface criteria in the model

Sometimes in geotechnical engineering problems, it is necessary to simulate the interaction
between two material types. As the load in the pile increased, the shear stress at the pile soil
interface reach a critical mobilized value. Once the critical shear stress exceed, the pile move

relative to the soil.

In addition to the soil properties, the data set also contains parameters to derive interface
properties from the soil model parameters in the case that interface elements are located in the
corresponding soil layer. The main interface parameter is the strength reduction factor Riner,

which found on the third tab sheet of the material data set window.
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An elastic-plastic model used to describe the behaviour of interfaces for the modelling of soil-
structure interaction. The Coulomb criterion used to distinguish between elastic behaviour, where
small displacements can occur within the interface, and plastic interface behaviour when

permanent slip may occur. For the interface to remain elastic, the shear stress t given by:

¥ “a
Where |T| =4Ts1 T 752

Where, 15 and 1s; are shearing stresses in the two (perpendicular) shear directions and o, is

| z'| < oy lang; + ¢;

the effective normal stress. For plastic behaviour, t is given by:

| 7= &, tang; + ¢ ywnere, @i and Ci are the friction angle and cohesion of the interface. The
strength properties of interfaces are linked to the strength properties of a soil layer. Each data set
has an associated strength reduction factor for interfaces (Riner). The interface properties are
calculated from the soil properties in the associated data set and the strength reduction factor by
applying the following rules:

C; = Rinrer Cson
tan{P: = -R:r'nn;'r tancpsor.f = tall(Pso:!

;= 0° for R < 1. otherwise w; = W

In this research, rigid option is used when the interface should not have a reduced strength with
respect to the surrounding soil. These interfaces should be assigned the Rigid setting
(which corresponds to Rinter = 1.0). As a result, the interface properties, including the
dilatancy angle i, are the same as the soil properties in the data set, except for Poisson's

ratio v.

Initial stress states

The stress state in the soil pile before a static load placed on the pile head can have a significant
effect on a piles response under load. The Mohr coulomb diagram can be used as an illustrative
how initial stresses affect the response of a pile. The initial stress state causes a shift along a
normal stress axis. Hence, the Mohr Coulomb failure circle has an increase in radius, and then

larger loads are required to induce shear failure with in the soil mass.
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Mohr-Coulomb
failure surface

shear stress (t)

Increase in failure
shear stress due to
addition of initial

stress field.

¢ = friction angle
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28 ; ' >
= o G3A G3p Oja G, normal stress
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le )
I ™
If no initial stress field, Shift in normal stress
then the model undergoes due to initial stress
plastic deformation leading fields being included.

to convergence problems.

Figure 2-13: Influence of initial stress in Mohr — Coulomb failure criterion

The initial stress state with in the soil depends up on many factors. Soil in general said to have a
memory of past events such as pre loading, vibration and compaction. In this research, generally

consist of a normal gravity field from the self-weight of soil and pile. The initial vertical stress in
cast in place pile soil system model given by:

o’y = pgh-u, Where: ¢’ - effective vertical stress (it is noted that this work is

based on an effective stress analysis)

p = density of soil and pile g = gravity

h = depth below the ground surface u = pore water pressure (the influence
of the water table was not investigated as part of this research, u=0).

For a given effective vertical stress field there is effective horizontal stress field. The horizontal
stress field at any depth approximated as equal to the vertical stress at the same depth times by the
effective earth coefficient (K). For piles constructed in a region where the ground surface is
relatively flat, the earth coefficient is at rest Ko, employed. The inclusion of horizontal stress resist
movement in the horizontal direction. As shown by Das (1999) the effective at rest earth

coefficient may be approximated by Ko = 1- sind for bored and cast in place piles, or Ko = 1.8*(1-

sing) for high displacement driven piles.
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2.4 Related Research Works

2.4.1.Laboratory test researches

Research done on battered pile by Mohammed et al. (2017), examines the effect of batter
angle on a single pile model on its ultimate vertical load capacity. The test conducted in
laboratory and pile used in this study is circular pile with a model size shown in figure 2.14 (a)
below. The test performed according to ASTM specifications on sand with three different
densities; loose, medium, and dense sand. Pile load capacity highly affected by relative density
and less affected by L/D ratio observed during the result of the test.

Applied Load \ 1000
Model 199 ‘ -~ 000 pE i
\ \ — E,. 0 / ""-..._H’
y I 2
= 00
8 600
Sand Surface o 50 r____,.-lfh_'
R E 400 g D BO%|
g 9 o =D 60% ]
o 200 RDA0%H
o 100
04
0 10 20 30 40 50
Pile with @50 cm Angle of Battered(Degree)
a) model of pile soil system b)Results of pile load capacity with batter angle

Figure 2-14 Model and result of pile and soil system (Mohammed & Neami 2016)

Based on the results of 32 monotonic test models carried out on a single batter and vertical piles

embedded in sand, the following conclusions are drawn.

» The batter angle 20° give a higher load capacity

» The variation in relative density has a higher impact on pile load capacity. When the
increase percent of the pile load capacity for the 20° batter piles decreasing as relative
density increases

» The batter pile load capacity is less affected by embedded ratio (L/D)

AAU/AAIT Msc Thesis Page 33



Numerical Investigation of single Batter Pile due to Inclined Loads

Thekadi et al (2009), Conduct a laboratory test on the model study of vertical pile subjected to

central inclined loads.

a)

1100 —p | fd = 4.2
1000 =L d=10.42

900 \ 1 1 1 N | T 1 1 Lfd=25

ULTIMATE LOAD CARRYING CAPACITY OF PILE
(IN 1)

100

O 10 20 30 40 50 &0 TO B0 90

Sand level @ top of pile

Center of pile top

AMNGLE OF LOAD INCLINATION WITH VERTICAL
(IN DEGREE)

Concept of setup for load inclination b) Ultimate load caring capacity

Figure 2-15: Concept of setup and ultimate load caring capacity of battered pile (Thekadi, 2009)

The result shows that, ultimate load carrying capacity of pile decreases when the angle of load

inclination from the vertical decreases. There also a decrease ultimate load carrying capacity of

vertical pile when L/D ratio decreases.

The conclusion made on research simplified as follows:

>

As L/d ratio of pile, relative density of sand, flexural rigidity of pile increases the ultimate
load carrying capacity of pile increases.

As the load inclination with vertical increases from 0° to 12°, there is a little decrease in
the carrying capacity of pile.

With further increase in inclination, carrying capacity decreases considerably up to 90°
load inclination. At smaller L/d ratios, the reduction in the load carrying capacity of the
pile is more substantial.

As the load inclination with vertical increases from 0° to 90°, the piles with pile material
having higher flexural rigidity shows lesser reduction in load carrying capacity.

Results obtained using suggested equation for reduction factor reasonably agree with

model test results, for L/d of pile at 25.
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Research also done by NIT Kurukshetra and Haryana (2017), conducted on sandy soil, laboratory
test carried out on rectangle steel tank and it was kept large enough to avoid the boundary effect.
The tank was filled using rainfall method of sand filling. Experimental test on sandy soil showed
that, the effect of batter angle is parabolic, that is batter angle increases from 20° to 25° pile
capacity increases and beyond 25° batters angle the load carrying capacity decreases. Negative
batter piles offer more resistance to deformation as compared to positive batter piles.

Another researcher, MIET Mohri et al. (2016) have done the lateral load capacity of pile
foundation. Model tests conducted to determine the lateral load capacity of vertical and batter
piles. The tests conducted in uniform fine sand. For batter piles and angle of pile kept 25° After
conducted the test it was observed that the negative batter pile showed more resistance as
compared to that of a vertical pile for a constant deflection subjected to lateral loads and similarly

positive batter piles showed less resistance as compared to vertical piles.

2.4.2.Numerical modeling researches

H. Mroueh and 1. Shahrour (2008), the research conducted on numerical analysis response of
battered piles to inclined pullout loads using finite difference FLAC®P software. The numerical
concerns with the analysis of the response of a battered pile to inclined uplift load. The soil
behaviour is an elastic perfectly plastic constitutive relation based on the non-associated Mohr—
Coulomb criterion. Pile with a square cross section considered in the analysis. Furthermore,
investigations showed that the response of piles to lateral and axial loads moderately affected by
the shape of the cross section (circular or square cross section). The soil mass dimension depends
on the pile diameter and length. The lateral extension of the soil mass is equal to 50Bp (Bp is pile
width). The height of soil mass is L p+10Bp (Lp is the length of pile). The displacement at the
base is restricted in all directions, while the displacement at the lateral boundaries is restricted in

the normal direction.
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Figure 2-16: Model of batter pile to inclined uplift loads (Mroueh and &Shahrour, 2008)

Results show that the load inclination affects the response of battered piles in both the lateral and

axial directions. The pile pullout capacity for forward load is higher than the reverse load. This

pile’s pullout capacity in the horizontal direction.

result attributed to the upward soil movement induced in front of the pile by the forward loading.
increase in the vertical stress at the soil-pile interface and consequently leads to an increase in the

When the load acts on the direction of the pile, the horizontal movement of the pile induces an

Research done by Hussein and Isam (2008), presents a three-dimensional finite element

analysis to the response of battered piles combined lateral and vertical pullout loads. Analyses
carried out using an elasto-plastic constitutive law based on the non-associated Mohr—Coulomb
criterion. The influence of the contact condition at the pile-soil interface was investigated.
Analyses show that the load’s inclination with regard to the pile’s axis affects both the lateral and

axial response the battered piles. Analyses also show that the pullout capacity of battered piles
affected by the pile inclination regarding the vertical axis as well as the load’s inclination

regarding the pile axis. The pile pullout capacity decreases with load inclination, in particular at
the low values of load inclination regarding the pile axis. The result shows that pile pullout
capacity for forward load is higher than that for reverse load. This result attributed to the upward
soil movement induced in front of the pile by the forward loading. The investigation of the

contact condition at the soil-pile interface shows that the possibility of sliding at the soil-pile
AAU/AAIT Msc Thesis
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the pile’s axis. The influence of the contact condition at the soil-pile interface neglected when the

load inclination regarding the pile’s axis exceeds 10e.

Similar research done by Hazzar et al. (2017), three-dimensional finite difference
parametric analyses is carried out to investigate the influence of vertical load on the lateral
performance of battered piles in both sandy and clayey soils. Different batter angles and soil
stiffness considered to examine the salient features of this complex soil-structure interaction
problem. Numerical results show that the lateral response of battered piles embedded in sands
influenced by the value and the direction of the pile inclination, the presence of vertical loads as
well as the soil state of density. The response of piles at positive batter angles, however, does not
appear to vary considerably with the batter angle or sand density. The effect of vertical load on
lateral response of battered pile in sand found to be very pronounced. On the other hand, the
lateral response of pile embedded in a clayey soil at negative batter angles increase greatly with
increase inclination angle. The lateral response of the piles with positive inclination angles is
independent of the batter angle and the soil stiffness. Moreover, the presence of a vertical load

prior to the application of a lateral load to a battered pile does not alter its lateral capacity.
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CHAPTER THREE

3 SITE GEOLOGY AND ASSESMENT OF BEARING CAPACITY
3.1. General description of the study area

The study area is chosen for two selected sites in Addis Ababa simply to take the soil properties
for the input of the software. The first one is Wegagen Bank site soil properties around stadium
and secondly the new headquarter building of commercial bank of Ethiopia around the national
theatre sites.

Wogagen Bank (WB) site is located in Addis Ababa adjacent to Lalibela restaurant around
stadium. The building consists of three basement floors, one ground floor and twenty four floors
for shop and office purpose. The existed pile has a diameter of 600 mm with estimated design
load on the foundation 905 N per pile. The length of the pile is 21 m and it is located below 10 m
from natural ground level. Then the study wants to see the effectiveness of the existed vertical
pile, if an imaginary batter pile is replaced and compare the results to know the applicability of

batter in geotechnical fields.

The New Headquarter Building of Commercial Bank of Ethiopia (CBE) project is located in
central Addis Ababa, Kirkos sub city, around the national theatre. The building complex consists
of mainly office buildings, including 1 tower building of 46 floors, 2 podiums of 5 floors
(business center and conference center) and 1 underground parking. The foundation is founded at
the depth of 21 m under the ground surface. The estimated load on the foundation is 21 KN per

pile and average pile diameter of 2 m with proposed length of 10 m.

3.2. Site geology

3.2.1. Site geology of Wegagen Bank

Backfill materials characterize the top most part of the project site with maximum depth of 1.45
below existing ground level. Underlying the back fill layer, dark to reddish brown, soft to firm,
highly plastic clay silt was encountered maximum thickness of 2.55 m. Reddish brown to

yellowish grey, stiff to very stiff, high plastic clay silt was encountered. Following the high
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plastic clay soil layer, yellowish grey to reddish brown, very stiff, low plastic clay silt was
encounter having a maximum thickness of 9.7 m yellowish grey to brown, very stiff hard, high
plastic clay silt was encountered underlying the above low plastic clay silt layer having a
maximum thickness of 10.45m. Underlying the soil layers in all the boreholes alternating layers
of slightly to moderately weathered basalt layer and relatively thin layers of dark grey to
yellowish, low to medium plastic clayey silt/sandy silt soil layers were encountered.

NGL 0
Back fill (clay gravel and boulder) | 45
Reddish brown, softto firm highly plastic silty CLAY 0
400

Reddish brown to vellowish grev, stiff to very stiff highlv plastic
clayey SILT ‘L

Reddish brown to grey very stiff, lowplastic clayey SILT

21

Dark grey to brown, very stiff to hard high plastic clayey SILT with
few sand

31.45
Dark grey, very dense sandy GRAVEL mixed with silty CLAY
(originated from highly weathered and designated basalt 34 65
Dark grev, slightly to moderately weathered very closely jointed -
medium strong BASALT

36.6
Dark grev to reddish brown very dense sandy gravel mixed with silty
clay {(originated from highly weathered and disintegrated basalt).

395
Dark grey, slightly to moderately weathered very closely jointed
medium strong BASALT 41.8

Dark grey to reddish brown, very dense sandy GRAVEL mixed with
SILTY CLAY

50 End of borehole

Figure 3-1: Soil profile for Wegagen Bank

One pile is chosen to deal the effect of single batter pile for resistance and deformation behaviour.

AAU/AAIT Msc Thesis Page 39



Numerical Investigation of single Batter Pile due to Inclined Loads

3.2.2. Site geology of Commercial Bank of Ethiopia (CBE)
Subsurface profile of the site and the engineering properties of the soil strata are investigated by
Construction Design Share Company. The company carried out Core drilling of ten (10)
boreholes with a maximum drilling depth of 90m along with in situ and laboratory tests. The

following geological layers have been identified by the company.

B

22
Layer 2 Completely weathered scoriaceous basalt mixed with swelling clay silt
30
Layer3 Medium strong basalt rock
33
Layer4 swelling clayey silt(Altered Ash)

Figure 3-2: Soil profile for Commercial Bank of Ethiopia
Determination of soil parameter for model
Almost all of the soil parameters used for the analysis of the foundation is obtained from
geotechnical reports; however some necessary data are not included in the investigation report.
Therefore the parameters which could not be obtained directly from the laboratory tests, have
been indirectly derived by using empirical correlations based on the recommendations of different
literature, international geotechnical codes and standards. The data used for this study can be
categorized in the following group;
1) Stiffness parameters; modulus of elasticity (Es) and Poisson®s ratio (v)
2) Shear strength parameters; angle of internal friction (¢) and soil cohesion(c)
3) Unit weight or density of the soil (y)

1) Stiffness parameters
a) Stiffness Modulus (Es)
The stiffness modulus Es is a basic parameter that describes the load-settlement behavior of soils

and governs the results of settlement related problems.
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Several methods are available for estimating the stiffness modulus of a soil as described by
(Bowles 1996). Unconfined compression tests, tri-axial compression tests and in situ tests are
among the test methods. The geotechnical investigation report has included stiffness modulus of
values for different layers but some of them are not conducted. The elastic modulus of layers has
been determined using German code (DIN4094-1&2 2002) and literature recommendations given
by (Gu 2008).

b) Poisson’s Ratio, v

Poisson’s ratio is property of materials that describes volume change of the material in a direction
perpendicular to application of a load. It is defined as the ratio of the lateral expansion to the axial
compression of soils. (Bowles 1996) recommend a range of values of Poison’s ratio between 0.4
and 0.5 for most clay and 0.2 to 0.4 for medium to dense cohesion less soil.

2) Shear Strength Parameters

Shear strength parameters, namely, angle of internal friction (@) and cohesion (c’) are taken from
literature recommendation given by (Braiud 2013). The shear parameters of the of some type of

soil is taken by assuming the worst case layer

3. Unit weight or density of the soil
The Soil density is another soil property that the software takes as in put data. Therefore, the

saturated and unsaturated unit weight of the soil is used in doing software modelling.
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3.3. Assessment for Bearing Capacity

Prior to the detailed geotechnical design, a feasibility assessment is necessary by considering
various foundation schemes. This is to investigate the adequacy of the batter pile on its ultimate
bearing capacity. To deal with this capacity assessment, first the pile is taken as a vertical pile and
second it is compared to a batter pile by varying the load from vertical to horizontal with different
angles. Two broad modelling are considered in this research. First taking constant inclination of
batter and varying application of loads with different angles and second by taking the loads
constant and varying the batter angle. From this, a good resistance capacity of soil is chosen for
the design and practical applications.

3.3.1. Bearing capacity of an existing pile for WB

Soil parameters are determined from soil investigation report. However, some parameters like
Young’s modulus and poison ratio are not obtained directly from soil investigation; those are
correlated with soil parameter determination manuals simply by observing the physical properties

of the soil.

ETG designers and consultants were done the soil investigation report for wegagen bank site in
2009. Standing from this report all soil parameters are determined which are necessary for the
input for PLAXIS 3D foundation software. The foundation profile report is shown in figure 3.3

below starting from 10 m depth below OGL, because pile embedment starts at this depth.
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400
Acthinal Pile Proposed batter Pile 10
Reddizh brown to vellowish srew. stff o vers stiff highlv plastic clavew SILT 11.3
Reddish brown to grey very stiff. i low plastic = clayey SILT
21
Drark grew to brown, very stiff to d high plastic clayey SILT with few sand
31.45
Dark gress, versy dense sandsy GERAVEL mixed with silty CLAY (eriginated from
highlsr weathered and de=ignated ba=alt) 3465
Dark gres, slightly to moderately weathered wvery closely jointed medivm strong
BASAILT
36.6
Darlk gress to reddish browmn wvery dense sandwygravel mixed with silty clay (originated
from highly weathered and disintegrated basalf).
39.5
Drark grevy, shighfly ip moderately weathered very closely jointed medinm strong
BASAILT 41.8
Dhark gres to reddish browmn, very dense sandy GFAVEL mixed with "SILTY CLAY
50

End of borehole

Figure 3-3: Pile and foundation profile Wegagen Bank

Table 3-1: Soil and pile properties Wogagen Bank

Soil Property Wogagen Bank soil investigation report

Layer 1 | Layer 2 | Layer 3 | Layer 4 | Layer5 | Layer 6 | Layer7 | pile
YVonsat 1729 |1666 |127 |16 20 16 20 -
Yeat 20 20 18 18 20 18 20 24
Young’s modulus | 27000 | 39000 | 30000 | 60000 | 200000 | 60000 200000 | 2.62e7
E (N/m?)
Poisson ratio (V) 0.3 0.3 0.3 0.3 0.25 0.3 0.25 0.22
Cohesion (N/m2) 51.33 73.33 5 5 25 5 25 -
Friction angle 0 0 12 12 35 12 35 -
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A. Axial compression capacity

The ultimate capacity of pile is derived from both its side and tip resistance. The side or shaft
resistance of the pile is calculated using the method, whereas the tip resistance is taken from
the compressive strength test result of the investigation report.

Qu=Q, +Q; =Ajq, Where, Q, =A,(CNc+0.5BN _ + D, N,)
L=L
Q=P X f AL = X Asfs, Where, A, = area of the pile tip
L=0

C = cohesion of the soil supporting the pile tip gp = unit point resistance
q = effective vertical stress at the level of the pile tip, N¢, Ny = the bearing capacity factors
P = perimeter of the pile length f; = unit frictional resistance at any depth z

AL = incremental pile length over which p and fs are taken to be constant

1) Skin frictional resistance

For computing skin friction, oo method is used to calculate the bearing capacity of the
shaft. Qs= > Asfs, fs = ac + gktand,

it is assumed that only 21 meter of the pile is would have contribution for the skin friction
from the clayey silt layers. From previous soil investigation and worsts value of ¢ = 72 kpa
and y = 17 N/m? is taken.

Taking o = 0.55 based on ¢ = ¢ = 72 kpa, the ultimate pile friction resistance capacity is
calculated as:

Qs = 2 As (oc + gktand)
Qs = (3.46*0.6*21) [(0.55*72) + ((17 — 9.81) *21/2)*)0.33*0.49)] = 2049.69 N
Taking factor of safety 3, the sum of the skin friction contribution shall be

Qs/SF = 2049.69 N/3 =683 N
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2) End bearing capacty
Qp=Apqg, Ap=23.14(0.6)4 =0.2826 m?

g= compressive strength of highly weathered and decomposed basalt and slightly
weathered basalt (8 kg/cm?) is taken as allowable bearing pressure.

Qall = 8 kg/cm?* 2826 cm? * 9.81m/s* = 2260 kg * 9.82 m/s? = 222 N
Therefore allowable bearing capacity of a pile:
Qall = (683 + 222) N = 905N for a single pile.

B. Lateral capacity

Brom’s (1964 a) analyzed free head and fixed head piles separately. In this research, free head
single pile is considered with lateral loading. Basic theory and assumptions made to obtain the
ultimate resistance of piles. Simply it is calculated using the following chart to determine the

ultimate capacity of lateral loaded pile.
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Figure 3-4: Ultimate lateral load capacity of piles (Broms 1964)
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M./C,B? is calculated from the given soil investigation report, where
Mu = ultimate moment on the pile

= 0.6Zfy by taking the yield strength of pile reinforcement fy = 450 Mpa
and Z = 1/(B/2) where | = moment of inertia for circular pile, B = pile diameter
Z = ((3.14*0.6%)/64)*/(0.6/2) = 0.0212 m® then,
Mu = 0.6*0.0212 m** 450 Mpa = 5724 KN-m, Taking C=Cu = 72 Kpa
M,/C,B?® = 368, from the chart, Q./C,B? = 75 then,
Qu = 1944 KN, taking factor of safety = 3 and
Qall = 1944/3 = 648 N

C. Proposed batter pile capacity for WB

The theory of ultimate bearing capacity Qult of batter pile computed using a theory suggested by
Meyerhof and Ranjan et al 1981. It is based on the assumption that vertical pile with central
inclined load is equivalent to batter pile inclined and subjected to vertical load. According to

Meyerhof et al 1981, the normal capacity of pile given by the equation described in chapter 2:

(Qau cos.oz}2 +(Qau sin ajz 1
P, Qu

Where Pu = ultimate axial vertical load capacity

P, = AN A + KL tana (A /2), for cohesionless & P, = 9¢, A + ac, A, cohesive soil

Qu = ultimate pile capacity under horizontal load (6 = 90°)

Axial and lateral capacity of the pile is calculated in the above section. Then,

[Qw cosZOjZ +[Qm sin zoj2 .
905 648

Qu = 858.5 N allowable batter pile capacity
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3.3.2.

The bearing capacity of existed pile in Commercial Bank of Ethiopia first determined and later as

it replaced by batter investigated.

Bearing capacity of an existing pile for CBE

Actual Pile Proposed batter Pile 2
Red sandy clav silt Laver 1 29
Completely weathered scoriaceous basalt
Mixed with swelling clay silt Laver 2 "
3
Medium strong basalt rock
Layer 3
. . 38
Swelling clay silt (altered ash) Layer 4
Figure 3-5: Pile and foundation profile of Commercial Bank of Ethiopia
Table 3-2: Soil and pile properties Commercial Bank of Ethiopia
Soil Property Commercial Bank of Ethiopia soil investigation report
Layer 1 Layer 2 | Layer 3 | Layer4 | pile
Yunsat 17.29 16.66 12.7 16 -
Vsat 20 20 18 18 24
Young’s modulus E (N/m®) | 27000 39000 30000 | 60000 2.91e7
Poisson ratio (V) 0.3 0.3 0.3 0.3 0.22
Cohesion (N/m2) 51.33 73.33 5 5 -
Friction angle 3 3 12 12 -
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Axial Compression Capacity

1) Skin frictional resistance using a method (Qs):
Qs= X2 Asfs
Where: fs = act+gktand,
As = effective pile surface area ¢ = average soil cohesion = 30kpa
q = effective vertical stress on the element o = adhesion factor = 0.55
k = coefficient of lateral earth pressure = 1-sing = 0.5
o = effective frictional angle between soil and pile material = 0.7¢
¢ = angle internal friction of the soil = 37°
Qs = (3.14*2*10)*[(0.55*30) + ((166+(17.7-9.8)*10/2)*0.5*0.48)
= (62.83)*[16.5+167.73] = 12.06 MN
Taking factor of safety (FS = 3), Qs Allowable =12.06/3 =4 MN
2) End bearing
Qp=Apq
Where: Ap = Cross sectional Area of the pile
g = compressive strength of the medium strong basalt layer (q =quit/10 = 2.4 Mpa)
Qp = (3.14*22/4)*2.4 = 7.536MN

Allowable total bearing capacity of the pile (Qt) is the summation of shaft resistance and end

bearing resistance

Q1=4+7.536 = 11.54MN
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Lateral capacity

Mu/CuB3 is calculated from the given soil investigation report, where
Mu = ultimate moment on the pile
= 0.6Zfy by taking the yield strength of pile reinforcement fy = 450 Mpa
and Z = 1/(B/2) where | = moment of inertia for circular pile, B = pile diameter
Z = ((3.14*2")/64))/(2/2) = 0.785 m3 then,
Mu = 0.6*0.875 m3 * 450 Mpa = 236250 N-m
Taking C=Cu = 72 Kpa, similar to WB
Mu/CuB3 = 410, from the chart figure 4.1, Qu/CuB? = 80 then,
Qu = 2340 KN, taking factor of safety = 3 and

Qall =23040/3 = 7680 N

3.3.3. Bearing capacity of a proposed batter pile for CBE

The theory of ultimate bearing capacity Qult of batter pile computed using a theory suggested by
Meyerhof and Ranjan et al 1981. It based on the assumption that vertical pile with central inclined

load is equivalent to batter pile inclined and subjected to vertical load.

Axial and lateral capacity of the pile is calculated in the above section. Then,
Q,, cos20)’ o Quusin 20 ? 4
11540 7680

Qu = 10,774.5 N Allowable batter pile capacity
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CHAPTER FOUR

4 FINITE ELEMENT MODELLING AND ANALYSIS OF A SINGLE
BATTER PILE

4.1 Introduction

The use of numerical models to simulate complex problems has become more popular due to
advances in technology and computer speed. Numerical models allow multiple simulations to
explore and it allows researchers to gain a better understanding of the mechanisms involved.

The full-scale test for pile is a difficult task due to their size and cost. Researchers can explore the
interaction of both pile and soil under various loading scenarios and soil properties by using
numerical methods, such as finite element method. The research presented in this thesis uses the
finite element computer package, PLAXIS 3D, to explore the interaction between different pile

load combinations.

PLAXIS 3D is a multipurpose computer package that allows users to investigate mechanical,
structural, and geotechnical problems under loading. It is an ideal package due to its capability in
modelling complex interactions between several bodies, and the available constitutive models for
both structural and geotechnical materials. The package also allows residual stress fields to define
real situations. It is important to verify the numerical model to insure its predictions with in an
acceptable limit when compared to real life situations. The following sections show the finite
element model used to achieve the aims of this work, along with the verification cases used to test

the developed pile model.

4.2 Soil and pile modelling

The model composed of three steps in the simulation. The first is keeping the vertical
displacement constant and simulate it by varying the batter angle of the pile. The second step also
simulated as keeping the lateral load constant to find the maximum failure effect by varying the

batter angle.
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Figure 4-1: Load and pile inclination model

PLAXIS 3D is a complete environment that provides a simple consistent interface for creating,
submitting, monitoring and evaluating results, which works on finite element method. Abaqus
working window divided in to modules. Each module defines the logical aspect of the modelling
process; defining geometry, defining material properties, and generating mesh, which constitute

to form a finite element model.

4.3 Size of the soil model

As a soil is a continuum material, the size of a soil model should specify to analyze the effects of
stress and deformations. Grid size and boundary conditions used in mesh are a crucial control
factors that determine the efficiency of the numerical calculations. For example, a smaller grid
size and larger study area increase the precision of the modelling compared to a coarse mesh used
with boundary conditions, Chen and Hsu (2017). To avoid boundary effects sensitivity analysis
carried out. The mesh is refined around the pile, in order to increase precision in areas of high
strain gradient. According to Karthigeyan et. al (2018) the soil mass dimension depends on the
pile width and length. The lateral extension of a soil mass is equal to 50B pile (B pile is pile
width). The height of soil mass is Lp + 10B pile (Lp is the length of the pile. Whereas according
to Hazzar et al (2017) for floating batter pile with a diameter “D” and length “L” embedded in soil

stratum the total thickness corresponding to Lcosp + 6D, where [ is batter angle. However, for the
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lateral extension, the distance decided after performing a trial analysis with several horizontal
distances until the displacements and stresses of the pile did not change significantly with further
increasing of the distance. Taking of the above-published studies as a reference, the vertical
extension of the soil mass calculated for the specified length, diameter and batter angle of the pile
and made it constant and sensitivity analysis carried out for a variable lateral extension of the
model.

4.3.1Boundary Conditions

Boundary condition defines the state condition of the model for its end faces. The nodes at the
base of the mesh and far bound fixed against all displacements. The nodes on the plane of
symmetry restrained from moving normal to the plane of symmetry, but can move along the plane
of symmetry.

PLAXIS automatically imposes a set of general fixities to the boundaries of the geometry model.
These conditions generated according to the following rules:

» Vertical model 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.

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

» Vertical model boundaries with their normal neither in x- nor in z-direction (skew
boundary lines in a work plane) are fixed in x- and z-direction (ux = uz = 0) and
free in y-direction.

» The model bottom boundary is fixed in all directions (ux = uy = uz = 0).

» The 'ground surface' of the model is free in all directions.

4.3.2Mesh Generation

To perform finite element calculations, the geometry divided into elements. When the geometry
model is fully defined and material properties were assigned to all soil layers and structural
objects, it is recommended to first generate a 2D mesh of work planes. The 2D mesh were made
fully satisfactory including global and local refinements; before proceeding to the 3D mesh

generation. It is advisable to avoid very fine meshes, since this will lead to excessive calculation
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times. If the 2D mesh is satisfactory, 3D mesh generation can be performed. The 3D mesh
generation process will take the information from the work planes at different levels as well the
soil stratigraphy from the boreholes into account. The 3D FOUNDATION program allows for a
fully automatic generation of 2D and 3D finite element meshes.

2D Mesh Generation

The generation of the 2D mesh is based on a robust triangulation procedure, which results in
‘unstructured' meshes. These meshes may look disorderly, but the numerical performance of such
meshes is usually better than for regular (structured) meshes.

The required input for the 2D mesh generator is a plane geometry model composed of points,
lines and clusters. When creating structural elements or loadings, corresponding geometry lines
are automatically created in each work plane. In this way, all work planes have the same
composition of points and lines. Points and lines may also be used to influence the position and

(local) distribution of elements.

Clusters are areas that fully enclosed by geometry lines. Clusters automatically generated during
the creation of the geometry model. The generation of the mesh is started by clicking on the mesh
generation button in the tool bar or by selecting the Generate option from the Mesh sub-menu.
The generation also activated directly after the selection of a refinement option from the Mesh
submenu. Before the actual 2D mesh generation is performed, possible crossings between soil
layers and work planes are determined from the borehole data. If a soil layer crosses a work plane,
additional geometry lines introduced in the geometry model. This is to make sure that a consistent
3D mesh can be generated, taking into account both the work plane data as well as the bore hole
data. After the 2D mesh generation, the Output program started and a plot of the 2D mesh is
displayed. Although interface elements have a zero thickness, the interfaces in the mesh are drawn
with a certain thickness to show the connections between soil elements, structural elements and

interface elements.
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Figure 4-2: 2D mesh in PLAXIS

3D Mesh Generation

When the 2D mesh is satisfactory, a fully 3D mesh can be generated. This can be done by
clicking on the 3D mesh generation button or selecting the corresponding option from the Mesh
sub-menu. In fact, it is possible to generate a 3D mesh directly, i.e. without generating a 2D mesh
first. The 3D FOUNDATION program will then automatically generate a 2D mesh using default
or existing coarseness settings and subsequently generate a 3D mesh. However, in this case the
user has less control over the accuracy of the mesh.

The 3D mesh is based on a system of horizontal and pseudo-horizontal planes in which the 2D
mesh is used. The work planes and the soil layer boundaries as defined by the boreholes form
these planes. A single borehole leads to soil layer boundaries that are true horizontal planes.
When multiple boreholes are used, the soil layer boundaries may form non-horizontal planes. The
precise vertical position of such planes in all mesh points is obtained by interpolation from the
levels as defined in the various boreholes. When a non-horizontal plane crosses a work plane, a
mesh line will be available in the 2D mesh to guarantee consistency of the 3D mesh at such

crossings.
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Figure 4-3: 3D mesh in PLAXIS

4.3.3Mesh Sensitivity analysis
Mesh size is one of the most common problems in finite element analysis. Bigger elements give
bad results and very fine elements give long computing time. In order to establish a suitable mesh

size:

= Perform chosen analysis for several different mesh sizes
= Notice where high deformation or high stress occur, perhaps it is worth to refine

mesh in those regions
= Collect data from analysis of each mesh: outcome, number of nodes in the model,

computing time.

Reduction of finite element size leads to more elements, which in turn leads to more nodes in the
model. If the chart build showing the outcome (first eigenvalue) dependence on node count. It
also just as easy use a number of elements on the width of the part of the typical element to obtain

a good mesh.
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Figure 4-4: Sensitivity analyses for load factor and number of nodes

Therefore, it indicate good mesh at the beginning of the horizontal line in the curve. Since the
correct mesh known, once can search how big errors made in the results for each element size.
The following chart shows dependence between error and computing time, and between error and

finite element size.
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Figure 4-5: Sensitivity analysis for calculation time and element size

As shown in the above chart after a certain time accuracy decreasing is negligible even the time
becomes larger and larger. As element size increases error increases and as element size decrease
error become decrease due to the fact more discretization of the element become more accurate.
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It should be smart on the selection of good meshes in the finite element mesh analysis. Using the
above alternatives in sensitivity analysis | have choose the maximum stress versus number of

elements in a single node.
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Figure 4-6: Sensitivity analysis between stress and number of elements in the model

From the graph, it decided that the mesh size of the model is appropriate about 36000 elements.
After this, the increase of number of elements in the model it is less advantageous as compared to

the computing time

4.3.4Model validation

The software, which is used for developing the model, must be validated before its result is
accepted and applied to simulate the real world problems. Validation is the only way to

justify the predictions of a numerical model to the true physics concerned (Sinha 2013).

To check the validity of the results the model (PLAXIS 3D), an example batter pile
was analyzed. The model reported in the international journal of geotechnical engineering by
(Mohammed Al-Neami- 2017), has been used in this thesis for validation purpose. The test was

conduct in the laboratory using sandy soils with different inclination of batter angle.
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As shown in figure 4.7 the pile has 50 cm diameter and it is tested with different inclination
angles, which is 0%, 10°,20°, 30°, 40° degrees from the vertical axis. The soil used for the model is
sandy soil with friction angle of 37 degree.

Applied Load \
Model 10

Sand Surface /

70

—mﬁg)

i

File with @50 cm

Figure 4-7: Model of Mohammed Al Neami (2017)
Table 4-1: Properties of model test

Material | yunsat(KN/M®) | ysar (KN/M®) | E (KN/m?) | v C(KN/m?) | ()
Soil 17.8 17.8 13000 0.3 1 37
Pile 25 - 2.91e7 0.2 - -

The PLAXIS 3D model result for validation purpose is described in figures 4.8 below. The load
settlement predictions are compared to the model of Mohammed Al Neami etal 2017. From this,
the result shows that a similarity of results with some differences due to the error occurred from
material quality, measurement accuracy and software accuracy. As shown in figure 4.8 A the
batter angle beyond 20° has smaller deformation as compared to 10° and plumb batter pile. This

value has similar to the result obtained by Mohammed Al Neami 2017.
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Figure 4-8: PLAXIS 3D model result A) Total B) Lateral C) Vertical deformations

Comparison of the two analysis results are described in table 4.2 below.

Table 4-2: Comparison of results

Batter angle (degree) PLAXIS 3D model | Mohammed 2017 model
Load capacity (N) Load capacity (N)
0 (plumb) 870 775
10 895 790
20 1010 925
30 840 830
40 570 660
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Figure 4-9: Comparison of PLAXIS 3D and Mohammed et al 2017 results

From the comparison result, load capacity on total deformation is increased until 20° for both
models as shown figure 4-8 (A) above. After 20°, the load capacity of batter pile is decreased for
all cases. While the lateral component of deformation increases throughout when the batter angle
increases in figure 4-8 (B). This shows lateral load capacity decreases when batter angle
increases. Considerably the vertical component of deformation decreases as the equivalent batter

angle increases from vertical.
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CHAPTER FIVE

5 ANALYSIS RESULTS AND DISCUSSION

5.1 Introduction

The main objective of this study is to investigate the behaviour of batter pile to bearing
behaviour of pile foundation. PLAXIS 3D model has been developed to study the behaviour of
batter pile foundation with respect to vertical piles. In addition, to ensure the reliability of the
results obtained by the developed model, comparison study was carried out between the results
given by (Mohammed A. Al. Neami 2017) and those obtained from the current FE model with
similar real structure geometry, loading and properties.

The scope of this study is to investigate the behaviour of piles under axial, lateral and inclined
loads for the case of Addis Ababa soils (Wegagen Bank and Comercial Bank of Ethiopia sites).
Therefore, the results obtained by the developed model are related with these parameters.
Furthermore, discussions are made by considering comparisons to previous works related to the

specific topic under consideration.

5.2 Behaviour of soil-pile model for WB

The pile modeled with PLAXIS 3D foundation software to simulate the existing pile and again
model the pile if it is battered pile when the lateral loads on the structure is considered. As
mentioned in chapter 3 the pile has a diameter of 0.6 meter with a length of 21 meter. Standing
from this the proposed pile in Wegagen Bank building is long pile. The estimated design load
taken from the soil investigation report is 905 N for single pile, but model is loaded until it fails
which is the maximum value of 1700 N. First the pile is modeled as existing pile and lastly a
single pile capacity is checked if it is better or not in resistance capacity. The deformations along
load inclination has been simulated in this section. From model, maximum values of deformations
are read from the analysis result. As shown in table 5.1 below with a constant values of applied

load 1700 N in the soil pile system, there would be different extreme deformation values.
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Figure 5-1: Deformation of soil and pile in PLAXIS 3D model

From the above figure 5.1, it is seen that deformation of soils around the pile higher and it

decreases around the boundary of the soil. This shows stress is higher at the periphery of the pile,

and it needs a special consideration for the design.

Table 5-1: Deformation according pile inclination angle for Wegagen Bank

Load Symb | Inclination | Resultant | Extreme total | Extreme Extreme Extreme
directio | ol from Load (N) | deformation | lateral defo- | vertical defo- | trans defor
n vertical (°) (m) rmation (m) | rmation (m) | mation(m)
Vertical | WBV | 0 1700 0.0442 0.00029 0.0442 0.000005
Inclined | WBI1 | 6.8 1700 0.0389 0.01590 0.0355 0.000065
Inclined | WBI2 | 13.6 1700 0.0516 0.04080 0.0316 0.000242
Inclined | WBI3 | 20.67 1700 0.0829 0.07740 0.0296 0.000105
Inclined | WBI4 | 28.1 1700 0.1350 0.13200 0.0279 0.00041
Inclined | WBI5 | 36 1700 0.2060 0.20400 0.0257 0.00129
Inclined | WBI6 | 55.44 1700 0.4150 0.41500 0.0177 0.0038
Lateral | WBL | 90 1700 0.594 0.59400 0.0009 0.0046

WBYV, WBI, WBL woegagen bank site pile vertical, inclined and lateral loads respectively.

As shown in figure 5.2 below the lateral and total deformation increases along the pile inclination

increases from vertical to horizontal, while vertical deformation decreases when the load become

laterally.
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Figure 5-2: Extreme deformation of the model along load inclination with failure load

The graph shows that vertical deformation decreases smoothly but the lateral and total deformation
increases for pile inclination angle increases until beyond 15° there is small deformation for all
components.

From the figure 5.2 above, there is a comparative small deformation along the pile inclination
within the range beyond 15°. After 20-degree lateral and total deformations are much steper with
a constant failure load of 1700 N. This shows as the load becomes horizontal from vertical the
lateral and total deformation of the soil become higher and higher. While the vertical deformation
decreases which is expected when vertical component of the load decreases in real situations.
When the inclination angle greater than 40 degree the soil fails before the load reaches 1700 N.
This shows for constant magnitude of the load, equal model size and similar soil properties the

laterally loaded piles fail before axially loaded piles.
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As shown in figure “A” above load inclination angle from the vertical increases the total deformation
increases. Correspondingly, as angle increases the ultimate failure load decreases. This shows in the figure
WBYV is vertical load and it deforms (bends) around tips, which is 1650 N, load while WBL is lateral load
and it deforms beyond 650 N
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Similarly, for lateral component of deformation as load inclination angle increases from the vertical axis,

the lateral deformation increases. Correspondingly, as angle increases the failure load decreases similar to
the total deformation.
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Figure 5-3: Deformation of a pile along pile load with different load inclination

A) Total B) Lateral C) Vertical D) transverse deformations
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From the model analysis when the load becomes lateral from vertical for constant load, its

deforms larger and larger. So deformation increases when pile inclination increases from vertical.

This shows the bearing capacity decreases when the load become lateral. As shown in the figure
5.3 (A, B, C), as the load becomes horizontal, ultimate capacity decreases; i.e. total deformation
figure 5.3 A increases. When load is vertical symbolized by WBYV, the curve bends on its ultimate
load around 1650 N (figure 5.3 A), While the pile is loaded an angle of 55.4 degree (WBI5 figure
5.3 A) ultimate capacity becomes 650 N. This shows as the load inclination increases from
vertical axis load capacity decreases and deformation increases.

In figure 5.3 C, when the pile load angle increases from the vertical axis, the vertical component
deformation decreases as the load decreases. This is the same to the predictions that has been
made in real situations. Even if it is very small, there is small deformation in transverse

component of the load, which is perpendicular to the load direction as shown in figure 5.3 D.

It can be conclude that as the load inclination increases from the vertical axis, the total and lateral

deformation increases and vertical component deformation decreases.
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5.3 Behaviour of pile-soil model for CBE

The pile is modeled with PLAXIS 3D foundation software to simulate the existing pile and again
model the pile if it is battered pile when the lateral loads on the structure is considered. As
mentioned in chapter 3 the pile has a diameter of 2 meter with a length of 10 meter. Standing
from this, the proposed pile in CBE is short pile. The estimated design load 11540 N is taken
from the soil investigation report for a single pile but the model is loaded until it fails with a
maximum load of 21000 N. First the pile is modeled as existing pile and lastly a single pile
capacity is checked if it is better or not in resistance capacity. As compared to the vertical
resistance, the lateral resistance is smaller than the vertical in real situations. Therefore, the lateral
load is taken until it reaches one-half of the vertical loads.

Load Symbol Inclinati | Resulta | Extreme total Extreme Extreme | Transvers
direction onfrom | ntLoad | deformation lateral vertical e

vertical (N) (m) deformation | deformation | deformati

) (m) (m) on(m)

Vertical CBEV 0 21000 0.0349 0.0001 0.0349 0.000028
Inclined CBEVH1 | 13.77 21000 0.0313 0.0132 0.0291 0.000010
Inclined CBEVH2 22.4 21000 0.0317 0.0318 0.0312 0.000129
Inclined CBEVH3 31.6 21000 0.0377 0.0542 0.0203 0.000627
Inclined CBEVH4 45.2 21000 0.0558 0.0449 0.0135 0.00026
Inclined* | CBEVH5 59 21000 0.0451 0.0512 0.00449 0.000579
Inclined* | CBEVH6 | 72.25 21000 0.0512 0.0459 0.00054 0.000728
Horizontal | CBEH 90 21000 0.0388 0.0385 0.00463 0.000549
*

Table 5-2: Deformation according to pile inclination angle for Commercial Bank of Ethiopia

The upper script * shows soil fails before load reaches 21000 N

Commercial Bank of Ethiopia pile diameter is larger and the length is shorter than Wogagen
Bank.
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Figure 5-4: Deformation planes and extreme displacements

From the figure as load inclination angle increases lateral and total deformation increases while vertical
deformation decreases. From figure 5.4 (a) above, deformation around the pile is larger and far
away from the pile is become small. In figure (b) extreme deformation for vertical pile decreases
when load inclination angle increases and lateral and total deformation increases. From the graph,
figure 5.4 b, when the load inclination angle becomes 20°; total, lateral and vertical deformation
converges at a single point with an acceptable deformation. This shows for inclined loads 20°

inclination gives more resistance when the pile is loaded in vertical and horizontal components.
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From figure “A” After CBEVH2, total deformation increases as load inclination angle increases from
vertical axis. In contrast, the load inclination angle below CBEVH2 resistance increases and deformation
decreases. This shows from equivalent behaviour of the batter pile, for the vertical pile around 20°
has better resistance and small deformation as compared to the other modelling positions.
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(B)

Vertical deformation decreases as load inclination angle increases from vertical axis.
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Lateral deformation increases as load inclination angle increases from vertical axis.
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Figure 5-5: Deformation of a pile along pile load with different load inclination
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In figure “D” Transverse deformation increases with positive value until 22.4° (CBEVH2) after that
decreases with negative value as load inclination angle increases from vertical axis.

From the analysis result it is shown in figure 5.5 A, the load inclined at beyond 20° (table 5.2) has
smaller deformation. This shows lower deformation and higher bearing capacity is observed at
22.4° (CBEVH?2) load inclination. From this result pile capacity increases when the load inclined
is in the range of 0° to 25° after that its deformation increases bearing resistance decreases when
the load becomes lateral. Taking vertical load as a reference deformation decreases by 10.3% and
9.17% for 13.77 degree and 22.4 degree respectively.

In figure 5.5 B, the vertical component deformation decreases, while lateral deformation increases
when the load becomes lateral. As shown at CBEH for pure horizontal load, down ward
deformation of the soil changes to vertical with small magnitude. There also a continuous

increasing lateral component deformation when the load inclination angle increases from vertical.
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5.4 Equivalent Batter Pile Analysis

Equivalent batter angle is taken as 20 degree inclined batter to replace equal magnitude of load
inclination as described in chapter two section 2.2.4 proposed by Shamsher et al 1990. From
vertical pile analysis, the load inclination is replaced by batter pile inclination. According to the
load arrangement of the pile, it is necessary to distinguish positive or negative batter pile. In this
research comparisons also made for deformation and resistance behaviour as shown in figure 5.6
below.

atter pile deformatio

Figure 5-6: Batter pile position and deformation

positive/out/ batter — Negative/in/ batter
1800 -

1600 -

1400 -

Load in N

1200 -
1000 -
800 -
600 -
400 -

200 1 Total displacement (m)

(A) 0 T T T T 1
0 0.05 0.1 0.15 0.2 0.25

Negative batter has lesser total deformation than positive batter pile for equal load, similar material
property and arrangement of the pile.
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(C)
For figure “B” negative batter has lesser lateral deformation than positive batter pile for equal load and

the same arrangement of the pile and for figure “C” negative batter has greater vertical deformation than

positive batter for equal load, the same geometry of the pile and similar material properties
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Figure 5-7: Positive and negative batter pile deformation

As shown clearly for equal magnitude of the load, the same geometry of pile and soil: negative
batter has lower deformation than positive batter. This shows negative batter has higher bearing
pressure than positive batter pile. Deformation of negative batter angle reduced by 8.25 %, 2.11%

and 19.4 % for lateral, vertical and transverse components respectively.
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CHAPTER SIX

6 CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

The main conclusions and recommendations drawn through the numerical modelling of batter

pile foundation developed in this study are summarized in this chapter

As a general load inclination angle increases from the vertical axis, deformation increases and

load carrying capacity decreases. Specifically short piles when the load inclined beyond 20° there

is an increase in load carrying capacity with lesser deformation. As shown in the analysis of CBE

taking the vertical pile result as a reference, deformation is reduced by 10.3% and 9.17 % for

13.77 degree and 22.4 degree respectively. However, for long piles in Wegagen Bank total

deformation increases throughout when the load inclination angle increases from vertical.

The most important observations regarding the numerical modelling analysis are summarized

below:

>

It noted that increase batter angle would increase the pile load carrying capacity until
reaching at angle -20°, after that the resistance become decrease.

Single positive batter pile is less resistance to lateral loads than negative batter pile for
compression loads.

Negative batter piles have more resistance to lateral load than vertical piles and inclined
piles loaded in opposite direction (positive battered).

The load inclined at an angle on the vertical pile has an equivalent effect to the pile
inclined to the same degree of pile for lateral loading.

The batter and load inclination angle significantly influence the ultimate bearing
capacity of the piles.

Deformation of negative batter reduced by 8.25 %, 2.11 % and 19.4 % for lateral,
vertical and transverse deformation with equal load magnitude and material property of

vertical pile.

AAU/AAIT Msc Thesis Page 75



Numerical Investigation of single Batter Pile due to Inclined Loads

6.2 Recommendation

Batter piles beyond -20° resist more bearing than vertical piles for the same material property,
geometry and load magnitude for short piles. The cause is as short and larger diameter batter is
installed, the periphery of the pile reacts as both shaft and end bearing resistance. It is better to
use vertical pile subjected to inclined loading for the substitution of a batter to vertical loading.
Batter piles shall be considered when the lateral loads exceeds the allowable limit for vertical
piles. Therefore, it recommended that using a negative batter pile is great in resisting more lateral
load than vertical and positive batter piles. The batter bearing capacity is relatively larger than
vertical pile, it is better to use in our country Ethiopia. The cost of installation and casting
mechanism is not more differ from the commonly known vertical piles but the cost of batter pile

relative to the same capacity of vertical pile have considerably larger.

Some recommendations for further research on batter pile

» Due to batter piles are exposed to dynamic loads in practical situations, it is necessary to
simulate batter piles with dynamic loads and it needs further study on its behaviour.

» Formulate an oblique interaction chart for that which differ from vertical piles.

» The work explored in this research is only on the effect of single piles, which have the
basic behaviour on group batter, but a combination of batter and vertical pile may have

more efficiency for the combination of vertical and lateral load effects on pile group.

Overall, this section of the research showed that the response of pile under combination loading is
a complex problem. When modelling pile foundations it is important to model the pile soil system
as close to the real situations as possible. Because pile exposed to varying combination of loads

like static, dynamic loads in, down ward, uplift, lateral and inclined load directions.
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APPENDIX A

Borehole Data for Wegagen Bank
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Borehole Data for Commercial Bank of Ethiopia
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