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ABSTRACT

Insitu Stresses and Capacity of Driven Piles in Sand

Mohab Sabry, Ph.D.
Concordia University, 2005

Pile foundations are used extensively around the world to support both inland and
offshore structures, including important structures such as nuclear plants and oil drilling
platforms. Pile foundations are known to resist higher compression and uplift loading as
compared to shallow foundations. The common factor in resisting the compression and
the tensile loading is the friction, which takes place between the pile and the soil.

Pile foundations can be categorized as bored and driven piles. Bored piles
installed in sand are known to provide relatively low capacity as compared to driven piles
under the same condition. This is due the effect of the pile driving process.

The estimation of the shaft resistance of driven piles remains empirical at best.
The changes in the insitu stress levels as a result of pile installation are quite often
overestimated/underestimated leading to unsafe/uneconomic design of the foundations.
The objective of this study is to examine the changes in the insitu stresses during the pile
driving process, and accordingly to predict the pile capacity. In order to achieve these
objectives, numerical model is developed to simulate the process of pile installation and
link the cavity expansion to the pile installation and pile diameter. During this research
program the changes in the soil mass due to pile installation will be recorded.
Furthermore, the changes of the OCR around the pile will be examined and its effects on

the earth pressure acting on the pile’s shaft will be evaluated. Based on the results of the
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present investigation, design theory is proposed to account for the effect of pile diameter
during installation in dry sand.

In order to achieve these objectives, a numerical model utilizing the finite element
method of analysis combined with the theory of cavity expansion is developed. This
model is capable of predicting the magnitude and the distribution of the coefficient earth
pressure acting on the pile’s shaft and accordingly the overconsolidation ratio. Based on
the result obtained from the numerical model, an analytical model was developed to
incorporate the findings observed from the numerical model. The analytical model will
be then presented in the form of design procedure and design charts for practical use. The
theories developed herein compared well with the available laboratory and field

experimental data.
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CHAPTER 1
INTRODUCTION

1.1 General

Pile foundations are used extensively around the world to support both inland and
offshore structures, including important structures such as nuclear plants and oil drilling
platforms. Pile foundations are known to resist higher compression and uplift loading as
compared to shallow foundations. The common factor in resisting the compression and
the tensile loading is friction, which takes place between the pile and the soil.

The estimation of the capacity of vertical pile driven into sand involves
considerable uncertainty and simplifying assumptions. Quite often the design does not
follow the physical process of the pile installation. The current practice in evaluating the
shaft resistance, considers the pile length, angle of shearing resistance of the sand, and
the angle of friction between the pile’s shaft and the soil as the only governing
parameters. The pile shaft resistance is also affected by the method of installation
whether it is hammered or jacked into the soil. Furthermore, the soil state (normally
consolidated or over consolidated) is also a major factor in determining the shaft
resistance of these piles.

In the literature, several simplifying assumptions were introduced to develop
analytical and empirical methods for the design of driven piles. Theories developed based
on laboratory test results assume that the soil is normally consolidated, while most of the
soil prepared in laboratories are in the state of overconsolidation. Furthermore, in

numerical modeling for driven piles, the pile is placed in the soil as if it is a bored pile.



1.2 Purpose and Scope of Thesis

It is evident that additional research is needed in several key areas dealing with piles
driven in cohesionless soil. Particular attention should be paid to the effect of pile
installation and the level of overconsolidation of the soil on the initial stress level in the
surrounding soil medium, and accordingly on the pile capacity.

The objectives of the present investigation are:

a) To conduct a literature review and to prepare the state of the art report on the
subject matter. Special emphasis will be placed on the limitations and the basic
assumptions used in developing bearing capacity theories for piles in sand.

b) To develop a numerical model to simulate the process of pile installation, and to
establish the stress condition before and after pile installation. More specifically,
the distribution of the earth pressure during the installation process, and
accordingly the change in the level of the soil overconsolidation.

¢) To develop a analytical model capable of incorporating the effect of pile
installation on the pile capacity. Furthermore, to develop design procedure and

chart, which can be used in practice.

1.3 Organization of Thesis

A literature review of the subject is presented in chapter 2. Chapter 3 presents the
numerical model, while chapter 4 presents the analytical model. A section on the validity
of the proposed models with full-scale load test results is also presented in Chapter 4.A

practical design procedure for estimating bearing capacity of single piles driven in sand is



included in Chapter 4. Conclusions drawn from the present study and recommendations

for future study are given in chapter 5.



CHAPTER 2
LITERATURE REVIEW

2.1 Pile Capacity

There are two conventional approaches in calculating the ultimate bearing capacity of
single pile: The static approach, which relates the measured soil properties and the pile
properties to the pile load capacity; and a dynamic approach, which estimates the load
capacity of a driven pile from the analysis of its installation data. Only the static approach
is reviewed herein because it is related to the present study.

The ultimate bearing capacity of a single pile driven in sand is generated from two
components: The pile shaft resistance and the tip resistance. (Fig. 2.1)
Hence:
Q=Q+Q (2.1)
Where:
Q. = Ultimate bearing capacity of pile
Qs = Shaft resistance
Qq = tip resistance

Conceptually, the prediction of the ultimate pile capacity using Eq. (2.1) depends

heavily on the estimation of Qg and Q.



Qu

Q:

Figure 2.1 Single pile under axial load.



2.1.1 Shaft Resistance, Q,

The shaft resistance is usually evaluated by integrating the pile — sand shear stress. T¢ at
any depth is assumed to be a function of the effective normal stress ¢’, exerted on the

pile by the surrounding sand at the same depth.

Thus:

Tf= 0O’y tan o, (2.2)
Where

9, = angle of friction between the pile and the sand at depth z.

The effective normal stress 6’ is a function of the effective vertical stress ¢’, as:
oh=K,0’, (2.3)
Where

K; = Coefficient of lateral earth pressure at depth z.

By substituting Eq. (2.3) in Eq. (2.2)

=K, 0’,tan 9, (2.4)

By integrating over the pile depth L, Q, can be obtained:

Q.= [(@D)(z,)(dz)

L
Q.= 7D IO';KZ tan 0, (dz) (2.5)

Where:
D = pile’s diameter

L = pile embedment length



The parameters K, and 9, are not easy to evaluate given the soil/pile conditions

(Kraft, 1991). In fact these parameters depend on the soil characteristics, pile
characteristics, method of pile installation and the type of loading, beside the testing
technique and the procedure used for predicting these values (Hanna and Saad, 2001).
Due to the difficulties in evaluating the values of these parameters, numerous
recommendations are given in the literature and are listed in Table 2.1. It can be noted

from this table that a wide range of the angle (8) and the coefficient (K) are used for

design purposes. Another concern in selecting the coefficient (K) is that the coefficient of
lateral earth pressure depends further on the initial value of the coefficient of earth
pressure at rest, K,. Accordingly, it can be reported herein that researchers had ignored
some governing parameters in order to simplify the calculation.

Bolton (1986) studied the effect of sand dilatancy on the shaft resistance and how
it affects the angle of shearing resistance of the soil. Hanna and Tan (1973) and Feda
(1976) studied the effect of residual stresses on the pile, which is generated from the
method of installation. Das (1989) studied the shaft resistance in different sand types
(loose, medium and dense). Some other researchers presented the factors that affect the
shaft resistance; nevertheless they did not incorporate them in a design formula or
procedure (Tsien, 1986 Mochtar and Edil, 1988 and Leland, 1991). It is evident that
combining these governing parameters in one single theory is not an easy task, which

explains the wide discrepancies noted among design theories.

2.1.2 Tip Resistance

The ultimate tip resistance of an axially loaded vertical pile in sand is conventionally

evaluated by:



Table 2.1 Methods for predicting the pile shaft resistance.

Investigato Reference Side Friction Pile Type K d
r No.
1 Poulos- Davis, F, (K{ano’_) HP 0.8 30
(1980) Others 0.4 30
2 Bustamante, o,q.RVN, [ [
Van Impe 1986
3 Tomlinson, 1967 (K/K K, tan (8/6)9,6° HP K.pmt 2/3 ¢ spt
Pipe 0.5Kopmt | 2/3 ¢ spt
Slurry 67K pmt 0.8 o spt
Cased 67K pmt 213 6 spt
4 Mayerhof, 1956 K’ G ytan & Driven 1.5-2.3 40-44.5
Drilled 1 40-46
5 Mosher, 1984 f-zcurve | e | e
6 Kulhawy, 1983 Ko,tand | - | -
CPT correlation
7 Meyerhof, 1976 NS5O | e b e
8 Meyerhof, 1976 K 6’y tand HP 0.5 35
Pipe 0.57
Slurry 0.45
Cased 0.5
9 Be Beer, 1976 CPT correlation —
10 API, RP2A, 1987 K o,, tan & HP 0.8 15-35
Pipe 0.9
11 Nottingham, 1975 Limiting f; Driven 1 24.6
Drilled 1 30
12 Nordlund, 1980 K (sin (w + 8)/cos )G’ o HP Kopmt 26
Pipe K,pmt 24
Drilled 0.4 37
13 Rees — O’Neill, o'y | - | |
1988
14 Coyl — Castello, K o, tan & (pipe) Pipe 0.7 30.4-31.2
1981 fs(HP)
15 Can. Foun. Eng. Bo’ Driven | ----- | e
Manual
16 Denis — Olson, CPTf, | e | e e
1983

8 = Mobilized angle of friction along the side of the pile
o = Empirical factor
pmt = Pressure Meter Test

K = Coefficient of earth pressure

K, = Coefficient of earth pressure at rst
G‘,, = Normal effective stress

¢ = Angle of shearing resistance of the sand

B = Empirical factor
fs = Friction
F,, =Vertical force




Qp=(0"No) Ap (2.6)
Where

0’, = effective vertical stress at the pile tip level

Ny = Bearing capacity factor

A, = cross-sectional area of pile tip

Figure 2.2 presents the theoretical values of (Ng) as produced by different
researchers, where wide discrepancies can be observed. These discrepancies can be
attributed to lack of ability to evaluate the state of stresses in the surrounding sand after
pile installation.

Armale and Esail (1987) introduced an empirical scheme for simulating the non-
linear point resistance response of single piles in cohesionless soils. The pile-soil
interaction was idealized by using a one dimensional finite element technique. It was
reported that the proposed method is very complicated and contains several variables and
constants that do not provide practical procedure to evaluate the response of axially
loaded piles. The one-dimensional finite element technique is substituted by two-
dimensional finite element that gives more accurate results and reliability. Abu Keefa
(1998) developed a general regression neural network (GRNN) to predict the tip, shaft
and total pile capacity. He used a database that includes full-scale and laboratory test
results. Abu Keefa limited the input data to the pile length, cross-sectional area and the
angle of shearing resistance of the sand, while he ignored the other key factors such as
the pile/sand angle of friction and the coefficient of earth pressure, which had led to

errors in the predictions.
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Some researchers attempted to evaluate the tip resistance using the field test
results of the Standard Penetration Tests (SPT) and the Cone Penetration Test (CPT), (De
Beer 1972, Been et al 1986). It should be made clear herein while the SPT and the CPT
can predict the soil condition; they do not provide any information about the installation

effect and the pile characteristics.

2.2 Pile Driving Simulation

The effect of pile installation remained an outstanding problem in the evaluation of the
capacity. Vesic (1972) presented a solution for driven piles using the expansion of
spherical and cylindrical cavities in a soil possessing both cohesion and friction. He took
into account the effects of volume change in the plastic region around the pile’s shaft. He

presented the following Equation:

=0 2.7)

Where:

o, = radial normal stress

o, = circumferential normal stress

r = the distance of an element to the center of the cavity.

The condition of rupture, according to Mohr-Coulomb criteria, becomes

(0 - 6,) = (06: + G,) sin ¢ + 2c cos ¢ (2.8)
Substituting Eq. (2.7) into (2.8) and applying the limit equilibrium analysis: Thus

O, +ccotg 1-sing

= - 2.9)
o, tccotg 1+sing

o; = py for r = R, the following solution of the differential Eq. (2.7) can be obtained

11
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4sin ¢ /(1+sin ¢)
) ~ccot (2.10)

O, = (py + c cot (D)( “

r

Where:

¢ = cohesion of soil

pu = the ultimate pressure,

R, = the radius of the plastic zone.

These parameters were determined based on the assumption that the change of volume of
the cavity is equal to the change of volume of the elastic and plastic zones. Thus:

RP_

—r =3I, (2.11)

Rll

Furthermore:

[ =—t _sp (2.12)

I, =G/s

Where:

G = shear modulus of soil

I,=rigidity index

s = initial shear strength s = c+q tan ¢

¢, = volume change factor

I; was then calculated and presented in tables. Knowing the ratio Ry/R,, the ultimate
cavity pressure can be computed. The result is presented in this form.

P, =cF. + qF, (2.13)
Where F. and F, are dimensionless spherical cavity expansion factors; presented in the

form of charts in Figure 2.4. In case of cylindrical cavity:
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—E=I', sec¢ (2.14)

Where I’\; = the reducing rigidity index
r,=¢lI, (2.15)
¢, = the volume change for a cylindrical cavity

The ultimate cavity pressure, p,, can be computed from Eq. (2.13) using the
cylindrical cavity expansion factors F’y, F’¢ , which can be obtained from Figure 2.4. The
average volumetric strain was introduced as a known quantity, while it is a function of
the stress conditions in the plastic zone.

Alsiny et al. (1992) performed a series of experimental tests in which the cavity
of a thick-walled hollow cylindrical sand specimen was inflated under volume-controlled
plane strain conditions. The study was made to evaluate the localized and diffused
deformation modes in the dry sand. From these tests it was found that both diffused and
localized deformation modes occur in dense sand when the specimen of an aspect ratio of
1/10 is inflated under constant external pressure. The mechanical response of the tested
sand is modeled by incremental elastoplastic constitutive equations. These constitutive
equations involve an incrementally linear Hook’s law, a linear Mohr-Coulomb yield
condition, and a non-associative potential flow rule. The general form of the constitutive

equations for axisymetric, plane—strain, rectilinear cavity expansion are

AGC = Lyryy A€gy+ Lirr A€y (2.16)
A, = Lygye A+ Ly Ay, (2.17)
Aer= A B + A B p" (2.18)
Ae,= A pPT + A p7! (2.19)
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Where

Lirgo Lirrr, Logge Logrr = Components of the elastoplastic stiffness matrix.

TTgg, 0000,
A€y, Ag,, = strain increments in polar co-ordinates
From Eq. (2.16) to (2.19) the incremental radial and circumferential stress were

expressed as:

AGlT = Alpﬂl_l (ert%? + errrlBl ) + AZIOﬂZ_] (erOB + errrﬂZ) (220)

Acee = Alpﬁl_l (LHHHH + LHHrrﬂl ) + A2pﬁ2-l (LGHGB + LHHrrﬂZ) (221)

Alsiny et al. indicated that the integration constants A; and A, could not be
determined directly from the boundary conditions because the exponent B; and [, are

functions of the r coordinate. The authors conducted equilibrium bifurcation analysis for
elements of each ring, which was determined by dividing the cylinder into a collection of
separate rings, each being uniform under axisymmetric stress and strain state. It was
stated that deformation localization might occur when the hardening modulus h;, which is
a parameter used to evaluate the components of the elastoplastic stiffness matrix when it

reaches a critical value

h = Gu-p° (2.22)
8s(1—v)

L = mobilized friction factor
B = mobilized dilatancy factor
v = Poisson’s ratio

S = mean Stress
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The measurement techniques used in the tests did not allow accurate detection of
either the onset or the growth of the deformation modes. Furthermore, it can be noted
from the differential cavity pressure versus cavity volume change curves that the
axisymmetric deformations can be reproduced by means of a simple elastoplastic
hardening/softening constitutive model.

Collins et al. (1992) presented theoretical solutions for the expansion of
cylindrical and spherical cavities in sand. The paper concentrated on large strain
conditions for cavities expanding from initial radius of zero in cohesionless elastic/plastic
materials. One of the basic assumptions used in this theory is the existence of a critical
state at which the sand deforms without any plastic volume change; accordingly, the
dilation angle is zero. The authors divided the cavity expansion into two regions; namely
the elastic and the elastic/plastic regions. A formula was presented to calculate the radial
strain and stress for each zone. Thus for the elastic region the displacement is given as

follows:

r

k
u= g,{fj R (2.23)

Where

€r= is the circumferential strain at the elastic/plastic boundary (r = R).

R = radius of the elastic/plastic boundary
The radial and circumferential stress components are given by
O: = Po + 2Gker(R/1)*!; 6, = po — 2Ge(R/r)*"! (2.24)

Where:

Po =existing isotropic stress state
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k =1, for the cylindrical cavity and 2 for the spherical cavity

Accordingly, the mean pressure, and hence the state parameterl, are both
unaltered by the elastic deformation. At the elastic/plastic boundary 6./, = N, where N,

= N(&,) corresponds to the initial value of &, so that from Eq. (2.24) the following

Equation can be produced:

€r= (N, — D)po/(N, + k)2G (2.25)
Furthermore, the radial stress at the elastic/plastic boundary is given as:

or= (1 + K)Nopo/(Not+k) (2.26)

The authors concluded that the material elements at the cavity wall are always at
the critical state. Even if the sand is initially at a critical condition, it will compact and
end up at a denser critical state. From the results presented, it was found that the value of
the ratio of the cavity wall pressure to the initial effective stress, which corresponds to the
normalized tip resistance in a cone penetrometer test, depends not only on the initial
values of the state parameter, but also on the initial values of the void ratio. In this
investigation, the sand initial state was not taken into consideration; in addition,
neglecting the dilation effect will lead to unrealistic results as the soil can go beyond the
critical state.

Mabsout and Tassoulas (1992) and Mabsout et al.(1995) conducted analysis of
pile driving using finite element technique taking into account the non-linear behaviour
of undrained clayey soil and tracing the penetration of the pile into soil. The main interest
behind this paper was the dynamic modeling of pile driving. They have developed a three
dimensional model, which was simplified to a two-dimensional analysis due to the

axisymmetric nature of the problem. The author expected that the soil in the vicinity of
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the pile would undergo large deformation as a result of the pile penetration. Accordingly,
a non-linear analysis was incorporated in the finite element model. An assumption was
made that the path in the strain space is straight, and the constitutive equations can be
integrated along this path, leading to an incremental linearized form. During the analysis
of a load increment, the variables are updated in the problem configuration upon the
completion of the analysis for the step. The pile was modeled such that it will have a little
deformation during the process of pile driving and remains in the elastic range. Special
absorbing boundaries at the soil were incorporated; the role of such boundaries was to
transmit the incident waves resulting from the driving process, and, therefore, prevent
their reflection, thus avoiding a spurious response. The boundary conditions follow the
one-dimensional wave equation formulation for rods:

au: 1 du

—_— = 2.27
ox c ot ( )
c,.= —pcd (2.28)
Where:

p = density of the rod
¢ = pressure-wave velocity of the rod

The pile-soil interface used in this investigation was modeled such that it permits
large relative sliding between the pile and the soil, and allows separation if tension occurs
along the interface. The analysis was applied on a pile having a diameter of 0.5m and
length of 20m (L/D = 40). The tip was taken as parabolic in shape (Figure 2.5) to

facilitate the numerical model procedure. The compressive strength of concrete . is
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Figure 2.5 Description of the pile-driving problem; after Mabsout et al., (1995)
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Figure 2.6 Finite element discretization of the pile-driving system; after Mabsout et
al., (1996).
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taken as 27500 kPa. The modulus of elasticity E, was therefore computed as 24.8 x 10°
kPa. Poisson’s ratio of concrete Vv is set equal to 0.2 and its density p. equal to 2.4 x 10°

Kg/m®. The damping ratio of the concrete pile at the natural frequency was estimated as
0.03; considering the pile was fixed at the tip.

The voids ratio was assumed constant over the soil profile and equal to 0.63, and
the soil specific gravity Sg as 2.6. It was also assumed that the coefficient of lateral earth
pressure is equal to unity. Therefore, at a depth Z below the surface of the soil, the initial

effective radial and hoop stress, 6/(Z) and 64(Z), are equal to the effective vertical stress

G6,Z). The axisymmetric finite element mesh employed in discretizing the pile-soil
system is shown in Figure (2.6). It consists of 1719 elements (including pressure, viscous
transmitting, and contact elements) and 4185 nodes. The pre-bored pile is shown at a
penetrated depth AL of 18m. A narrow opening (hole) below the tip of the pile was
provided to facilitate the computational penetration of the pile upon driving. The
diameter of this hole was taken as 1% of the diameter of the pile. The hammer blows on
the pile were represented by a forcing function applied at the top of the pile as shown in
Figure 2.7. The study was limited to deal with undrained conditions under which the soil
matrix is fully saturated. The simulation tests were carried for both compression and
extension at various levels of the overconsolidation ratio (OCR). The analysis was mainly
base on one hammer blow on the pile head. The effect of the pre-boring level was
investigated, and it was ascertained that more resistance to driving is encountered at
deeper pre-bored levels, in the stronger soil strata. A case was selected where several

consecutive blows were applied to the pile and the corresponding responses were
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compared. This study was limited to clay; however, it can be extended to cover the case
of sand.

Salgado and Jamiolkowski (1997) presented a theory, based on cavity expansion and
stress relation analyses for computing the cone penetration resistance of sand. The theory
developed was based on the analysis of calibration chamber tests. As presented in Figure
2.8 the authors described the stress increase that takes place around the expanding cavity
by three distinct zones depending on the induced strain levels. In the linear elastic zone
the strains are so small that the soil behaves as a linear-elastic material. In the nonlinear
elastic zone the material has yielded, moving into the nonlinear stress-strain range, but
the stresses are not large enough to produce a failure state. Finally, in the plastic zone the

stresses are large enough to cause failure. The stress field established around the
expanding cavity is characterized by the radial normal stress ©,, which is the major
principle stress, and the circumferential normal stress ¢,, which is the minor principle
stress in all cases, at each point in the elastic and the plastic zones. The strain was
accordingly described by &, and &,.

Salgado and Jamiolkowski (1997) assumed that the cavity expansion takes place
under plane strain condition i.e. there is no normal strain in the vertical direction (g, = 0).

The analysis done to the elastic zone was taken from a region between radius R and outer
radius B (see Figure 2.8). This region is subjected to an internal pressure that has
increased from p, to the current radial normal stress ©, at r = R. The strain-displacement
relations and the equilibrium equation at a point distant r from the cavity axis become,

respectively:
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Figure 2.7 Assumed forcing function simulating a hammer blow; after Mabsout et
al., (1996).

Figure 2.8 Cylindrical cavity expansion model proposed by Salgado and

Jamiolkowski 1997.
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du, u

E = ; Ey =—— 2.29
r d}" 8 r ( )
From (2.29)
g =90%) (2.30)
dr

At the elastic-plastic interface (r = R), the radial normal stress 6, and the circumferential

strain €, can be expressed as

Op—p, = £ (2.31)

Where:
N, = tan’(45 + ¢,/2)

0p = the peak friction angle

2
1+ 4] R
Np ~lp B
£, =—€, = =2 > (2.32)
N,+12G }{ R)
1+ —
B
Where 8 = constant that depends on the boundary conditions, given by
-1<d < 1-2v

v = Poisson’s ratio
The authors didn’t provide a method to determine the value of the shear modulus

“G”. He left it up to the judgment and the experience of the designer and the boundary
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conditions of the problem. In the plastic zone the author provided a relation between the

radial and circumferential stresses in the plastic range, as follows:
O; - G, = (G, - G,) sin ¢
Where ¢; was assumed to be any value between the critical ¢. and the peak ¢p.

The mean effective stress p’ is given by
’—1[1+ 1+ o (2.33)
p 3 H N /) .

Where L parameter used to compute the normal stress perpendicular to the deformation

plane in plane-strain case.
1 o
U= 5(1 +sin@sin )

o =0+ 0.8y
W = angle of dialation
It was defined that if all operative values of the friction angle ¢ and elements flow

number N exist for the plastic zone, then the cavity pressure can be formulated as:

(N-1)/N
p=0, (gj (2.34)

Verification was done by using 400 calibration chamber tests. The factor taken into
account in this study is the relative density, horizontal stress and the boundary conditions.
It was noted that the OCR was not taken into account and the vertical stresses were not
applied in analytical modeling. The use of cavity expansion in predicting the pile

penetration was not clearly presented.
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Ladanyi and Foriero (1998) developed a numerical solution of spherical and
cylindrical expansion problem in sand. The proposed theory developed was based on the
following assumptions:

1- The media is homogeneous, isotropic, infinite and weightless.

2- The effect of the rate of strain is neglected, and it is assumed that in every point of the
medium affected by the expansion of the cavity, the medium has the same stress-
shear strain-volume strain characteristics as those obtained in drained triaxial
compression tests.

3- Before cavity expansion, the state of stress in the medium is isotropic.

4- The cavity expansion took place from zero-radius under the drained condition.

The theory developed was based on four cases of simulation, performed by changing
the consolidation porosity on two spherical cavities and two cylindrical cavities.

The author applied compatibility and equilibrium equation to the cavity expansion

problem. The compatibility condition is enforced by observing the distortion of y planes

initially inclined at 45° from the principle planes of stress (see Figure 2.9)

Accordingly:
tan(zr— +ZJ = M(d_aj (2.35)
4 2 Pr=pi\ 2

Where p is the distance of an arbitrary point from the centre of the cavity after a

radius expansion from p =0 to p =1, and dat is an infinitesimal angle marking the summit
of a pyramid defining the elementary volume. The authors developed a formula to
determine the radial displacement at any arbitrary point once the distortion 7y is

determined.
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(a) The state before cavity expansion.

I (8)

(b) The state after cavity expansion.

Figure 2.9 Diagram utilized in the calculation of the distortion; after Ladanyi and
Foriero, (1998).
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1/(c+])
" 2tan(gj
Do Pl \2) (2.36)

ror 1+ tan(}/)
2
Where:
¢ =is taken as 2 for spherical and 1 for cylindrical cavity expansions.

u, = displacement in the radial direction of a point lying at a distance p from the line of

symmetry of the cavity expansion.
r = cavity radius

Computer implementation was used to determine the strain field presented by the
relation between the volumetric stain and the shear strain. It was also used to determine
the stress field with the aid of the experimentally obtained drained triaxial test results.

The solution obtained by using an appropriate interpolation method for finding
the values in between the experimental data takes into account the combined effects of no
linearity of stress-strain curves up to the critical state, no linearity of the failure envelope,
and pressure-dependent volumetric-strain due to compression and dilation of the sand.
Being based on experimental stress-strain curves, the solution did not explicitly define
the “elastic” and “plastic” zones around the cavity, but implies a continuity of
mobilization of shear strength of sand as a function of cavity-expansion-induced shear
strain.

Mabsout et al. (1999) conducted a numerical investigation to simulate the pile
driving by using the cavity expansion theory. The objective of this study was to develop
an alternative method proposed by Ladanyi and Foriero (1998) to simulate the pile

driving process. The authors reported that their previous model was not practical for day-
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to-day use. Two models were created the first one the pile was installed at a
predetermined depth by hammering and the second model was installing the pile to the

same depth by cavity expansion. The soil used in the investigation was modeled as

plastic, isotropic, cohesive soils. The total stress in saturated &}, clays was obtained by
adding the pore-water pressure 4 to the effective stress 6 so that:

T .

G =0, +ud; (2.37)
Where Sij is the Kronecker delta

The pile-driving model refers to the axisymmetric finite-element mesh described
in Figure (2.6), where the pile was pre-bored at 18m; the discretization was based on the
conventional eight-node isoperimetric elements. A 50 cm cylindrical concrete pile and
20m long and its parabolic tip extend over a depth of 1 m. The pile material was assumed
to behave as linear elastic. For the driving procedure was similar to the authors’ previous
work on the subject matter (Mabsout and Tassoulas 1992). Results of pile response, and
soil resistance and behaviour, were compared to the expansion procedure as an
alternative model for pile driving.

Koltz and Taylor (2002) performed a series of centrifuge tests on an
instrumented model pile driven in carbonated sands and quartz sands. The objective of
this study was to demonstrate that the current pile design practices are not applicable to
all type of sands and further; there is no relationship between the pile capacity and the
relative density of the sand. They reported that the design methods when applied to
quartz sand it leads to a very conservative design while in carbonate sands the pile

capacity can be over predicted. It was found that normalization using a straight critical
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statec line and either a stress state parameters Ry or a volume parameter \ gave good

correlation with the bearing capacity factor Ng.

2.3 Discussion and Scope of Present Research

It can be noticed that most of the theories developed for driven piles are based on a factor
used to reflect the increase in the value of the coefficient of earth pressure, which was
originally developed for bored piles. The factor used is mainly based on practical or
experimental experience, ignoring the factors that affect the piles during installation. On
the other hand theoretical investigations were developed for the study of cavity
expansions, nevertheless, the results were not incorporated in the calculation of piles
capacity. Limited number of investigations was developed to study the change of the
stresses around the pile’s shaft during the installation process, and how it affects its
capacity. Driven piles are highly influenced by the diameter of the pile not only by
increasing the shaft area of the pile but also increasing the passive earth pressure acting
on the shaft.

The objective of this study is to develop a numerical model to simulate pile
installation utilizing the cavity expansion technique. Furthermore, the changes in the soil
mass during pile installation will be monitored in order to establish the role of the
governing parameters in the produced pile capacity. The changes in the OCR values
along the pile will be examined during the installation process. The contribution of the

diameter of the pile to the increase of the insitu stresses will be reported.
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CHAPTER 3
NUMERICAL MODEL

3.1 General

In this chapter, a numerical model is developed to simulate the driving process of a single
pile in sand. The objective of this model is to study the effect of the pile installation
process on both the passive earth pressure developed on the pile’s shaft and the
overconsolidation ratio in the sand mass and, hence, on the ultimate pile capacity. A
procedure was developed to simulate the driving process in the sand using the cavity
expansion technique and the finite element approach. The effects on the ultimate capacity
of the pile will be presented in terms of the variation of the coefficient of earth pressure
“Ks” for the shaft resistance and the bearing capacity factor “Ng” for the tip resistance.
Based on the results of this analysis, it was possible to define the strain field variation
around the pile’s shaft during pile installation and loading stages. These findings have
been used to develop a guideline for the spacing of piles in a group in order to avoid
overlap of stresses. Furthermore, the results of this study will define the contribution of
the driving process to the pile capacity as compared to bored piles. The stress and strain
fields generated around the pile’s shaft and tip would constitute the base for the analytical

model presented later in Chapter 4.

3.2 Numerical Model

The numerical model developed in the present investigation was constructed using the

non-linear elasto-plastic finite element approach. The model was developed to idealize
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the installation process through a cavity expansion and the loading process of driven
piles. To be able to generate the model the computer program “Plaxis” is used in these
analyses. Plaxis began in 1987 at the Technical University of Delft as an initiative of the
Dutch Department of Public Work and Water Management. It is specially intended for
the analysis of deformation and stability in geotechnical engineering projects. There are a
number of soil models available that can be used to perform a non-linear analysis of a

problem using the finite element technique.

3.2.1 Finite Element Idealization

The configuration of the finite element mesh is dependent on the size of the pile and the
range of deformations expected through the analysis. The region of interest of the stress
and strain fields is limited to a few diameters around the pile. Axisymmetric finite
element analysis using a mesh with its axis coincides with the axis of the pile was
employed to idealize the problem. In order to develop and design the appropriate finite
element mesh capable of simulating all the construction activities, preliminary tests were
performed using a relatively coarse mesh to establish the stress concentrations zones.
This information was used to create a refined finite element model. The nodes of the
vertical boundary were fixed against displacement in horizontal direction; yet remain free
to move vertically. The nodes constituting the bottom of the mesh were fixed against
displacement in both horizontal and vertical directions. The interface medium between
the pile shaft and the surrounding soil continuum was idealized using special type
interface elements to simulate the friction and to allow for slip between the pile and the
surrounding soil.

To simulate the pile installation process, a prescribed displacement, equivalent to
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the pile’s diameter was applied to the soil along the perimeter of the pile as shown in
Figure 3.1. A hole of 0.08m in diameter was first created as the initial size of the cavity to
facilitate the computational process and to allow the axis of symmetry to be free from
nodes. Figure 3.2 shows the developed finite element mesh, where the boundaries were
chosen at a distance of 50 times the pile radius in the horizontal direction and 1.5 times
the pile length in the vertical direction (Randolph, 1977) in order to avoid the effects of
the mesh boundaries on the stress and strain through the zone of interest around the pile
shaft and beneath the pile tip.

Through the analyses, both the soil and the pile were simulated utilizing the 15-
nodes triangle elements with a quadratic displacement function. Two different
constitutive models were used to simulate the stress strain behavior of both the concrete
piles and the surrounding soil. Linear elastic constitutive model was utilized to simulate
the stress-strain behavior of the concrete piles since the maximum stresses generated on
the pile during installation and loading would not exceed the yielding limit of the pile
material. The parameters used for the concrete piles constitutive model are shown in
Table 3.1. The subsurface condition through the analyses was chosen as a homogeneous
isotropic sandy soil. The elastic-perfectly plastic Mohr Coulomb constitutive model was
used to update the sandy soil stress strain behaviour. Sand is assumed dry and
homogenous. Table 3.2 presents different parameters used for the sandy soil constitutive

model at different relative densities ranging from loose to dense state.
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Figure 3.1 Layout of the numerical model.
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Table 3.1 Typical data input for modeling the pile material

Parameter Symbol Value
Young’s modulus E’ 3%10" kKN/m*
Unit weight y 24 kN/m’
Poisson’s ratio v’ 0.2
Interface angle of friction ) 2/3¢p — 1/3¢

Table 3.2 Typical Input Data for the Sand.

Parameter Loose Sand” | Medium Sand™ | Dense Sand” | Unit
Dry unit weight, y 17 18 19 kN/m®
Young’s modulus, E*' 2 *10° 4*10* 6*10° | kN/m’
Poisson’s ratio, vy, 0.3 0.3 0.3 -
Angle of shearing 30 35 40 Degrees
Resistance, ¢
Angle of dilatation**, y 1 5 10 Degrees

* Kolar and Nemec (1989)
* * Bolton (1986)
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3.2.2 Pile Installation Simulation

In order to simulate the driving process of a single pile in sand, the model must be
capable of measuring the insitu stresses developed around the pile’s shaft. To achieve this
objective, the pile’s driving process was divided into three stages as illustrated in Figure
3.3.

In the first stage, an initial opening of a value of (r,) was first created in the sand
mass; the interface elements were then placed along the opening walls to represent the
pile/sand interface. To simulate the insertion of the pile in the sand mass, a prescribed
displacement was generated progressively along the pile’s perimeter and in the
axisymmetrical direction. This prescribed displacement, will act as a cylindrical cavity in

the surrounding sand continuum. The amount of the displacement (Ar) has been taken

place progressively with a maximum value equal to the pile diameter (D) where:
D =2*(r, + Ar) 3.1

In the second stage, the pile elements were introduced to fill up the produced
cavity. This stage acts as a transition stage between the pile installation process and the
loading process where the insitu stresses are adjusted due to the pile presence and the
removing of the prescribed displacement force. In this stage the residual stresses
generated during the pile installation process were considered as the initial loading
condition on the pile and carried over to the loading stage.

In the third stage, the pile was loaded up to the failure point, and the load-
settlement characteristics were recorded. The results produced in the third stage would
show the changes in the insitu stresses generated in the soil mass after installation up to

the failure point.
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3.3 Model Validation

The proposed model was validated by the laboratory test results (Hanna and Nguyen,
2002). The layout of the set-up for the experimental investigation is shown in Figure 3. 4.
The experimental set-up comprises a 1.22m x 2.13m x 2.13m steel frame-testing tank,
designed for testing piles up to 1.7m long and 0.076m in diameter. The placement of sand
in the testing tank was carried out by depositing sand through a distributing hopper
installed on carriage traveling back and forth over the test tank. Provisions were made to
permit regulating the flow rate of sand, the speed of carriage travel and dropping distance
of the sand. Once the tank is filled, the model pile can be pushed into the sand deposit by
a strain-controlled screw jack attached to the loading column.

Piles were tested vertically under compression. The piles used in that
investigation were 0.076m and 0.038m in outside diameter. The model piles were made
of steel. Their surface was made rough by gluing sandpaper on the pile, in order to

simulate the condition of concrete piles. The unit weight of the sand (}) was 15.6KN/m’

with ¢ = 43°, The results of the validation are presented in Table 3.3. It can be noted by

comparing the numerical results with the experimental results that there is a good
agreement between both data. Additional validation of the numerical model with full

scale pile load test will be presented in Chapter 4 of this thesis.
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Figure 3.4 Schematic diagram of the experimental set-up; after Hanna and Nguyen
(2002).
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Table 3.3 Results of Model Validation

Type of Qi (kN)
: L L/D
Model Pile (mm) Numerical | Experimental
S
g 2
E g 1525 20 16.65 18.24
© 3
)
5 1525 40 8.60 9.79
g ‘g 1143 30 2.89 3.56
% 3 762 20 1.60 1.78
A 381 10 6.00 5.34

3.4 Study and Analysis of Numerical Model Results

The results of this investigation produced in the form of undeformed/deformed mesh,
horizontal stresses, vertical stresses, shear stresses, horizontal strain, vertical strain and
the rupture surface in the sand mass. Typical plots and study of these results are presented

in the following sections.

3.4.1 Load Settlement Relationship

Figure 3.5 presents typical load-settlement curves for the 6m pile with different diameters
driven in sand. It can be noted from this Figure that the capacity of the pile increases due
to an increase of its diameter. Thus it should be made clear here that pile diameter
contributes significantly to the driven pile capacity in three different ways; increasing the
pile’s shaft and hence the area subjected to skin friction, increasing the tip area of the pile

and further increasing the passive earth pressure acting on the pile’s shaft.
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Figure 3.5 Typical load/settlement curves for the 6m pile driven in loose sand.
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3.4.2 Stresses Variation Around and Beneath the Pile

Figure 3.6 presents the undeformed/deformed mesh in the displaced elements due to the
cavity expansion developed along the pile length. In this figure, the pile elements were
introduced in the cavity to simulate the pile material.

Figure 3.7 (a and b) presents typical horizontal and vertical stresses in the sand
mass. It can be noted from these Figures that the majority of the horizontal stresses were
developed during the cavity expansion stage, and accordingly, the increase in the earth
pressure acting on the pile’s shaft. On the other hand, the vertical stresses are mainly
generated during the loading stage of the pile and accordingly, the vertical stresses
increase around the pile’s tip.

Figure 3.8 presents the shear stresses on the interface element along the pile’s
shaft. The shear stresses results are of great importance to monitor the level of
mobilization of the shaft resistance. In the present investigation the pile will continue

loading until full mobilization of friction on the pile shaft.
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Figure 3.6 Typical undeformed/deformed mesh for a 6m-pile length.
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(a) Horizontal stresses

(b) Vertical stresses

Figure 3.7 Distribution of horizontal and vertical stresses around the pile’s shaft.
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Figure 3.8 Typical shear stress distributions on the pile’s shaft.

46



Figure 3.9 presents the effective horizontal pressure acting on the pile’s shaft
before and after pile installation. It can be noted from this figure that the horizontal
stresses in the soil mass increased signifigantly due to pile installation. This increase was
due to the radial compaction, which took place during the cavity expansion. It should be
also noted from this Figure (3.9) that the horizontal stresses were decreasing directly
below the pile’s tip up to a level less than the initial value before the pile installation.
This decrease is due to the tensile stresses that took place in the soil mass as a result of
the radial displacement. This decrease in the horizontal stresses will eventually increase
during the loading and the downward movement of the pile.

Figure 3.10 presents the effective vertical stresses in the soil mass near the pile’s
shaft before and after the pile installation. It can be noted from this figure that the vertical
stresses increase near the soil surface due to the heave that occurs on the surface as a
result of the lateral displacement of the soil. At the tip level, a sudden reduction in the
vertical stress occurs for the same reason mentioned for the horizontal stresses. This
reduction in the vertical stress will eventually vanish during loading the pile.

Figure 3.11presents typical stress-strain curves for elements along the pile’s shaft.
It can be noted from this Figure that elements, which were located deep in the soil gained

more strength than that at or near the ground surface. This is due to the increase in the

confining pressure (G,) at lower depths.
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3.4.3 Failure Mechanism

The failure pattern will be determined from the numerical model analysis results. The
failure pattern is mainly developed due to the relative displacement of the soil particles in
the soil. This movement is due to two major stages:

1- Installation stage

2- Loading stage

The main deformation that took place in the soil during installation was the lateral
movement of the soil, which generated the earth pressure needed to develop the shaft
resistance. This pattern was considered the zone of influence generated from the pile
installation. To study the zone around the pile, a typical result from the numerical test is
presented in Figure 3.12 showing the failure pattern along the pile length. By taking for

example the test data from model No. 14 (¢ = 35 and &/¢ = 0.6). The relative shear stress
distribution around the pile is presented after installation, which indicates the proximity
of the stress points to the failure envelope. The relative shear stress, T. (F.S.) is defined
as:

Trel = T/ Tiax (3.2)
Where 7 is the maximum value of shear stress (i.e. the radius of the Mohr stress circle).
The parameter Tyax is the maximum value of shear stress for the case where the Mohr’s

circle is expanded to touch the Coulomb failure envelope. From the results it was found
that the zone of influence takes a conical shape due to the cavity produced during the pile
driving. In this phase it was assumed that soil around the pile will be in a passive

condition.
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It can be reported herein that the zone of influence is not only produced during
loading the pile but also developed during the pile installation stage. The present
numerical model is capable to generate this zone of influence during both pile installation
and loading.

To easily visualize the effect of diameter on the zone of influence, the data from a
range of pile diameters varying from 0.15m to 0.50m is presented in Figure 3.13 in terms
of z/L to represent the pile length versus x/D in a non dimensional form. From the
numerical analysis it was found that the volume in this zone is affected by the amount of
displacement that happens in the sand mass, this was translated in a way that the increase
in the pile diameter increases the volume of the failure pattern which will lead to a higher
value for the coefficient of earth pressure “K;” as noted in the previous section. It is of
interest to find from this result that the relation between the zone of influence and the pile
diameter is linear since the ratio x/D is almost constant along the pile length for all pile
diameters. From here it was possible to replace these zone of influence by one general
pattern which can represent the installation of any pile what ever its length or diameter.
This typical pattern will help in developing the theoretical model in the next chapter.

The effect of length on the location of the zone of influence for a range of pile
length was plotted in Figure 3.14. For a given type of soil it was found that zone of
influence for long piles (15m, 20m) are the same and not affected by the length but for a
short pile it was found that it goes more further away from the pile axes.

Figure 3.15 shows the effect of the soil strength on the zone of influence. It is

clear that the angle ¢ has a non linear effect on the zone of influence. If we assume that

there is a constant relation between the zone of influence and the pile diameter and length
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then our only variable will be the soil strength. The zone of influence covers a larger
volume when the pile is driven in dense sand with high value of ¢, this will lead to higher
resistance during the pile driving until it reaches to a limit where the pile couldn’t be
driven. This limit will depend on the pile material and geometry (length & diameter).

After understanding the behaviour of the zone of influence and how it is affected by the
pile geometry and the soil strength, its geometry will be defined to be used in the next
chapter for developing the analytical model. As concluded from the analysis that when
the zone of influence is plotted in a non dimensional form, the variation of its pattern
location is constant with the pile length and diameter and the only variable will be the
angle of shearing resistance “¢” as noted in Figure (3.15). By observing the pattern it was
possible to be idealized by dividing it into three sections as shown in Figure 3.16. The
upper and the lower section will be covering the shaft area and the base section covers the

tip of the pile. The cone at the base will have a half angle (8, = /4 — ¢/2) according to

Mayerhof's theory. It can be noted from the numerical result for the pattern, the distance
from the pile tip to the midpoint of the pile can be idealized by a straight line “cb” having
an angle (0, = m/4—¢/2) with the horizontal. The upper section which covers the upper
half of the pile length “ab” will be idealized by a curve tangent to the line “bc” and
tangent to the ground surface. From the numerical results presented previously an
idealization for the curve in the upper part reviled that it can be described by a
logarithmic spiral curve (Figure 3.16), where it can be formulated in the following form:
z/L=be* P (3.3)

Where a and b are constants.
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In chapter 4, the three sections will be defined in details to be utilized in
determining the pile capacity based on the installation effect by utilizing the failure plane.
From the above it was clear that the zone of influence contributes to the pile capacity
after being driven since the deformation in the soil generates an earth pressure on the

pile’s shaft. This pressure will determine the shaft capacity of the pile.
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Figure 3.12 Failure pattern for a driven pile in sand.
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Figure 3.13 Zone of influence for a 15m pile length driven in sand with angle of

shearing resistance ¢ = 35.
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Figure 3.14 Zone of influence for 6, 15, 20m Pile length driven in sand with angle of

shearing resistance ¢ = 30.
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Figure 3.15 Zone of influence location in different soil Strength.
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Figure 3.16 Sketch of the zone of influence of a single pile.
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3.4.5 Distribution of Coefficient of Lateral Earth Pressure

From the produced horizontal and vertical stresses on the pile’s shaft, the coefficient of
earth pressure (K;) was calculated along the pile’s shaft. Figure 3.17 presents typical
distribution of the coefficient of earth pressure (K;) along the pile’s shaft. It can be noted
from this Figure that the K, distribution increases near the pile head and then decreases
with depth, then increases again near the pile’s tip due to arching effects, which takes
place during the pile driving and loading. It can be noted further that the values of K are
higher than that of the coefficient of earth pressure at rest (K,) due to the cavity
expansion developed in the soil, which demonstrates superiority of driven piles as
compared to bored piles under the same condition. The corresponding overconsolidation

ratios OCR were calculated as follows:

OCR = (K, /Kp)2 (Brooker and Ireland’s (1965)) 3.4)
Where

K, = Coefficient of passive earth pressure [K, = tan (45 + 0/2)°].

The deduced values of the OCR are given in Figure 3.18. It is important to note
that a value of OCR > 1 shows the level of overconsolidation in the sand mass around the

pile’s shaft.
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Figure 3.17 Distribution of the Coefficient of earth pressure along the pile’s shaft.
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Figure 3.18 Distribution of the Overconsolidation ratio along the pile’s shaft.
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3.5 Sensitivity Analyses

After validating fhe numerical model, the model was then used to generate data to
examine the parameters seemed to govern the behaviour of driven piles in sand these
include: are the soil angle of shearing resistance, pile diameter, pile length and the
roughness of pile shaft surface. Table 3.4 presents the numerical testing program and
typical results on a wide range of pile lengths and diameters driven in sand having an
angle of shear resistance ¢ =35°. The ultimate pile capacity is evaluated by identifying the
point of maximum curvature on the load - settlement curve. In this analysis, 24 pile
models were developed and divided into three groups. 216 numerical tests were
performed within the range of the soil and the pile parameters presented in Tables 3.1 and

3.2
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Table 3.4 Typical test result (¢ = 35°).
Test No. Pile Length, | Pile Diameter, | Slenderness Ratio, Ultimate Pile
L (m) D (m) L/D Capacity, Q, (kN)

1 0.15 40.00 377

2 0.20 30.00 471

3 0.25 24.00 559

4 6 0.30 20.00 660
5 0.35 17.14 679

6 0.40 15.00 735

7 0.45 13.33 792

8 0.50 12.00 848

9 0.15 100.00 1571
10 0.20 75.00 2199
11 0.25 60.00 2325
12 15 0.30 50.00 2513
13 0.35 42.86 2639
14 0.40 37.50 2890
15 0.45 33.33 3047
16 0.50 30.00 3242
17 0.15 133.33 2425
18 0.20 100.00 3054
19 0.25 80.00 3412
20 20 0.30 66.67 3682
21 0.35 57.14 4222
22 0.40 50.00 4543
23 0.45 44 .44 4857
24 0.50 40.00 5127

3.5.1 Effect of Angle of Shearing Resistance

The angle of shearing resistance (¢) has a significant role in formulating the behaviour of

driven piles. In this investigation 72 tests were conducted on loose, medium and dense
sands. Figure 3.19 shows the lateral earth pressure acting on the pile’s shaft. It can be

noted from this Figure that the lateral earth pressure acting on the pile’s shaft increases

with the increase of the angle of shearing resistance of sand (¢). Furthermore, this

increase is not linear and it increases at a higher rate due the increase of ¢. It was also

64




noted that piles driven in loose sand could mobilize the friction fully with less amount of
pile movement; however in case of dense sand, more movement is required to mobilize
the full friction on the pile’s shaft. Figure 3.20 presents a pile subjected to a partial and
full mobilization of the shaft resistance. It can be noted from this figure that the case of
partially mobilized shaft resistance would confirm the presence of the critical depth in
piles driven in sand. While if the load on the pile continued to increase, the level of the
mobilization will continue to increase and it may reach its maximum limit where the shaft
resistance is fully mobilized, where no critical depth was observed in this case. It can be
then concluded that the shear resistance should be measured after the full mobilization of
the friction on the pile’s shaft, otherwise the results and accordingly the conclusion can
misleads judgments. Also, it should be noted that, the pile material may fail before the
shaft resistance reaches its full mobilization in the case of piles driven in dense sand. This
may explain the contradictory reports found in the literature about the critical depth for

piles driven in cohesionless soil.
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Figure 3.19 Earth pressure acting on the pile length.
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Figure 3.20 Full and partial mobilization of the shear stress on the pile’s shaft.
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3.5.2 Effect of Pile Diameter

The pile diameter has an important effect on the capacity and the distribution of stresses
along the pile’s shaft. Figure 3.21 presents the distribution of the earth pressures on the
pile’s shaft. It can be noted that the pressure diagram can be divided into three zones:

1- Zone 1, which starts from the pile head and ends slightly below.

2- Zone 2, which follow zone 1 and covers the mid-section of the pile.

3- Zone 3, which located below zone 2 and ends at the tip of the pile.
The extent of each zone depends on the pile diameter, pile length and the soil friction
angle ¢.

Figures 3.22 and 3.23 present typical shear stress and earth pressure distributions
along the pile’s shaft. It can be noted from these Figures that zone 1 is very distinct and
well defined in the 6m piles; furthermore, the distribution showed a straight-line pattern.
Figure 3.24 present the length of this zone for a given pile diameter and angle of shearing

resistance ¢. It can be noted from this figure that zone 1 extends to longer depths in the

soil due to an increase in the pile diameter and the angle of shearing resistance.

It should be mentioned here that in zone 1 high level of dilations occur due to the
low confining pressure near the ground surface. Furthermore, the higher the radial
displacement of the sand the deeper this zone goes. By comparing Figure 3.23 for a 6m-
pile length and Figure 3.25 for a 15m pile length it can be concluded that zone 1 is

mainly governed by the angle of shearing resistance (¢) of the sand and pile diameter (D)

but the pile length has no role in defining this zone. The following empirical formula is
proposed to estimate the length of zone 1.

L =¢4.3D +0.65) Where: ¢ is in radians (3.5
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Figure 3.21 Location of stress zones.
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Figure 3.22 Shear stress distribution along the pile length (L=6m and ¢ = 35°).
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Figure 3.23 Earth pressure distribution along the pile length (LL.=6m and ¢ = 35°).
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Figure 3.25 Shear stress distribution along the pile length (L=15m and ¢ = 35°).
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Figures 3.26, 3.27 and 3.28 present the variation of the coefficient of earth

pressure along the pile length for a range of pile diameters. Each figure represents the
variation in a specific sand type, which were indicated by the angle ¢. It can be noted that

the coefficient of earth pressure (Kj) reaches very high values for the 6m piles. This can
be explained by the fact that the earth pressure at this zone is much higher than the
overburden pressure. It can be noted that the value of K reached to a maximum value of
20 at the end of zone 1 for the case of pile of 0.5m in diameter, driven in sand having of

¢ = 30°; while it reaches a value of 45 for the case of ¢ = 35° and a value of 83 for ¢ =

40°. Similar values were observed for longer piles (see Figure 3.29). As noticed the
values of the K are higher than the value of K, for the case of normally consolidated
sand. This indicates that the overconsolidation of the sand mass takes place due to the
radial displacement produced during the pile installation and accordingly, the
interlocking between pressure soil particles. The following formula was developed in this
investigation to evaluate the coefficient of earth pressure in this zone:
Ki=0.6ze™ +5tan ¢ + 6 Where: 0<z<L, (3.6)
Figure 3.30 presents graphically the values of the coefficient of earth pressure
versus (Li/D) at zone 1. From this chart the average coefficient of earth pressure for zone
1 can be determined for a range of ¢ values. Figure 3.31 presents the change in OCR
along the pile length. It can be noted that the OCR was not affected by the increase of the
pile length; similar to the coefficient of earth pressure since both values are interrelated to
each other. It can be further reported that zone 1 is a highly disturbed zone due to pile
installation. Accordingly, the pile diameter is the only parameter, which plays an

important role in defining the depth of this zone in the soil mass.
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Figure 3.26 Coefficient of earth pressure distribution along the pile length
(L= 6m, ¢ = 30°)
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Figure 3.27 Coefficient of earth pressure distribution along the pile length
(L= 6m, ¢ = 35°).
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Figure 3.29 Coefficient of earth pressure distribution along the pile length
(L =15m, ¢ = 40°).
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Figure 3.31 Overconsolidation ratio (OCR) along the pile length (L.
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The distribution of the earth pressure and the shear stress along the pile length in
zone 2 presented in Figures 3.32 and 3.33, respectively. It can be noted that in zone 2 the
carth pressure and the shear stresses increase linearly along the pile length (see also
Figure 3.22 and 3.23). This can be explained by the fact that the soil was unable to dilate
as in zone 1 due to the high confining stresses resulting from the overburden pressure
where the soil does not reach to its critical state. Furthermore, in this zone the overburden
pressure increases with depth to a value closer to the primary stress due to the high earth
pressure produced by the radial displacement. Zone 2 is more pronounced in longer piles
and it is not affected by the pile head and the tip zones (i.e. zone 1 and zone 3). The
increase in the earth pressure due to the pile’s diameter is clearly recognized in this zone.
It is also noted that the critical depth was not observed herein, to the contrary to what has
been reported in the literature. This can be explained, as the critical depth was determined
according to the case of partially mobilized friction on the pile’s shaft, while it is well
established that the shaft resistance reaches full mobilization at the ultimate capacity of
the pile (Franke 1993). Furthermore, due to the increase in the earth pressure on the pile’s
shaft, the critical depth may be pushed deeper and can be found at a greater depth, where
it will not be recognized. It is also noted that the effect of the pile’s diameter beyond
0.35m is little or none. From the coefficient of earth pressure distribution along the pile
length in the mid zone presented in Figure 3.34, it can be noted that a linear increase in
the earth pressure is reflected on the values of the coefficient of earth pressure. This can
be explained by the fact that the movement of the sand particles in this zone is uniform

along the pile’s depth, which will result in a constant ratio between the earth pressure and
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the overburden pressure. This constant ratio will be achieved in longer piles, where the
value of Ks tends to be fixed for these piles. It can be also noted from Figure 3.34 that the
average value of the coefficient of earth pressure in this zone is less than that of the
previous zone and the deeper the pile the less the value of K until it reaches a value close
to the case of normally consolidated sand K.

Figures 3.35 to 3.37 is the variation of the OCR along the pile length for a range

of pile diameters. The OCR decreases along the pile length tending to reach a constant

value for long piles (20m) in loose sand ¢ = 30°. OCR range from 1 — 4.5 for 0.15 — 0.5m
pile diameter respectively, for pile in medium ¢ =35° sand OCR = 2 — 8.5 and for
¢=40°, OCR = 4.5 — 16. In this investigation, the following formula is proposed to

evaluate the K in zone 2:
D 0.7 tan $+0.02

K, =250tan* q)(—j (3.7)
z

Where :
Lifz<L,
The length L, is affected by zone 3, accordingly, it will be determined based on the

analysis for this zone.
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Figure 3.32 Earth pressure along the pile length (L = 15m, ¢ = 30°)
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Figure 3.33 Shear stress along the pile length (L = 15m, ¢ = 30°).
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Figure 3.34 Coefficient of earth pressure along the pile length (L = 15m, ¢ = 30°).
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Figure 3.35 Overconsolidation ratio (OCR) along the pile length (L = 20m, ¢ = 30°).
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Figure 3.36 Overconsolidation ratio (OCR) along the pile length (L. = 20m, ¢ = 35°).
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Figure 3.37 Overconsolidation ratio (OCR) along the pile length (L = 20m, ¢ = 40°).
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Zone 3 is recognized by the sudden increase in the earth pressure at a rate higher
than that of zone 2. The sudden increase in the earth pressure in this zone is mainly due to
arching, which takes place below the pile tip, as a result of the downward movement of
the pile.

The depth of zone 3 on the pile shaft depends on the pile movement and the radial
displacement of the surrounding sand. Referring to Figure (3.22), it can be noted that this
zone is hardly recognized for the 0.15m diameter pile, on the other hand it is well
pronounced with the increase of the pile’s diameter. Figure 3.38 presents the ratio
between the depth of zone 3 with the pile’s diameter (Ls/D) and the total pile length. It
can be noted from this figure that the depth of zone 3 is reduced with the increase of pile
length. This reduction is due to the increase of the overburden pressure up to a maximum

value at the pile tip. An empirical formula is presented to define this zone taking into
account the pile length and diameter and the angle of shearing resistance of the sand (¢):

L, =L - D [(0.02 - 0.1 tan(9)) L + 6.5 tan (¢) — 1] (3.8)

Referring to Figure 3.32, it can be noted that this zone is relatively small in long
piles with L/D < 15, therefore it can be neglected in evaluating the pile performance.
Referring to Figure 3.34, the coefficient of earth pressure, K increases in this zone,
however, it never reaches a high value as occurred in zone 1. The OCR follows the same
trend as K (see Figure 3.35 to 3.37). The variation of the coefficient of earth pressure
versus the L/D ratio in zone 3 can be summarized in the chart at Figure 3.39, where the
depth of this zone can be easily determined for any given pile/depth. It can also be

formulated in the following expression:
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K,,-K
Kg = LL—’ (L-z) + K, (3.9)

K, = tan® (/4 + ¢/2)
After reaching the peek value, both K and the OCR decrease until they reach the values
for the normally consolidated case at the pile tip.

Figure 3.40 presents a typical data generated from a 6m pile, where the unit

average shear resistance versus the pile’s diameter for values of ¢. It can be noted that the
diameter for pile driven in sand of higher value of the angle ¢ generate more shearing

resistance than if the pile was driven in lower value of the angle ¢. The reason is that for

loose sand there are larger voids than dense sand so the increase in diameter will compact
more the soil around the pile and most of the lateral movement is absorbed by the
surrounding soil. It can be noted also that there is no much gain in the unit shaft
resistance due to the increase in pile’s diameter after a certain limit, beyond which the
yielding of the soil takes place due to the cavity expansion. This is specially noticed in

case of low soil strength (¢ = 30); as due to the increase of the pile diameter from 45cm

to 50cm, the unit shaft resistance was increased by only 10%.
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Figure 3.38 Length of zone 3 versus pile length.
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3.5.3 Effect of Pile Length

The pile length is known as the major contributor to the pile capacity. Besides the facts
that an increase in the pile length will increase the surface area of the shaft, it will also
bring the pile tip to a deeper quite often-stronger soil layer. In deeper soil, the sand is
more densified due to the increase of the overburden pressure.

Figures 3.41 to 3.43 present the average coefficient of earth pressure, K versus a
range of pile’s length. In general, it can be noted that the values of K decreases due to an
increase of the pile length. This is mainly due to the increase in the overburden pressure.
It can be also noted that the rate of decrease of K decreases along the pile length. This
means that the average value of K, remains approximately the same beyond a certain
depth. From these results it can be noted that the coefficient of earth pressure reaches a
maximum value at the ground surface and decreases to a constant value at large depths,
due to the high overburden pressure where the interlocking between the soil particles
increases. For example, it can be realized that there is no much change in the value of K
if a pile has diameter less than 0.2m and goes longer than 15m in sand of ¢ = 35°.

Figures 3.44 and 3.45 present the average OCR versus a range of pile’s length. It
is indicated from these figures that the average OCR decreases with the increase of pile
length. It is noted that the average OCR is high for short piles this is due to the high OCR
near the ground surface because of the low overburden pressure and high vertical stresses
due to soil displacement and the particles upward movement due to the cavity produced
from the pile driving. The deeper the pile goes into the soil, zone 1 and zone 3 become
apart from each other as shown in previous section. This leads to minimize their effect on

the over all average of the OCR average distribution on the pile shaft. This indicates that
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zone | and zone 3 have more effect in short piles than that in long piles. Generally, from
this analysis it can be concluded that the appearance of the critical depth as noted by
several researchers (Vesic 1964 & 1970) and (Meyerhof 1951 & 1975) was not observed
in this investigation. On the other hand this observation was confirmed by (Fellenius
1995), (Altaee et al. 1993) & (Kulhawy 1984). This is because the critical depth can be
observed as a result of incomplete friction mobilization on the pile shaft. If however, a
full mobilization takes place the presence of critical depth will vanish. Another
possibility could be due to the large deformation, which may take place in the soil due to
the pile installation, and accordingly, it will push the critical depth to deeper layers,
beyond the pile length. This issue needs to be examined experimentally to come to a clear
and firm judgment taking into account the residual stresses resulted from the pile driving

and not resetting the gauges to zero before loading the pile.
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3.5.4 Effect of Roughness of Pile’s Shaft Surface

The pile/soil interface was modeled using a special type interface element. Three
different &/¢ values were used in this investigation to study the effect of the pile
roughness on the surrounding soil and accordingly on the pile performance. Figure 3.47
presents the shear stress along the pile’s shaft for different degree of roughness of the

pile’s shaft represented by the ratio 6/¢. It can be noted that the shear stress increases on

the pile shaft with the increase of 6/¢. Figure 3.48 represents the pile surface roughness
versus the earth pressure acting on its shaft. It can be noted from this Figure that the ratio
d/¢ does not contribute to the values of the coefficient of earth pressure and accordingly

to the OCR. This phenomenon contradicts the theory of earth pressure for rough walls
(Caquot and Kerisel, 1949). This is due to the downward and lateral movements of the
soil, which is associated with the pile installation. The earth pressure will be determined
herein on the light of the failure mechanism, which will provide an explanation for the
evaluation of the coefficient of earth pressure acting on the pile’s shaft as an independent
parameter from the shaft friction. From Figure 3.49 it is possible to obtain the average

coefficient of earth pressure for driven pile, knowing the angle of shearing resistance ¢

and the ratio L/D. From this chart, it is possible to determine the coefficient of earth
pressure developed on the pile’s shaft due to its installation.

Figure 3.50 presents the state of stresses around the pile in terms of the value of
the OCR along the pile’s shaft, as a result of the horizontal displacement caused by pile
installation. From this chart it can be concluded that the sand around the pile is subjected

to residual stresses caused the process of pile installation. From the chart, it can be noted
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that for higher values of ¢ and same L/D value the overconsolidation value reaches to

higher values on the logarithmic scale. The reason behind this result is that the voids
between the sand particle for dense sand is minimum which gives no room for the
particles to rearrange its location to achieve a more relaxing state of stresses. Also by
installing bigger pile diameter (<L/D) in loose to medium sand will lead the sand close to
the pile shaft to occupy most or all the voids. When the voids are being fully occupied by
the sand particle stresses will start to build up, which will lead to higher values for the

coefficient of earth, pressure and in order to higher value of OCR.
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Figure 3.47 Shear stress versus pile length
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3.6 Effect of Pile Installation on Group Action

3.6.1 Horizontal Strain

The objective of this study was to evaluate the soil behaviour to the pile installation
process at different zones. Figure 3.51 presents the horizontal displacements measured at
selected horizontal sections along the pile shaft. It can be noted from this figure that the
effect of pile installation is uniform along the entire depth of the pile except near the tip.
This is due to the fact that at the tip zone, the soil is subjected to both horizontal and
vertical movements, resulted from the downward movement of the pile. This movement
causes arching effect around the pile’s tip (Robisky et al. 1964). It can be noted from
Figure 3.52 that large piles in diameter affect a larger area than that of smaller piles. To
put this in a general relation Figure 3.53 is introduced. From this chart it will be fair to
say that for a pile driven in a soil having an angle of shearing resistance of 30, whatever
the diameter is, that after 4D from the pile axis the effect of installation is minimum.
From Figure 3.54 it is possible to note the effect of installation in different sand strength
starting from sand having an angle of shearing resistance of 30° to a maximum of 40°.
Figure 3.55 summarizes the horizontal displacement resulted from driven piles. By

knowing the value of ¢ the value of R/D can be estimated where R is the radius of the

zone where beyond it there is no pile driving effect.

3.6.2 Vertical Strain

Figure 3.56 presents a comparison between the horizontal and vertical displacement
along a horizontal section in the soil mass. It can be noted that the vertical displacement

is relatively smaller than that of the horizontal displacement. Thus, it can be concluded
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that the horizontal displacement is dominating and significant as compare to the vertical
displacement. In this analysis, the location of section produced minimum displacement in
the soil mass was defined. This data was used to generate a chart presented in Figure 3.55
to assist designer to establish the spacing between piles in pile groups and soil

improvement applications.

3.6.3 Pile Group Calculation

From the above analysis it was possible to utilize the numerical results in producing a
method to predict the pile group capacity. From the theory of cavity expansion it is
known that a particle of soil “x” located at a distance r, from the pile axis moves to a

distance “r” after pile installation where a change in radial stresses on this particle “c,”

bad

will be resulted and a change of horizontal stresses on the pile shaft “or” will occur

(Clemente and Sayed 1991).
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Where:
or = (K- K,) oy o,=YL (3.10)
By plotting the ratio 6,/cr versus 1/R where R is the pile radius, a non dimensional chart

was produced as presented in Figure 3.57. In this case r is considered the distance
between the pile axis and the neighbouring pile. The ultimate group load capacity in this

case could be calculated from:
Q, =Y [(K,0, +Ac, )tan(®)A, +Q, ], G.11)
i=1

Where “n” is the number of piles in the group, Q is the ultimate pile tip capacity of
individual piles in the group. Ac; is the increase of horizontal stresses caused from the
neighbouring pile as shown in Figure 3.58. For example a pile located in middle of the
group (surrounded by four piles) then AG, = 4 * &, but if it is located at the corner of the
group (Surrounded by two piles) Then Ac, = 2 * ¢, and so on. So A6, can be calculated as

follows:

(A = Zn:(cr)k (3.12)
k=1

ki

116



Figure 3.57 Ratio 6,/og versus r/R.
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Figure 3.58 Pile group arrangement
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3.7 Superiority and Limitations of Driven piles

In this section analysis was performed to demonstrate the superiority of driven piles over
the bored pile. Figure 3.59 presents the numerical model for the case of bored pile. The
size of the mesh and the boundary conditions were taken similar to that of the driven pile
to maintain consistency. The pile material elements filled a hole, which has a diameter
equal to pile diameter. The constitutive laws of the soil and the pile material were the
same as for the case of driven piles. The pile was then pushed into the soil (Controlled
displacement) to failure.

The difference between bored and driven piles can be well investigated by
comparing the change in shear stress along the pile length as can be presented in Figure
3.60. The shear stress generated on a bored pile is much less than that of driven piles
which gives the driven pile higher capacity compared to the bored pile having the same
length and diameter and placed in the same sand medium. On the other hand the high
shear stress on driven piles will limit its length especially in medium to dense sand. To
find out why driven piles generate higher shear stress on its shaft than that of bored piles
a study on the earth pressure is applied taking into account the geometry of the pile

(length and diameter) and the sand property (angle ¢).

The earth pressure acting on the pile is highly affected by the insitu stresses in the
surrounding soil. From the previous analysis of driven piles it was found that the value of
K¢ was within the passive zone, which gives a high indication how the insitu stresses are
disturbed due to the driving of the pile. Bored piles are known to cause no displacement
to the soil, and accordingly, the coefficient of earth pressure is assumed to be at the rest

state. The change in earth pressure along the pile length is presented by Ky/K, in Figure
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3.61. Where Kj, is the coefficient of earth pressure along the bored pile length and K, is
the coefficient of earth pressure at rest. It can be noted that there is no significant change
in earth pressure along the pile length whether it is long pile (20m) or short pile (6m)
other than slight increase near the ground surface which doesn’t have any effect on the
shear resistance due to the low overburden pressure in this area. Usually in the site the
value of K at the surface is higher than that in the ground due to high over consolidation
ratio which generated due to loading the pile since the soil particles are free to move and
they tend to move downward with pile.

Figure 3.62 presents the variation of value Ky/K, along the pile length for a range
of pile diameters. As presented earlier driven pile diameter is directly proportion to the
earth pressure and contributes to the shaft resistance. Bored pile showed no effect from
increasing the pile diameter. This is because there is no lateral displacement for the soil
particles due to installing the pile. The soil around the bored pile is kept theoretically in
its original place after the pile is in place.

Figure 3.63 presents the variation of value Ky/K, along the pile length for a range

of angle ¢. Similarly it can be noted that bored piles in sand do not contribute to any

changes in the insitu stresses.

120



Vertical

Displacement

\ Soil

Element

Interface
Line

Bored Pile
Element

Boundary
Conditions

X v

Figure 3.59 Bored Pile Model.

121




Shear Stress, *c(kN/mz)

400 500 600 700 800
,,,,, 1 ),, ——
| |
o
|
| |
[ ‘ 7
Driven Pile
| \ |
| | D
| | £
' by AN\
~ 1 R
E 10 - N (.
N X
= | 8 L
75 | \\§
2 N
: \
g N
] I % \
‘ i V.
= !
& 15 e e - !
o | ‘
Bored Pile |

20 = |

Figure 3.60 Shear stress for a bored and a driven pile (D= 0.30m, ¢ = 30°).
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Figure 3.61 Typical distribution of ratio K/K, with respect to z/L.
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As it shown above that the insitu stresses around bored piles are not affected by the
pile length, diameter and sand type. Although driven piles have some advantages over
bored pile but still there is limitation for using them in practice.

Based on the above analysis, it was possible to give a limitation of driving piles in
sand based on the following:

1. The pile diameter

2. The pile length

3. The pile material

4. Surface roughness of the pile surface (&/9)

5. The angle of shearing resistance of sand
From analyzing the results generated from the numerical model charts were created in
Figure 3.64 to 3.66 showing the maximum L/D could be achieved for a given pile

diameter and angle of shearing resistance ¢. These charts give guidance for selecting and

predicting the refusal depth of piles during their installation. Driven piles used in
construction are mainly made of two materials either concrete or steel. Concrete piles are
much weaker than steel piles when it comes to driving in sand. In general, the strength of
concrete used in driven piles does not exceed 50MPa. The charts produced are based on
this strength to show limitations for driving concrete piles in sand taking into account the

above factors.
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From these charts it is possible to predict the location of the refusal depth for a
range of pile diameters starting from 0.15m — 0.50m having a surface roughness range

from &/¢ = 1/3 — 2/3 driven in sand having an angle of shearing resistance from 30 — 40

degrees. From the charts it is evidence that when the diameter of the pile increases the
shallower depth of the pile will be reached, and the more smoother the pile’s shaft the
deeper the pile can be installed and finally the higher the soil strength the pile length will
significantly reduced until a limit where shallow foundation will be more suitable and
economical. It is also clear from the chart that piles having a 0.5m pile diameter can be
taken as a maximum in terms of unit pile capacity q, after that the increase of the pile
diameter has no major effect since the earth pressure generated from the cavity expansion
due to installation reached its ultimate value. If the designer finds that the precast
concrete pile will not satisfy the loading condition then the next alternative is to switch to
steel shafts, which have a higher capacity reaching 300MPa based on the wall thickness
and outer diameter. For higher values of L/D then the buckling, which will occur in long
piles will govern the choice of the pile geometry. This could be done in a separate study
since it is not in the scope of the current investigation.

The charts indicated above provide a guideline for driven pile selection based on
diameter and length according to the soil condition available in site, it is also possible to
control the surface finish of the precast concrete during fabrication to determine the

surface roughness of the pile.
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CHAPTER 4
ANALYTICAL MODELS

4.1 General

The deduced failure pattern and influence zones from the results of the numerical model
were idealized herein. In this chapter, analytical models will be developed to simulate the
pile installation process and the loading condition. Accordingly, the theory developed

incorporates the parameters, which were overlooked in the previous theories.

4.2 Analytical Models

The pile capacity, Q, is made of two components, one is generated from the friction
along the pile’s shaft, which is called the shaft resistance, Qg and the second component is
generated from the base resistance, Q. Thus:

Qu=Qs +Q 4.1)
Although the two components are interdependent on each other (Hanna & Nguyen, 2002

and 2003), quit often designer evaluates each component separately.
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4.2.1 Analytical model based on zone of influence

The observed zone of influence from the numerical model developed in the present
investigation consisted of an inverted bell shape around the pile axis is used in this
chapter to develop an analytical model (Figure 4.1). This zone constitutes the failure
mechanism, which will take place around the pile’s shaft at the ultimate point. By
applying the limit equilibrium method of analysis, the ultimate capacity of the pile can be
determined, which takes into account the pile installation and loading conditions. The
observed failure mechanism was idealized in a dimensional format in this chapter as

follows (Figure 4.2):

1. The upper section (a-b), which was created from logarithmic spiral curve, which is
tangent to the ground level and terminates at the middle of the pile length.

2. The lower section (b-c), which was created from a straight line making an angle
(0 = /4-¢/2) with the horizontal and is tangent to the logarithmic spiral at the upper
section and ends at the tip level.

3. The base section is an integrated part of the model plane and it effects the dimensions
of the lower and uppers sections. The base section is created from a cone wedge (edf)
having a tip angle (n/2-¢) (Meyerhof 1951) and a logarithmic spiral connecting (d-c).

The zone of influence plane revolves around the pile axis creating an axisymmetrical

stress condition. The geometry of the plane is defined starting from the base section

ending at the ground surface as follows:

D
=1, = 4.2
(@ =r 2cos(m/44+0/2) 4.2)
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Figure 4.1 Observed zone of influence from the numerical test results.
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Figure 4.2 Sketch of the proposed zone of influence around a single pile in sand.
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The equation representing the log-spiral curve is given as follows:
ry =1, e’ 4.3)
Where:
r, = radius of log-spiral at an angle ®
Xp =1, e T o (4.4)

Substitute (4.2) in (4.4) then:

D e(3/4n~¢/2)tan¢
X, = — +1 4.5)
2\ 2cos(m/4+0/2)

Considering the plane (c-b); a straight line having an angle (0" = n/4-¢/2), then:

X1 =X, + 1/2L tan (w/4-¢/2) (4.6)
Since the upper section is taken as a logarithmic spiral tangent to line (c-b) and tangent to
the ground surface then it can be defined as follows (referring to Figure 4.3):

Xo=Xi+ X"+ X" (4.7)

X can be determined from Eq (4.6).

X" =ry sin (02) 4.8)
Where:
r =T, ooltan & (4.9)

I, can be defined as follows:

Y2 L=, cos (03) — 11€08 (L) 4.10)
=T, g™t tan® put o = ™ 1an®
I =r, e(xl tan(¢) put B _ eal tan()
Li=0ar,cos o, — P, cos o Li=%L 4.11)
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Then
ro =L,/ (ctcos o, — B cos )

Furthermore,

o, =0, + 0L, + 0O

X" can be calculated by substituting Eqs (4.11) & (4.12) in (4.8)

X" =r,sin¢

Substituting the values of X" and X"’ in Eq. (4.7):

Xo=Xj + 17 8in (0p) + 12 8in ¢

The center of the logarithmic spiral connecting (b-c) can be located as follows
Horizontally from the pile axis = X; + X"

Vertically from the ground surface =L; +r; cos ()
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Figure 4.3 Geometrical properties of zone of influence of the upper section.
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4.2.2.1 Shaft Resistance:

The shaft resistance is usually calculated as follows:

Qs = Py, tan (3) (4.18)
Furthermore:
Pi=%2yL K Aq 4.19)

Where

v = Effective unit weight of soil

L =Pile length

A = Pile shaft surface area

K = Coefficient of earth pressure

Referring to Figure (4.3)

dL; =r, e”®"* (sin §)/cos ¢) dw

Knowing: d=n-0+¢

dL; =, ¢”™"* (sin (0—9) / cos ¢) do (4.20)
The horizontal component of the shearing force acting on the failure mechanism will

constitute the earth pressure acting on the pile’s shaft.
Py, = f " f ' dF, .dL.de' 4.21)

Where:
Pn1 = the horizontal earth pressure
F; = the horizontal component of the shearing resistance acting on the rupture surface

L, = pile length of the upper section

0' = angle of rotation around the pile axis
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The variation of shear stress along the rupture surface was determined using Kotter's
differential equation. This equation expresses the relationship between the resultant stress
acting on the rupture surface at the critical state of limit equilibrium, and the radius of
curvature of this surface.

The following simplifying assumptions were considered:

1. The sand is at the state of equilibrium; that is Mohr-Coulomb failure criterion is
satisfied (T = G, tan ¢) where T and G, are shear stress and normal stress respectively.

2. The case of plane stress condition is considered; i.e. the stresses acting on the rupture
surface depend on two coordinates in a semi-infinite mass, namely, the depth of a given
point and the distance of that point from the pile’s axis.

3. As the problem of pile capacity is a three-dimensional axisymmetrical problem in
physical reality, a solution can be obtained by integrating the resulting stresses from the
plane stress condition around the axis of the pile.

Thus, Kotter's differential equation for case of shaft resistance can be written in the

following form:
dt . .
?‘E+2ﬂan¢ = ysin@.sin(d + @).p (4.22)

Where:

T = shear stress along the rupture surface

O = angle between the horizontal and the rupture surface
p = radius of curvature of rupture surface

In case of log-spiral rupture surface p is given by the following expression:
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p=re? (\/1 +tan’ ¢): o (4.23)

cos¢

From the geometry of the rupture surface shown in Figure (4.3b) 3 can be evaluated by

using this formula:

O=T2-80+0+m2-38+¢ (4.24)
Thus:
d=n-0+¢

Differentiating with respect to ®, then dd = -d®

Equation (4.22) can be written in the following form:
dt .
o 27tan ¢ = —v.r,.tan ¢.sin(®w— 2¢) (4.25)
®
Solving Eq. (4.25) to find 7 leads to:

7= 4 299y r cos(w—3¢)sin(p) (4.26)

Since T=0 when ® = 04

Then

C- Y 1y cos(3/4 7 - 3/2¢).sin(¢) (4.27)
(74

o = %) (4.27b)

The horizontal component of the shearing resistance (F;) acting on the failure surface can
be calculated by considering the shearing resistance acting on an elemental area on the

surface of the log-spiral (Figure 4.3b).
dF; = 1 cosec () sin(d+¢) X dL do’ (4.28)

The horizontal distance “X” from the pile axis to the failure surface can be determined as
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follows:

X=X"+X (4.29)
Where:

X = radius of revolution of element circular area (x/D)

X' = distance between log-spiral and bottom end of upper section (x'/D)

X' =X"-X, (4.30)
X, =71, c0s (W-1/2) (4.31)
X'=X" ~r_cos (0 -7/2) 4.32)

Substitute the values of r; and r, in Eq. (4.32) from which the value of X can be

calculated from Eq. (4.29)
X =1, B sin (o) — 1, e” " cos (w - /2) +X (4.33)

Substitute the values of T, X and sin 8 from Eqs. (4.20), (4.26) & (4.27) in (4.28). The

earth pressure for driven single pile is given by the following equation:

w tan(¢)
I'OC

X.dwde' (4.34)

Py = ff Siz¢.sin(8+¢).

cos(9)
Due to the formula length resulted from this integration it is presented in Appendix 1.
The earth pressure generated from the upper section (abgh) and the lower section (bcfg)

formulates the shaft resistance. Thus, the weight of the soil wedge “abcfgh” is determined

as follows.
W,=W;+ W, (435)
W, =7V, (4.36)

2

Vam 2 [ (X, X, - "L z,) (4.37)

4
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Where

D = Pile diameter

X & X, = radius of revolution of elemental circular area for the end of upper and lower
sections respectively.

X1 =Xz + L, /tan(0) (4.38)
From (4.37) and (4.38) the integration will lead to the following equation:

D’

V, =m/3LD*(1 —%)(Xf +X,X, +X3) - L, (4.39)

where z;/L =0.5

The determination of the earth pressure acting on the pile’s shaft requires the evaluation
of the shear stresses acting on the failure surface. The failure wedge in the soil mass is
made of a trapezoidal wedge as “bcfg” as shown in Figure (4.4). The forces acting on the
wedge are:

1- Weight of the wedge Wo.

2- Weight of surcharge coming from the upper section W.

3- Passive force developed during the pile installation Pyp.

4- The resultant of the shear and normal forces along the potential failure surface “bc”.
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Figure 4.4 Geometrical properties of the mid section.

143



For equilibrium of the wedge “bcfg” the horizontal force, Py, is calculated as follows:
P,, = (W, + W, )(cosBsin 8+ cos’ tan 6) (4.40)
Where 6 was assumed to have a value of nt/4—¢/2.

W is the weight of the soil in the volume (V) of the breaking out sand mass in the upper
section (abhg), which can be calculated by integrating an elemental circular area of radius

of revolution (x) on the total length of this section (L,). (Figure 4.2)
V, = ['nx’dL, -1/4nD’L, (4.41)

From equation (4.3), (4.20), (4.32) and (4.33), the integration of Eq. (4.41) yields the

following equation:
_ 42y 132 : otan¢ s 2 wtang : wtan ¢
V, = nf fD [Br, sin(at,) +1,¢ sin(m) + X, ] [roe SIn®—r,e cos®tan ¢}ia)
—1/41D’L, (4.42)

The integration of this formula is presented in Appendix 2.

Thus;

W=7V, (4.43)
After calculating the earth pressure developed from the upper section (Py;) and the lower
section (Ppy), it is possible to calculate the average earth pressure developed on the pile

“Pgy” and thereafter the shaft resistance Qs can be calculated from Eq (4.18):
Qs = Py, tan o

Where:

0 = Angle of Friction between the pile shaft and soil.

P;,, can be formulated as follows:
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Peay = V2 YL’ RDK, (4.44)
It can be noted that from Eq (4.44) the coefficient of earth pressure “K;” is a governing
parameter in the determination of the earth pressure and accordingly the shaft resistance
“Q,”. It is of interest to note that the resulting K value takes into account both the pile
length and the pile diameter.

Figure 4.5 presents a comparison between the results of the present analytical model with
those produced from the numerical model (see Figure 3.49). It can be noted that in
general a good agreement can be found. However, for higher values of L/D (>70), the
values of Ks are higher than that of the numerical model. This can be explained by the
fact that the method of limit equilibrium does not take into account the driving effect. In
section 4.2.2 the shaft resistance will be re-evaluated according to the stress zone of
influence, which is a proposed method of analyses to takes into account the driving effect

on the pile shaft.
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4.2.2.2 Tip Resistance
The tip resistance is generally evaluated as follows:
Q=g AN, (4.45)

Where:
qo = effective vertical stress at the pile tip level
A = Base area of the pile
Ny = Bearing capacity factor
In the literature, the values proposed for Ny varied dramatically from one theory to
another. This can be explained by the fact that namely due to the changes in the insitu
stresses due to installation, which in turn affect the values of the OCR in the sand mass
around the tip. Eventually, these changes were not taken into consideration in developing
the existing theories.
Since the problem of vertical pile subjected to an axial load is symmetrical one, thus the
calculations will be performed on a half of the pile. In this analysis, the failure surface
generated around the pile’s tip was assumed to be a logarithmically spiral, Figure 4.6.
Then by applying the principle of limit equilibrium, the mechanism comprises two zones:

1- A triangular wedge, “fdc” moving down with the footing as a rigid body.

2- A logarithmic spiral wedge “cdf”.
Consider the uniform surcharge pressure acting on “fc” results from W; and W,. Such
that:

q=—tW, (4.46)

2

D
n(T+X§)

Accordingly:
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q; acting on “fd” can be evaluated based on the prandtl mechanism as:
qi=qe> 2 (4.47)

The equilibrium of the vertical forces acting on the wedge “fdc” yields the following

relation.

q: B= gB cosec (o'1.¢) e “*™" — 1/2 yB* cot o) (4.48)

qe = qu cosec (o'1.9) 2“2 1/2 yB cot o'y (4.49)

where o, = /4 - /2 (4.50a)
1

then: o'y = 3n/4-¢/2 (4.50b)

It can be also written in this form:

q=qNg-2YBN, 4.51)
Where:
N, = cosec (o}40) e “? ™" (4.52)

The second part of Eq (4.51) can be neglected due to the small base of pile as compared
to shallow foundation. The tip resistance can be then calculated as:

Qi=7L Nq A (4.53)
The values of Ny was plotted versus the angle ¢ in figure 4.7 for practicing use . From
this chart it can be noted that the value of Ny increases with the increase of the soil
strength, which is represented by the angle of shearing resistance, ¢.

The present theory is capable to determine the values of the two factors (K, Ng), which
governs the ultimate capacity of the pile taking into account the effect of the pile

diameter, length and the effect of installation.
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Figure 4.7 Design Chart for Bearing Capacity Factors, N,
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4.2.2 Analytical model based on Stress Pattern

The stress pattern deduced from the numerical model developed in the present
investigation was divided into three zones (zone 1, zone 2 and zone 3). The length of
each zone was defined in terms of pile length, diameter and the angle of shearing
resistance with the exception of zone 1, which was defined in terms of pile diameter and
the angle of shearing resistance. Figure 4.8 presents a schematic sketch of these three
zones. The horizontal stresses in each zone were evaluated using the coefficient of earth

pressure for that zone. Thus, the shaft resistance will be formulated as follows:
3

Q, =2 P;tand (4.54)
i=1

Where:
P, : Earth pressure in zone |
Py, : Earth pressure in zone 2

Pg3 : Earth pressure in zone 3

L1
P, =D (2K dz (4.55)
0
ML,-L,
P, =71D J.(Ksz.y.z+Kq2.q,)dz} (4.56)
L o
L-L,
P, =7D J‘(Kﬂ.y.z+Kq3.q2)dz} (4.57)
. 0
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Figure 4.8 Sketch showing the horizontal stress distribution on the pile’s shaft.
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Where:

K.
= (Costet and Sanglerat 1982)

K, =——+7"+——
* cos(f-A)

B : angle of inclination of the sand surface to the horizontal (B = 0)

A : angle of inclination of the pile to the vertical (A = 0)

z : is the distance measured from the ground level to any point on the pile shaft.
therefore, K, =K,

Furthermore,

q1 : Surcharge pressure on zone 2 (q; =7v.L;),

qz : Surcharge pressure on zone 2 (q; = Y.L,)

The depth of the three zones and the corresponding earth pressures coefficients are
calculated using Equations For convenience the empirical formulas to calculate the range
of each zone and the coefficient of earth pressure produced in chapter 3 will be listed

below:

Zone 1:
L, = 0(4.3D + 0.65) ¢ in radians (4.58)
Kg=06ze™ +5tan ¢ +6

it can be written as
Ksi=a,.z + by (459)
Where:

a; = 0.6

bij=5tan¢p+6
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Zone 2:

L, =L - D[(0.02 - 0.1 tan(¢)) L + 6.5 tan (¢) — 1]

0.7 tan ¢+0.02
K, =250tan* q)@)

it can be written as

-b2
Ksz = d.Z

Where:

a, =250tan* ¢(D)*" "%
b, =0.7tan ¢ +0.02

Zone 3:

K,,-K
K,=—X _"°(L-7)+K
L-L, P

KS3 = b3 — a3.Z

Where:

From Eq. (4.55)

s

L L
P, =7nDy _[K.n 2dz = ﬂ'D}/J.(alz +b,)zdz
0 0

SO

b
P, =D %Lﬁ—é—Lf}
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From Eq. (4.56)

(L-Lp) (Ly=Ly) (Ly~Lp) (Ly-Ly)
P, =nD j K,,.zdz+ stz.Ll.dz =nD Iazzl_bzdz+L, Ia2z_b2dz
0 0

0 0

SO

P, = RDY—Z%(LZZ‘“ —Lih) (4.64)

2

From Eq. (4.57)

[(L-Ly) (L-Ly) (L-Ly) (L-Ly)
P, =nDy I K,;.zdz+ J‘KS3.L2.de' = TCDV{ J. (b, —a,z)zdz+L, I(b3 - a3z)dz}
0 0

0 0

SO

P, =nDy, _;‘3 (L3 ~L32)+(2—3)(L2 —Lé)} (4.65)

Thus the total earth pressure can be evaluated as follows.
Py =P + Py + Pg (4.66)

Substituting Egs. (4.63), (4.64) and (4.65) in Eq. (4.66)

a b a a b
P =D —1L3+—1L2)+ 2 (L5 Ly - S -) -2 -12) || (4.67
s {(3 o 2_b2(2 L) 3)( 2) 2( 2) | [(4.67)

The earth pressure along the pile is also defined as:

L

P, =D [zK dz = %nD'yKSLZ (4.68)
0

Where

K;: average coefficient of passive earth pressure along the length of the pile

Equating Eqgs. (4.67) and (4.68), the value of the average coefficient of earth pressure can

be obtained as follows:
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23 2 )

2[R P [ Be am ey | (2 _)-2zo12)] | (4.69)
2—b 3 2
Applying with the value of K; in Eq. (4.54), thus:
3
Q,=tand.) P, =P .tand (4.70)
i=1

The values of the average coefficient of earth pressure, K, determined from Eq. (4.69)
were presented in graphical forms in Figure 4.9. Thus the value of P, can be calculated

and accordingly the Q.
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Figure 4.9 Design chart to evaluate K,.
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4.3 Validation of the theory developed

The present theories were validated by full-scale pile load tests, which are available in the
literature. The measured capacity was compared with the theoretical values predicted by
both theories developed in the present investigation; namely zone of influence method
and the stress pattern method. The comparisons are presented in Table (4.1, 4.2). The
discrepancies reported in some tests are due to the presence of ground water and the
layered system of the soil strata. Otherwise, a good agreement can be achieved.

From comparing the stress zone method and the zone of influence method with the field
tests, it can be noted that the theoretical model based on the zone of influence using the
limit equilibrium method provided consistent results, which are higher than the field
results (Figure 4.10). This is due to assumption of general mechanism acting on the pile
without considering the local changes in the stresses acting on the pile’s shaft. This is due
to the fact that the limit equilibrium method, which was widely used in literature, did not
take into account the driving effect on pile capacity. Furthermore, the comparison (Figure

4.11), which was based on the stress pattern method revealed good agreement.
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Figure 4.10 Predicted and measured pile ultimate capacity (zone of influence, Table

4.1).
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Figure 4.11 Predicted and measured pile ultimate capacity (Stress pattern, K, for
three zones, Table 4.2).
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4.4 Design Procedure

Based on the present investigation, the recommended procedure to estimate the ultimate

bearing capacity of a single vertical pile driven in sand may be summarized as follows:

1.

7.

Determine the angle of shearing resistance ¢ from the results of the triaxial test.

Knowing the value of ¢ determine the value of N from the design chart given in

Figure (4.7).

. Calculate the tip resistance Q, for a given pile length and diameter using Eq.

(4.53).

Determine the average earth pressure deduced for the three zones Eq. (4.68).

The values of K; can be then predicted from the design charts in Figure (4.9)
Calculate the skin friction Qs using Eq (4.70); employing the value of Kj
determined in step 5 above

The Ultimate bearing capacity Q, is then given by the sum of Q, and Q.

The recommended procedure described above is subjected to the following limitations:

1.

It is only applicable for rounded closed ended piles to generate the amount of
lateral displacement in the sand mass producing the earth pressure predicted from
the present theory.

It is only applicable for pile driven in dry homogenous sand.

For pile driven in overconsolidated sand deposits, the procedure results in a
conservative estimate for pile bearing capacity. Further research into the effect of

K, on the shaft and tip resistance may lead to more economical design.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 General

The conclusions drawn from the present investigation are summarized in this chapter.

Suggestions for future work are also given.

5.2 Conclusions

1. A numerical model was developed to simulate the process of pile installation in
sand. The theory of cavity expansion was adopted together with the finite element
technique to develop this numerical model.

2. The numerical model is capable of evaluating the pile capacity and the insitu stresses
around the pile’s shaft during and after pile installation.

3. The results of the numerical model showed that for loose and medium dense sands,
the level of overconsolidation in the sand mass increases during pile installation, and
accordingly the earth pressure acting on the pile’s shaft increases and further the
capacity of the pile. The coefficient of earth pressure was found to be higher near the
pile head and decreases along the pile length, then increases slightly near the pile tip.

4. The results of the numerical model showed that the earth pressure acting on the pile
shaft depends not only on the angle of shearing resistance of the sand but also on the
pile diameter.

5. The results of the numerical model showed that the critical depth may not exist in

the case of driven piles in sand to the contrary for what was reported in the literature.
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10.

11.

12.

13.

The pile roughness showed no significant effect on the value of the coefficient of
earth pressure due to the full mobilization of the soil angle of shearing resistance for
driven piles.

In the light of the results obtained in this investigation, interaction between
individual piles was examined and recommendations were made to assign spacing
between piles and to determined group capacity.

In the light of the results obtained in this investigation, a guideline was developed to
assist practicing engineers to establish the limitations for driven piles in terms of pile
diameter and length allowed for a given soil condition.

The results obtained in this investigation demonstrated the superiority of driven piles
as compared to bored piles.

An analytical model was developed in this investigation utilizing the stress pattern
and zone of influence deduced from the numerical model, which takes into account
the effect of pile installation. The theory proved superior to the methods presented in
the literature, which were developed based on the limit equilibrium method of
analyses.

Design charts are developed and presented to evaluate the coefficient of earth
pressure K based on pile’s diameter, length and soil angle of shearing resistance.
Design charts are developed and presented to evaluate the bearing capacity factor Ny
based on the theory of zone of influence.

Ultimate bearing capacity predicted by the proposed method agreed well with the

field and laboratory test results available in the literature.
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5.3 Recommendations for Future studies

Research on pile foundation driven in cohessionless soils requires more investigations, as
follow:
1. Experimental investigation to be conducted to simulate the driving effect of piles.
2. Extend the current study to cover pile groups and the effect of pile installation on
neighbouring pile.
3. Extend the current investigation to simulate the effect of pile installation on the
tip component by utilizing the theory of spherical cavity expansion.
4. Dynamic simulation for pile driving in sand.
5. Extend the current study to piles driven in layered soil.
6. Extend the proposed model to cover cases of battered piles driven in sands.
7. Extend the current study to cover the effect of water table and/or degree of

saturation.
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