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ABSTRACT
An Axisymmetrical Model For A Single Vertical Pile In Sand

Gamal Abdelaziz, Ph.D.
Concordia University, 2000

This study presents numerical and theoretical investigations on the bearing capacity
of a single pile in sand under axisymmetrical loading conditions. An extensive
literature review for the existing theories is presented. The published reports
showed a wide range of discrepancies exists among previous theories developed to
predict bearing capacity of a single pile in sand. A numerical pile load-testing
program was carried out using finite element technique to cover a wide rang of pile
geometry and sand states. Mohr-Coulomb criteria were used to model the sand
behavior. Linear strain quadrilateral elements were employed to model soil and pile.
A chain of slip elements was placed around the pile to model the slippage between
sand and pile. The numerical model was validated against field load tests data. The
numerical model was then used to analyze stresses influencing the pile behavior in
sand and to establish the pile failure mechanism. The stresses and coefficient of
earth pressure acting on the pile shaft were reported. A new failure mechanism was
developed which varies with: pile geometry, coefficient of earth pressure, shaft
roughness and angle of shearing resistance of sand.

A theoretical model was developed to predict the ultimate bearing capacity of a
single pile in sand, utilizing the proposed failure mechanism. A data analysis
procedure was employed to develop the new model parameters predictive formulas.
An approximate method to predict the coefficient of earth pressure acting on the
pile shaft was developed and used extensively in the theoretical model. A sensitivity
analysis was conducted on the varying parameters of the theoretical model. The
theoretical model incorporates salient features previously omitted in conventional
bearing capacity theories: treating the bearing capacity of a single pile in sand under
axisymmetrical conditions, adopting the punching shear failure as a principle failure
mode, and accounting for the interdependence between skin friction and tip
resistances. The theoretical model showed that the average unit skin and tip
resistances increase, but at a lower rate below the critical depth. These findings
concur with the recent research conclusions, which indicate that the average skin
resistance tends to increase with depth. A computer program *“G-Pile” was
developed to facilitate the massive mathematical calculations of the theoretical
model. The computer program “G-Pile” was used to produce data for charts of the
factors needed to predict the bearing capacity of a single pile in sand. A design
procedure is proposed and verified against field test results, good agreement was
achieved. Recommendations are given for future research.
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CHAPTER 1

INTRODUCTION

1.1 General

The role of foundation is to transmit loads from the superstructure to the ground safely and
without excessive settlement. Whenever soil of poor bearing capacity is encountered, a deci-
sion has to be made concerning the use of deep foundations. If the cost and difficulty of con-
ventional foundations is considerable then piled foundations are normally used to transfer the
load from the superstructure through weak compressible strata onto stiffer and less compress-

ible soils or onto rock.

1.2 Problem Definiation And Motivation

The ultimate vertical pile load in sand is generally divided into two components, point load or
tip load, and shaft or skin resistance. The static formula method (Sowers,G., 1970) is com-

monly used to determine the ultimate axial bearing capacity of a pile, Q,; the equation and
terminology used are:
Qu=0,+ Qs =qy A, +f A, (1.1

Where:

Qp = ultimate point capacity;

Q, = ultimate shaft capacity;

g, = ultimate unit point resistance;

f; = ultimate unit shaft resistance;

A

p = area of pile point; and



A, = area of pile shaft.

1.2.1 Point Resistance
In all of the theoretical solutions, the ultimate unit point resistance, q,. is given in simplified

form utilizing cohesionless soil and a circular pile cross section as the commonly used form

(Coyle and Sulaiman, 1970):

90~ Po N*q ..(1.2)
in which:
Po = effective overburden pressure at the pile point level:
N, = bearing capacity factors, usually depending upon the soil shearing resistance

q

angle ¢ and the assumed pattern or mechanism of failure.

In most of the theories the basic parameters, in addition to the pile geometry, are, the internal
shearing resistance angle, ¢, which is used to determine the bearing capacity factor, N, and
the effective confining pressure of the soil. All of the bearing capacity theories require the
evaluation of N*q for use in Equation 1.2. Among all conventional theories it is evident that

there are major deviations from one theory to another, leading to the conclusion that the true

failure mechanism is not, generally, well understood.

1.2.2 Shaft Resistance
The magnitude of the ultimate unit shaft resistance f; is commonly determined using
f=Kp tan 8 (1.3)

in which:



K = lateral earth pressure coefficient;
p' = average effective overburden along the segment of pile shaft being considered
tan 8 = coefficient of friction between the pile and the soil.

The determination of the ultimate unit shaft resistance, f; is based on the laws of mechanics

considering friction between solid surfaces. Factors K and tan 8 need to be established in
order to determine unit side resistance. Through the literature only one value is suggested by
the different authors, regardless of pile geometry or soil conditions. Significant differences

between the published values of (Kstand) exist.
It has been shown that the variation of the values of Nq and K is so wide that the choice of one

theory over another is a difficult exercise in engineering judgment. In view of these serious
limitations, rational approaches are clearly needed to provide a unique theoretical basis for

estimating the ultimate bearing capacity of an axially loaded single pile in sand.

1.3 Purpose and Scope of the Thesis

The objectives of the present research program are:

1- To review the existent design theories of pile foundations.

2- To develop a numerical model to examine the effect of various factors influencing the bear-
ing capacity of a single pile driven in sand.

3- To establish a practical design procedure to estimate the coefficient of earth pressure acting
on the pile shaft.

4- To develop a rational theory which is capable of incorporating some of the new factors usu-



ally omitted in the literature; these include the bearing capacity problem being treated as an
axisymmetric case; the effect of pile geometry, adopting punching shear failure as a unique
failure mode for pile foundation in sand, utilizing the variable failure mechanism and variable

coefficient of earth pressure acting on the pile shaft, K. To produce design charts for the com-

mon bearing capacity factors: N*q and (KstanS).

1.5 Organizanon of the Thesis

The historical development of the subject of this thesis is introduced in chapter 2. The numer-
ical investigation of a single pile in sand using the finite element technique is carried out in
chapter 3. The development of an axisymmetrical theoretical model for pile bearing capacity,
presented in chapter 4. Following a sensitivity analysis for the new proposed model, the valid-
ity of the proposed model is verified by the analysis of field load tests. Chapter 4 introduces a
rational design procedure for estimating bearing capacity of single piles driven in sand using
design charts. Conclusions drawn from the present study and recommendations for future

study are given in chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Pile foundations are used extensively around the world to support both inland and offshore
structures, including nuclear plants and oil drilling platforms. They are mainly used in sites
where the presence of soft soil layers would cause excessive deformation or failure of more
conventional types of foundations. The two major categories of piles in common use are: fric-
tion or floating piles, whose load carrying capacity depends mostly on the amount of frictional
resistance that can develop at the interface between the pile shaft and the soil; and end bearing
piles, which rely primarily on the concentrated soil resistance at the tip of the pile.

Many research reports dealing with the ultimate bearing capacity of pile foundations have
been listed in the literature during the past four decades. Despite the progress made during this
period, there remain a number of conflicting theories which form the basis for determining
both ultimate load capacity and load displacement of a single pile in sand. In this chapter. a
brief review of the methods developed for evaluating and predicting pile bearing capacity in
sand are given. It should be noted that, in most of the given solutions, a unique factor “¢™,
angle of shearing resistance of sand, is considered. A few theories consider factors other than

“¢™ to affect the problem of bearing capacity of a single pile in sand.

2.2 Histrocal Devlopment

There are two approaches employed in the study of the behavior of pile foundations: theoretical

and experimental, as shown in Figure 2.1. For many years, purely theoretical and empirical ap-



proaches were employed and the design of pile foundations was based on a combination of em-
piricism and experience. However, in the past three decades, a gradual change has taken place
in pile design procedures, from the essentially empirical methods towards methods with a
sounder theoretical basis. This change has resulted from the wider use of pile foundations and
the need to support large loads on piles, especially in the case of the foundations of offshore
structures. Accordingly, improvement of design procedures has rapidly developed, particularly
due to the availability of powerful numerical techniques for analyzing this complex problem.
Most of these methods involve the use of one (or more) of the following analytical techniques
as reported by Poulos (1989):

(a) simplified analytical methods involving the consideration of independent horizontal “slic-
es” of pile and soil (e.g. Randolph and Wroth 1978);

(b) boundary element methods, employing either load-transfer functions to represent the in-
terface response (e.g. Coyle and Reese (1966), Kraft et. al. (1981)) or elastic continuum
theory to represent the soil mass response (e.g. Butterfield and Banerjee (1971), Banerjee
(1978), Banerjee and Davies (1978), Poulos and Davis (1980));

(c) finite element methods (e.g. Desai (1974). Valliappan et. al. (1974), Balaam et. al. (1975).
Ouaviani (1975), Jardine et. al. (1986)), in which a variety of constitutive soil models can
be utilized, and such factors as soil non-homogeneity and anisotropy can be taken into ac-

count.

This chapter summarizes the available literature relevant to the scope of the present research,

i.e. the bearing capacity of a single pile driven in sand under axisymmetric static loading.
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2.3 Static Analysis

In static analysis, the ultimate bearing capacity of a single pile driven in a homogenous sand
deposit generally consists of two components: namely the load transmitted along the pile shaft
and the load at the pile tip. These two components are usually referred to as the skin friction
(shaft resistance) and point (tip) resistance, (Figure 2.2)
Hence,
Qu = QS+QP =stAs+quAp -(2.1)

Where

Q,, = ultimate bearing capacity of the pile

Q, = skin friction

Qp = point resistance.

f; = the average unit skin friction on shaft

A, = area of the pile shaft

qp =the unit bearing capacity of pile point

A, = area of the pile cross section

The tip resistance “Qp"is based on the estimated general shear strength failure mechanism of

the soil and the effective stress method is used to evaluate the side friction of the sand.

2.3.1 Shaft Resistance

The theoretical determination of skin friction for piles in sand has received little attention in
the literature and only a few methods have been reported. This can be explained by the fact
that the interaction between the soil and the pile is very complex and poorly understood.

Accordingly, the determination of the ultimate unit skin friction, q, is performed based on the



Qu

Ground surface
—> B <
Qs = Shaft resistance
(Skin friction)
v

Qp = Tip (point) resistance

Figure 2.2 Ultimate Bearing Capacity - Static Method
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laws of mechanics considering friction between solid surfaces. The shaft resistance of the pile
is usually evaluated by integrating the pile-sand shear stress t¢ at depth z over the surface area
of the shaft. The shear stress is usually assumed to be a function of the effective lateral stress
o', exerted on the pile by surrounding sand at the same depth. It is given by the following for-

mula:

’

‘tf = (Cn tan 82) (2.2)

Where
d, = angle of friction between the pile and the sand at depth z.
tan §, = coefficient of friction between the pile and the soil at the depth z.
The effective lateral stress ¢’ can be expressed in terms of the effective vertical stress 67, as:
oc,=K, o, -(2.3)
Where:
K, = Coefficient of lateral earth pressure on pile shaft at the depth z.

From equation (2.3) and equation (2.4),
Tr=0",K,tan§, ..(24)

By integrating over the depth D, Q, can be found as:

D
Qs = f (nB)(t(dz) ..(2.5)
0
D ’
Q; =B [c, K tand dZ ..(2.6)
0

Where:
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B = pile diameter

D = pile embedment length
The effective vertical stress G’, is usually taken as equal to the effective overburden pressure
at the same depth (y'z), while K, and §, are taken as average values K and 3. respectively.

over the entire pile length.

D
’ 1 ’
0, = nB(K)tan8 .[Y zdz| = STB(K tand)y D?
0
1 ’
0, = (EKSY DtanS)AS = fA, 2.7)

Where:

Yy’ = effective unit weight of sand

f, =0.5K,y Dtand (2.8)

Equation (2.7) appears simple but entails difficulties in its application, especially in estimating
the average coefficient of earth pressure K,. The magnitude of K, has been found to depend on
many factors (McCleland et al.,1967), such as:

(1) angle of shearing resistance ¢,

(2) soil deformation characteristics,

(3) the initial state of stress of the sand layer,

(4) pile shape (straight-sided or tapered),

(5) pile installation method: bored, driven (pushed or hammered), and

(6)loading direction.
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-

Figure 2.3 shows typical values of K suggested by Meyerhof (1976), while table 2.1 intro-
duces a set of reported values of K, found in the literature compiled by Coyle and Castello,
(1981). Table 2.2 provides representative values of 8 (the average angle of friction between
sand and different pile materials), “8” was determined by Potyondy (1961) and Brooms& Sil-
berman {1964), using direct shear machines.

Based on measurements of skin friction on instrumented piles driven in homogeneous sand. it
is found that the local unit skin friction f, distribution along pile shafts is parabolic as shown
in Figure 2.4 (D’Appolonia & Romualdi, 1963; Mohan et al., 1963; Vesic, 1967b; Coyle &
Suliman, 1967).

Mohan,et al., 1963 suggested that the reduction of local unit friction in the lower region of the
pile shaft driven in sand is related to the decrease of lateral earth pressure (which developed in

the pile tip vicinity) caused by the radial movement of sand within the shear zone.

2.3.2 Point Resistance:

The theoretical determination of the point load has received extensive attention through the
years. The theoretical approach to solve this problem was initiated by Caquot and Buisman in
the mid-1930’s. They have extended the classical work on punching failure proposed by
Prandtl and Reissner approximately 15 years earlier to solve the problem of a single pile
driven in sand. Following the same basic approach, several different solutions were presented
with different assumptions concerning the failure pattern, and, accordingly, new empirical
corrections rather than modifications were introduced Coyle, (1981). In all of the theoretical
solutions, the ultimate unit point resistance, qp- 1s given by:

= ! £ £ ! £ 2
qp ch oN q+SCCN C+SYyB N y ..(2.9)

Where
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Table 2.1 Typical Values of Earth Pressure Coefficient for Pile
Foundation Compiled by Coyle and Castello (1981).

BASIS OF VALUES OF K
RELATIONSHIP
Brinch Hansen ' Theory Sand cos® 0
Lundgren (1960) Pile test Sand 0.8
Henry Theory Sand K
Ireland (1957) Pulling tests Sand 1.75t0 3
Meyerhof (1951) Analysis of field data | Loose sand 0.5
Dense sand 1.0

Mansur-Kaufman (1958) Analysis of field data Silt 0.3 (compression)
, 0.6 (tension)
Lambe-Whitman (1969) Guess - 2
Kezdi (1958) Theory Granular Kp

Table 2.2 Angle of Friction Between Sand and Pile Material.

BROMS &
POTYONDY (1961) SILBERMAN
(1964)
Surface condition &/ o
Steel
Smooth 0.54
Rough 0.76 20
Wood Parallel to grain 0.76
At right angle to grain 0.88 0759
Smooth 0.76
Concrete Grained 0.88 0.66¢
Rough 0.98

¢ = Angle of shearing resistance of sand (degrees).
8 = Angle of friction between sand and pile material (degrees).
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Sq- Sc» Sy = shape factors.

N*q, N*c, N*.{= bearing capacity factors.

G‘O = effective overburden pressure at the pile tip.

C = cohesion of the soil.

Y =effective unit weight of the soil below the pile tip.

B = pile diameter.

Since the present study is limited to the case of cohesionless soils, the second term of the
equation can be eliminated. Furthermore, comparison of two remaining terms show that the
third term is relatively small and can be neglected. In addition, since most piles have circular
or square cross sections where the shape factor is the same (Vesic, 1967a), it is reasonable to
use a new bearing capacity factor, N*q, that incorporates this constant shape factor.
Eliminating the second and third terms from equation(2.9) and multiplying by the pile tip

area, A, to get the ultimate point resistance:

Qp=(076 NgA, --(2.10)

Where:
¢, = effective vertical stress at the pile tip level

Ny = abearing capacity factor

Ap = cross section area of the pile tip

Historically, the evaluation of N, evolved from an early solution for the problem of a rigid

stamp penetrating into an incompressible rigid solid (Prandtl, 1921; Reissner, 1924). Later,
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approximate theoretical methods following the same general approach were used to solve
bearing capacity problems of shallow foundations.

Numerous theories can be found in the literature to predict the tip component for the bearing
capacity of a single pile based on different assumed shear failure patterns within classical
plasticity theory. Also, various assumptions concerning the effect of the state of stress in the
soil surrounding the pile have been sometimes considered. Table (2.3) lists some of these
methods used in prediction of the tip resistance component of a single pile in sand.

As can be seen from table (2.3), there is a relatively wide range of values of interface friction
angle (3), and the theoretical stress coefficient (K). These parameters were usually selected to
account for the testing procedures that caused lateral stresses against the pile after installation,
and the uncertainty in the evaluation of the earth pressure coefficient at rest (K,). The fact that
many investigators used empirical correlations to estimate K, indicates either a lack of confi-
dence in these results or lack of experience with this type of data. Discrepancies exist in the
evaluation of the earth pressure coefficient at rest (K,) and the angle of interface friction ().
and further, a large difference in the pile capacity calculation is found.

In the literature, the difference in pile capacity was found to be in the order of 170% for HP
piles, 130% for pipe piies, 275% for slurry piers, and 110% for cased piers. These differences
between pile capacities can also be attributed to the discrepancies among the published values
of the bearing capacity factor Ng- Figure (2.6) shows variations of Ng values according to dif-
ferent investigators. These variations are a direct impact of ignoring the influence of many
factors and presenting the N, values as a function of a unique factor: angle of shearing resis-

tance (¢) only.
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TABLE 2.3 Summary of Most Common Used Static Formulas (After Finno, et..al., 1989)

SHAFT
RESISTANCE
Poulos-Davis, Fw(Ks tan 6" ) Ny HP 0.8 30 0.46
(1980) Other 0.4 30 0.46
Bustamante, o< q.R/N, o< Qe - - - -
Van Impe,
1986
Tomlinson, (K/K)K, tan NG HP K, pmt 2/3 ¢ spt -
1967 (8/0)$,6 vo Pipe 0.5 K, pmt 2/30 spt -
Slurry 0.67K, pmt 0.8 ¢ spt -
Cased 0.67K, pmt 2/3 ¢ spt -
Meyerhof, K’ tan 80,,’ qe Driven 15-23 40-44.5 1.26-2.26
1956 Drilled 1 40-46 0.84-1.04
Mosher, 1984 f-z curve f-z - - - -
curve
Kulthawy, 1983 K tan 807, N¢Ow - } N )
cpt Correlations
Meyerhof, N/50 NgGuw - - - -
1976
Meyerhof, 1.3 K tan 86 o N¢Ouwb HP 0.5 35 0.35
1976 Pipe 0.57 0.4
Slurry 0.45 0.32
Cased 0.5 0.35
De Beer, 1972 cpt Correlations cpt - - - -
Correl
ations
API, RP2A, K tan 867, NyGw HP 0.8 15-35 0.21-0.56
1987 Pipe 0.9 0.24-0.63
Nottingham, Limiting f, NG Driven 1 24.6 0.46
1975 Drilled 1 30 0.58
Nordlund, ) NyGw» HP K, pmt 26
1980 sin(w +8) | Pipe K, pmt 34
K T Drilled 0.4 37 0.3
cos w
Reese-O’Neill. B NyOw - - - -
1988
Coyle- K tan 8’ (pipe) NyOws Pipe 0.7 30.4-31.2 | 0.41-0.42
Castello, 1981 f, (HP) NyG.
Cand. Found. Bo"we NyOw Driven - - -
Engre. Manual
Denis-Olson, cpt f; NyOw - - -
1983

8 =Mobilized friction angle along the side off the pile ¢°,, = Initial vertical stress

a = Empirical factor N, = Dimensionless bearing capacity factor
k =Ratio of horizontal to vertical stress ow = Effective stress at the tip of the pile
q. = Static cone resistance N = Average standard penetration resistance

N, = Dimensionless bearing capacity factor that relates f; to 6’,,
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2.3.2.1 Failure Mechanism

Many investigators proposed failure mechanisms to estimate the ultimate point resistance of
single driven piles in sand.
Terzaghi (1943) extended his solution for the bearing capacity of a shallow foundation to the
case of a single pile. Referring to Figure 2.7, the mechanism of pile failure involves the
downward movement of the volume I (cone BCB’), which in turn displaces the soil outward
and upward with the failure surfaces (volumes II, II’, III& III’) ending at the pile tip level
(D’B’BD). These generated displacements are resisted by:

- The weight of an annulus of soil depicted in cross section by volumes I'V and IV”,

- The skin friction between the pile shaft and the soil (f;) and

- The shear forces resisting upward movement of the annulus of soil along its outer surface

area (T).
The degree of shear mobilization of soil on this surface is unknown.

Terzaghi assumed that the tip resistance of a single pile may be determined by:

qp=1.3¢ N +v, DNq+O.6yB N, L(2.11)
where:
N¢. Ng. N, = bearing capacity factors
¢ = soil cohesion
D = pile embedment length
vy = soil unit weight
Equation (2.11) is almost the same equation used for the ultimate bearing capacity of a

shallow circular foundation except for the term (y,D) which represents the pressure at the pile
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tip level as a resultant resisting effects of the pile shaft skin friction (f;). shear forces on the
outer surface of the soil annulus (t), and the weight of the soil annulus (w). Terzaghi

suggested the value of y; as:

2(fs +nt)
Y =y .(2.12)
(n-1)r
where
f, = average unit skin friction along pile shaft
T = average shear stress on the outer surface of the soil annulus
n = a factor indicating the magnitude of the outer radius of the soil annulus

which is selected to minimize qy for the given values of f;, T, v and ¢.

r = pile radius

Y =soil unit weight
According to Terzaghi, the full shear mobilization along the pile shaft and the unit skin friction
f; can be computed accordingly. However, estimating T constitutes some difficulties due to the
incomplete shear mobilization in the soil on the outer surface of the annulus. Terzaghi
indicated that the volume compressibility of sand is the primary factor which influences the
shear mobilization process.
Terzaghi’s model is considered as one of the first original three dimensional treatments of a pile
bearing capacity problem which dealt-with the combined effect of shaft and tip resistances in
the same failure mechanism. On the other hand, Terzaghi’s model suffers some drawbacks.

such as: no specific procedure to estimate the shear stress T and the unit skin friction f; were

proposed. Thus, his model suffers serious limitations in practical applications.
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Meyerhof (1951) introduced his general bearing capacity theory for shallow foundations
assuming a failure mechanism as shown in Figure 2.8a. Three failure zones are proposed: elas-
tic wedge (ABC), radial shear zone (BCD) which is a bounded by a log spiral (CD). and a
mixed shear zone (BDEF). It should be noted that in his assumption for a shallow foundation
failure mechanism, Meyerhof extended the failure surface to the ground level as shown in Fig-
ure 2.8a. Furthermore, he assumed the plane (BE), with inclination angle [, to be an equivalent
free surface with normal and shear stresses, p, and s, acting ori it. The successful value of B is
produced by having p, and q, values that simultaneously satisfy the equilibrium of the wedge
(BEF). The state of stress on (BE) is determined from Mohr's circle on the basis of failure con-
ditions on the planes (BD) and (DE). Upon implementation of the free surface (BE), a classical
superposition method (Terzaghi, 1943) could be applied to determine the bearing capacity of

the shallow strip footing taking into account the contribution of ¢, p,. ¥ and ¢. This gives the

following equation:

1 2
q, = CNC +p0Nq + 5 YBNY ..(2.13)
Meyerhof (1951) extended his solution for shallow foundations to be applied to deep
foundations (Figure 2.8b). He assumed that the failure surface does not reach the ground
surface but reverts back onto the foundation shaft. Equation (2.13) is further simplified in the

case of strip foundation in sand:

9, = 3YBN,, ' (2.14)
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where Ny, is a resultant bearing capacity factor combining N, and Ng-

Meyerhof’s theory is capable of incorporating the effect of shaft roughness, (8/¢), on the
ultimate bearing capacity of a strip footing at any depth; and the effect of initial stress,
implicitly indicated by the lateral coefficient K, at-rest, on the shaft friction. He gave definite
values for the coefficient of earth pressure on the shaft, K. (i.e., K; = 0.5 for loose sand and
1.0 for dense sand). Further more, the failure mechanism introduced in Meyerhof's theory,
which assumes that the general shear failure surface reverts back onto the shaft at great depth,

has no experimental observations (Vesic, 1967-b; Durgunoglu and Mitchell, 1973).

A three dimensional analytical model was established by Skempton et al. (1953) to determine
the bearing capacity of a single pile in sand (Figure 2.9). In this analysis, the assumed failure
mechanism includes curved surfaces having circles as their vertical cross sections. These
circles start at the apex of the cone, point (C), shown in Figure 2.9, and become tangent to
vertical lines at the level of the pile tip at point (E), with its center at point (O) and radius *r".
The center, O, thus, is always located at the pile tip level (i.e., line AE). The force system
acting on a failure surface containing the central angle 86 includes:

- vertical skin friction component Js,

- vertical soil weight component 8p,

- vertical shear force 8T on the cylindrical surface EF,

- inclined soil reaction component 8R, and

- inclined resultant force component SQP on the central wedge ACA’.
The force BQP is assumed to act at one third the distance CE from the cone apex. Equilibrium

conditions of zone ACE and the wedge ACA’ lead to determination of SQp for a central angle
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86 and, subsequently, the bearing capacity factor Ng- Many trial calculations should carried
out assuming different positions for the circle center along the pile tip level until a minimum
value of N is obtained.
In this solution, if the effect of shear forces mobilized in the sand mass above the pile level are
neglected (i.e., 8s = 8T = 0), then Nq is found to be a unique function of ¢.
It was suggested that the shear stress T at depth z may be determined by:
T = Koyz(tamb)
.(2.15)
where
K, = coefficient of earth pressure at-rest
Y =unit weight of sand,
The shear stress was assumed to be applied over a length equal to xD where x is a factor that
varies with the sand relative density Dg. The relationship between x and Dy is given in Figure
2.10. Based on these assumptions, N becomes a function of two factors: ¢ and the relative
depth D/B. Thus, this model is considered to have gained some improvements for the common

solution which adapted bearing capacity factor Nq as a function in a unique factor ¢.

A failure mechanism quite similar to Terzaghi’s was established in 1961, by Berezantzev et al.
(Figure 2.11). It was assumed that the sand compaction under the pile tip causes the whole soil
annulus to move downwards with respect to the remaining sand mass. This generates a resis-
tance shear force T in an upward direction which is opposite to its counterparts in Terzaghi’s

and Skempton et al.’s failure mechanisms. The surcharge gy at the pile tip level, assumed to be
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calculated as the difference between the weight W of the annulus of soil and the shear force T
on the outer surface of this volume, is determir.led as:
qr = arYD : (2.16)

where

o = a coefficient, function of D/B and ¢

Y =unit weight of sand

D = pile embedment length

B =pile diameter

¢ =angle of shearing resistance of sand

The unit point resistance of a single pile is given by:
q, = AYB+Bqr -(2.17)
where Ay and B are bearing capacity factors.

The theory of limit equilibrium was applied to determine the radius of the annulus of soil, the
lateral soil pressure on its outer surface, and the coefficients in equation (2.16) with respect to
axisymmetric problems in a granular soil. It is of interest to note that Berezantzev’s approach
neglects the coupled effect of skin friction and point resistance in the same failure mechanism,
in contrast to Terzaghi’s assumption equation (2.12). Norlund (1963) and Vesic (1967-b) have
made revision of different bearing capacity theories and recommended Berezantzev’s

approach as the theory that provided the best agreement with their experimental tests.

A two dimensional solution for estimation of ultimate bearing capacity for strip foundation at
any depth was proposed by Hu (1965). Hu assumed a failure mechanism (Figure 2.12) that

consists of the following zones:
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a- Triangle wedge (OCQO"), below pile tip

b- Radial shear zone (OCE) bounded by a section of a log spiral having its pole at (O)

and becoming tangent to a vertical plane (EF) at E.

c- Overburden-zone (OEFG) comprising two weights, P; and P,, acting through the

centroids of the areas (OEH) and (EFGH).
The stress in the first and second zones are assumed to reach the plastic equilibrium state,
while the stress in the third zone was assumed to be in a mixed shear state. The shear
stresses along the interface (OE) are assumed to be fully mobilized. The model further
neglects the effect of the shear resistance along the outer vertical failure surface (EF) and the

skin friction along the foundation shaft (OG). The ultimate bearing capacity q,, is given by

the following equation:

1
q, = cNC + poNq + inNY ...(2.18)

where
p, = overburden pressure at foundation level
To obtain the final base resistance, the shear resistance along (EF) and (OG) must be added to
q,- Equation (2.18) is further combined to give:
qy=cN.+ YBN‘yq ...(2.19)
where Nyjis a resultant bearing capacity factor.

Hu’s analysis has used a single failure surface to estimate N and Ny, while the conventional
approach (Terzaghi, 1943; Meyerhof, 1951) uses two different failure surfaces in deriving N,

Ng and Ny. This should be counted as a distinct feature of this theory.
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Vesic (1967-b) developed a plane strain failure mechanism. Figure 2.13, to account for the
local or punching shear failure of a strip foundation in sand at shallow depth (D/B < 4). He sug-
gested a shear pattern that consisted of an elastic wedge, zone I, located between two plastic
zones, II & IT", bounded by sections of log spirals (CE) and (CD) having their poles located at
point A and B, respectively. The failure surface develops only to a limited extent well below
the pile tip level. He assumed the weight of the soil in the failure zones to be negligible com-
pared to the overburden pressure, and by performing appropriate stress analyses along the lim-

iting surface (BD) and (AE), Vesic’s analysis gives the following equation for Ng:

N = S0Enl 2(45o + 9) (2.20)
q 2
Hu's failure mechanism was adopted by Durgunoglu and Mitchell (1973) to develop a theoret-
ical basis for evaluating the static cone resistance. They introduced a resultant bearing capacity
factor Ny, as a function of the following:

-apex angle of the cone,

-angle of shearing resistance ¢,

-relative depth D/B,

-base roughness &/¢,

-earth pressure coefficient on the shaft K, and

-coefficient of earth pressure at-rest K.
This analysis is considered an improvement on Hu’s theory, because it took into account

important parameters, such as K, K, and 6/, conventionally neglected in earlier theories.

Drgunoglu and Mitchell’s theory is not entirely congruent with experimental evidence, espe-



Ground Surface
B
<} 1
D¢
______ B ~N_V__ __ _ _ __
ﬁ y Qf 4@
0 I 6 o
—e
C
—
Ir IT PP
—
—
E -
W = (45 +0/2) D
6=1906

Figure 2.13 Failure Mechanism assumed by Vesic, 1967-b
Utilizing Punching and Local Shear Failure



36

cially at lower depths (Al-Wakati, 1975). If Drgunoglu and Mitchell Developed a relationship
between K, and K, including Qg calculations in the same failure mechanism, these features
would improve their theory which requires an empirical estimate of K in advance.

A two dimensional variable failure mechanism was introduced by Janbu and Senneset (1974).

This analysis allows the critical shear zones beneath the pile tip to be adjusted to failure condi-

tions. They derived bearing capacity factor Ny which is given by the following expression:

_ 20,0, 9\ (m-2B)tand
Nq = tan (43 +2)e L2201

where f is the angle of inclination of the terminal radial planes (AE) and (BD)- (Figure 2.14).
Further improvements were added to the model by Janbu (1976), who produced a relationship
to account for the partially mobilized shear strength along the assumed failure surface, and

Equation (2.21) was developed into a generalized form:

N, = tan 2(450+§)e(“‘25)(ﬂa“¢) (2.22)

in which f = degree of shear mobilization. To get good agreement with experimental data, 8

must be selected within the range -15° < § < + 15°. With equation (2.21), Janbu apparently

added a new outlook on the theory of bearing capacity of piles.

1- It was probably the first time that a theory of bearing capacity of piles depends on
other factors than ¢.

2- It suggests that N no longer depends uniquely on ¢ but is also a function of:

- the extent of the “plasticized” zone under the pile tip, and

- the degree of shear mobilization along the log spiral boundary of this zone.
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3- In addition, it suggests that a variable failure mechanism may develop under the pile
tip, although its mode of variation has not yet been adequately investigated. In this
respect, how the angle [ varies with ¢, D/B or even K, remains an interesting question

for future research.

Vesic (1977) produced another model of incorporating soil compressibility into his assump-
tions. The shear failure pattern was established based on observations of experimental model-
ing and full-size pile tests (Figure 2.15). It consists of a highly compressed cone ABC (zone I),
a radial shear zone BCD (zones II), and a plastic zone BD (zone III). Vesic assumed that the
soil expands lateraily into zone III and is compressed in zones I and II. This is will allow the
pile to advance to lower depths. He further assumed that the average normal stress along BC is
equal to the ultimate pressure needed to expand a spherical cavity in an infinite soil mass. The
unit point resistance of a single pile is then given by:

= ..(2.23)
a, = CNC + GHING

where
N.. Ny = bearing capacity factors
O, = mean normal ground stress

o, = (1+2K0)/3) * oy

A three dimensional model developed by Nguyen, and Hanna, 1991, in an attempt to account
for the punching shear failure, and the interdependence between point resistance and skin fric-
tion of a vertical pile driven in sand. As shown in Figure 2.17 the proposed critical shear sur-

faces in vertical section consists of 3 zones:
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1) Zone I is a wedge shaped zone (aBa') located beneath the pile tip with its base angle ¥ :
VY = (/4 + ¢/2).

2)Zone II consists of two radial shear zones (Bac) and (Ba'c’) bounded from below by the
surfaces (Bc) and (Bc'), which are log spirals with their poles located at point a and a', respec-
tively. These surfaces pass through the apex B of the wedge (aBa') and terminate at points ¢
and ¢’ located at a horizontal distance from the pile axis defined as radius of influence R.

3) Zone III includes two trapezoid shaped zones of mixed shear, (acde) and (a'c'd'e’),
bounded laterally by the pile shaft and the outer boundaries (cd) and (c’d") of the zone of influ-
ence.

In this model the shear failure is assumed to be punching shear failure and the critical shear
surfaces are not completely developed with the following assumptions:

i) The locally mobilized angle of shearing resistance ¢g along (Bc) and (Bc’) varies along
their lengths with its maximum value occurring at point B, equal to the angle of shearing resis-
tance of sand, and its minimum value equal to zero at point c and c'.

ii)The shearing resistance is fully mobilized along both sides (aB) and (a'B) of the central

wedge (aBa').

iii) Along the terminal radial surfaces (ac) and (a'c’), the locally mobilized angle of shearing
resistance Q)*B decreases linearly with the horizontal distance from the pile shaft. from a maxi-
mum value equal to ¢ at points a and a' to zero at point ¢ and ¢'. In effect, the average mobilized
angle of shearing resistance ¢g along ac and a'c’ is equal to ¢/2.

iv) There is no shear mobilization assumed on the boundary surfaces (cd) and (c'd’) of the

zone of influence.

The problem was considered as axisymmetric loading, the longitudinal cross section (aOB-
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cde) in Figure 2.17 was considered as one sector that revolves through an angle A around the
axis of the pile to generate the volume which has been treated as a free body subjected to ex-
ternal forces using an equilibrium analysis.

Based on this analyses, the following relations were introduced to calculate skin friction and
point resistance

21

Q, = A—C(Ez tand) .(2.24)
Where
E, = Horizontal normal force acting on the surface AE.
8 = angle of friction between pile shaft and sand
AL = central angle of rotation
2n .
Qp = A—Q(FNcosw + FTsm\p) ..(2.25)
Furthermore:
Where:
Fy and F = normal and tangential forces acting on AB or A'B.
¥ = (/4 + ¢/2).
To clarify the critical depth phenomena. Nguyen and Hanna, 1991 introduced a variable fail-
ure mechanism in their model by changing the model parameter angle  as the pile advances
downwards in the sand medium (see Figure 2.17).
This model incorporated some features generally omitted in previous pile bearing capacity
theories, such as:
i- Treating the pile bearing capacity problem as an axisymmetric case,
ii- Adopting punching shear associated with variable failure surfaces as the principle fail-

ure mode, and
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iii- Taking into account the interdependence between shaft and point resistances.

While the model introduced by Nugyen and Hanna, 1991 incorporated some important fea-
tures which were omitted in the previous models, on the other hand it had the following draw-
backs:

The model parameter angle P is an imaginary value which does not actually exist based on
any evidence related to experimental or analytical analyses. Furthermore Nugyen and Hanna
did not give any formulation to that parameter and in the suggested procedure one should run
the program developed by the authors for a very wide range of angles 3 to match a value
(based on another approach) and then use this value in analyzing the problem. This is not

workable solution from a practical point of view.

2.4 Critical Depth

Extensive experimental investigation on full-scale piles under laboratory conditions (Kerisel,
1961: Vesic, 1967b) and pile load tests in the field (Vesic, 1967a; Tavenas, 1971; Hanna &
Tan, 1973, Jardine and Lehane, 1993, Bond, et. al. 1997) showed that the average unit skin
friction f; increases linearly with depth, up to a depth beyond which f; values remain constant
or reduced. This depth was defined as “critical depth”. The critical depth was found to be a
ratio of pile length to embedment depth, L/d, equal to 10 for loose sand and 20 for dense sand
in the case of driven piles. Beyond this critical depth, fg reaches asymptotically a constant
value which depends only on the sand density and not on the effective overburden pressure
(Figure 2.5). Recently, further accumulation of field evidence tends to challenge this
conclusion. Coyle and Castello (1981) analyzed a large number of pile load tests and proposed

design charts which clearly showed that the unit skin friction fg continue to increase with
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depth. Concurring with this view, Kulhawy (1984) argued that the apparent limiting value of
f, was purely coincidental, and even the whole critical depth concept was a fallacy. He
claimed that the tip and side resistances of pile foundations do not reach a limit at a critical
depth; instead, they increase with depth. For the tip, the rate of increase decreases with depth,
primarily because of decreasing rigidity with depth. For side resistance, the rate is a function
of increasing overburden and the decrease of K with depth.

The critical depth ratio discussed above for the pile shaft resistance also applies to the pile end
bearing resistance. Important studies by Kerisel (1961, 1964), Kerisel et al. (1965). Vesic
(1963, 1964, 1967b) and Tavenas (1971) reported that the unit point resistance increases only
to a certain depth and then reaches a constant value which depends only on the relative density
of sand (Figure 2.15). Hanna and Tan (1973) reported a critical depth ratio of 40 for tip com-
ponent in medium dense sand. This phenomenon of critical depth was attributed to arching
which resulted in a relative constant vertical stress along the lower portion of the pile shaft
and in the immediate vicinity of the pile tip (Vesic, 1967a). Experimental evidences of arch-
ing around the pile shaft were published by Robinshy and Mornson (1964) in their study of
sand displacement around model piles using radiography techniques, and by Hanna and Tan
(1973) who performed load tests on buried, instrumented model piles up to 1.5 in. in diameter.
Meyerhof (1976) and Poulos and Davis (1980) subsequently incorporated Vesic's findings
into practical design charts. Disagreements in the critical depth concept began to surface,
especially after Vesic apparently abandoned further attempts to advocate his initial working
hypothesis (Vesic, 1977). Hanna and Tan (1973) also pointed out the important effect of
“locked-in stresses” existing in their model piles after installation, and questioned the validity

of analyzing load distributions in piles without accounting for residual stresses. In 1981,
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Coyle and Castello proposed empirical design charts for piles in sand, which indicated that
both the unit point resistance q, and the average unit skin friction fg continued to increase
beyond the critical depth. In support of Coyle and Castello’s charts, Zeitlen and Paikowsky
(1982) suggested that the critical depth concept was not even necessary if proper allowances
were made to account for the decrease of the angle of shearing resistance ¢ with increasing
confining pressure. Accordingly, as ¢ decreased with depth. Ng and Ky also diminished with
further pile penetration, resulting in relatively constant values of q, and f;. Altaee, et al, 1993,
reported from an experimental field program that the critical depth appeared as a result of
neglecting the influence of shallow depth variation of the earth pressure coefficient.

Fellenius, 1995, argued that the critical depth concept is a fallacy which resulted from misin-
terpretation of both field and laboratory tests. He further added that neglect of residual loads
in full-scale test makes a measured load distribution looks like linear distribution below a cer-
tain depth. In the case of model scale pile, which are tested in shallow depths, neglect of
stress-scale effects gives a similar error of interpretation. As the same results were obtained
from field and laboratory, it is not surprising, therefore, that the fallacy so rapidly gained
acceptance.

Finally, Kulhawy, 1995, based on his private communications in the early 1980’s, with Vesic
(to whom the concept generally has been attributed), claimed that Vesic stated the problem of
critical depth as: “tentative working hypothesis and nothing more”, and then Vesic’s concept

was disregarded by the mid 1970’s.

2.5 Discussion

The previous literature review includes observations and conclusions on a number of investi-

gators concerning phenomenons related to driven piles in cohesionless soil. As can be seen,
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the obtained values of Ny are a direct consequence of the assumed failure mechanism. which
varied among the authors where in each theory different assumptions are made. It is also well
known from the literature that all assumed failure patterns - except very few- consider a con-
stant failure surface to fit all conditions depending on one unique factor (¢). It is not surprising
to find serious discrepancies among published N values in the literature (Figure 2.6). On the
other hand, the notion that N is a unique function of ¢ gradually loses its appeal because it
presents an overly simplistic view of a highly complicated phenomenon.

The assumed failure mechanism was reported only to the tip resistance component and except
for very few approaches, all methods assumed accumulation of the average unit of the skin
resistance over the shaft. These accumulated calculations depend on different factors which
differ from one theory to another (refer to table 2.3). Each investigator assumed a constant
value for the average unit of skin resistance and/or constant value for angle of interface fric-
tion. The coefficient of earth pressure “K,” acting on the pile shaft was always considered con-
stant even with depth changes. Too many experimental data reported that K increases for
shallow pile endowments and exceeds K. At full pile embedment and ultimate load. the coef-
ficient of earth pressure K may greatly exceed K, near the top of the pile and tend to be a
lower limiting value of 0.5 near the pile base (Wersching 1987). Altaee, et al, 1993 reported
from an experimental program for single pile driven in sand that the coefficient of earth pres-
sure against the shaft is larger near the ground surface and that a constant coefficient does not
develop until a depth of 3 m.

Meyerhof in 1959, and Norlund in 1963 dealt theoretically with the problem of the determina-
tion of the lateral earth pressure coefficients K. The assumption was made in both studies that

the pile displaces the sand in a horizontal direction, without any vertical deformation. This dis-
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placement induces compaction in the surrounding soil which is maximum at the pile-soil inter-
face. Since the wall pushes against the sand and the horizontal movement is large (equal to the
pile radius), it is physically possible for the magnitude of the lateral earth Pressure coefficient,
K, to be as high as the passive earth Pressure coefficient.

All methods reported in the literature are almost determine the skin resistance by accumulating
the friction forces over the shaft as a linear distribution. Except very few, no rational theory
developed to accommodate for the failure mechanism of the skin resistance component.

The classic theories of the bearing capacity of piles (for example; Terzaghi, 1943; Meyerhof,
1951; Skempton et al., 1953) are essentially based on the assumption that the soil is a rigid-
plastic material, while the effect of compressibility of the soil is considered only empirical. It
is also assumed that the strength parameters (c, ¢) are constant regardless of the stress or strain
level.

Most of the theories introduced in the literature dealt with the problem of bearing capacity of
single pile in sand in the three dimensional case as an approximation extended from the plane
strain solution.

It would be fair to say that the state of design methods for piles driven into sand is relatively
unclear, and not yet well understood. There is still a pressing need for more theoretical and
experimental investigations to generate a proper modeling of the problem which might lead to
an enhanced solution in the future.

In summary, a rational bearing capacity theory for a single pile in sand should bring needed
improvements in the shortcomings suffered by its predecessors. In this thesis, an attempt is
made to develop a theoretical model depending on finite element analyses which are used

widely in many successive cases in the geotechnical field to incorporate some salient features
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commonly omitted in the existing pile bearing capacity theories. These features include:

1. Treating the pile bearing capacity under an axisymmetric conditions.
2. Modeling of sand around the pile as an elasto-plastic material, considering the com-
pressibility of the soil around the pile to observe the influence of different factors on the
developed failure mechanism.
3. Develop a new predictive formulations for coefficient of earth pressure acting on the
shaft as a varied parameter depending on several factors: d, ¢, and pile geometry.
4. Adopting varied failure mechanism which utilizing the punching shear failure as a
unique failure mode for piles in sand.
5. Developing theoretical model to be used in predicting the ultimate bearing capacity of a
single pile in sand as a function of many factors: pile geometry, relative shaft roughness &/

¢ and angle of shearing resistance ¢.
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CHAPTER 3

NUMERICAL MODELLING

3.1 General

Numerical analyses using finite element techniques have been particularly popular in recent
years in the field of foundation engineering. Based on the method described by Zienkiewicz
(1977), a variety of finite element computer programs have been developed, with varieties of
facilities to suit different needs. The behavior of soil can be approximated by the use of an
appropriate stress-strain law applied to discrete elements. The finite element method provides
a valuable analytical tool for the interpretation of foundations, where unusual geometry or
three dimensional effects are significant. It is particularly relevant when we compare or back
analyze the performance of a well instrumented prototype, or a full scale test in the field.
Analyses for piles using the finite element method have been used by numerous researchers
(Chen and Polous, 1993; Stewart, Jewell, and Randolph, 1993; Zaman, Najjar, and Mugqtadir,
1993; Meibner and Shen, 1994; Nicola and Randolph, 1994; Law, 1982; Ottaviani, 1975). In
particular, the analyses for axially loaded piles in sand have been reported by several research-
ers (Desai, 1974; Randolph and Wroth, 1978; Trochanis, Bielak and Christiano, 1988; Simo-

nini, 1994).

3.2 Scope and Objectives

Due to the large number of parameters under consideration, which include geometries, load-
ing conditions, and soil properties, some simplified assumptions have been considered in the

literature. Assumptions were made to include perfect bonding between piles and soil, linear
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soil behavior, absence of degradation of soil properties, and elastic pile-soil interaction. These
assumptions limit the range of applicability of these methods to particular soils or loading
types. and they may predict a foundation response significantly different from the actual con-
ditions. Three dimensional models employing nonlinear constitutive laws for soil present
promise to model pile/soil interaction in a more realistic manner (Chow, 1986; Koumoto,
1985; Ottaviani, 1975; Trochanis, et. al., 1988; Trochanis, et al, 1991& Zaman, et al, 1993).
However, due to the computational limitations, only a few results have been obtained from
these models. In addition, there is need to incorporate knowledge obtained from this type of
sophisticated analysis into simpler models that can be used in practice by foundation design-
ers.
In view of the above, the present chapter has the following objectives:
(1) To develop the numerical model for a single pile in sand
(2) To explore the mechanism of failure around a single pile in sand deposit due to the ax-
isymmetrical loading conditions, which will provide the basis for rational theoretical
model, to be presented in Chapter Four.
(3) To examine factors that should be incorporated in the analysis and the design of piles,
which have been overlooked in the past.
The results of these analyses are expected to provide the basis for a rational theory for
predicting the bearing capacity of a single pile in sand, which is presented in Chapter

Four of this thesis.

3.3 Numerical Model

The numerical model developed in the present investigation was carried out using the finite

element code CRISP94 (CRItical State Program). It was initiated by Zytynsski (1976) and
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developed further by Britto & Gunn (1987), and modified at Cambridge University, U.K. It
includes the following features:

(1) Undrained, drained and coupled consolidation analysis can be handled by the program
either for two dimensional plane strain or axisymmetric loading conditions, or three
dimensional plain strain solid bodies.

(2) The following soil models are available: Anisotropic linear elastic; inhomogenous linear
elastic (properties vary linearly with depth); elastic-perfectly plastic with Von Mises. Tresca,
Drucker-Prager, or Mohr-Coulomb yield criteria. For elastic-perfectly plastic models, the
stress state is corrected back to the yield surface at each loading increment. Therefore, a
limited increment size is required in order to achieve a reasonable convergence. It is worth
mentioning that the program uses a tangent stiffness solution scheme in which the global

stiffness matrix is updated at each increment.

3.3.1 Type and Size of Finite Element Mesh

The mesh used in the present study was determined according to the size of the pile and the
amount of deformation expected during the analysis. Since the region of interest is limited to a
few diameters around the pile, an axisymmetric analysis for a mesh whose axis coincides with
the axis of the pile foundation is the most efficient solution. The choice of the number of
elements and mesh design reflects a compromise between an acceptable degree of accuracy

and computing time.

3.3.1.1 Boundary Conditions

The following boundary conditions are imposed on the mesh: the nodes belonging to the

periphery of the cylindrical mesh are fixed against displacement in both horizontal directions,
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yet remain free to move vertically; and the nodes constituting the bottom of the mesh are fixed
against displacement in both horizontal and vertical directions. Additional boundary
conditions, which satisfy static loading. may have to be imposed in each case due to symmetry
conditions, i.e., nodes lying on an axis of symmetry cannot be displaced perpendicularly to
that axis. However, the boundary should be placed far enough from the region of interest in
order not to affect the deformations within that region. The mesh is designed to be denser in
the vicinity of the pile shaft, where the deformations and stresses are expected to have a major
variation.
Randolph (1977) recommended boundry conditions for the finite element mesh to be 50 times
the pile radius in the lateral direction, and to be 1.5 times the pile length below the tip in the
vertical direction. Since the need is to study the failure pattern around the pile shaft, the bound-
ary conditions used in this study will be as follows:

- The horizontal boundary was placed at least 50 times the pile radii measured from

pile axis, see Figure 3.1.

- The vertical boundary was placed at 1.5 times the pile length below the pile tip.

These conditions will vary depending on pile geometry and the observed zone of failure around
the shaft. Figures 3.1& 3.2 show schematic views of the adopted finite element meshes and the
distribution of elements. These boundary conditions were imposed to minimize the boundary
effect on the zone of interest (around the shaft), and to provide sufficient accuracy for the anal-

yses.

3.3.1.2 Number of Elements

The number of elements required for the analysis to achieve sufficient accuracy is considered

to be between 100 and 200 elements (Duncan, 1972 & Britto,1988). In this study several
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meshes were examined to obtain the minimum number of elements necessary to produce
accurate results. It was found that a minimum of 150 elements was required to achieve the
desired accuracy. Increasing the number of elements beyond this number did not produce
major changes in the results. In this study, 299 elements and 336 nodes were used and these
numbers were sufficient for successful analysis. The distribution of elements is also displayed

in Figure 3.2.

3.3.1.3 Types of Elements

The soil and the pile were modeled using eight-noded Linear Strain Quadrilateral elements
“LSQ” with quadratic variation for the displacement along the sides of the element (Figure
3.3a). Smaller sized soil elements were selected in the vicinity of the pile where variations in
stresses and strains were expected to be more significant. Furthermore, the aspect ratio for the
used elements did not exceed 5. It was also recommended by Britto (1988) that the maximum
aspect ratio required to provide a successful analysis should not exceed 10. In the present
analysis, several meshes with different aspect ratios were examined. It was found that an
aspect ratio of 10 provides the high level of accuracy for such analysis.

To model the interface behavior between the pile and the soil, a thin interface layer composed
of 6-noded flat elements (Figure 3.3b), with a maximum aspect ratio between 10 and 100 was
used (recommended by Britto,1988). This layer was placed between the pile and the soil to
simulate the relative slippage between both soil and pile material. These elements can be used
to simulate the interface between soil and structure in the case of smooth surfaces, or to
simulate the case of slip after a limiting stress condition has been reached. These elements are
placed all around the pile elements and along its entire length. In essence, these elements

separate the pile perimeter nodes from the corresponding soil nodes; interface elements are



57

O O O
O O
O @) @

a - Eight-noded Linear Strain Quadrilateral elements
“LSQ” used to model soil and pile system.

L

ONO)

O O
O O

b- Interface slip elements L >>t

O

Unknown displacements (i, v,w)

Figure 3.3 Types of Elements Used in the analysis.



58

also placed around the soil column under the pile tip, so that slippage of the pile tip with
respect to the surrounding soil can be modeled. It should be noted that the material properties

for the slip element were determined based on the material properties for the adjacent soil.

3.4 Constitutive Laws

3.4.1 Model of Pile Material

The elements constituting the pile material were assumed to behave elastically at all times.
The maximum stresses attained during this study did not exceed the yielding limit of the
chosen material (reinforced concrete), thus validating the assumption of elastic pile behavior.

Table 3.1 shows the typical elastic parameters required by the program to model the pile

material.

Table 3.1 Typical Input Elastic Parameters Required by the Finite Element Code
for Modeling Pile Material (Steel Pile)

Adopted Values For Arkansas Pile

Parameter Definition Load Tests
Young's Modulus in X Modulus of Elasticity (E) of pile 29 x 108 psi
direction material in horizontal direction (after Armelah. 1986)
Young's Modulus in Y Modulus of Elasticity (E) of pile 29 x 10° psi
_direction material in vertical direction (after Armelah, 1936)
Poisson’s ratio vy Poisson’s ratio (v) for pile 0.3
material in horizontal direction (after Lambe, 1979)
Poisson’s ratio vy, Poisson’s ratio for pile material in 0.3

vertical direction

(after Lambe, 1979)

Shear modulus Gy, =E /(2 (1+V)) 11.2x10% psi
Ky Code = 0 for drained condition K,, = 0 for the whole
Code = 1 for undrained condition analyses
Y bulk unit weight of pile material 7000 Ib./f.3

(after Lambe, 1979)
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3.4.2 Soil Model

The deformation of the soil was assumed to comprise a linear elastic stage, modeled by the clas-
sical theory of elasticity, and a nonlinear stage. The nonlinear constitutive model used for the
soil was the Mohr-Coulomb plasticity model. This model was selected among the several soil
models available in the library of CRISP because it can be implemented easily, its parameters
can be related to the physical properties of the soil, and furthermore it is widely used in practice.
In addition, a comparison between the results obtained by the Drucker-Prager, and Mohr-Cou-
lomb models revealed close agreement between the two models, see Figure 3.4.

The criterion of Mohr-Coulomb is defined by the following relationship:

T =f(0) ..(3.D)
where the limiting shear stress, T, in a plane depends only on the normal stress, ©, acting in the
same plane. Furthermore, the normal stress function, f(c), represents the failure envelope for
the corresponding Mohr's circles, as shown in Figure (3.5).

Coulomb, much earlier, introduced his well known equation,

T=c + o tan(¢) .(3.2)
which is considered to be the simplest form of the Mohr failure envelope, where (¢) represents
the soil cohesion and () represents the angle of shearing resistance of the soil. The Mohr fail-
ure criterion associated with the Coulomb equation is referred to as the Mohr - Coulomb crite-

rion. The failure surface can be expressed in terms of principle stresses as follows:

(1 —sin¢) _ (1 +sind) _
2c-coso * 0 2c - cosd X03 = 1 ..(3.3)

where: G, and 65 are the major and minor principal stresses respectively.

Furthermore, this model was recommended by Gunn (1996) as the best available model in
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CRISP for such analysis. Table 3.2 introduces typical parameters required by CRISP for using

the Mohr-Coulomb model.

Table 3.2 Typical Input Parameters Required for Modeling Sand Material (Adapted values for

Arkansas pile load tests)

Adapted values for Arkansas pile load tests
Parameter Definition
Soil Type (SP) Soil Type (SM)
E, Young's Modulus at Y=Y, 2.16x 10° Ib./ft.? 1.65x 10° Ib./ft.2
After Lambe (1977) | After Lambe (1977)
Vs Poisson’s ratio 0.3 0.3
(After Desai, 1979) | (After Desai, 1979)
o Cohesion at Y=Y, 0.00 0.00
0 Internal friction angle for soil 31° 32°
(After Desai, 1979) | (After Desai, 1979)
Y, Y - Coordinate where E=E
& C=C, 0.00 0.00
Ky Code = 1.0 for undrained
condition 0.00 0.00
= 0.0 for drained condi-
Y Bulk unit weight for soil 62.5 Ib./ft.3 62.4 Ib./ft3
(After Desai, 1979) | (After Desai, 1979)
m, Rate of increase of E with 0.00 0.00
depth
m. Rate of increase of C with 0.00 0.00
depth

The Origin of the Mesh is Located at the Bottom of the Mesh and Increases Upward
i.e., Y-coordinates = 0.0 Found at the Bottom of the Mesh.

3.4.3 The Pile-Soil Interface Element Model

For a realistic model, a rough (or adhesive) interface is required between the pile shaft and the

soil. A relative slippage should be permitted when the shear stress mobilized on the shaft ex-
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ceeds the limiting value. Trochanis,et. al.. (1988) in their finite element analyses results showed
that inelastic soil behavior can significantly affect the response of piles, and pile/soil slippage
is the most significant inelastic effect under purely axial loading. Furthermore, their findings
concluded that the load-settlement behavior is the same for the elastic and the inelastic soil
model. This implies that all significant nonlinearity, in this case, is caused by the slippage and
not by the yielding of the soil.
A slip element was employed to simulate the interaction at soil/pile interface. The slip element
used in the analysis was similar to the one proposed by Desai et. al. (1984). It was treated as a
one dimensional element with six distinct nodes; three of each are on one side of the longitu-
dinal direction of the element. This element is also formulated to behave as a linear elastic -
perfectly plastic (Mohr - Coulomb material) which is governed by the following parameters:

- Soil cohesion, ¢

- Interface angle, &

- Stiffness in the normal direction, K, = E(1-v)/(1+V)(1-2v),

Where, E, v are the modulus of elasticity and the Poisson's ratio respectively

- Shear modulus, Ky = G = E/Q2(1+V))

- Residual shear modulus, K. (usually equal to 0.01 to 0.001K,),

- Thickness of the element, t (usually: 0.1L >t >0.01L),

where L = the element length.
According to the foregoing constitutive relationship, the slip element behaves elastically till the
shear stress reaches the limiting shear stress as defined by the Mohr-Coulomb equation,

T=c + & tan(d) ...(3.4)

If the shear stress exceeds the limiting shear stress, the shear modulus, K, is replaced by the
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residual shear modulus, K .. which permits the relative slippage between the soil and the pile.
A comparative study was conducted on the results of two pile load tests, one using slip ele-
ments around the shaft and another using no slip elements. Two different meshes were de-
signed for this analysis; both were similar except the placement of slip elements around the pile
shaft. The obtained results are shown in Figure 3.6 in terms of pile load settlement curves. As
can be seen, the assumption of perfect pile-soil bonding leads to an ultimate load several times
higher than the one computed when slippage is taken into consideration. The same trend was
found for pile settlement: the settlement needed for fully mobilized ultimate load is much high-
er than in the case of permitted slippage. These observations coincide with the results obtained

by Trochanis,et al., (1988).

3.5 Finite Element Output

The results of the present numerical investigation are introduced in graphical forms. The fol-
lowing information is provided for each load test:

1. Deformed/undeformed mesh

2. Displacement vectors

3. Horizontal strain (g,,)

4. Vertical strain (syy)

5. Horizontal stress (Gyy)

6. Vertical stress (cyy)

7. Horizontal displacement (3,)

8. Vertical displacement (Sy)
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3.6 Model Validation

66

In order to establish confidence in the numerical procedure developed in this investigation, the

numerical solutions were verified against field observations. In this chapter, several field pile

load tests conducted by the United States Army Corps of Engineers (CE, 1964, as reported by

Desai, 1974) were analyzed. Comparing the results of the present numerical analysis and the

field data in terms of the tip settlement versus the total applied load and ultimate bearing

capacities are presented in Table 3.3. A good agreement was achieved.

Table 3.3 Comparison of Load Carrying Capacity for Arkansas Pile Tests

Ultimate Load Carrying Capacity
Criterion
Pile # 2 Pile # 3 Pile # 10
Field measured (tons) 215 250 165
Finite element prediction 285 240 135
present study (tons)
Error% -32.5% 4.0% -12.0%
3.6.1 Pile Load Tests

The U.S. Army Corps of Engineers has conducted a large number of field pile load tests. Tests

from two sites will be considered: Arkansas Lock and Dam no. 4 (LD4) on the Arkansas River

in Arkansas, and Jonesville Lock (JL) on the Black River in Louisiana, USA. Details regard-

ing the pile test program have been fully described in a report by Fruco and Assoc., (1964)

and in the paper by Mansur and Hunter (1970) and, further, were analyzed by Desai (1974a).

Details of boring logs and other soil properties are adopted from Mansur and Hunter, (1970),

Fruco and Assoc. (1964), and Desai, (1974a). All soil foundations and related pile material

properties are presented in Tables 3.1 and 3.2 and Figure 3.7.
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3.6.2.1 Finite Element Meshes

The pile-soil interface system was modeled as described in section 3.3. A mesh with 394
nodes and 351 elements was used to model pile load tests number 2 & 10, while a mesh with

316 nodes and 279 elements was used to represent pile load test number 3.

3.6.3 Interface Parameters

According To The U.S. Army Corps of Engineers, a number of direct shear tests were avail-

able to evaluate the angle of friction between the pile material and the sand (Desai, 1974a).
Results of these tests indicate that the angle of friction between pile material and soil is 23° for

SP soil and 27° for SM soil. These values were used in this analysis.

3.6.4 Test Procedure

1) The pile was assumed to be driven in a homogeneous, isotropic sand layer, i.e. no driving
stresses were considered. The initial stresses in the soil mass were assumed to have a zero
value at the ground surface and to increase linearly downward. The maximum vertical stress
(oy) at the bottom of the mesh is equal to:

cy,= Y.h ...(3.9)
and the maximum horizontal initial stress (o},) at the bottom of the mesh is equal to:

oh,=K.v.h ...(3.6)

Where:
K = coefficient of earth pressure

h = the total height of the mesh starting from the ground surface.

Y = unit weight of sand
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2) With respect to the assumed soil and pile properties, the loads were applied in equal incre-
ments in a form of uniform compression stress acting on the cross section of the pile head. The
load was then applied in equal increments of 17.5 tons (160 kN) for pile load test number 3
and 20 tons (178 kN) for pile load tests numbers 2 and 10. The stresses acting on the pile
material did not exceed the maximum allowable stresses. A total of 60 increments was found
enough to meet the requirements of the used soil model, and the desired accuracy.

3- The ultimate load was determined from plotting the total load/settlement relationship, i.e.
the plunging failure load was estimated. The failure pattemn which developed gradually was
monitored.

These test procedures and assumptions were applied in all analyses included in the present

study.

3.6.7 Analyses and Results

Three finite element analyses were performed for the three pile load tests at Lock and Dam
No. 4, Arkansas River. Load/settlement relationships were established and the ultimate load
for each test was determined by using the tangent method. The comparison between finite ele-
ment analyses and field observations is presented in Table 3.3. It can be seen that the finite
element predictions showed good correlation with the measured value. For any individual
comparison, the two ultimate loads are not the same; this is expected because of the following
two reasons: neglect of driving stresses; inaccuracy of adapted theoretical parameters such as
modulus of elasticity, angle of interface friction between pile and soil, etc. These parameters
were adapted from other similar soil data and not for the same site; moreover, the team that
executes the loading test in any site does not determine such parameters. In general, one can

conclude that a fair agreement between field and theoretical analysis is achieved.



3.7 Axisymmetrical Parametric Study

An axisymmetrical finite element analysis was performed in a form of limited parametric

study with the following objectives:

1- To investigate the failure mechanism of a single pile in sand subjected to an axial load

and to establish the parameters governing the mechanism.

2- To study the sensitivity of the governing parameters affecting the ultimate bearing

capacity of the single pile in sand.

Table 3.4 Range of Pile Geometries Used in the Parametric Study

Series No. 1 Series No. 2 Series No. 3 Series No. 4
Pile diameter (B) | Pile diameter (B) | Pile diameter (B) | Pile diameter (B)
Group 0.25 (m) 0.40 (m) 0.50 (m) 0.75 (m)

No. Pile Pile Pile Pile
D/B Length D/B Length D/B Length D/B Length
(D) m (D)m (D) m (D) m

1 12 3.00 12 4.80 12 6.00 12 9.00

2 24 6.00 24 9.60 24 12.00 24 18.00
3 36 9.00 36 14.40 36 18.00 36 27.00

4 43 12.00 48 19.20 48 24.00 48 36.00
5 72 18.00 72 28.80 72 36.00 72 54.00
6 96 24.00 96 38.40 96 48.00 96 72.00

3.7.1 Pile Geometry

A relatively wide geometric range was examined in order to gain better understanding of the
failure mechanism of the soil surrounding the pile. Piles with diameter (B) starting from 0.25
m. up to 0.75 m, length (D) from 3.0 m up to 72 m and slenderness ratios (D/B) of 12 to 96
were used. The testing program consisted of 6 groups. Each group included 4 series, each

series with one constant diameter and six different slenderness ratios (see table 3.4). Twenty
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four meshes were used, with 299 elements and 336 nodes for each mesh. Table 3.5 summa-
rizes the dimensions and boundary conditions of these meshes, and Figure 3.2 shows the dis-

tribution of the element system used in the design of these meshes.

3.7.2 Soil Type

Three types of sand deposits were tested. loose, dense and medium-dense sand. Tables 3.6 &
3.7 give the soil and the slip element parameters used in the present study with relevant refer-
ences. The slip element parameters were determined based on the adjacent soil properties (as
recommended by the CRISP manual). The initial coefficient of earth pressure was considered
as a parameter in this study. In all cases a value of the Coefficient of earth pressure at rest K,
for normally consolidated sand was the initial insitu value used for all pile load tests, based on
the following relationship:
K, =1-sin ¢

Table 3.6 Soil Parameters Employed in Parametric Study

Dry Unit Angel of Average Poisson’s
Weight Shearing Modulus of Ratio
. (After Das, Resistance Elasticity (After Das,
Soil Type - -
1995) (After Das, (After Poulus, 1995)
¥s (Vm?) 1995) 1971) Vs
¢ (Degrees) E (Vm?)
Loose Sand 1.65 259 . 300 175 0.25
Medium 1.75 31°9-37° 350 0.33
Dense Sand
Dense Sand L9 380 - 45° 700 0.42

In order to investigate the influence of the different parameters, used in the present numerical

3.7.3 Sensitivity Analysis of Finite Element Parameters
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model, on the determined ultimate bearing capacity of a single pile in sand, the following
parameters were examined:

a-Modulus of Elasticity “E” and Poisson’s ratio “v’" of sand.
b- Angle of shearing resistance of the sand 6.
c- Slip element parameters: K, K(G), K. & 8 (theses parameters are defined in
Table 3.7).
d- Coefficient of earth pressure at rest, K.
To carry out the sensitivity analysis, only one pile with diameter B = 0.40 m, depth D = 14.4
m and slenderness ratio D/B = 36 was used. Each parameter was subjected to change while

other parameters remained constant at an intermediate values.

Table 3.7 Slip Element Parameters Employed in the Parametric Study

Ksres = )

K=E(l-v)/| K=G= | (001t00.001) | 8=¢ Slip
ol T (L+v)*(1-2v)|  E/2(1+v) (Ky) (Degrees) ‘;‘e?e“‘
oil Type 2 2 2 thickness
(Ym*) (Ym~) (m~) “t" (cm)

Loose Sand 210 70 1.00 25-30 2.0

Medium
Dense Sand 519 132 1.32 31°-37° 2.0
Dense Sand 1787 247 2.47 380.45° 2.0

3.7.3.1 Effect of Modulus of Elasticity “E* and Poisson’s Ratio ‘“v’of Sand
Three values of modulus of Elasticity of sand “E” were employed to examine the sensitivity

of this parameter on the determined bearing capacity; these values are 175, 350 & 700 ton/m?>.
As expected, the bearing capacity of a pile increases due to the increase of the modulus value,
while the associated settlement decreases (the results are shown in Figure 3.8). An average

value of “E” for each sand density will be assigned; these values are given in Table 3.6. With
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respect to effect of Poisson’s ratio of sand “v”, a three values of “v”” were used. These values
are: 0.25, 0.3 & 0.4, it can be noted that there is no significant change in the settlement and the

bearing capacity due to change of “v”. The results are shown in Figure 3.9.

3.7.3.2 Effect of Angle of Shearing Resistance “¢”
In order to examine the sensitivity of the angle of shearing resistance “¢"” on the predicted
bearing capacity, three values were used in this analysis: 30°, 35°, 38°. It was found that, as

reported in the literature, the bearing capacity of a single pile in sand increases due to an

increase of the angle of shearing resistance “¢”. Figure 3.10 displays the results.

3.7.3.3 Effect of Slip Element Parameters K, K(G), K. & 0.

The theoretical relationships of each slip element parameter were given in table 3.7. For the

parameter K, three values were employed to verify its sensitivity to the determined bearing

capacity: 200, 520 & 750 t/m>. Figure 3.11 shows these results. It can be noted that the effect
of K, on the bearing capacity of the pile is minor and can reasonably be neglected.

The parameter K was examined using the following values: 130, 300 & 500 /m?>. The results
are shown in Figure 3.12. It can be noted that K has no effect before the ultimate point (the
point at maximum curvature), beyond which there was little or no change in load capacity
behavior. The same trend was found in examining K; the results are shown in Figure 3.13.
Based on the above, the values for slip element parameters, K, K. & K should be assigned
average values which are recommended in the program manual. These values depend on the
adjacent soil properties, and are given in Table 3.7.

To examine the effect of angle of friction between the pile and sand”3%, three values were
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used: 8/¢ = 0.5, 0.7 & 1.0. Results are displayed in Figure 3.14. It can be noted that the bear-
ing capacity and settlement increase with an increase of the angle ““8”. Therefore the angle of
friction between pile and sand “8” will be considered as a parameter in the present investiga-

tion because it depends on the pile material and varies depending on the sand properties.

3.7.3.4 Effect of Initial Coefficient of Earth Pressure “K;*
In order to investigate the importance of the coefficient of earth pressure in the present study,
the coefficient of earth pressure “K;” is assigned theses values: K, 4 K, & 8K, It was found
that the ultimate bearing capacity increases with an increase of the initial value of “K;” (see
Figure 3.15). Accordingly the intial value of K; must be incorporated in determining the bear-

ing capacity of a single pile.

3.7.3.5 Summary

Based on the sensitivity analysis conducted above, it can be concluded that the parameters
affect the determination of the bearing capacity of a single pile in sand and, accordingly. will
be considered in the present study:

a- Initial coefficient of earth pressure “K;".

b- Angle of shearing resistance of the sand *¢".

c- Angle of friction between the pile material and the sand “8".

3.8 Test Results

The following are the desired results of the numerical model developed in this investigation:
1- Load settlement curves for the skin, the tip and the total loads on the pile.

2- Incremental plot for the contour lines for factor of safety against shear failure.
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3- Incremental plots for the progress of failed elements around the pile shaft.

4- incremental development of the shear stresses T,.. vertical stresses oy and horizontal
stresses O, acting on the pile shaft:
5 - Incremental development of the coefficient of earth pressure acting on the pile shaft K.

These results will assist in determining the failure mechanism around the pile. The plots of

Txy» Ox »Oy & Kgare determined for the vertical and horizontal sections shown in Figure 3.16.

3.8.1 Typical Results for Pile Test

Due to the massive graphical results deduced from the finite element analysis and the rela-
tively large number of tests performed in this investigation, typical results for load test will be

introduced in this section for demonstration purposes. The load test was carried out for the
pile diameter of (B = 0.25 m) and length (D =12 m), i/e (D/B = 48); ¢ =8 = 30°. A total stress

of 2500 vm? was applied into the pile cross section over a 60 increments; L.e. 41.67 Vm? per

increment. The test was performed up to the failure point (the point of maximum curvature).

where the stress at failure was 1042.02 m? which is equal to an ultimate load of 51.15 tons.
Figure 3.17 shows the load-deformation relationship for this test. From this Figure 3.17,itcan
be noted that:

The ultimate load = 51.15 (tons), Skin ultimate resistance = 11.84(tons), Tip ultimate resis-
tance = 39.31(tons) and the settlement at failure = 2.932 cm which took place at increment
number 24. It should be mentioned here that total load was determined from the accumulation
of the external applied load. The skin resistance is determined by integration of the local shear

stresses (T,) acting along the pile shaft at the point of failure, and tip resistance is equal to

total load minus skin load. The settlement at failure is close enough to the limit of 10% of pile
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diameter (2.5 cm) and does not exceed the value recommended by the “Canadian Foundation

Engineering Manual, 1992”.

3.8.2 Development of Horizontal Stresses (G,)

Confinement pressure is one of the major factors affecting the bearing capacity of a single pile
in sand. It is responsible for a major part of the mobilized skin resistance on the pile shaft. In
order to investigate the development of the horizontal stresses on the pile shaft, an incremental
mobilization is introduced. The horizontal stresses at each increment were determined indi-
vidually and the results are shown in Figure 3.18 for the vertical section located immediately

adjacent to the pile shaft. It can be seen from this Figure (3.18), that the horizontal stress oy
developed on the shaft, comparing with its determined value from overburden (Ko*oy), exhib-

its higher values at the zone below ground surface. This increase was found to be linear with a

value of zero at the ground surface. While lower values of o, was found at the zone around
tip. Furthermore, at the failure load, between these two zones the distribution of &, is almost

equal to overburden value and linearly distributed. This trend can be identified by the follow-
ing three zones:
a- Zone I: immediately beneath ground surface;

oy exhibited a noticeable increase beneath the ground level, which decreases with depth, up to
the normal linear distribution at an approximate depth of 0.25 D. This can be attributed pile
installation and ground subsidence which takes place around the pile. At a greater depth, the
level of confinement increases which in return minimizing the possibility of horizontal move-
ments around the shaft. This should explain the high level of shear mobilization within the

upper zone.
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b- Zone II: located adjacent to pile tip;
Oy decreased than the calculated linear magnitude (K*cy) in this zone by about 20%; this is
can be attributed to the advanced pile tip that crushs the soil particles, changing soil strength
and coefficient of earth pressure in this area. Pushing soil particles aside to open for the shaft
to penetrate the soil mass, causes an active earth pressure condition and a noticeable decrease

in the o value.

Figure 3.19 shows the developed horizontal stresses, at failure, over different vertical sections
located horizontally at distances measured from the pile axis of symmetry. Figure 3.20 shows
the distribution of the developed horizontal stresses, at the failure load, over horizontal sec-
tions covering the entire depth of the pile. The general locations of both vertical and horizon-
tal sections are given in Figure 3.16.

Analysis of the developed o, over the vertical and the horizontal sections showed the follow-

ing:

(=

1- In general, the value of G, in vicinity of the pile shaft is relatively higher as compared to

the values at the same level but far from the pile shaft. This trend is noticeable horizontally up
to a distance equal to “R”, which is named in this investig.tion as the radius of influence zone.
Also it is noticeable in the vertical direction up to about 0.25 H; from ground surface (see Fig-
ure 3.59 for location of H,).
2- The decrease of &, occurred around the tip, is limited in the horizontal direction of about
5B from the tip, and vertically by distance above the tip level of about 7B, and below the tip
level equal to about 6B. This trend provide the base for employing a varied radius of influence
over the shaft.

3- Atany point inside the soil mass, G, has the value of (K * Oy), which depends on the over-
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burden pressure. An exception to this rule was found in the vicinity of the shaft, especially in
the forgoing zones. This trend can explains the changes in sand angle of shearing resistance

“¢” occurred around the shaft.

In order to determine the increase and/or decrease of G, acting on the shaft. a relative compar-
ison is presented in Figure 3.21 which introduces the percentage of developed horizontal
stresses acting at the shaft related to the insitu horizontal stresses. It should be noted that the
meaning of positive sign is that the developed G, is higher than the insitu overburden one and
vise versa. From Figure 3.21, the behavior of o, can be divided into three main trends:
a-Zone I: with a total height of about 0.25 H, located beneath ground level. In this zone the

soil experiences increase of horizontal stresses immediately beneath the ground level and this

increase is terminated at a distance equal to the depth of about (0.25 H 1), where o, becomes

equal to the insitu value.

b- Zone II: located near the tip, and having values lesser than the insitu overburden values:
this trend can be related to the active pressure condition developed due to the pushing of soil
by the shaft tip.

c- Zone III: located between zone I and II having 6, value close to the value of the insitu

horizontal component of overburden pressure where oy flocculates slightly around the insitu

values. This zone can be called the neutralized zone.

Also from Figure 3.21 it can be noted that the developed Oy just beneath the ground level is
higher than any other level along the pile shaft; the percentage of increase is about 120%. This
trend should explain the degree of mobilized skin friction beneath ground level, where the

highest magnitude of o, took place, decreasing with depth. This explains the higher level of
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skin resistance mobilization in this zone than in any other zone.

In view of the above, the following remarks can be given:

1- The horizontal pressures against the pile shaft are playing a major role in estimating the
value of skin resistance.

2- The magnitude of o, acting on the shaft differs from one level to another and is not varied
linearly as suggested in most of the literature.

3- The maximum value of G, acting on the shaft occurred beneath the ground surface and
decreased with depth; this explains the higher degree of skin resistance mobilization which
took place beneath ground surface and decreased with depth.

4- At the vicinity of the pile tip, the developed horizontal pressure is smaller than the overbur-
den values (the -ve sign in Figure 3.21). This is due to the effect ot; the tip advancement in the
soil, creating an approximately active earth pressure condition at this zone.

It is reasonable to state that the horizontal forces acting on the shaft must be considered in any
equilibrium analysis, an additional horizontal force should be taken into account. This force is

shown in Figure 3.22 as Eg; which resulted from the superposition of the additional horizontal

pressure (in a form of triangle) acting on the shaft. It should be noted that this triangle was
originally curved with zero value at ground level and it was approximated by a triangle to sim-
plify calculations. This triangle has its base at the ground surface with a horizontal coordinate

equal to the following empirical value:

Co=K*y* 025 * H, ~(3.7)
Where:

K, = Coefficient of earth pressure acting on the shaft
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v = Soil unit weight
L, = Height of the additional pressure triangle = 0.25 * H,
H, = Height of mobilized skin resistance zone measured from ground surface
This triangle will produce the horizontal force Eg
Where:
Er =1/2C, *(0.25 H)) .(3.8)

and acting horizontally at a distance equal to 2/3 (0.25 H) measured from ground surface.

3.8.3 Development of Vertical Stresses (O'y)

A group of plots for developed vertical stresses over vertical and horizontal sections are intro-
duced in this section. The plots over the vertical section introduces the changes of vertical
stresses versus depth, and the plots over the horizontal sections will compare the developed
vertical stresses at shaft with the instu values.

Figure 3.23 shows the development of vertical stresses acting on the vertical section located at
the pile shaft. It can be seen from this Figure (3.23) that the distribution of vertical stresses
over this section is almost linear, except at two zones. The first zone is located immediately
beneath the ground surface, which believed to influence the mobilization of the skin resistance
up to a depth of about 3B beneath the ground surface. The second zone is located beside the
pile tip, where sudden increase in Oy just beside the tip can be observed, and is believed to
result from the mobilization of the tip resistance.

Figure 3.24 introduces a set of plots for the vertical stresses developed on vertical sections at
various horizontal distances. This Figure 3.24 shows the following:

1- Distribution of Gy is almost linear over the shaft, except at two zones:
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Figure 3.22 Horizontal Forces Acting on the Upper Part of The Shaft (Zone I)
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a- immediately (few centimeters) beneath the ground surface where there is an increase of

about 41% compared to the insitu value, similar to the trend observed for &, values.

b- in the vicinity of the tip, there is another increase, found to be about 26% greater than the
insitu values. These observations are shown in Figure 3.25, where the percentage of the devel-

oped stress to insitu value of oy is plotted for the vertical section located on the shaft.
Figure 3.26 shows the development of oy at failure load along horizontal sections measured

vertically from the ground surface. The following can be noticed:

1- At any horizontal plane, a higher magnitude of Oy occurs near the pile shaft and decreases

away from the shaft. This could reveal the effect of the influence zone which was evaluated by
5B in the middle of the shaft and 8B in the zone adjacent to the pile tip and beneath the ground
surface.

2- Sharp increase in Oy occurred just at tip level; this is expected due to the pile loading and its

advances through the soil mass compressing the soil particles in this zone.

3- At vertical distance about 8B below the tip, the vertical stresses became equal to the insitu
stresses. In other words, the influence of pile loading process on the soil mass is terminated at
this distance. This may reveal the vertical influence below the pile tip.

In general, at any level within the soil mass Oy = Y*h, where y = unit weight of the soil and h
is the vertical height above that level. Considering that the vertical level remains unchanged,
accordingly, the only change to take place is the soil unit weight. This may explains densifica-

tion process of sand which took place around the tip.

3.8.4 Development of Earth Pressure Acting on the Pile Shaft

In the literature, the distribution of earth pressure acting on the pile shaft is assumed to act
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linearly. Many theories considered the coefficient of earth pressure acting on the pile shaft K

as a constant value based on the assumption of linear distribution. Many experimental data

reported that K increases for short piles and may exceeds K- Ata full pile embedment and at
the failure load, the coefficient of earth pressure K may be closer to K, near the top of the pile

and tends to be a lower limiting value near the pile base.

Coefficient of earth pressure K is considered as a major factor affecting the value of skin
resistance. The actual distribution of K, over the shaft has not yet been well documented.

In this investigation the following terminology is used:

K, = Coefficient of earth pressure at rest (for normally consolidated sand) = 1-sin ¢
K; = Insitu (initial) coefficient of earth pressure in the soil mass (before pile loading) = K,
K, = Coefficient of earth pressure acting on the pile shaft

K,, = Coefficient of earth pressure acting on the pile shaft developed at ground surface

g
&

Figure 3.27 shows typical results of the determined coefficient of earth pressure. K on the

shaft along the pile-soil interface.
From this Figure (3.27) it can be noted that: the highest value of K was developed immedi-
ately beneath the ground level, and decreases with depth up to a depth of about 8B from
ground surface. Below this distance, the distribution remains constant. with a sudden reduc-
tion occurring in the vicinity of the pile tip. The distribution of the developed K on the shaft
can be divided to the three following zones:

a- An upper zone (I) just beneath the ground surface and extended to a depth equal to about
8 B. The sand in this zone is subjected to densification due to the sudden subsidence in the

ground surface around the shaft. Furthermore, during loading the pile, the soil moves towards
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the shaft. Therefore, a state of higher earth pressure (this could be a passive state) has been

generated in this zone, i.e. K, >> K.

b- In zone II around the tip, the sand is also subjected to densification, where the movement

of the pile is against the soil, and accordingly an active condition was developed (K; < K;).

c- In zone III, between zone I & 1II, the distribution of K at this zone, implies that there are
no major movements which could change the at rest condition, accordingly, there was not
enough influences to the skin resistance along pile length in this zone, (K = K;).

Figure 3.28 displays the coefficient of earth pressure developed over different vertical sec-
tions measured horizontally from the pile axis covering a total horizontal distance equal to 30
B From this Figure (3.28) it can be noted that:

1- Horizontally, the coefficient of earth pressure developed at ground surface is always higher
than the insitu (ng >> K;), where at the shaft (ng = 1.55) > (K; = 0.5). Horizontally away

from the shaft, K¢, became higher (at a distance equal to 3 B, K, =2.53). And beyond the dis-

sg
tance 3B, K, decreases. At a distance equal to 14.4 B, Ko became equal to K;. Beyond this
distance the trend, differs and becomes (K, < K;), where at a distance equal to 15 B. K,
became equal to 0.46 < (K, = 0.5). The trend will continues with increase of distance from the
shaft, where at a distance equal to 30 B, ng, was found to be = 0.33 < (K;=0.5).

2- Vertically the increase of Ky, which occurred at the ground surface, is limited to a distance

equal to about 8 B measured from the ground surface. Beyond this distance, K, became

almost equal to the insitu value or higher, with a sudden decrease just at the tip. This decrease
was found to be (0.45 < Ki =0.5).

Figure 3.29 shows the coefficient of earth pressure developed over different horizontal sec-
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tions located at vertical distances measured from ground surface. Figure 3.30 introduces the

percentage of developed to insitu coefficient of earth pressure acting on the shaft K. The fol-

lowing observations can made from theses Figures (3.29, 3.30):
1- The influence zone in the considered test is found to be horizontally as follows (Figure
3.29):

a- Beneath ground surface (zone I): 14.4 B

b- Beside pile tip (zone II): 8B

¢ - Over the shaft between zone I and II (zone III): 5 B

2- The maximum percentage of K /K; is found to be 140% and occurred beneath the ground

surface, zone I, (Figure 3.30). Along the shaft, in zone III, this percentage is about 104%. At
zone II, beside the tip, it was found to be 94%.

The above observations can be documented as follows:

1- The pile loading mechanism creates different states of stress zones around the shaft. The

earth pressure coefficient in these zones varies between K>K; and K <K;. The differences

between each state are also extended to various vertical distance over the shaft. These obser-
vations make invalid the former assumptions for K - as a constant value for all the shaft
length, resulting in linearly distributed horizontal pressures acting on the shaft. This trend was
reported by several authors, Kulhawy (1984), Meyerhof (1976), Werching, (1987) and Altaee,
et al (1992-a &b &1993).

2- It is found that K exhibits a higher value at the ground surface, which is called K,; this
value is also variable depends on some other factors, i.e. 3,.

3- The values of developed coefficient of earth pressure at the shaft K are higher than the ini-

tial coefficient of earth pressure K; this increase is also varied depending on other factors, i.e.
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1&y=0.00

2&y=-1.00m
3&y=-200m
4&y=-300m

5&y=-400m

6&y=-500m

7&y=-6.00m
8&y=-700m
9&y=-800m

10&y=-9.00m

11&y=-100m
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Figure 3.29 Coefficient of Earth Pressure Developed (at Failure) along
Horizontal Sections at Various Depths
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3,0.

The forgoing conclusions stress the importance of obtaining new values for K for design pur-

poses.

3.8.4.1 Coefficient of Earth Pressure Acting on the Pile Shaft K

It was found that the coefficient of earth pressure acting on the shaft K, exhibits greater
increase than the insitu values K;, (K; = K, = 1-sin ¢). This increase is a direct reflect of stress

state in soil mass and variable sand densities occurred due to pile loading. In order to show

how much increase was found due to the different soil conditions, a ratio of K/K; will be

introduced in the following section. Table 3.8 shows the typical results of the coefficient of

earth pressure acting on the shaft K. It should be noted here that the entire parametric study

was performed taking into account 8/¢ = 1.0. These results also are presented graphically in
Figure 3.31. This Figure shows the relationship between the ratio of coefficient of earth pres-

sure K/K; and the angle of shearing resistance ¢ with respect to pile depth “D’" and diameter

“B". It can seen from this Figure (3.31) that:

1- At shallow depths, the ratio of K/K; exhibits a higher increase than at greater depths.

2- KJ/K; increases with the increase of pile width “B™.

3- KJ/K; increases with the increase of angle of shearing resistance “¢™.
In order to establish a predictive function for K, using the entire output of the parametric
study -shown in Figure 3.31- the following procedures were followed:
1- Average relationship of the ratio K/K; at an angle of shearing resistance ¢ = 25° with

respect to pile width = 0.25 m, were produced. This relationship represents the lower envelop

for all curves introduced in Figure 3.31 taking into consideration the range of pile depths
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between 3.0 m and 72.0 m. This relationship is introduced in Figure 3.32. The best fitting
function to produce predictable equation is found to be as follows:
(K&K (ar 9=250) = 1.194 + D* (-10.98+D* (258.04 + D *

(-1966.46 + D * (6405.12 + D * (-514.79))))) ...(3.9)
This process was carried out using a computer program that offers the best fit relationships for
many engineering functions and develops corresponding equations. A comparison between all
produced curves was carried out and the most reliable representation of the input data was
chosen. Many trials have been done to determine the most efficient equation in terms of sim-
plicity and reliability. The chosen equation was coded in subroutine to test the coverage range
for its function, which was found accurate enough to cover the desired range.
2- The trend of K/K; versus “¢” was found to be almost parallel for all values of “¢” with
semi constant difference; this implies the concept of using one curve at the lowest value and
additional increase due to extra values of “¢” can be added. The predictive function could be
established for the lower value of “¢” (using Equation 3.9) and then an additional increase can
be added to predict the higher values of “¢”. The same trend can be approximated for the

increase due to the increase of pile width “B". With respect to “¢”, the maximum difference in
Ky/K; (between the value at “¢™" = 25° and the value at “¢” = 45°) was found to be about 0.322.
This amount was distributed among the range of ¢ = 25° to ¢ = 45° and additional increase to
the predicted value of (K/K;),, ¢=250 Will be added using the following equation:

K =0.0161*%(¢) - 0.4025 ..(3.10)

Equation 3.10 is presented graphically in Figure 3.33.

K/Kdr= (KdKja o=250 + K ...(3.11)



Table 3.8 Parametric Study Results for Model Parameter:
Coefficient of Earth Pressure acting on Shaft “K,”

Pile Geometry, m Coefficient of Earth Pressure acting on Shaft “K,”
B D $=25° $=30° ¢=35° $=40° 0 =45°
0.25 3 0.88 0.83 0.77 0.70 0.63
0.25 6 0.81 0.78 0.72 0.65 0.58
0.25 9 0.76 0.71 0.66 0.60 0.54
0.25 12 0.70 0.67 0.62 0.55 0.49
0.25 18 0.63 0.57 0.52 0.47 0.42
0.25 24 0.60 0.55 0.49 0.44 0.38
0.4 4.8 0.89 0.82 0.77 0.70 0.62
0.4 9.6 0.79 0.74 0.68 0.62 0.54
0.4 14.4 0.70 0.65 0.60 0.54 0.48
0.4 19.2 0.63 0.58 0.53 0.48 043
04 28.8 0.61 0.55 0.49 0.43 0.36
0.4 38.4 0.59 0.53 0.47 0.40 0.34
0.5 6 1.20 1.06 0.97 0.87 0.75
0.5 12 1.03 0.94 0.86 0.77 0.68
0.5 18 0.90 0.84 0.76 0.68 0.60
0.5 24 0.80 0.75 0.69 0.61 0.54
0.5 36 0.69 0.64 0.58 0.52 0.45
0.5 48 0.65 0.60 0.55 0.49 0.43
0.75 9 1.13 1.03 0.95 0.85 0.76
0.75 18 0.94 0.86 0.79 0.69 0.63
0.75 27 0.79 0.74 0.68 0.60 0.54
0.75 36 0.72 0.66 0.60 0.53 0.46
0.75 54 0.67 0.62 0.56 0.49 0.43
0.75 72 0.67 0.62 0.56 0.49 0.43
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3- With respect to “B” the maximum difference in K/K; (between the value at B= 0.25 m and

B =0.75 m) varied with depth and a function is needed to predict its value. This function is

presented graphically in Figure 3.34, where the maximum difference between the value of K/
K;at B =0.75m and B = 0.25 m was determined as an average of all series. The Equation for
best fitting function of this data is given as follows:
Ksg=0.31+0.5015* (atan((D-23.57)/(-5.178)+1.571))/m) .(3.12)
Yg=((B-0.25)/0.5)*Kg
Equation 3.12 is presented graphically in Figure 3.34 and used to determine the increase of
K¢/K; due to the increase of “B”; this increase is dependent of the pile depth. Thus the pile:
depth is used to determine the corresponding increase of K/K; due to the increase of “B”.
(KK = (KgKpr+ Yp .(3.13)

3.8.4.2 Effect of Angle of Friction 5” on the Value of K

Figures 3.35 to 3.39 show the results of selected pile load tests to present the variation of &
against K¢/K;. From theses Figures 3.35 to 3.39, it can be noted that K, increases with the
increase of & within the range of 8/¢ = 2/3 to 1.0. While in the range of §/¢ = 1/2 to 2/3 it can
be considered as a constant value with no major changes. The average rate of increase within
this range is 36%. This amount of increase will be deducted, since the original studies were
conducted using 8/¢=1.0, in the range of 8/¢ = 2/3 to 1.0. And in the range of §/¢ = 1/2 to 2/3,
K/K; will take the same value based on its value at §/¢ = 2/3.

The best fitting function for this condition gave the following equation:

Y2=O37.{:(0009*(1n(e((5/¢+0 l7)/0.0045)+e(186.6667))

- In(e(324-4444)  o((3/0)/0.0045)y) . 34)/(0.64) ..(3.14)
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Yg=0.36-Y,
Equation 3.14 was produced using the best fitting equation and is presented graphically in
Figure 3.40.
(K¢/Kp) = (K¢/Ky *(1- Yg) ...(3.15)
Finally

K, = (K/K;) * K;

3.9 Suggested Method to Predict Coefficient of Earth Pressure Acting on the Shaft, K,

Figure 3.41 introduces a graphic relationship for K{/K; and pile depth for different values of
angle of shearing resistance ¢, which resulted from the present investigation. The following
steps are suggested to predict K based on the proposed method:

1- Use pile depth and angle of shearing resistance “¢” together to determine (K/K;), from

Figure 3.41.

2- Determine the amount of increase due to increase of pile width B from Figure 3.34 by
knowing pile depth D, “Kg", getting {(K¢yK)a+Yg)
3- Determine the decrease due to decrease of /0, Y>. from Figure 3.40

(KJ/K;) = {(K/K)a+YR} - (0.36-Y5)

4-  Finally: K= (K/K;)* K;

3.10 Development of Failure Pattern Around the Pile Shaft

The development of shaft and tip resistances is dictated by the amount of movement a pile
experiences. It was reported in the literature that the amount of displacement needed for full

mobilization of shaft resistance is much smaller than the amount needed for full mobilization
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of the tip resistance.

3.10.1 Failure Pattern
In the following analysis, two methods were used to determine the failure pattern around the
pile shaft as deduced from the finite element results. The first method is by producing the con-
tour lines for the factor of safety (F.O.S) against shear failure for each increment of loading
process and then determining the ultimate load corresponding to a factor of safety of unity.
This indicates the boundaries of the failure pattern. The second method is by dedicating the
failed soil elements around the shaft. The resulted failure area in this case must be the same as
the observed using method one.
1- Method I:

From the results of the finite element analyses, the contour lines of stress ratio (t/s) which is

equal to sine ¢, are plotted

Where:

t = the radius of Mohr’s circle (effective stress) = (c,-03)/2

and s = the coordinate of the center of Mohr's circle along the direct stress axis
=(0,+03)/2

9, = mobilized angle of shearing resistance.

Thus,
/s = {(01-03)/2}/{(01+c3)/2} = (01-03)/(6+03) = sine ¢,
or =sine ¢, ...(3.16)

The failure or slippage occurs at a point where (sine ¢,/sine ¢) = 1.0, i.e. when 0 = ® where

factor of safety against shear failure s equal to unity.



2- Method O:

The stress state for each element was determined immediately after each increment. The
deduced stress was then compared with the allowable stress computed from the soil strength
parameters. If the ratio is less than unity, this means that this element did not reach the failure
state yet; i.e. for a ratio equal to or higher than one, the element is in a state of failure.

In this investigation, both methods were utilized to determine the failure pattern around the
pile and the following procedure was used to determine the failure pattern around a single pile
in sand:

1- For each test, several trials were carried out to estimate the magnitude of the ultimate load.
Then double the estimated ultimate load was applied, divided over 60 increments in order to
allow for close monitoring of the development of the failure pattern around the pile. In this
investigation, the ultimate load was defined as follows:

a- In case of load-settlement, the curve exhibits plunging failure and the peak is easily
defined. The ultimate load was taken as the load at which the plastic settlement curve breaks
sharply, in other words, at the point of maximum curvature. This was recommended by
Chellis (1961), with the condition that the corresponding settlement does not exceed the limit
of B/30 plus the elastic settlement (Canadian Foundation Engineering Manual 1992).

b- In the case of plunging load, failure exhibited beyond the settlement limit and/or the load-
settlement relationship is linear and has no defined maximum curvature. In this case the
ultimate load was determined at a settlement equal to 10% of the pile diameter (Danish
Standard, referred by Schultaze, 1964, Vesic, 1977, A. J., CIRIA, referred by Weltman,
1980& and Bishop, et al., 1948).

2- Plotting the total load-settlement relationship for each test can lead to determination of the
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increment number at which the ultimate load is reached.

3- Through close monitoring of the foregoing steps, the factor of safety against shear failure
and the yielded elements, around the pile can be observed and accordingly, the critical slip
surface at failure.

In the following section, typical results for the process of failure pattern development around

the pile shaft is introduced.

3.10.2 Typical Results of the Failure Pattern Around the Pile Shaft
Using the same test data presented in all forgoing analyses, (pile depth = 12.0m, pile width =
0.25m, & = ¢ = 30°, K; = K, refer to section 3.9) the following results are presented.

Figure 3.42 presents the development of failure pattern around the pile shaft, which started at
loading increment number 11, in terms of failed elements around the shaft. Figure 3.43 shows
an enlarged view of the pile head area for the contour lines of factor of safety against shear
failure at the same increment.

Analysis of Figures 3.42 and 3.43 leads to the following observations:

1- It was observed that, the mobilization of skin resistance started first before the mobilization
of tip resistance and this occurred at settlement of - 0.989 cm (at increment number 11) which
is equal to about 33% of the total settlement at ultimate load. This reveals how small a move-
ment is needed for the skin resistance to be mobilized before the tip resistance (in the test
under consideration).

2- The failure mechanism begins around the pile head (at ground level), which represents the
beginning of mobilized skin resistance. In the same Figure 3.42 (at increment number 11), the

failed mechanism around the tip has not observed yet.
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3 - The failed volume due to mobilized skin resistance can be approximated as an inverted
cone with the base located at ground surface.

4 - The failed zone due to mobilization of skin resistance- at this increment- is extended hori-
zontally to a distance of R =2 B from pile axis, where B = pile diameter. and extended verti-

cally from G.S. to a vertical distance H;=35 B.

Figure 3.44 presents graphical direction of internal movements around the pile in terms of dis-
placement vectors. From this Figure 3.44, the following remarks can be made:

1- Higher movements are located around the pile shaft and decrees faraway from the shaft in
both horizontal and vertical directions.

2- In the area deemed as mobilized skin resistance zone (upper part of the mesh), the direction
of movement is against the pile shaft. In the area considered as tip resistance zone (around the
tip), the movements are away from the pile.

3- In the zone between the above two mentioned zones, the movements are almost vertical
(parallel to pile shaft).

In more detail Figure 3.45 introduces the contour lines for horizontal displacement at incre-
ment number 1. As can seen from this Figure 3.45, the horizontal movements in the mesh are
generally categorized in two directions:

a- In the vicinity of the shaft head near G.S. the horizontal movements are negative. i.e. its
direction is against the shaft, i.e. soil is compressing the shaft.

b- Near the tip, the horizontal movements are positive, i.e. its direction is away from the shaft,
and pile is compressing the soil.

The principal strains around the shaft are introduced in Figure 3.46, where the concentration

of strains are increased around the shaft and no major increase of strains is found outside this
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area.
In order to follow up the progress of failure, the failed elements at increment number 28 are
shown in Figure 3.47 and the corresponding contour lines for factor of safety against shear
failure is presented in Figure 3.48. It was found that the mobilization of skin resistance
extends in the vertical direction for a total distance of 6 B and one more failed element was
added vertically in this increment. Also the mobilization of tip resistance started in this incre-
ment, where the first failed element is found to be just beneath the tip. Also the mobilized tip
resistance was stared at this increment with a small bulb beneath the tip. This bulb has the fol-
lowing dimensions: horizontally 1.25 B, and vertically 3 B. It was found that the tip resistance
started to mobilize at settlement equal to -3.62 cm.; it was developed immediately in the ele-
ment beneath the tip. In general, the mobilized tip resistance took a shape very similar to a
bulb. This bulb shape will be approximated by a log-spiral curve later on.

The displacement vectors at increment number 28 are shown in Figure 3.49. In this Figure
3.49, it is clear that the movements around the pile are composing a so-called arching effect.
Beneath the ground surface the movements are towards the shaft and beside the tip. the move-
ments are away from the shaft, and in between these two zones, the movements are vertical.
The skin resistance is fully mobilized at increment number 31, and no further propagation for
this component was observed after this increment. This is shown in Figures 3.50 and 3.51.
where the skin resistance was extend vertically to a distance of 13.25 B, and horizontally 3.75
B. This was the final incremental failure pattern that occurred due to skin resistance, this can
be seen in Figure 3.50.

Further development of tip resistance was found in increment number 44. This is shown in

Figures 3.52 and 3.53, where the failed elements and F.O.S. against shear failure around the



132

0E=Q=0"y ="y
‘wezo=¢'w ¢l =q:weqisoy,

"11 JoquinN juawasou] ‘suieng ediound gp g and

Jeys 9rd

'0E=Q9=0"N ="y

‘wero=¢ ‘wzgl = ewreqisoL

11 JoquinpN JuswoIou| “yeys aj) punoly
Juowdoe|dsi(] [BIUOZLIOL] JO Sl INOO0Y) Gp'c 2Ingi

ON . —¢ _

PNt

oAt/ ~t—

Jeys o[ig

N —

1D




WE=0=0 =D wezo=gq W0€=¢=9¢

‘WZI = eed I1soL 87 JoqunN 1UaWIdU] Y= rwgro=qwgi=d
YEYS Y punory asnqie, Jeoys suedy ‘ee 159, g7 Joquunp Juawasou|
K1a4e$ Jo 10108, JO SAUIT JNOJO) gh'C gy “IJBYS oY} pUNOLY SIUAWIIT PoJIEy] L{'E 2nTiy

O O O O O OO O O O O O¢

O

© °  quowonusnomayg © © °¢

va1y pajieq . o o  UWSHOWIHPAEIT o o o
JUSUIAIOU] JUISAI]

© O oy ulSiuouR[g pAEY] © © Oc

0l='S04 1
WY paiejuf] ¢

01>'S0d A4 ‘D

OOOOOOOOOOOOA

yeys °itd

Heys 9lid

o O O O O O O O

O O O O O O o o

o o
o o
O O
o o
O O O O 0O 0O 0O O O &¢
.
, :o/B O O O O OO0 o0 OO
, AN VAN
10 0




134

tip are plotted. The failure around the tip is extended horizontally and one more failed element
was added (Figure 3.52). The dimensions of failure pattern at this increment are: horizontally
2.15 B, and vertically 3.6 B above the tip level and 5.15 B beneath the tip level (Figure 3.53).
The full mobilization of tip resistance was reached at increment number 48 and no further
development was observed beyond this increment. This is shown in Figures 3.54 and 3.55.
The total dimensions of failure pattern around the tip were found to be as follows: vertically
5.5 B below the tip level, and 3.35 B above the tip level. and horizontally 2.25 B.

Figure 3.56 shows the displacement vectors around the shaft at increment number 48. The
same trend found before is reported here, where increased movements against the pile head
and away from the tip are observed, while in between is vertical movement. This behavior can
be related to the reported phenomenon in literature: arching effect. This phenomenon is
believed to be responsible for the partially mobilized skin resistance and also the so-called
critical depth phenomenon.

The development of horizontal displacements at both pile tip and head which occurred at dif-
ferent increments, is given in Table 3.9.

Table 3.9 Comparison Between Horizontal Displacements at Different Increments

Displaceme
nt

incr. # 12 incr. # 24 incr. # 28 incr. # 44

max. Horz. | 4+ 0.96x103 | +0.149x102 | +0.843x102 | +0.112x10°!
displace-
ment at tip

max. Horz. | _0.124x102 | -0.129x102 | -0.12x102 | -0.102x102
displace-
ment at
head

Figure 3.57 shows graphically the development of horizontal displacements at the tip for
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increments 11, 24, 28 and 44. This comparison reflects the mechanism of movements around
the tip, where positive movements in the direction away from the tip are increased with load-
ing increase. Figure 3.58 shows the development of horizontal displacements at the head for
increments 11, 24, 28 and 44. Also the negative movements, against the pile head, increase up
to increment number 31, where the skin resistance was fully mobilized and then decrease
again with loading increase. These two Figures 3.57, 3.58 can help in understanding of the
mechanism which control the failure pattern around the shaft where the mobilization of skin
resistance needs a smaller amount of displacement to start mobilization. After full mobiliza-
tion, the rate of displacement increase becomes much less than before full mobilization. On
the other hand, the mobilization of tip resistance needs the amount of displacements to be
much higher than those required by skin resistance and continue increasing with loading. The
behavior is different in the two cases and contributes to better understanding of the failure

mechanism around the shaft.

3.10.3 Failure Mechanism Around a Single Pile in Sand

With respect to the forgoing analyses of stresses and deformations around the pile shaft. the
following remarks are due:

Three zones generally are expected to influence the stresses and deformations around the pile
shaft:

a- Zone I located immediately beneath the ground surface and extending downward to a dis-
tance equal to 0.25H, and horizontally to a distance of R or radius of influence, refer to Figure
3.59. This zone is subjected to a densification process due to pile loading and this reflects
directly on the degree of mobilization of skin resistance which is highly mobilized beneath the

ground surface.



141

siuawaIou] Juipeor] susiap dig, ot e wawaoe[dsic] B0zl Jo ssaidoid LS '€ amTiy

JayLUnN 1UaWaIou|
9% ¥ ¢ Oy 8 9t € TE 0t 8¢ 9T ¥t ¢ 0T 81 91 I

Q
wego =49
wozi=d \
e 1say, \

‘uonuIAu02 udIg

\\ JEUS 91) WOoL) ALME SJUSUIAOUL 94+

Juawoe|dsi(q [EIUOZLIOH 9AHSO( e

wo ¢ Juswrsor[dsiq




142

SJUSIAIOU| TUIPLOT] SNSIDA PUAL] 3fld 3L Juawadr|dsi(] [eiuoziiop] jo ssaugosg g6 ¢ amdig

JILNN] JUaualIou|

p10-
SE10-
o,n ue/_ w S T A €10-
LE= 0= \4‘ ~—
wez0 =g ~ T
| woz=a \ ANIE
e say, \\
o
\ - S10-

YEUS Ay Isume SJUIUIAOW A -
U0NHUAAUOY) UBIS

peaH v Juawaoe|dsiqy [BIUOZLOL] FALETIN e <010

8 9 W W Oy 8 9t vt T& Ot 8 9T vT @ 0T 81 91 ¥l T

wo quanrasefdsr



143

b- Zone II which exists around the pile tip a few diameters above and a few diameters below

with a total height of (L +L, +L5), refer to Figure 3.59. It is also subjected to a densification

process due to the opening process for the advanced pile tip. The pile tip crushing and/or com-
pacting the soil particles beneath and around creats an active earth pressure condition. And
this process is actually deemed to influence the mobilization of tip resistance.

c- Zone III is located between the above two zones and is subjected to a loosening process
and extends horizontally to a few diameters. In this zone the loosening process was found not
sufficient to generate pressures against the shaft that could lead to increase in the degree of
mobilization of skin resistance.

In summary, for the forgoing section about the development of failure pattern around a single
pile in sand, the following conclusions are suggested (refer to Figure 3.59):

1- Failure pattern around the shaft is developed in two separate areas; around the pile head
(skin resistance) and around the tip (tip resistance).

2- The volume of failure pattern due to mobilized skin resistance can be approximated to a
converted cone, with its base at ground surface and an assumed base width equal to R (radius
of influence measured from pile axis) and vertical height equal to assumed vertical distance

H, measured from ground surface.

3- Failure pattern due to mobilized tip resistance can be approximated to a compacted cone
beneath the tip, connected with a log-spiral curve extending to a horizontal distance r and then
reverted back to the shaft with a vertical distance (L +L,).

4- The developed failure mechanism can be assumed as shown in Figure 3.59. The model

parameters: H|, R, L;,L,,L.; and r are variables and depend on several factors.

The factors involved in the assumed failure pattern were observed and the predictive equa-
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tions for the model parameters were developed and introduced in the following sections.

3.11 Theoretical Model

3.11.1 General
It is concluded from the forgoing sections that the volume of soil involved in the failure mech-
anism around a single pile in sand can be approximated by two parts:
a- A conical volume with its base at ground level; base width is R or radius of influence at
ground level and height H;. This part is assumed to represent the failure mechanism due to

mobilized skin resistance.

b- Second volume is a semi bulb shaped around the tip with a total height of (L,+L,+L;) and
width equal to r; where r is the radius of influence at the pile tip and with dimensions L;,.L, &
L5 as shown on Figure 3.59.

The parameters R, H;, L,L,, L5 and r will be considered as the main parameters needed to
establish the theoretical model to predict ultimate load for a single pile in sand. The proposed
theoretical model will be introduced in Chapter Four of this thesis. The main objective of the
following section is to develop a mathematical predictive equations to determine the variable

model parameters.

3.11.2 Radius of Influence *“R”’

Radius of influence at ground surface R is the horizontal distance located at the ground sur-
face measured from the pile axis of symmetry. This distance represents the base of the conical
shaped failure zone due to mobilized skin resistance. Table 3.10 gives the output results for
the parametric study.

Figure 3.60 introduces a graphical relationship between the radius of influence “R/D” versus
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pile depth “D” for angle of shearing resistance ¢ range from 25° to 45°, with respect to pile
width “B”, for a total of 120 tests. Analysis of this Figure 3.60 shows that R/D increases with
the increase of ¢ in all series and decreases with respect to pile depth D.

In order to develop a representative equation for this trend; the following procedure was fol-

lowed:

1- An estimated lowest envelop of R/D at ¢ =25° and B = 0.25m was produced graphically in

Figure 3.61. The best fit Equation is as follows:
R/D 4 ¢=250)= - 0.23+0.0096*[In(D)]%+0.93*[1.0/( sqrt(D)]

-0.88*e D (3.17)
Where:
D = Pile Depth
and e = Euler’s number = 2.71828

2- An additional increase of R/D due to the increase of ¢ is presented in Figure 3.62. where the
average maximum difference between the value of “R/D™ at ¢= 25° and at ¢ = 45° is found to
be about 0.0574. This amount was distributed over the range of 20° which represents the cor-
responding maximum difference of ¢. The best fitting equation for this function is as follows:
RF=-7.93016446E-21+xR*0.0027 ...(3.18)
Where: xR= (¢-25)°

The value of R/D at any value of ¢ will be:
R/D(a¢ any value of ¢) = (R/D)p =Ry 4=250) + RF -.(3.19)
3- An average increase in R/D versus the increase in pile width “B” is presented in Figure

3.63. It should be noted that this increase was found to depend on pile depth “D” and deter-
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Pile Geometry. m Radius of Influence “R™. meter

B D $=25° 0=30° $=35° 0 =40° 0=45"
0.25 3 0.823 0.879 0.978 1.11 1.27
0.25 6 1.04165 1.152 1.248 1.35 1.47
0.25 9 1.125 1.23 1.35 1.47 1.6
0.25 12 1.2 1.3 1.4 1.54 1.67
0.25 18 1.332 143 1.55 1.66 1.79
0.25 24 1.272 1.37 1.5 1.67 1.8
0.4 4.8 1.56 1.67 1.8 2.06 1.92
0.4 9.6 1.76 1.89 2 224 2.1
0.4 14.4 1.84 1.97 2.1 2.35 2.2
0.4 19.2 1.92 2.02 2.13 2.39 2.27
0.4 28.8 1.9 2 2.1 2.35 2.23
0.4 384 1.89 1.98 2.12 2.4 2.23
0.5 6 2.24 2.32 2.46 2.6 2.7
0.5 12 2.44 2.52 2.63 2.75 2.87
0.5 18 249 2.58 2.69 2.8 2.92
0.5 24 2.47 2.56 2.69 2.81 2.95
0.5 36 2.5 2.58 2.72 2.84 293
0.5 48 2.53 2.63 2.76 2.87 2.98
0.75 9 2.96 3.1 3.27 3.44 3.64
0.75 18 3.2 3.32 3.47 3.62 3.76
0.75 27 3.2 3.36 3.49 3.64 3.8
0.75 36 3.2 3.35 3.49 3.62 3.78
0.75 54 2.78 2.98 3.18 3.32 343
0.75 72 2.54 2.74 2.95 3.1 3.29

Table 3.11 Parametric Study Results for Model Parameter: Radius of Influence at Ti

Pile Geometry. m Radius of Influence at Tip * r”, meter
B D ¢=25° ¢=30° $=35° 0=40° o =45
0.25 3 0.29 0.35 0.4125 0.447 0.547
0.25 6 0.35 0.42 0.48 0.52 0.5625
0.25 9 0.333 0.3717 0.4203 0.4617 0.56
0.25 12 0.381 0.4428 0.498 0.528 0.62
0.25 18 0.507 0.556 0.615 0.68 0.76
0.25 24 0.624 0.704 0.785 0.871 0.924
0.4 4.8 0.78 0.88 0.95 1.05 1.1376
0.4 9.6 0.7 0.81 0.94 1.09 1.22
0.4 14.4 0.76 0.91 1.03 114 1.31
0.4 19.2 0.86 1 L.14 1.28 1.4
o4 28.8 1.13 1.36 1.524 1.64 1.81
04 38.4 1.33 1.54 1.82 2.0l 2.22
0.5 6 1.26 1.37 1.51 1.64 1.78
0.5 12 1.1 1.27 1.44 1.59 1.76
0.5 18 1.09 1.26 1.4 1.58 1.77
0.5 24 1.15 1.28 1.44 1.63 1.87
0.5 36 1.37 1.56 1.78 1.97 2.23
0.5 48 1.47 1.67 1.86 2.09 2.38
0.75 9 2.01 2.28 2.49 2.65 2.9
0.75 18 1.94 2.17 24 2.63 2.9
0.75 27 1.94 2.18 24 2.65 294
0.75 36 2.13 2.31 2.52 2.772 3.096
0.75 54 2.21 2.48 2.68 2.93 3.24
0.75 72 2.36 2.64 2.93 3.2 3.5

113

r

9.
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mined based on the average difference between values of R/D at B = 0.75 m and the lower
values at B = 0.25 m for all series (refer to Figure 3.60). The predictive equation for this rate
of increase which is presented graphically in Figure 3.63, is as follows:
RB=0.055 - 0.00069*D + (2.52E-06)*D? + 10.53*(In D/D?) - 8.701%(1/D?) (3.20)
Then:
(R/D);; = (R/D)+ RB .(3.21)

R in meters, R; = (R/D); * D

3.11.2.1 Effect of Angle of Friction 3 on the Value of “R”

In order to determine the éffect of changing the angle of friction between the pile and sand 9,
a few selected tests were carried out in a form of parametric study. In performing these tests,
all parameters were frozen at intermediate value while only & was changed. Three values for &
were chosen: /¢ = 1, 2/3 and 1/2. It is important to mention here that the whole parametric
study was carried out considering the value of 8/¢ = 1.0 for all tests and the effect of changing
§ was investigated in a separate study.

Figures 3.64 to 3.68 show the relationship between & in degrees and “R™ in meters for a vari-
ety of pile load tests with different slenderness ratios. Each Figure shows this relationship for
one value of ¢. In the analysis of these Figures, it was found that “R’ decreases with the

decrease of 3, and the average of decrease due to the decrease of 8, was found to be about 30%

in the range of 25% ¢ < 45°. This rate of decrease is given in Equation 3.22:

RD =0.3 - (0.6*(8/¢-0.5)) ...(3.22)

Finally:
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R =R; *(1- RD) ..(3.23)

3.11.3 Radius of Influence at Tip “r”’

Table 3.11 introduces the out-put results of the parametric study with respect to radius of
influence at tip “r”. Figure 3.69 introduces the relationship between “r’* and Pile depth “D” in
a form of four groups; each group represents one pile diameter and five values for angle of
shearing resistance, “¢’’; each point in this graph represents one test result with a total of 120
tests for radius of influence at tip “r". As can seen from this Figure 3.69 the value of “r’
increases with respect to the increase of the following: angle of shearing resistance. ¢, pile
depth “D” and diameter “B”.

In order to establish a general function to predict radius of influence at tip “r’’ with respect to
the following parameters: angle of shearing resistance, ¢. pile depth “D™ and diameter “B”,
the following procedure was followed:

1- An average for the lowest values of “r” at (¢ = 25°) and pile diameter = 0.25 meter were
plotted against pile depth “D” in Figure 3.70. The following equation was established based

on the best fitting equation for the forgoing data:
(a0 =250) = 0.43 + 4.89% (11.96 * (In(e((P+33-91)/5.98),¢(9-182)y
- In (e((14-832)+e(DI5-9M), 67.811) / (135.622) .(3.24)
Where:

D = Pile depth in meters

2- As Equation 3.24 was determined based on a value of r at 25° and B = 0.25m, the following

two additions to the value of: r 4 ¢ = 250) Were established:
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a- Increase due to the increase of pile width B:
rB=0.004+0.293/(1.0+exp(-(D-13.672)/-2.621)) ..(3.25)

Equation 3.25 is given graphically in Figure 3.71.

Then:

(r); =125 + ((0.75-B)/0.5)*rB ..(3.26)

b - Increase due to the increase of ¢:

The maximum average difference between r at 25° and at r at 45° was found to be 0.63 meter.

This difference was distributed over 20°,and the following equation was produced:
ro=0.0315%(¢ - 25) ..(3.27)

Op=0+ o ...(3.28)

3.11.3.1 Effect of Shaft Relative Roughness 6/¢ on Radius of Influence at Tip “r”

The same procedure followed to determinate the effect of changing “8” on “R’™ was applied in

the present section. Figures 3.72 to 3.76 introduce the effect of the changing of 8 on *r” for
selected pile load tests. Analysis of theses Figures 3.72 to 3.76 implies that no major effect
should be considered. To determine the value of *“r”, equation 3.28 will be implemented and

used for the whole analysis without modifications for such effect.

3.11.4 Vertical Distance H;

The vertical distance H| is the vertical dimension of the conical-shape for the mobilized skin
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resistance zone of the proposed theoretical model. It is measured from ground level with a
total vertical distance H; (Table 3.12 introduce the detailed parametric study results for H,).
Figure 3.77 produced the relationship between H; in meters and ¢, with respect to pile depth
D and diameter B. From this figure 3.77 the following can be seen:

1- H| increases with the increase of ¢, and this increase is dependent on pile depth. The trend
for all groups could be considered the same. An upper envelope for all groups is produced in

Figure 3.78 based on average values at ¢ =45° and B = 0.75m. Equation 3.28 introduces the
best fitting function for this envelope, it is also shown graphically in Figure 3.78.
H|4s) = (0.16+D*(0.571+D*(-0.024+D*0.000678)))/
(1.0+D*(- 0.048+D*(0.0011+D*7.514E-06))) ..(3.29)
2- For the relationship introduced in equation 3.29, two reductions should be applied:
a- Reduction due to the decrease of pile diameter B, “HB™: equation 3.30 gives this reduction
based on average decrease found in Figure 3.77. It is found that this reduction depends on pile
depth “D”.
HB=-3.66+(log(D))*(5.75+(log(D))*(1.89+(log(D))*(-7.56+(log(D))*
(4.64+(log(D))*(-1.065+(log(D))*0.086))))) ..(3.30)
Where: HB is in meters. Equation 3.30 is introduced graphically in Figure 3.79.
Then:
(Hp)r=H;y4s) - HB ..(3.31)
b- Reduction due to the decrease of angle of shearing resistance ¢, equation 3.32 introduce

this decrease based on average observations of Figure 3.77.

Hf = -2.01+ 0.48*D - 0.033*D*SD + 20.29*In D/D? -21.97*e™P ..(3.32)
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Table 3.12 Parametric Study Results for Model Parameter: Vertical Distance “H,”

169

Pile Geometry, m Vertical Distance “H,”, meter
B D 6 =25° 0=30° $=35° d»=40° 0 =45°
0.25 3 1.224 1.386 1.539 1.68 1.86
0.25 6 2.418 2.706 3 3.324 3.738
0.25 9 3.24 3.798 4.365 4.95 5.517
0.25 12 3.6 4.428 5.04 5.904 6.672
0.25 18 3.924 4.752 5.634 6.732 7.758
0.25 24 3.984 5.112 6.192 7.44 8.664
0.4 4.8 2.141 2.376 2.621 2.904 3.149
0.4 9.6 4.224 4,752 5.27 5.789 6.25
0.4 14.4 5.573 6.422 7.157 3.093 8.827
0.4 19.2 6.451 7.334 8.314 9.312 10.23
0.4 28.8 6.71 7.978 9.302 10.71 12.15
0.4 38.4 7.565 9.062 10.68 12.4 14.13
0.5 6 3.24 3.576 3.882 4.248 4.578
0.5 12 6.504 7.044 7.656 8.304 9.036
0.5 18 8.928 10.19 11.25 12.29 13.32
0.5 24 10.56 12 13.61 15.07 16.54
0.5 36 11.63 14.11 16.56 18.94 21.38
0.5 48 13.01 15.79 19.1 21.74 24.77
0.75 9 4.464 4.833 5.247 5.787 6.327
0.75 18 9.09 9.972 10.96 11.74 12.78
0.75 27 11.83 13.55 1542 16.9 18.6
0.75 36 13.39 15.2 17.46 19.62 21.49
0.75 54 14.2 16.96 19.6 2241 25.38
0.75 72 16.27 19.01 22.68 25.49 29.16
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Where: Hf is in meters. Equation 3.32 is introduced graphically in Figure 3.80.

The portion should be distributed is:
YHf= Hf *((45-¢)/20) ..(3.33)
Thus:

(Hy = (H)); - YHE -(3.34)

3.11.4.1 Effect of Change of d on the Value of H,
Selected pile load tests were performed to determine the effect of changing of & on the value
of H,. In this analysis all parameters were frozen except § which was permitted to change.
The results of these tests are introduced in Figures 3.81 to 3.85. It is obvious that H| increases

with the increase of &/¢. This trend is clear between &/¢ =2/3 - 1.0, but it is very weak in the
range of &/¢=1/2 - 2/3. This behavior could be related to the degree of mobilization that
requires higher friction for skin resistance to be fully mobilized. It was found that the rate of

decrease of H| due to the decrease of /¢ varies from any value of ¢ to another value. An aver-

age decrease of & in a form of meters per 1° of 8 is introduced in Figure 3.86. Equation 3.35

introduces this rate (H;.4) as a trend line for the plotted data.

H,q = 0.0727%¢ - 1.2331 .(3.35)

For any value of ¢, the corresponding value of rate of decrease in H| per 1° is determined
from Equation 3.35. The value of H| due to the decrease of d is as follows:

H = (H) * D - (0-8)*H, 4 ..(3.36)

3.11.5 Vertical Distances L;,L.,& L3 at the Mobilized Tip Resistance Zone

For these three distances composing the vertical dimensions for the failure zone around the



172

08

0L

LSt =01 ,a, Wdaq aid snsio A Jo diysuone[ay] g.'¢ sy

w,a, wdaq opid
09 08 o 0t 0T

01

01

114

0t

ur 'y



173

08

0L

WL, 1919 91 JO asratacf o) angg Y ur wonanpay oL g 2ndiy|

09

W, d, wdad 2
oy

0l

ol

4!

14

91

81

w ‘€Y gononpay



174

08

.0, douessisal Suteay§ jo 9[Suy jo asealda(] o) anq 'f] ul aseardd(] jo vy (F'¢ ANl

0L

09

0%

w ,d, Wdag anid
or

Ot

ol

0

¢

b

?
=X
[¢]
o]
ey

. B

ol

2l

vi



175

tip, refer to Figure 3.59 for details. The first distance, L, is located beneath the tip and it rep-

resents the vertical limit of the propagation of the failure pattern beneath the tip, (Table 3.13

introduce the parametric study out-put for L3). The out put results are presented graphically in
Figure 3.87 where the relationship between L and ¢ is introduced with respect to pile diame-

ter “B” and depth “D”. Analysis of this Figure 3.87 implies the following:

I- In general, L5 increases with the increase of ¢, but with respect to B, the increase is not
noticeable. For this relationship, the best fitting equation is introduced in Figure 3.88 and
Equation 3.37:
L345y=2.21-0.192*D +1.09 * D/In(D) - 5.152 * 1.0/ In(D) +
22.23 * In(D) / (D?) -(3.37)
Equation 3.37 was interpolated based on the upper envelop for all series where ¢=45° and B =

0.75 m.

2- A reduction due to lower values of ¢ is needed to be deducted from Equation 3.37, since it
represents the upper value of L at ¢=45°:

L3.0q4 =-0.0223%(¢) + 1.0025 ...(3.38)
Equation 3.38 was produced based on the average maximum difference between the value of
L5 at 45° and at 25° and is introduced graphically in Figure 3.89. The deduction should be
applied as follows:

L3 (ip = ((45-0) /20)*L3eq -(3.39)
Thus:

La=L345)-L3 ip ...(3.40)
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Table 3.13 Parametric Study Results for Model Parameter: Vertical Distance “L3”

Pile Geometry, m

Vertical Distance “Ls”, meter

B D $=25° $=30° d=35° d=40° o =45°
0.25 3 224 2.346 2.395 2.501 2.616
0.25 6 2.493 2.616 2.689 2.747 2.837
0.25 9 2.714 2.861 2.926 3.016 3.049
0.25 12 3.057 3.172 3.262 3.294 3.335
0.25 18 3.44 3.507 3.572 3.646 3.736
0.25 24 3.85 3.989 4.063 4.128 4.251

04 4.8 2.362 2.493 2.55 2.624 2.738
04 9.6 2.935 3.074 3.155 3.204 3.245
0.4 14.4 3.294 3.392 3.45 3.507 3.605
0.4 19.2 3.736 3.866 3.932 4.022 4.144
04 28.8 4.218 4.332 4431 4.496 4.594
0.4 384 4.676 4.79 4.88 4.929 4.995
0.5 6 2.6 2.747 2.812 2.877 2918
0.5 12 3.155 3.27 3.351 34 3.458
0.5 18 3.507 3.621 3.687 3.785 3.866
0.5 24 3.948 4.079 4.136 4218 4.349
0.5 36 4.373 4.48 4.586 4.643 4.725
0.5 48 4.7382 4.888 5 5.06 5.15

0.75 9 2.845 2.959 3.057 3.131 3.155
0.75 18 3.629 3.752 3.826 3.907 4.01

0.75 27 4.079 4.185 4.267 4.349 4.43

0.75 36 4.537 4.635 4.741 4.79 4.856
0.75 54 4913 5.035 5.142 5.215 5.322
0.75 72 5.142 5.223 5.322 5.4 5.493
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Figure 3.87 Relationship of (L;, m ) and ¢ , With respect to Pile Depth "D" and
Diameter "B"
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3.11.5.1 Effect of  on L3

A few selected pile load tests were performed to clarify the effect of change of & on L3, (refer
to Figures 3.90 to 3.94). It was found that changing O does not affect the value of L5 and
therefor the influence of & against L3 can be safely neglected. This behavior may be related
to the location of L3, which lies beneath the tip, where the relative movements between pile
and soil should not have much effect in that location. The final value of Ly will be predicted

using Equation 3.40.

3.11.5.2 Analysis of L, and L;

L, and L, are the vertical distances of the failed area around the tip which are located just
above the tip level. For simplification and to keep the angle 6 > 90.0° (refer to Figure 3.59).
L, will be empirically assumed as a constant ratio of pile depth and it will assumed to be equal
0.0001 D.

The results of analysis of parameter L, is introduced in Figure 3.95 and Table 3.14. The lower
envelop of L versus pile depth at $=25° is plotted in Figure 3.96 and given in Equation 3.41:

L5y = (-0.029+In(D)*(0.091+In(D)*(0.124+In(D)*
(-0.096+In(D)*0.016))))/(1.0+In(D)*(-0.355+In(D)*

(-0.251+In(D)*(0.173+1In(D)*(-0.037+In(D)*0.003))))) ..(3.41)

This relationship is an average function to predict L at its lower value for all series and gen-

erated from Figure 3.95. Additional increase due to increase of ¢ was produced in Figure 3.97

and Equation 3.42.

L (¢ = (0.77+In(D)*(-0.32+In(D)*(-0.25+In(D)*(0.223+In(D)*
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(-0.066+In(D)*0.0072)))))/(1.0+log(D)*(-0.5 1 +In(D)*

(-0.25+In(D)*(0.25+In(D)*(-0.07+In(D)*0.0072))))) ...(3.42)

Thus:

It should be noted that the effect of higher values of “B” was omitted since it was found. from

Figure 3.95, that the influence of B is almost negligible.

3.11.5.3 Effect of Change of & on the Value of L,
A few selected pile load tests were carried out to determine the effect of 8 over L, (refer to
Figures 3.98 to 3.102). It was found that changing 8 affects the value of L| at a very slight rate

that could be safely ignored, where no obvious effect could be taken into account.

3.12 Development of Shear Stresses (Txy)

The exact distribution of shear stresses over the shaft is not yet well understood. Most of the
solutions available in the literature assumed that the skin friction for a single shaft is a func-
tion of horizontal stress o, and a factor §, which is the angle of friction betwe'en soil and pile
material. Due to this relationship, the distribution of shear stress is assumed to be a straight
line linearly increase with depth. The exact pattern of distribution of shear stresses is not yet

well established. In the following section, analyses of shear stresses acting on the shaft Ty,

have been carried out. Figure 3.103 shows the progress of developed shear stresses at the pile-
shaft interface. The following observations can be made from Figure 3.103:

1-The distribution of Ty, over the shaft is not linear, it has a zero value at ground level and

increases with depth. The shear stresses T, exhibits a peak at certain depth from ground level.
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Table 3.14 Parametric Study Results for Model Parameter: Vertical Distance “L,”

Pile Geometry. m Vertical Distance “L;”, meter
B D ¢=25° 6=30° ¢=35° $=40° | 0=45°
0.25 3 0.858 0.777 0.7005 0.63 0.54
0.25 6 1.731 1.587 1.44 1.278 1.071
0.25 9 2.79 2.511 2.29 2.04 1.83
0.25 12 3.69 3.5 3.25 2.96 2.69
0.25 18 4.73 4.54 431 4.05 3.83
0.25 24 4.87 4.67 4.4 4.15 3.95
0.4 4.8 1.2816 1.164 1.0416 0.9 0.7776
0.4 9.6 2.592 2.328 2.0688 1.8096 1.5792
0.4 14.4 3.98 3.65 3.33 3.0096 | 2.6424
0.4 19.2 4.58 4.29 4.06 3.8 3.56
0.4 28.8 4.97 4.72 4.46 4.13 3.92
0.4 38.4 5.05 4.77 451 4.2 3.97
0.5 6 1.32 1.152 0.999 0.816 0.651
0.5 12 2.628 2.358 2.052 1.728 1.49
0.5 18 3.86 3.54 3.19 2.85 2.47
0.5 24 4.62 4.3 4.05 3.72 3.38
0.5 36 4.71 4.46 421 4.05 3.85
0.5 48 4.76 4.52 4.31 4.12 3.93
0.75 9 2.178 1.9935 1.7865 1.5165 1.2465
0.75 18 3.98 3.67 3.339 2.952 2.63
0.75 27 4.94 4.65 4.4 4.1 3.77
0.75 36 5.12 4.87 4.67 4.4 4.15
0.75 54 5.12 4.87 4.65 4.4 4.15
0.75 72 5.06 4.83 4.58 4.38 4.15
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In this case it occurred at a depth equal to about 30 B. This behavior occurred in the zone of

mobilized skin resistance, influence zone number 1.

2- Zone II, located beside the tip, where the highest value of shear stresses (about 3.5 t/m?)
occurred, and diminished beneath the pile tip (at 6B beneath the tip). The shear stresses are
negligible below that depth.

3- In general, the distribution of shear stresses can be described as follows:

- From ground level to a depth of about 30 B (zone I), Ty, exhibits a sharp increase with depth.
- From depth equal to 30 B up to depth 44 B at tip level, the increase of Tyy Occurs with depth

at a relatively lower rate.

- Between depths 44 B and 48 B (at the maximum pile embedment ratio), there is a noticeable
increase in stresses occurred (this is the Zone II around tip).

- At a depth equal to about 4.5 B beneath tip, the stresses became almost negligible.

Figure 3.104 shows the distribution of shear stresses at failure at different vertical sections
measured horizontally from the pile axis. Analyses of Figure 3.104 can give the following
remarks:

- The highest shear stresses are always around the shaft area.

2- The influence zone around the shaft, in this case, could be considered equal to about 6B.
3- At a horizontal distance equal to about 20 times the pile diameter, the shear stresses became
negligible.

Figure 3.105 shows the distribution of developed shear stresses at failure, at different horizon-
tal sections measured vertically from ground surface.

Analysis of this Figure 3.105 draws the following remarks:

1-T4y at ground surface is equal to zero and a high rate of increase occurs beneath the ground
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level.

2- The shear stresses concentration occurred around the shaft up to a horizontal distance equal
to about 5B. At distance equal to about 16 B, the stresses became almost negligible.

3- In the vertical direction, the influence beneath the tip level, was found to be in the order of
5B.

The conclusions from this section are:

1- The distribution of shear stresses Ty, over the shaft can be approximated to bell shaped dis-
tribution, see Figure 3.104.

2- The developed 1,y magnitude is dependent on the angle of friction between the pile mate-
rial and the soil, and it varies with depth.

3- The horizontal and vertical influence zones around the shaft varies from level to level.

4- Shear stresses developed on the shaft are not constant ratio of horizontal stresses and are

varied with depth.
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CHAPTER 4

THEORTICAL MODEL

4.1 GENERAL

In the literature bearing capacity theories were cited based on the assumptions that a failure
mechanism develops around the pile tip and the shaft resistance is determined using simple
mechanic laws. Except very few, no attempts were made to evaluate the failure mechanism
due to skin resistance and its interaction with tip resistance. The state of stresses on the shear
failure surfaces around the tip is either postulated as principle stresses (Berezantzev, 1961;
Janbu, 1974) or derived from an earth pressure distribution prescribed on the pile shaft (Mey-
erhof, 1951; Hu, 1965; Durgonoglu and Mitchell, 1973). The influence of skin resistance on
the tip resistance was ignored in most theories.

In the present chapter, an axisymmetrical Model for a single pile in sand is developed based
on the results of the numerical model which was introduced in Chapter 3. The interdepen-
dence between shaft and tip resistances, and the effect of skin on tip resistance were accounted
for. A new distribution of earth pressure acting on the shaft was introduced and used exten-

sively in the proposed model.

4.2 Failure Mechanism
The proposed failure pattern varies with the following parameters: angle of shearing resis-
tance of sand (¢), pile depth (D) and diameter (B), insitu coefficient of earth pressure (K;) and

relative roughness of the pile shaft (8/¢). The proposed failure mechanism is presented in Fig-

ure 4.1. This failure mechanism is composed of two main parts: first is the shear failure sur-
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Figure 4.1 Assumed Failure Mechanism
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face (Zone I) which developed around the pile shaft due to mobilization of skin resistance and
second is the critical shear failure developed around the pile tip (Zones II, III, IV) due to
mobilization of tip resistance. Specificaily, theses Zones are as follows:

1) Zone I is the failure Zone which is developed as a result of mobilization of the skin resis-

tance. This Zone composed of a conical shaped Volume, FGE, with total vertical height H;

measured from ground surface and diameter R measured from the pile axis of symmetry. It
should be noted here that, the surface FG was originally curved but it was considered as a
plane in order to simplify calculations.

2) Zone I1 is a triangle wedge Zone ABB’ iocated beneath the pile tip with a height of L; and

base angle ¥ which varies depending on the Model parameter L5 and pile diameter B, where:
v = tan"! 2L,/ B)

and y is always less than 90° (refer to Figure 4.1).
3) Zone III consists of a radial shear Zone ABC bounded laterally by the surface AC which is
a log spiral curve with its pole located at point B. This curve passes through the apex A of
wedge ABB’ and terminates at point C located at a horizontal distance of “r”. The height of

radial shear Zone III (the log-spiral) is composed of two distances, L., and L3, where L, is the
vertical distance above the pile tip level, and L5 is the height of the cone-shaped Zone II

below the tip level. The width of this Zone, “r”, is measured from the pile axis of symmetry
and is called the radius of influence at tip level.

4) Zone IV is composed of wedge Zone BCH, which is located above the radial shear Zone III
and bounded externally by plane CH.

The model parameters: H;, R, L, L,, L3 & r are vary depending on the following data: ¢, d;
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D; B; and K.

4.2.1 Equilibrium Analysis
To carry out the equilibrium analyses utilizing the axisymmetrical cases of loading, it is suffi-
cient to consider one sector of the Volume involved to revolve through the angle AL around
the pile axis (refer to Figure 4.2). The left half of the cross section of the proposed mechanism
is assumed to revolve around the pile axis to generate the following Volumes:

1- Cross section FGE produces Volume efge, f;g; and is referred to as Volume I (refer to

Figure 4.3). Figure 4.4 introduces the force system acting on this Volume as a free body sub-
jected to the following forces:

a- Weight W, of the soil wedge efgef,g;.

b- Earth pressure AE; and the shear force AQg; acting on surface ee;g;g.

c- Normal horizontal forces R, (resultant in central plan of the earth pressures forces Ryj&

R’l, Figures 4.3 and 4.4), acting on tangelos planes efg and ef| g respectively.
d- Ground reaction acting on surface eef,f; Rga-Which is analyzes to horizontal component
E, = Rg, *cos B and vertical component T, = Rgo* sinp.
2- Cross section ABO produces Volume AObb, and referred to Volumes Volume II. (Figure

4.5) shows a biow up view of this Volume and external acting forces:

a- Weight W, of the soil wedge AObb;.

b- Tangential Shear forces Fy and normal force Nt acting on surface Abb,.

¢- Normal resultant forces Ryy& R'yy of earth pressure acting on tangential planes AOb

and AOb; respectively.
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Figure 4.2 Volumes Generated by a Plane Cross Section Revolving Throu

Angle AL Around Pile Axis
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Figure 4.3 Enlarged View of Volume I (External Acting Forces)
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Figure 4.5 External Forces acting on Volumes II
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Figure 4.6 External Forces acting on Volumes III
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d- Force AQ, the reaction force from the pile tip on the area Obb;.
3- Cross section ABC produces Volume Abcc;b; and referred to as Volume III. (Figure 4.6)
shows a blow up view of this Volume as a free body subjected to the following force system:
a- Weight Wj of the soil wedge Abccb.

b- Normal forces N, Fyy & Ny acting on surfaces Acc|, Abb; & bcc b, respectively.

¢- Normal resultant forces Rp;j& R of earth pressure acting on tangential planes Abc and
Abc; respectively.

d- Tangential Shear forces T’, T4 and Fy acting on surfaces Acc. bcc b} & Abb; respec-
tively.
The Mode of failure underneath the pile tip is assumed as punching shear failure (L’Hermin-
ier, 1953; Vesic, 1967b) and to facilitate this assumption, the locally mobilized angle of shear-

ing resistance ¢g on the radial shear Zones IIT &III’ (Refer to Figure 4.7) along line AC and

AC is taken equal to the angle of shearing resistance ¢ at point A and decrease to zero at point

C& C’, where at any arbitrary point j ¢p is given by:

op - (1-2)o et

4- Cross section BCH produces Volume bchhb,c; referred to as Volume IV, and is sub-
jected to the following force system (refer to Figure 4.8):4
a- Weight W4 of wedge bchh;bc,
b- Normal forces N, and AE; acting on surfaces bceb) and bhh b, respectively.

c- Vertical force W acting on surface chh;c; due to overburden pressure.
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d- Shear forces T, and AQj; acting on surfaces bce b and bhh;b; respectively.

e- Earth pressure forces Ryy and R'[y acting on surfaces bhc and bjhc, respectively.
Due to the axisymmetrical condition of the problem under consideration, it is possible to
transform the three dimensional force system into a two dimensional one. Furthermore, the
assumed force system is applied within the central plane of symmetry. The only exception to
this assumption is the resultant forces RiR: RR 1 Ry R and Ry R’y of earth pres-

sure acting on tangential planes of Volumes I, II, IIT & IV respectively. These forces can be
analyzed into components normal to plane of symmetry (canceling each other) and tangential
components that lie in the plane of symmetry and which will play a role in the overall equilib-

rium of each Volume (refer to Figure 4.9).

4.3 Calculation of Skin Friction

The applied force system for Volume I is displayed in Figure 4.4. It is evident that all coplanar
forces are applied in the plane of symmetry, as follows:

1- The weight Wy of the soil Volume I. This Volume could be calculated using PappusGul-
dinus’ theorem, i.e., area of triangle FGE multiplied by angle of rotation A( in radians.
Wis=1/2(R-B2)*H| *pg, *y* ALV ..(4.2)
Where:
pg) = Distance between centroid of Zone I and the pile axis ={(R-(B/2))/3} + B/2
2- The resultant Ry, of lateral forces R(&R'| can be calculated as follows (refer to Figure
4.10):

Ria=Ry + R’Ix
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R; =R =R;sin (AY2) =Rsin (AL/2)

R, 4 = Ry sin (AQ/2) + R'; sin (AY2)

R;4 =2 R;sin (AY/2) = 2 R sin(AL/2) (4.3)
in which Rj, & R'[, are components of forces R; &R'[ (in x -direction) and parallel to the

plane of symmetry FGE (refer to Figure 4.9).

Where R; can be calculated as a hydrostatic pressure acting on the failure surface (refer to Fig-

ure 4.10):

R; = (average acting pressure on area for Zone I) * (area for Zone I)
R; =172 K, *y (H,) * (area FGE)

R; = 172 K, *y (H)) * (R-B/2) H,

Ry = l/d*y *Ko*le(R-B/2) ..(4.4)
Where
H, = Vertical height of Failure zone due to mobilization of Skin resistance
K, = Coefficient of earth pressure at rest before the pile installation
R = Radius of influence at ground surface
B = Pile diameter

3- The additional earth pressure force E,; acting on the vertical height 0.25H is given by
(refer to Figure 4.4):
E, =Y, vK(0.25 H;?) * (R/2) *A
E, = 0.0625 yK, H;? * R *A{ . (4.5)

where:
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K, = Developed coefficient of earth pressure acting on the pile shaft

Y =unit weight of sand

H, = Model parameter, vertical height of mobilized skin resistance zone, and indicated

as segment GE (Figures 4.3 and 4.4).
R = horizontal distance, radius of influence in meters, and indicated as segment GF
(Figures 4.3 and 4.4).
AL = central angle of rotation (in radians)
Once the free body forces are known for Zone I, the equilibrium can be calculated for the
plane area EGF to determined AQq acting on the line GE. For this case, a generalized method
of slices developed first by Sarma (1979), will be introduced in the following section.
Sarma assumed a general method which divided the soil mass enclosed in a plane slip surface
into a number of slices. The slices are not necessary to be vertical nor the two sides of any slice
to be parallel.
In his method, Sarma (1979) derived a recurrence relation between the normal forces E; and
E.., acting on the left and right sides, respectively, of an arbitrary slice i as follows (refer to

Figure 4.11 and Appendix 1):

- cos(Qp; =0+ 9g; = ©;)C0S0; 4

i+ 17 cos(0p;—0;+0g; , | =~ ®; 4 )e0sOg;

(Wi + FVi)(cos¢Si+ 1)sin(q)Bi-oci)

+ .
cos(q)Bl.—oci+¢Si+1—col.+ 1)
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FHi(cosobSl. + I)COS(‘DBi— al.)

+ ..(4.6)
cos(bp; =0+ 1TV 4 1)
where:
E;.E;;; = normal forces acting on the sides of slice i
¢; = basal slope of slice i
®;, W;,; = inclinations of sides of slice i
¢g; = mobilized angle of shearing resistance at mid point of the base of slice i
ds;» 0s;4; = average mobilized angles of shearing resistance along sides of slice i
W; = weight of slice i
F, = resultant of external forces acting on slice i (other than E;, E;, |, W;, N;and T))
FH;and FV; = horizontal and vertical components of F;.

Derivation of Equation 4.6 is given in Appendix 1. Figure 4.11 illustrates the general notations

and sign conventions used.

" For the slice EGF, to calculate the shear force AQq, along EG, it needs for AE,| to be known

first, refer to Appendix 1 for derivation of the following equations:

AE is given by:

AE[ = El + RGA *sin (90'(1)—6) - RlA -(4.7)

and

AQg; =Rga* cos (90-0—B) - W4 (4.8)

Where:

E| is given by equation 4.5.
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B = Inclination angle of outer side of mobilized skin resistance zone
R4 is given by equation 4.3.
Ria = Ground reaction on surface FE and is equal to:
Rga= /2 YyH> K, * R/2 * AL .(4.9)
The total skin resistance, Q; is the sum of the two components, one is resulted from the analysis
of forces of zone I; Qg and the other is resulted from the analysis of forces of zone IV, Q.
For the analysis of zone 4, AQ, is given by the following Equation (refer to Appendix 1):
AQg, =AE, tan ...(4.10)
Where:

AE, =

A -tand (410

and:

sinaA + tanq)B - sin(90 — ocA)
cosaA—-tanQ)B - cos(90 —aA)

Where . is the inclination angle of terminal radial surface BC, refer to Figure 4.12 and it is
equal to:

o, = tan’t (r-B/2) / Ly ($.12)

W, = Self weight of slice 4 and it is equal to:
W,y = 172 (r-B/2)*(L;+L,) *y*p,*AL ...(4.13)
p4 = Distance between centroid of Zone IV and the pile axis ={(r-(B/2))/3} + B2

W, = Vertical reaction acting above slice CBH
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Weo=y#(D- L) ——
L,
Egr:
AQsZ
v AE-
Ry Cla - L
C 2
Ton vl R\
f B
N2a
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Figure 4.12 Free body For Zone IV
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W= 1/2(2D-L, - 2L,) (r/2)*AL ...(4.14)
Then the normal force N, (refer to derivation in Appendix 1), acting on the surface between

volume IV and III is given by:

AEz + R4
NZA = 90 ...(4.15)
cosaA—tan(DBcos( —aA)

And tangential force acting on the same surface T,, is given by:
Tya =Nja tan dg ...(4.16)

Where:

¢p = Average mobilized angle of shearing resistance on base BC.

and it assumed to be equal to ¢/2.
Once AQj is determined, calculating for a central angle of rotation equal to AC. the total skin

(2 —_ A t A‘g o ...(4 .1;)

4.4 Calculation of Point Resistance Qp

4.4.1 General
The force AQp is calculated, as the reaction force acting on the area bOb, (Figure 4.5). And
the end bearing capacity Qy, is computed by integrating AQp, over a central angle of rotation of
27 around the pile axis.

To calculate Qp it is essential to know the force components acting from the neighboring Vol-
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umes, Volume III and Volume IV. For the forces N, and T, acting from Volume IV, it is

given in Equations 4.16 and 4.17 respectively as a result of equilibrium of Volume IV.

4.4.2 Equilibrium of Volume IV

To determine the forces T, and Ny, the equilibrium of Volume IV will be introduced here:
Similar to the procedure which was followed for the equilibrium of Volume I. Refer to Figures
4.8 and 4.12.

1- The weight W of the soil induced in Volume IV is calculated using Pappus Guldinus’ the-
orem, i.e., area of triangle BHC multiplied by angle of rotation A( in radians.
Wy=1/2(r-B/2) * (L; +L)*pgs * ¥ * AL ...(4.18)
Where:
Pga = Distance between centroid of Zone IV and the pile axis ={(r-(B/2))/3} + B/2

2- The resultant Ry of lateral forces Ry & R [y can be calculated as follows (refer to Figure
4.11):

Ry=Ryvy + Rvx

Rivx = Rjvx = Rpy sin (AY2) =Ry sin (AY2)

R, = Ryy sin (AY/2) + Ry sin (AL/2)

R, =2 Rpy sin (AL/2) = 2 Ry sin(A{/2) (4.19)
Where Ry, & Ry, are components of forces Ry &R}y (in x -direction) and parallel to the
plane of symmetry FGE; and where Ry can be calculated as a hydrostatic pressure acting lat-

erally on the failure surface:

Ry = (average acting earth pressure on area for Zone IV) * (area for Zone IV)
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Ry =172yK; (2D-L)) * 1/2 (r-B/2) * (L +L5)

Riy=1/4yK, 2D-L)) * (r-B/2) * (L| +L,) ...(4.20)
Where:
3- The resultant earth pressure forces Eg4 acting on the vertical height (L;+L,) is given by:
Egy= 5 K v {(2D-L-Ly)} AL (4.21)
where:
K, = Coefficient of earth pressure acting on the Pile Shaft

vy = unit weight of sand
4- Weight of soil mass:
Wy = 172 (Wy +Wyo) = 172y {2D-L-2L,} ..(4.22)
5- Horizontal force AE,, acting on the right side of slice IV, by using the same slice method

used before in analyzing Zone [, is given by:

1 ,
cos(¢/2—(270+a)—tan Cr )/Ll)) cosSsin (6,2 — (270 + &)
4’ cos(0/2— (270 + &) + 3) T oS (0/2+ 85— (270 + @)

cosScos(% - (270 + @)

4.2
TRy cos(9/2+8 - (270 + ) --(4.23)

Where the angles associated with the slice and using the same procedure followed in equation

4.6 are:

o = tan’! (r-(B/2))/L,
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©;+1=0
;= tan’! (r’)/L,
dsi=zero
Osi =0
o= 270+
bpi= 0/2
Psir1= 8
Where r’'=r-(B/2)
Then AQ; is given by:
AQs=AE, tan & ..(4.24)
and equilibrium of Zone IV gives N, and T, as follows:
Ny = (R4+ AE, - Eg)/ (tan (¢/2)*cosc - sin o) ...(4.25)

T4= N, tan (¢/2) ..(4.26)

4.4.2.1 Calculation of Fy; and F¢

The normal and tangential forces Fy and Fg of Volume IIL, lie in the plane of symmetry ABO
and act on the surface abb; of Volume II (Figure 4.5). Then from equilibrium consideration of
forces acting on the Volume bb;OA (i.e., Volume II), the calculation of Fy and Fy starts with
analysis of external forces acting on the Volume Abcc b, (i.e., Volume III). The resultants of

all these forces lie on the plane of symmetry ABC (Figure 4.6).

4.4.2.2 Equation of the log spiral BC

The log spiral AC has its pole located at point B, passes through point A, and terminates at point
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C at a horizontal distance r from the pile axis, where r is the radius of influence of tip resis-

tance. The general equation of a log spiral is given by:

I =T, eb® -(4.27)
in which ry is the distance from the pole to an arbitrary point on the spiral, r, is the distance
from the pole to a selected reference point also located on the spiral, 6 is the angle between
these two lines, and b is a constant. Once r, and b are known, the log spiral can be constructed.
For the log spiral AC, its equation may be written as

r, = (AB) e"®
where AB is chosen as the reference radius r, (refer to Figure 4.7). Since point C lies on the log
spiral AC, BC is given by:
BC = (BA) % (4.28)
with 6 = Angle ABC, Figure 4.7.

Then, From the geometry shown in Figure (4.7):

_ 1, (CB
b = Gln(AB)

6 = ABC = 2Q10-y-)

_ B
"~ 2cosy
__B
BC = 2 - 2r-B
cosat 2cosc

where « is the slope of BC. The angle « is always < 90°, and y = tan'1(2L3/ B) as assumed
previously.

Substitute values of 6, AB and AC into Equation (4.28),
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_ 1 2r—Bfcosy
b= (27O—w—a)1n( B \cosaD +(4.29)

Hence, the equation of the log spiral AC may be expressed by:

_(_D ) b6 /
re = (ZCosw)e .(4.30)

in which y and b have been given.

It can be noted, that for a given pile diameter B and tip radius of influence r, b is a function of
¢ and o As of the angle ¢ varies depends on different factors, it can be said that the shape of
the log spiral AC will also change. This is another distinct assumption made in connection with
the postulated failure mechanism. In conventional analysis of pile bearing capacity, the failure
surface is usually assumed to be a log spiral having the equationrg =r @0 with b = tan 0, re-
sulting in the shape of the log spiral remaining unchanged with depth (i.e., Meyerhof. 1951;

Hu, 1965; Vesic, 1967b).

4.4.2.3 Application of Method of Slices for Radial Shear Zone ABC

Once the radial shear Zone ABC is clearly defined, the analysis proceed with the division of
this Zone into “n” slices, all sharing the same apex B. Each slice has inclined sides, an apex
angle equal to (6/n) and is subjected to a system of external forces such as shown in Figure 4.13.
These forces consist of:

i) The weight w; of the slice. Its Volume v; may be calculated as the Volume generated by the

plane area a; of the slice revolving around the pile axis. By using the theorem of PappusGuldi-



nus, v; is given by:
vi=a; p. AL
where
p; =distance from the pile axis to the centroid of the generating area a;
AL = central of angle of rotation around the pile axis.

With the Volume v; known, the weight w; can be easily calculated by: w; =y v;.

ii) The normal and tangential components of the side forces include Nj, T;, Ny, ; and Ty | which
are related by the expressions:

T; = N; tan ¢;

Tis1 = Njyy tan ¢
In which ¢g; and ¢; are respectively the average mobilized angles of shearing resistance along
the left and right sides of the slice i.
It is also assumed that the average mobilized angle of shearing resistance along the side of an
arbitrary slice varies linearly with the polar angle measured from BA, between two limiting
values: ¢g along BC and z;long BA (Figure 4.13). Mathematically, §; and ¢, withi> 1, may

be expressed by:

O5; = 0g+(0-0p) —g—— .(431)
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Figure 4.13 A Free Body Diagram of an Inclined Slice in the Radial Shear
Zone III (Log-Spiral)
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¢si+1 = ‘DB'*‘(‘D—(DB) - ...(4.32)

where
¢g =average mobilized angle of shearing resistance along AC
A8y = apex angle of a slice

® = Apex angle of radial shear Zone ABC
iii) The normal and tangential components N;; and T'; of the soil reaction on the slice base are
related by:

T; =N tan ¢p;

In which ¢g;. denoting the mobilized angle of shear resistance at the midpoint of the slice base,
may be computed by Equation 4.1.
iv) Ryj; and R'j; represent the resultant forces of the earth pressure exerting on the area auv and
aju,v, (Figure 4.14a). The force Rlli, for instance, is then equal to the Volume of the truncated

pressure prism acting on the area auv (Figure 4.14b).

Ry =1/3 (Area auv) (p, + py + py) (4.33)
The lateral earth pressure p,. p, and p,, at points a, u and v on the tangential plane aBc are given
by K, ¥ z,.. K, ¥ 2, and K, v z,, respectively; in which z,, z,, and z, are depths of point a. u.

and v. The resultant R2; of the forces Ry; and R'yy; is calculated by:

R2; =Ry + Ry

k(B0 R <AL
R2i = RHsm( 2)+RHsm( 2)



a - A three Dimensional
View of Inclined Slice

b,

b - Pressure Prism on Area of Triangle buv

Figure 4.14 Earth Pressure Acting on the Tangential Planes of
an Inclined Slice
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RZI. = 2RHsm(—2§) = 2RHsm(—2‘) ..(4.34)

in which Ryj, = R’;, = components of the forces Ry and R’j; parallel to the plane of symmetry
ABC.

For any slice, Qg;, 94;,1- and ¢g;, R2; and w; may be calculated following the procedure just de-
scribed. If the normal force N; is known on the left side of the slice, then its counterpart N,
on the right side may be calculated, using Sarma'’s recurrence relation (Equation 4.6). As a re-
sult, with Ny, T4 known from the analysis of Volume IV (see Figure 4.8), it is possible to start
with the first slice, calculate N5 then repeat the same procedure to calculate N5 for the second
slice and so on, until the forces Fy; = N, ; and Fr =T, | are computed for the right side of the

n'f slice,

4.4.3 Equation of Point Resistance Qp

In deriving an expression for Qp: Volume II and its mirror image counterpart with respect to
the pile axis (Figure 4.15a) were considered. The triangular area ABB' is subjected to a system
of forces shown in Figure 4.15b. They include a pair of normal and tangential forces Fy and Ft
acting along AB, another pair of forces, being the mirror images of Fyy and Fy acting along AB’,
the weight 2W of the wedge of sand and the reaction 2AQ, from the pile tip. Due to symmetry,
there is no resultant force of the earth pressure acting on the tangential planes bOA, b'OA,
b, OA and b'|OA. With reference to Figure 4.15b, the equilibrium of forces in the vertical di-

rection is given by:
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b’

gram of Forces Used to Compute Point Resistance Q,

A Dia

5

Figure 4.1
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2(Fy cos y + F siny)-2W|-2AQ, =0

AQ = Fy cos y + F siny -W,
Where AQ, = pile load acting on the area bob; of the Volume aOa B

W, = weight of the Volume of sand bOb, A (see Figure 4.152)

The point resistance Qp is then given by:
Qp = QU/ADAQ, (435)
Qp = QWAL (Fy cos y + Fr siny) -W, ...(4.36)

in which W = weight of the cone of sand beneath the pile tip.

4.5 Computer Program Implementation

In order to facilitate the extensive numerical calculations of the new model, a computer pro-
gram called G-Pile was written. The complete list of the code is given in Appendix II. The
implemented program was used in the verification of the sensitivity of two groups of parame-
ters:

1- Computations parameters such as:

a - Central angle of rotation around the axis of symmetry AC.

b- Number of slices “Ng” used in the equilibrium of the radial shear zone, log-spiral curve.
2- Model parameters: H;, R, L|, L& r against the input parameters: D,B, ¢, 8.

Also this program was used to develop the design charts.

To test the sensitivity of “Ng” against the percentage of error in determining Q,, the following
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test data were used:
Pile depth, D=24.0 m, Pile diameter, B = 0.405 m; Angle of shearing resistance of sand, ¢ =

31.2°, angle of friction between sand and pile & =21.8°. The following depths 12. 24 & 36

meters were used to verify the effect of number of slices against the point bearing capacity
“Q,”.

The comparisons between the three series of tests are shown in Figure 4.16. The effect of Ng
was found more significant against Q, than against Qg or Q. so that its effect was verified
against Qp, only. All parameters were frozen and therefore changing of Ng were permitted for
the range from 4 to 35. As can seen from this Figure 4.16, the trend of changing of Ng against
Qp resulted in semi constant values up to certain number of slices, 13, and beyond this number

it was found that some disturbance took place. For this reason, a number of slices equal to
13,which was found to be the maximum value to maintain the trend without disturbance. was
considered enough to satisfy the required accuracy.

In order to verify the effect of the central angle of rotation AC. on the ultimate bearing capac-

ity, Q. the same tests were repeated with respect to a change of AC. only, and all other param-

eters were frozen. The range of A{ was used from 0.5° to 20°; the results are shown in Figure

4.17, where a comparison between the three series of tests are displayed. From Figure 4.17, it

is clear that the value of A{ has almost no effect on the magnitude of Q. Therefore a value of

Al=1° was considered satisfactory to achieve reasonable accuracy.

4.6 Sensitivity Analysis for the Theoretical Model Parameters

A Sensitivity Analysis for the proposed model parameters is given in the following section.
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The proposed theoretical model to predict the ultimate bearing capacity of a single pile in sand

involves the following parameters: H;, R, L|, L3& r, where these parameters are dependent

on the input parameters: D, B, ¢, 8 and K.

Where:

H, = Vertical height of mobilized skin resistance beneath the ground surface

R = Radius of influence at the ground surface
L, = Vertical height of mobilized tip resistance area above the tip level
r = Radius of influence at the tip level

D = Embedded depth of the pile

B = Pile’s diameter

¢ = Angle of shearing resistance of sand

8 = Angle of friction between sand and pile’s shaft

K, = Coefficient of earth pressure on the pile shaft
The effect of the input parameters D, B, ¢ & & on the model parameters H;. R, L. L;& r are
introduced in the present section. Also the effect of various factors on the coefficient of earth
pressure acting on the shaft, K. is introduced here. Since a new function to predicted K value
was included in the proposed model.
The computation of N*q was carried out utilizing the implemented computer program G-Pile,
using the following equation:

N*q= Qu/ (y’*D*A)) (4.37)



4.6.1 Effect of Angle of Shearing Resistance ¢ on the Model Parameters
The following data were used to analyze the effect of angle of shearing resistance ¢ on the

various model parameters: ¢ =27°t042°, D=12.0 m up to 36.0 m, B = 0.30 m up t0 0.50 m.

8/6=0.7.

4.6.1.1 Effect of Angle of Shearing Resistance ¢ on the Point Resistance Q,,

The effect of angle of shearing resistance ¢ on the dimensionless bearing capacity factor N*q

is presented in Figure 4.18. Where a series of pile tests with depth equal to 12. 24. and 36

meters, /0 = 0.7 and pile diameter B = 0.3 m were examined. All other parameters were
frozen and only ¢ were changed from ¢ =27° to 42°. It has been shown that the magnitude of
N*

q Is increased with the increase of ¢ in a nonlinear relationship. The increase of N*q due

to the increase of ¢ is found to be semi linear in the range of ¢ = 27° to 35°, and nonlinear
with a higher rate of increase in the range of ¢ > 35°. It is also one of the distinct feature of
the new proposed model, the rate of change of N*q versus ¢ is varied between more than one
mode. This trend is different than the previous theories, which assume one rate of change of

¢ versus N*q.

4.6.1.2 Effect of Angle of Shearing Resistance ¢ on the Radius of Influence at Tip *“r**

Figure 4.19 shows the test results of the study of the effect of the angle of shearing resis-
tance ¢ on the radius of influence at tip, “r”. It has been shown that increasing ¢ resulted in
an increase of “r” in a linear relationship. Because of the different slenderness ratio used for
the pile tests, it could be also concluded that there is an increase in the radius of influence at

tip, “r” with the increase of the pile depth. This parameter has a direct impact on the point
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bearing capacity and it logically accepted to be increased versus the increase of ¢.

4.6.1.3 Effect of Angle of Shearing Resistance ¢ on the Radius of Influence R

The effect of angle of internal friction of sand on the radius of influence at ground level “R” is
presented in Figure 4.20 the radius of influence is increased with the increase of ¢ in a linear
relationship. On the other hand it was found that R increased with the pile depth increase. The
impact of ¢ on skin resistance is demonstrated with the increase of R due to the increase of ¢.

Where R is a major parameter in determining the skin resistance Q.

4.6.1.4 Effect of Angle of Shearing Resistance ¢ on the Vertical Distance H,

The vertical distance H; is the vertical dimension of the mobilized skin resistance zone on the

pile shaft and it is located beneath the ground level. Figure 4.21 shows the effect of ¢ on the
vertical distance H,. The trend of H; versus ¢ indicates a decrease of H; with the increase of ¢
with a rate of 0.0005% per degree. This trend can be explained by the new features of the pro-
posed model, which made it possible to take into account the effect of many factors at the
same time. Some of these factors are affecting one parameter as an increase and some others

affecting the same parameter as a decrease. It can be concluded here that H, is decreased with

pile depth.

4.6.1.5 Effect of Angle of Shearing Resistance ¢ on the Vertical Distance “L,”

Vertical distance L is the vertical extension of mobilized tip resistance above the tip level.
Figure 4.22 shows the effect of ¢ on L. It was found that ¢ does not affect L, and it took con-
stant value with each pile depth. It can also concluded here that L, increase with the increase

of pile depth.
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4.6.1.6 Effect of Angle of Shearing Resistance ¢ on the Vertical Distance “L3”*

The variation of L5 versus ¢ is shown in Figure 4.23. It demonstrates the increase of Ly with
the increase of ¢ in nonlinear variation. As it known that L5 is the vertical extension of the fail-
ure pattern beneath the pile tip. it is logical to increase with the increase of ¢. and resulted in

increase of point resistance Q,, with the increase of ¢.

4.6.1.7 Effect of Angle of Shearing Resistance ¢ on the Skin Resistance Qg

The ultimate skin resistance Qg is found to increase with the angle of shearing resistance ¢ as
shown in Figure 4.24. This increase is relatively high for the piles with the higher relative

depth, while the rate of increase is lower with the smaller relative pile depth.

4.6.1.8 Effect of Angle of Shearing Resistance ¢ on the Ultimate Load Q,,

Figure 4.25 demonstrates the increase of ultimate bearing capacity Q,, due to the increase of ¢.
Where the variation in Q, is semi linear between ¢ = 27° to 35° and nonlinear between ¢ = 35°

and 42°.

4.6.1.9 Effect of Angle of Shearing Resistance ¢ on the Coefficient of Earth Pressure K

As indicated in Figure 4.26 that K decreases with the increase of ¢, furthermore it reaches
higher values with smaller pile depths. This behavior is reflected on the proposed theoretical
model which utilize variable coefficient of earth pressure K, which depends on the input pa-

rameters.

4.6.2 Effect of Shaft Roughness on the Model Parameters

To examine the effect of shaft roughness on the different model parameters, a series of pile

load tests have been carried out with the following data: pile depths: 12.0, 18.0 & 24.0 meters,
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pile diameter 0.30, 0.40 & 0.5 meters, ¢ = 30°.

4.6.2.1 Effect of Shaft Roughness on the Vertical Distance H;

Figure 4.27 shows the variation of H; versus the shaft roughness &/¢. It is noticed that H; de-

creases with the increase of the ratio /9.

4.6.2.2 Effect of Shaft Roughness on Radius of Influence “R”

Figure 4.28 introduces the decrease of “R” due to the increase of shaft roughness &/¢. This

decrease is found to vary linearly.

4.6.2.3 Effect of Shaft Roughness on Coefficient of Earth Pressure K

In order to study the effect of shaft roughness on the coefficient of earth pressure K. acting

on the pile shaft, a series of tests performed and resulting comparisons are shown in Figure

4.29. From Figure 4.29, it can be seen that a magnificent increase in K is produced with the

increase of shaft roughness 8/6.

From the analyses of the three parameters H;. R & K, which are enrolled in calculation of
shaft resistance Q.. it can concluded that the major impact on Qj is resulted from the coeffi-

cient of earth pressure Kj.

4.6.2.4 Effect of Shaft Roughness on Ultimate Bearing Capacities: Q,, Q, & Qq

The effect of shaft roughness on the two components of the ultimate bearing capacity Qg and
Qj is demonstrated in Figure 4.30. As expected the ratio 8/¢ is causing the ultimate skin resis-

tance Qq, to be increased, at a higher rate than Qp.
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4.6.3 Effect of Pile Width ‘B’ on the Parameters of the Proposed Theoretical Model

The pile width “B” is introduced as an influencing factor for the prediction of the ultimate
bearing capacity of a single pile in sand. In order to show the effect of this geometric factor on
the different parameters used in the proposed model, a study for a series of pile tests has been
performed and displayed in the Figures: 4. 31, 4. 32, 4.33 & 4.34. The input data for carried

out tests are as follows: pile diameters B: 0.3, 0.4 & 0.5 meters, pile depth D: 12.0. 18.0 &

24.0 meters, 6 = 30° and 8/¢ = 0.7.

4.6.3.1 Effect of Pile Diameter *“B” on Vertical Distance H,

Figure 4.31 shows the effect of Pile Diameter “B” on vertical distance H;. It can be noted
from Figure 4.31, that an increase of “B” results in an increase of the vertical distance H;.

Also it can be seen from this Figure that the rate of change is slightly higher with the depth,

which implies that there is a combined effect for pile width and depth together on this factor.

4.6.3.2 Effect of Pile Diameter ‘“B’’ on Ultimate Skin Resistance Qg

Figure 4.32 shows the effect of Pile Diameter “B” on ultimate skin resistance Q. As can be

seen from this Figure 4.32, the increase of the pile width “B™. has tremendously increased the
ultimate skin resistance. It can also be concluded that the pile depth “D™ has a combined effect
with pile width, where a relatively higher variation of increase was noticed with respect to

‘LD”

4.6.3.3 Effect of Pile Diameter “B” on Ultimate Point Resistance Qp

In studying the effect of pile width “B” on the ultimate point resistance Q. a series of pile

load tests were performed and the comparison is shown in Figure 4.33. The increase of pile
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diameter “B” resulted in an increase of the ultimate point resistance Qp. It was found that the

rate of variation also increased with respect to pile depth “D”.

4.6.3.4 Effect of Pile Diameter “B’’ on Bearing Capacity factor N*q

Figure 4.34 shows the effect of pile width “B’” on bearing capacity factor N*q. where it is

found that the increase of “B” has resulted in an increase of N*q in a nonlinear relationship.

The above analyses demonstrated the importance of considering the geometry of the pile in

prediction the ultimate bearing capacity.

4.6.4 Effect of Pile Depth “D” on the Parameters of the Proposed Theoretical Model

In order to investigate the effect of pile depth “D” on the predicted ultimate bearing capacity,

a series of load tests have been performed for pile diameter = 0.30 m, depths 12. 18 and 24

meters, ¢ = 30° and 8/¢=0.7. The results of this study are shown in Figures 4.35, 4.36, 4.37,

4.38.

4.6.4.1 Effect of Pile Depth “D” on Bearing Capacity Factor N*q

Figure 4.35 shows the effect of pile depth D" on bearing capacity factor N*q. [t has been

shown that N*q increases with depth in a linear function.

4.6.4.2 Effect of Pile Depth “D” on Vertical Distance H;

Three series of pile tests with diameters 0.3, 0.4 and 0.5 were performed with ¢ =30°, §/¢ =
0.7 and different depths as shown in Figure 4.36. The comparison between the three series

shows that vertical distance H is increased with the increase of the pile depth and width.
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4.6.4.3 Effect of Pile Depth “D” on Ultimate Point and Skin Resistances Q, & Q

The effect of pile depth on ultimate point resistance Q is shown in Figure 4.37. It is found
that Q,, is increased with pile depth in a semi linear relationship.
Figure 4.38 shows the effect of pile depth “D” on ultimate point resistance Q. where it is

found that Qq is increased with pile depth in a semi nonlinear relationship.

4.7 General Remarks

The forgoing sensitivity analysis demonstrated the functionality of the parameters of the pro-
posed theoretical model. Furthermore the new proposed model adopts the effect of many
parameters which have been ignored by the previous theories developed for the same prob-
lem.

The new features in the proposed theoretical model can be summarized as follows:

1- The present model considers the effect of pile geometry, D and B on the predicted bearing
capacity.

2- The coefficient of earth pressure acting on the shaft is a distinct feature of the present
model, where a function of variable coefficient was established and used in the prediction
of bearing capacity of a single pile.

3- The effect of relative roughness of the shaft is used to examine its effect on both compo-

nents Qg and Qp. This feature could make the present model able to handle all types of pile

materials easily.
4- The influence of pile depth on the bearing capacity of a single pile is considered and intro-
duced. The dimensionless ratio D/B known in the literature to represent the pile geometry

is loosing its appeal, simply because the same value of D/B could be common between a
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pile of dimensions, let’s say 0.25 * 24.0 m and a long pile of dimensions 0.75*72 m, both
would have the ratio of 96. There is a big difference in the geometry of both piles. At the
same time the comparison between their behavior is extremely wide as it was proven
through the previous sections. For this reason the solution introduced in the present
research work will be presented by using the original dimensions of the pile itself without

using ratios.

4.8 Model Verification

To assess the merit of the proposed theoretical model, a total of 27 well documented field
load tests were used for verification pL;rposes, which include:

I) Arkansas River Project (Mansur and Hunter, 1970): Seven load tests.

IT) Low-sill structure, Old River, Louisiana, USA (Mansur and Kaufman, 1958): Seven load
tests.

III) Two load test series consisting of six tests each carried out by Tavenas (1971) on a
precast concrete Herkules pile and a steel H pile, respectively.

IV) Two load tests performed on a steel pipe pile by Vesic (1967b).

All Input data used in the analysis of 27 tests may be found in Table 4.1.

4.8.1 Arkansas Test Piles

The pile testing program for the Arkansas river navigation project is located on the east bank
of the Arkansas river, about 20 miles downstream from Pine Bluff in Arkansas state, U.S.A.
Removal of a layer to the depth of 20 ft. was carried out for preparations of the test area
down to the top of the 100 ft. thick sand stratum. The standard penetration resistance was

found to be increased with depth, varying from 20 to 40 blows per foot with an average of
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Table 4.2 Analysis Results for 27 Pile Load Tests
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Present Model
Error
Pile Test | 8/0 | _. Equivalent Measured | o
No. Nygq Qp K *tan & Qs Qu QyJ/Qu Qu %
Arkansas
1 0711 65 |116.37 0.3 475 {1639 | 0.29 172 4.73
2 0.74 | 80 |217.60 0.35 67.1 |284.7 | 0.24 242 -17.6
3 0.7 | 100 | 357.6 0.35 78.1 |435.7 | 0.18 272 -60.1
10 074 | 77 }188.73 0.28 512 ]2399 | 0.21 242 0.85
4 0.8 | 8 }177.73 0.3 336 2114 | 0.16 200 -5.7
7 0.84 |77.46 |167.31 0.28 47.1 2144 | 0.22 243 11.78
Low-Sill
1 0.7 56 ]170.78 0.28 104.1 |2749 | 0.38 292 58
2 0.7 50 |216.23 0.27 86.8 [|303.02}) 0.29 296 2.3
3 0.7 42 1110.70 0.27 76.1 |186.75 | 0.41 151 -23.7
4 0.7 65 |188.61 0.35 9438 [282.99 | 0.33 361 21.6
5 0.7 40 79.96 0.3 38.0 117.96 | 0.32 . 117 -0.8
6 0.7 68 ]239.26 0.37 107.01 |346.27 | 0.31 329 -5.25
7 0.7 58 }182.51 0.32 87.30 {269.81 | 0.32 317 14.89
Tavanas
J-1 0.78 | 30 14.25 0.35 596 ]20.21 0.3 40 49 4
J-2 0.77 | 38 28.38 0.38 15.53 |4391 | 0.35 55 20.1
J-3 0.77 | 43 4361 0.3 22.40 |66.01 | 0.34 77 14.2
J-4 0.77 | 47.5 | 60.52 0.33 38.87 |99.38 | 0.39 95 -4.6
J-5 0.77 | 50 77.44 03 51.72 |129.15 ] 0.40 105 -23.0
J-6 077 | 55 ]100.57 0.3 71.41 |171.97 | 0.42 120.5 -42.7
Tavanas
H-1 0.8 20 10.40 0.33 541 1581 | 0.34 20 20.9
H-2 0.79 | 42 34.93 0.38 15.50 }150.43 | 0.31 50 -0.86
H-3 0.79 | 42 48.04 0.34 2588 |73.92 | 0.35 80 7.6
H-4 0.79 | 48 69.91 0.33 40.41 11033 | 0.37 93 -18.6
H-5 0.79 | 50 88.49 0.29 52.15 |140.64 | 0.37 105 -33.9
H-6 0.79 | 55.7 |115.96 0.34 8433 20028 | 0.42 185 -8.2
Vesic
H-14 0.7 84 ]216.32 0.47 63.46 {279.78 | 0.23 347 19.3
H-15 0.7 | 100 }315.7 0.42 87.21 |40291 | 0.22 421 42
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about 20 blows per foot after site excavation. The ground water table was kept about 2 to 3
feet below the ground surface by a dewatering system installed around the test area. Only six
test piles out of a total of 21 tests were considered relevant for use in the analysis which
idealized the test site as a single layer deposit, having average physical properties
summarized in Table 4.1. It can be seen in Table 4.2 that the calculated bearing capacity Q,
of the six selected test piles agreed well with their measured counterparts, incurring errors
ranging only from about -17.6 percent to +11.78 percent, except for pile number 3 which
encountered error exceeding +60%. This big error may be related to irregularity in the field
measurements in the sight of the similar test condition: pile number 10, which has the same
depth as pile number 3, the only difference being the pile width. For the present model, the
consideration of pile width is working well so far, which is clear in the comparison of

predicted Q,, for pile number | and pile number 2 in the same group, which are similar in all

properties except the pile width.
4.8.2 Low-Sill Test Piles

The controlled spillway of Low-Sill structure is located on the west bank of the Mississippi
River, 35 miles south of Natchez, Mississippi, U.S.A. The pile testing program included
compression or compression/tension tests which were performed on two 14 in. steel H piles,
and five steel pipe piles having diameters ranging from 16 to 20 inches. The soil profile for
this site consists of 50 to 60 ft. of alternating strata of silts, sandy silts and silty sands
overlying a clean sand stratum of varying thickness from 40 to 60 ft.,, which is in tum
underlain by stiff clays. To account for the two-layered soil system an average angle of

shearing resistance, ¢ is assumed as follows:
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Where: ¢, D, are denoting soil angle of shearing resistance and layer depth for layer 1.
¢,, D, are denoting soil angle of shearing resistance and layer depth for layer 2.

This procedure is shown in Figure 4.39.The same procedure were followed for similar test
sites and the summary is reported in Table 4.1.
A correction for the stiffening effect of the stronger sand layer located 4 ft. below the

interface of the two layers is assumed as follows:

D
b
OCorrected = 1+ 0’5[1 - mgil((bl ~95) ~(4.39)
This procedure is shown in Figure 4.40. The corrected numerical values used in the analysis
can be found in Table 4.1. Computed ultimate loads utilizing the suggested model, showed

good agreement with their measured counterpart for the whole group, as indicated in Table

4.2, with errors ranging from -23.7 to +21.6 percent.

4.8.3 Tavenas’® Field Tests:

A series of six load tests on a Herkules H800 precast concrete pile was performed by
Tavenas (1971) as part of the embankment project of the St. Charles River in Quebec City,
Quebec, Canada. The idealized geotechnical profile of the test site and physical properties of
the dominant layers were shown in Figure 4.41a. The Herkules pile was driven and tested at
depths of 19, 29, 39, 49, 59 and 69 ft, respectively. Axial loads were monitored by
deformation gauges installed inside the pile shaft. Although all pile load tests were performed

with the pile point located in the sand stratum, the first 16 ft. of the test pile was embedded in
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a loose crushed stone layer which had been dumped uncompacted under water. In the
analysis, the same procedure introduced in Equation 4.30 was followed to account for the
layering effects. The angle of shaft friction 8 was determined as: 8=(2/3)(¢,,+5); this angle
was suggested by Tavenas. Reasonable agreements between computed and measured pile
bearing capacities were observed, indicating errors ranging from -23.0 to + 20.1 percent.
Except for test number J-1 which was found to be underestimated by 49.4%, this test is a
short pile, of D =5.79 m. In the same analysis for Tavenas H-Pile group, another short pile of

5.49 m was matched well: for these two piles J-1 and H-1 for the same site, the measured Qu
for test J-1 is 40 tons, while in the almost same test data H-1, the measured Q, is half of test

J-1. This should implies some irregularities in the field measurements. The same trend can be
noticed for test number J-6,where it was overestimated by -42.7%. In a similar test in H-pile
testing for Tavenas test number H-6 the results was in reasonable agreement -8.2%. For these

reasons the two tests J-1 and J-6 will be excluded from the present error analysis.

4.8.4 Tavenas’ Tests on H-Pile

Another load test series on a steel H-pile (type 12BP74), were carried out by Tavenas (1971)
for the same project. This steel H-pile, which consisted of one 20 ft. section and five 10 ft.
sections, was driven and tested at six depths of 18, 28, 38, 48, 58 and 68 ft., respectively. The
same idealized geotechnical profile used to analyze the Herkules pile (see Fig. 4.41a) was
assumed valid for the H-pile. The adapted numerical data values and the output results are
shown in Table 4.1. From Table 4.2, it can be seen that there are fairly good agreements
between computed and measured bearing capacities, with errors ranging from -18.6 percent

to +20.6 percent. Errors exceeding -33 percent, however, were encountered in pile test No.
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H-5. In the analysis, the H-pile was explicitly assumed to be fully plugged and replaced by an
equivalent circular pile having the same cross section area. If the flanges of the H pile were

only partially plugged with soil then this assumption would lead to an overestimation of Q,

For these reasons, pile test No. H-5 will be excluded from a subsequent correlation study.

4.8.5 Vesic’s Tests on Steel Pipe Pile

Two load tests were chosen from the testing program carried out by Vesic, (1967b); they are
H-14 and H-15. These load tests were performed at the site of the future Ogeechee River
bridge on Interstate Highway 16, in Effingham County, Georgia state, U.S.A. The site profile
consisted of a silty sand layer down to about 12 ft., underlain by a fine to medium sand
deposit. Figure 4.41b shows an idealized geotechnical profile and soil properties for the site.
The test pile was closed end steel pipe pile with an 18 in. width, driven in five sections
approximately 10 ft. long each and tested at nominal depths of 40 and 50 ft. Strain gauges
were inserted on the internal walls of the pile sections to measure axial loads in the pile shaft
at various depths. The same procedure previously followed to account for the two layvered
soil system, is adapted in this test series. The numerical values for analysis and obtained
results are shown in Table 4.1 and 4.2 respectively.
The agreement between predicted and measured bearing capacities was found to be +19.2
percent for test No. H-14 and +4.2 percent for test No. H-15.
The error analysis results for the 27 tests are shown in Table 4.2. and Figure 4.42. The
following remarks are due from Figure 4.42:

1- The over estimated capacities are 11 tests out of 23, - ve sign.

2- The under estimated capacities are 12 tests out of 23, + ve sign.

3- The tests agreed within 10% error are 52% of the total number of tests.
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4- Tests agreed within 20% error are 83% of the total number.
5- The maximum error deviation did not exceed 23.6%.

6- The ratio Q./Q,, is ranging between 0.16 to 0.42.

4.9 Critical Depth
Figure 4.43 and 4.44 introduce plots of unit skin and unit point resistances versus pile depth

for various pile diameters: 0. 30, 0.40, 0.50 & 0.60 m. Test data are ¢ = 30°, 8/ = 0.7. It can
be noted from Figure 4.43 that the unit of skin resistance is increasing with an increase of the
depth up to approximate depth named D, = 28.5 m in the case of pile width 0f 0.30 m, 28.0 m
in case of B = 0.40, 27.0 m in case of B = 0.50 and 26.0 m in case of B = 0.60m. It is noticed
that the critical depth in this case (skin resistance) is decreased with pile depth and width. Itis
important to note that below this depth, the unit of skin resistance tends to increase, at a lower
rate.

This trend explains the phenomena of critical depth. It can be noted from this Figure that theo-
cratical depth depends on pile diameter B, depth D and angle of shearing resistance 6.

To explore this trend in the case point resistance, a relationships between N and pile depth
are plotted in Figure 4.44. Different trend was found in the case of point resistance (refer to
Figure 4.44), where critical depths occurred between 14.0 m at B =0.30 up to 17.50 m at
B=0.60m. Where the critical depth in increased with pile width and depth.

The rate of increase below that depth tends to behave as a slower increase in case of B = 0.30
m and B=0.40m, while it tends to have gradual but increasingly rapid increase in case of B =
0.50 and 0.60m. The line of critical depth is marked as B-B’ in Figure 4.44.

This investigation could lead to the following conclusions:
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1- The critical depth is found, but below this depth a lower rate of increase of Nq & q occurs.
2- In some cases, like with a higher pile width, below the critical depth, the point resistance
might be subjected to a rate of increase. This trend could benefit from more explanation in a

future study.
3- It was found that a varied critical depth occurs depends on the pile width and depth and

angle of shearing resistance ¢. This trend also needs more explanations in further studies.

4.10 Design Charts
The preceded analysis made it possible to establish a new rational solution for the problem of
bearing capacity of a single pile driven vertically in sand. It can be seen that the proposed the-
oretical model is capable to predict the two components of pile bearing capacity: Qp and Q
for a wide range of sand conditions. The proposed design procedure can handle pile depths
from 4.0 m up to 30.0 m, pile widths from 0.30 m up to 0.60 m, angle of shearing resistance
from 27° up to 42°, and shaft roughness ratio 8/¢ = 0.7 to 1.0.

To predict the ultimate point bearing. a data produced by the program G-Pile were used in

developing charts for the dimensionless factor N*q. Figures 4.45 to 4.49 are introducing the

new design charts proposed for the bearing capacity factor N*q. It should be noted that this

factor is introduced as a f unction of Pile depth D and width B in meters and the angle of
shearing resistance of sand ¢ in degrees.

Prediction of Qg can be determined easily if the factor (K *tan §) is known. As was presented
in the preceding sections of the present work, the varied failure pattern produced different
mobilized skin friction surface areas. In this case it is recommended to simplify the use of

these different mobilized skin friction areas to determine the skin friction component Q.



285

Nq
0 20 40 60 80 100 120 140
4 - = : ! L :
| S\ i
6 - a - |
. |
g === B =0.60m
% == B =0.50m
10 - 3 N we=B = 0.40 m
':_ ““ =)é=PB = (0.30 m
12 - % N '
[N W
Q 1
Q (%l
14 d !
{ WY
Q A1
=] ' \
=~ 16 d it
Q ® i
T : i
= ® (3
E |3 3 %
() ® i
® (R
® it
20 ¢ i
® V1 :
® A1
® [}
22 i1
d A
0 Ay
( (S
24 ‘ y
4 [
26 \" ks'
28 L N
30 4 . K]

Figure 4.45 Bearing Capacity Factor N'q Versus Pile Depth "D" for
Different Pile Diameters "B" ( Case of ¢ =27°)



286

== B =0.50 m

e=iweB =0.40m

=e=B =030 m

- B =(0.60 m

14

o

.
¢
(3
. )
Q]
3

8]
o

Q
Q
Q
+
®
g
t
1

24

28

30

XX

Figure 4.46 Bearing Capacity Factor N‘q Versus Pile Depth "D" for Different Pile

Diameters "B" ( Case of ¢ =30°)



287

10

14

16

18

Depth "D", m

38}
o

8]
9

’K
|
%
A

<

9
A

28

X
%
X

30

N

Figure 4.47 Bearing Capacity Factor N‘q Versus Pile Depth "D" for Different Pile
Diameters "B" ( Case of ¢ =35°)



Depth "D",m

288

-

N
q
0 50 100 150 200 250 300 350 400 450 500 550 600

1 i1

S

10
12 '
14

16 Z

x
18 %
.S

= B =0.6m
o= B =050m [
evimeB = (0.40 m

: 'gr =B =030m [

o€

e

!

[
o

%&%
30 | ) e

Figure 4.48 Bearing Capacity Factor N'q Versus Pile Depth "D" for Different Pile
Diameters "B" ( Case of ¢ =40°)



Depth "D", m

289

0 150 300 450 600 750 900 1050 1200 1350
4 . b ] 1 L] { v

8 = B =0.60m
=g~ B =050m

10 ' —=im=P = 0.40 m
~3#=B = 0.30 m

14 :

16 |

18

30

Figure 4. 49 Bearing Capacity Factor N‘q Versus Pile Depth "D" for Different Pile
Diameters "B" ( Case of ¢$=42°)



290

The following steps were followed to produce a simplified formula that can be used in design

charts for the factor (K *tan )

1- The program G-Pile was used to conduct pile load tests for pile depths ranging from 4.0 m

up to 30.0 m, and pile diameters between 0.30 m up to 0.60 m.

2- The resulted component of skin resistance Q. in tons, was used to determine the equivalent

factor (K *tan J) as if the skin resistance were mobilized over the whole shaft area. using the

following equation:

1 '
QS = (EKSY DtanS)As = fSAS

Where:

b4

v’ = effective unit weight of sand (Vm?)

f, =0.5K,y Dtand (Ym?)

So that the equivalent factor of (Ktan d) is given by:

..(4.40)

..(441)

(4.42)

Figures 4.50 to 4.54 introduce the equivalent factor of (K *tan ) versus pile depth for differ-

ent pile widths and shaft roughness ratios &/¢. It should be noted that this factor is introduced

as a function of Pile Depth D and width B (meters), angle of shearing resistance ¢ and shaft

roughness 8/¢.
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4.11 Recommended Design Procedure
On the basis of the proposed theoretical model, the recommended procedure to estimate the
ultimate bearing capacity of a single pile in sand may be summarized as follows:
1- From the data of angle of shearing resistance ¢, relative shaft roughness 6/¢. pile depth D
and width B (meters), estimate the equivalent factor of skin resistance (K tan 8) Figures

4.50 to 4.54.

2- Multiply the equivalent factor of skin resistance (K tan 8) by [(0.5%y*D) * A_], to deter-

mine the ultimate skin resistance Qg (tons). Where ¥ in vm3.

3- Using the data: angle of shearing resistance ¢, pile depth D and width B (meters), interpo-
late the bearing capacity factor Ng from Figures 4.45 to Figure 4.49.

4- Multiply Nq by (¢° * D*Ap) to determine the ultimate point resistance Qp (tons). Where
¢’ in m?>.

5- The sum of Qg and Q, gives the ultimate bearing capacity Q,, (tons).

6- In the case of two layered soil, an average angle of shearing resistance ¢,,. should be

determined using Equation 4.30.

4.12 Limitations of the Proposed Method of Design

The suggested procedure for design is subject to the following limitations:

1- It is applicable to the driven piles in sand with range 0f 4.0 <D < 30.‘0 meters. For short
piles, a different failure mode may be applicable such as general shear failure mode.

2- In the case of overconsolidated sands, a different study is needed to develop values for

the coefficient of earth pressure depending on the degree of consolidation of the sand.
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CHAPTERSS

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

5.1 General

Literature review has demonstrated a large discrepancies that exist among the different con-
ventional theories for predicting the bearing capacity of a single pile in sand. Numerical and
theoretical investigations were conducted in order to clarify the overlooked factors that have

been omitted during the development of the previous theories.

5.2 Conclusions

Based on the results of the present investigation, the following conclusions can be drawn:

1- The results of the numerical model constitute the base to define the failure mechanism
around a single pile in sand in the following zones of influences:
a- Zone I located immediately below the ground surface and extending downward to a dis-

tance equal to 0.25H and horizontally to a distance of R or radius of influence. This zone

is subjected to a densification process due to pile loading and the ground subsidence. The
soil is attacking the shaft, so that a case of passive earth pressure has been generated below
the ground surface. It reflects the degree of mobilization of skin resistance which is highly
mobilized below the ground surface and extended vertically downward to a limited verti-

cal distance Hj.

b- Zone II which exists around the pile tip a few diameters above and a few diameters below
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with a total height of (L| +L, +L5) and width: “r”. It is also subjected to another densifica-

tion process due to the opening process made by the advanced pile tip. In this zone it was
observed that the pile tip is attacking the soil around. crushing and/or compacting the soil
particles creating the active earth pressure condition. This process is deemed to influence
the mobilization of tip resistance, which is resisted by the amount of overburden pressure.
This reason is believed to be responsible for the limited zone of influence around the tip.
c- Zone III is located between the above two mentioned zones and is subjected to a loosening
process and extends horizontally to a few diameters. In this zone the loosening process
was found to be not enough to generate pressures against the shaft. This process is
believed to limit the degree of mobilization of skin resistance to a vertical depth equal to

distance H|. This zone also could be called the neutral zone.

2- It was shown numerically that the failure mechanism around the shaft is developed in three
separate areas: around the pile head (skin resistance) and around the tip (tip resistance).
The third the area located between these two areas, which called neutral zone. It was
observed that the acting stresses in the neutral zone are not enough to mobilize the skin

resistance.

3- The volume shape of failure pattern due to mobilized skin resistance can be approximated
into a converted cone, with its base at ground surface, assumed base width equal to R
(radius of influence measured from pile axis) and vertical height equal to limited vertical

distance H| measured from the ground surface. These dimensions H, and R were found to

vary with ¢, 8/, D & B.
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4- Failure pattern due to mobilized tip resistance can be approximated to a compacted inverted
cone just beneath the tip connected to a log spiral surface which is extended horizontally
to a distance r, and reverted back into the shaft above the tip level by distance equal to

L;+L,. The vertical depth of the converted cone is called, L;. These dimensions were

found to be vary with: ¢, D & B.

5- Due to observations of the present study, it was assumed that a varied radius of influnce
around the pile shaft is more realastic than a constant distance as it was considered in liter-

ature. The raduis of influce around the pile shaft was found to varies with depth.

6- The developed shear stresses on the shaft, Ty, are dependent on shaft roughness &/¢ and

vary with depth. Its distribution is not linear as suggested in previous theories; and it can

be approximated to a bell shaped distribution.

7- The magnitude of o, acting on the shaft with depth . The maximum value of oy acting on

the shaft is found immediately below the ground surface and decreases with depth.

8- The distribution of K is not a constant over the shaft and it varies with depth. This trend

was reported by several authors, Kulhawy (1984), Meyerhof (1976), Werching. (1987)

and Altaee, et al (1992 &1993). The variation of K may be ranged between (K < K,) and

(K >KP) over the shaft.

9- A simplified method to predict the variable coefficient of earth pressure acting on the shaft,
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K, is developed and presented in the form of design charts.

10- The varied failure mechanism was utilized in developing theoretical model for predicting
the bearing capacity of single pile in sand employing the Sarma method of slices and limit
equlibrium technique. The punching shear failure was adapted as the principle mode of

failure beneath the pile tip.

11- The parameters involved in the proposed theortical model were observed in a numerical
parametric study and a separate predictive equation for each of them were implemented.
Skin resistance parameters: H| and R, are function of ¢, 6/¢, D & B. Tip resistance param-

eters: Ly, L, L3 and r, are function of ¢, D & B. These implemented equations were

employed in the theortical model calculations.

12- A computer program to facilitate the use of the new proposed theoretical model was

developed and used extensively to develop design charts for the bearing capacity factors:

N*t1 and equivalent factor (K, tand).

13- The new proposed theoretical model has proven its capabilities of incorporating important
features previously unaccounted for in most conventional bearing capacity theories of
deep foundations:

a- A varied failure mechanism depends on factors other than the unique factor,; they are
pile depth, D, and width, B, Shaft relative roughness ¢/8 and angle of shearing resis-

tance,.



301

b- Treatment of the pile bearing capacity problem under axisymmetric conditions; adopting
punching shear failure as the principle failure mode.
c- New failure mechanism for skin resistance was developed, whereas the failure mecha-

nism for tip only was considered in most of the previous theories.

14- The proposed theoretical model showed that a critical depth is observed. The unit skin
resistance below the critical depth tends to increase at a lower rate than the rate of increase
above that depth. Also the critical depth is varied with respect to angle of shearing resis-
tance and pile geometry; diameter and depth. In the case of skin resistance, the critical
depth in decreased with pile width and depth, and in the case of point resistance the critical
depth in increased with pile width and depth. The proposed theoretical model seems to
support the recent findings indicating that below the critical depth the resistances are not

constant and tend to increase with depth.

15- The results of the present investigation the basis for a design procedure to estimate the
ultimate bearing capacity of single pile in sand. Accordingly, design charts for both skin
and tip resistances factors were presented. Ultimate bearing capacity estimated according
to these design charts showed good agreement with field load test results, attested by the
fact that more than 83% of these tests were predicted within minus or plus 20% of their

measured counterpart in a correlation study involving 27 well documented field tests.

5.3 Recommendations for future research

Results of numerical analyses are always subjected to erroneous output, however, they have
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proven to be a good source of information about the behavior of single piles driven in sand.

Further investigation is needed to enhance the presented model in this thesis:

1- Empirical improvements could be added to the numerical functions developed to predict

the failure mechanism parameters: H;, R, L. L,, L3 and r. These improvements could be

developed through verification against field data including a large range of pile

geometries and loading conditions to optimize the perdition function of these parameters.

2- Different types of pile geometries. like other cross section shapes, unsymmetrical loading,

inclined piles and layered soil, should be the objectives of future studies.

3- It is recommended to extend the present study to clays and soils which possess both

cohesion and friction.

4- Further studies should be done to investigate the effect of the over consolidation ratio of

sand on the coefficient of earth pressure acting on the pile shaft, K.

5- The present study should be extended to non-displacement piles (case of K, condition)

or bored piles.
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APPENIDX I

APPLICATION OF SARMA’S METHOD OF SLICES

Sarma, 1979, introduced his method to determine the stability analysis of embankment and
slopes. In this method the soil enclosed within an assumed plane slip surface is divided into a
number of slices which do not necessarly to have vertical or parallel sides.

In the following section the general method of slices by Sarma is introduced, as well as the

application of this method in the present investigation.

A.1.1 The general method of Slices

The general geometry for the acting forces of a typical slice is shown in Figure A 1.1.
The equilibrium of the horizontal and vertical acting forces is given in the following equations:
E; cos ; + X sin w; - E;;; cos w;, + X, sin w;,; + FH;
+Ticos ;- N;sinoy=0 (ALl
Xj cos w; - E; sin w; - Ej sin g - X;, | cos @y, - F;; -W;
+ T; sin ¢ + N; cos ;=0 (A1.2)
Xi» X4 and T, can be replaced as follows:
X; =E;tan ¢
Xir1 = Ejy tan @y
T; =N; tan ¢g;
After simplification and termination of the unknown Nj, a form for E;, | as a function of E; can

be established, where E; should be known as an external acting force.
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cos(Pp;—0;+bg;—@)cosdg; g

i+1 7 cos(op;—0;+bg; | —©;, ()cosg; !

E

(W, +FV,)(cosbg; . {)sin(¢g; ~ ;)

FHi(COS¢Si+ l)cos((j)Bl.—OLl.)
cos(0p; = Qi+ g 174 1)

.(A1.3)
where:
E;, E;; = normal forces acting on the sides of slice i
o; = basal slope of slice i
©;, ;1 = inclinations of sides of slice i
¢p; = mobilized angle of shearing resistance at mid point of the base of slice i
dg;» 541 = average mobilized angles of shearing resistance along sides of slice i
W; = weight of slice i

F; = resultant of external forces acting on slice i (other than E;, E;, |, W;, N; and Tj)

FH; and FV; = horizontal and vertical components of F;.

A.1.2 Application of Method of Slices Into Failure Mode

Figure A 1.2 shows the acting forces on zone I. Zone I is a triangle and only three sides are
found. This zone can be treated as one slice and the following equations can be determined
from the horizontal and vertical equilibrium:
AE; = Egp + Rga *sin (90-0—B) - R 5 -(Al4)
AQg; = Rgaj*cos (90-0—B) - W 4 ..(A 1.5)

Where:



F G
Wia AQs;
Rgasin (90 - B-¢)  Eria *K S
-
AE;
Rgacos (90 - B- ¢)
E

Figure A 1.2 Analysis of Acting Forces on Zone I As One Slice

Y
AQs2
X
R,
N,a coso T4 cos (90-c0) AE>
(04 ﬁ.\‘ . /)

Naa
Na24 sina
T>4 sin (90-o0)

Figure A 1.3 Analysis of Acting Forces on Zone IV As One Slice
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Ega is given by equation 4.5.
R = Ground reaction on surface FE and is equal to:
Rga= 12YH K, (A 16)
and :
K,=1-sin¢ -(A17)
Acting forces on zone 4 is given in Figure A 1.3.

Equilibrium analysis of these forces led to the following equations:

N, 4 cosc + Egs - AE; - Ry - Top cos (90-0) =0 -.(A 1.8)
T, 4 sin (90-0¢) + Npys sino - Wi - AQg, - Wy =0 -.(A'1.9)

. Substitute:

Top =Noa tandg

AQsz =AE; tan §
Where:
$g = Average mobilized angle of shearing resistance on base BC.
We get:
Ny, coscl - Ny, tan ¢g* cos (90-0) + Egy- AE; - Rg =0 ..(A 1.10)
N, sina + Ny, tan ¢g* sin (90-0) - W - AE, tan & - Wy =0 (A 1.11)

Nja [ cosa. - tan ¢g * cos (90-a)] + Eg; - AE; -R4 =0
N3 [sin o + tan ¢g * sin (90-0)] - AE; tan § - W4 - Wg=0

By eliminating N, , between the above two equations, it produces the following equation:
sinot + tand)B - sin(90 - o)
cos a-tan(bB - cos(90-)




Finally:
2~ A -tand
“sinC® + tanq)B - sin(90 — )
Where: A=
cosa-tan¢B - cos(90 - a)
Then:
AQ52 = A% tan
and:

2A T cosa-tan¢ﬁcos(90—a)

TZA = N2A tan q)B
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(A 1.12)

(A 1.13)

...(A 1.14)

...(A 1.15)
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APPENDIX II
Computer Program “G-Pile”
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Program List G-Pile

qb*******************

© Gamal Abdelaziz , 2000

function [QS,Qp,Qu,L,,c2,rtip,H{,R,Ng,K] = DCR(D,phi,B,Delta,gama)

% Input parameters here:-

sk 2k o ok ke ke 9k ok e 3k sk e 3k 2k e 36 vk ke 34 2k e 3¢ ke e 3 ke ok 3¢ ke e 2k 2k vk ke k¢ vk e e 3k ok ke sk 3k vk vk ol e e Sk Sk ke sk e de ke e ke ke 24k ¢ ke Sk e e ke ke ke ke ke ke ok K
D=

B=

gama =

Phi =

Delta =
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DEta =1;

NCeta =13 ;

L, =0.0001*D;

df=(dlta)/(thi);

% PARAMETERS CALCULATIONS HERE
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%
*izii*******************************************************************
XK=1.0/D;
Ks25=1.194+XK*(-10.98+XK*(258.04+XK*(-1966.46+XK*(6405.12+XK*(-514.79)))));
Ki = (1-sin(Phi*Y));
KsI = Ks25 +( 0.0161*(fhi) - 0.4025);
KsB=0.31+0.5015*(atan((D-23.57)/(-5.178))+1.571)/(3.142);
Y3=(( B-0.25)/0.5)*KsB;

YK=0.37*(2.0%0.0045*(log(exp((df+0.34/2.0)/0.0045)+exp(0.84/0.0045))-
log(exp((0.84+0.34/2.0)/0.0045)+exp(df/0.0045)))+0.34)/(2.0%0.34);
Y2=0.36-YK;

Ksil=(KsI+Y3);

Ksi=Ksil*(1-Y2),

=Ksi*Ki;

% [R]
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XR1=log(D)*log(D);

XR2=1.0/sqrt(D);

XR3=exp(-D);
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R25=-0.23+0.0096*XR 1+0.93*XR2-0.88*XR3;
xR=fhi-25;
RF=(-7.93E-21)+xR*0.0027;
RD1=R25+RF;
Xx1=D;
Xx2=D*D;
Xx3=log(D)/(D*D);
Xx4=1.0/(D*D);
RB=0.055-0.00069*Xx1+(2.52E-06)*Xx2+10.53*Xx3 -8.701*Xx4;
RB1=RDI1 +RB ;
RI= RB1*D; %in meters
RD = 0.3*(0.6*(df-0.5)) ;
R =RI*(1-RD);

% [r]

stk e ks ks ke o ok ok ke e sk ke ke s e e ke s s e s sk ke e ks ek sk ek e s e ks e e ek ks e ok
r25=0.4281+4.89*(2.0*5.98*(log(exp((D+67.811/2.0)/5.98)+exp(54.91/5.98))-
log(exp((54.91+67.81/2.0)/5.98)+exp(D/5.98)))+67.81)/(2.0%67.811);
rB=0.004+0.293/(1.0+exp(-(D-13.672)/-2.621))

rl =25 + ((0.75-B)/0.5)*rB

r1f=0.0315*(thi-25);
rtip=(r25+rlf +rl);

% [H1]
************************************************************************
H1D=(0.16+D*(0.571+D*(-0.024+D*0.000678)))/(1.0+D*(-
0.048+D*(0.0011+D*7.514E-06)));

X2h=D*sqrt(D);

X3h=log(D)/(D"2);

X4h=exp(-D);

Hf=-2.01+0.48*D-0.033*X2h+20.29*X3h -21.97*X4h;
HB=-3.66+(log(D))*(5.75+(log(D))*(1.89+(log(D))*(-7.56+(log(D))*(4.64+(log(D))*(-
1.065+(log(D))*0.086)))));

BR= ((0.75-B)/0.5)*HB;
Hlrd = 0.0727*fhi - 1.2331;
H1 =HI1D - BR -(dlta/fhi)*H1rd;

% [L3]
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X1L3=D;

X2L3=D/log(D);

X3L3=1.0M1og(D);

X4L3=log(D)/(D"2);

L.345=2.21-0.192*X1L3+1.09*X2L.3-5.152*X3L3+22.23*X4L3;
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L3red = -0.0223*(fhi) + 1.0025;

L3dif=((45-£fhi)/20)*L3red;

L3=(L345-L3dif);

z1L3=exp(-0.5*((D+1.66)/2.11)*((D+1.66)/2.11));
z2L.3=exp(-0.5*((fhi-32.771)/-0.772)*((fhi-32.771)/-0.772));
z1.3=0.94-96.772%211.3-0.435*221L.3+1424.37*z1L.3*z2L3;

L3=L3*zL3;
L3Y=-0.292+(0.422/(1.0+exp(-(D-10.79+15.42/2.0)/2.57)))*(1.0-1.0/(1.0+exp(-(D-
10.79-15.42/2.0)/3.16)));

L3=L3*(1+L3Y);

%[L1]
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L125=(0.031+D*(0.098+D*(-0.00373+D*0.00015)))/(1.0+D*(-
0.039+D*(0.00041+D*2.93E-05)));
L1f=(0.77+log(D)*(-0.32+log(D)*(-0.25+log(D)*(0.223+log(D)*(-
0.066+10g(D)*0.0072)))))/(1.0+log(D)*(-0.5 1 +log(D)*(-0.25+log(D)*(0.25+log(D)*(-
0.07+log(D)*0.0072)))));

L1dff=((fhi-25)/20)*L1f;

L1=L125;
L12=-59.422-3.26*D-8.66*(sqrt(D)*log(D))+36.19*(D/log(D))-104.732*(1.0/(D"2));
L1=L1*Llz;

RU=R-(B/2);

Lx=0.25 *HI;
Cx=Ks*gama*(0.25*H1);

Phi =Phi* Y ;

PGl = ((R-(B/2))/3)+ (B/2);
PG4 = ((rtip-(B/2))/3)+ (B/2);

Ko =1 - sin(Phi);

Ki=Ko;

Kp=(1+sin(Phi))/(1-sin(Phi));

format short

Beta = atan(RU /H1);

PhiB =Phi / 2;

WI1A = (1/2) *(RU) * (H1) *PG1 * gama * DEta ;
RGA= 0.25*gama*(H1/2)*Ko*R*DEta;
Geta= (90*Y)-Phi-Beta;

RI =0.25*gama *( H1*"2)*(RU)* Ko ;
R1A =2 * RI * sin (DEta/2);
E1=0.0625*gama*R*H142*3*Ks*DEta;
DEl= E1+RGA*sin(Geta) -0.5*RI1A
QS1=DEl*tan (Delta)*(2*pi/DEta);

o s e sk sk o e e s o e ok ok o ok ke o ok ok o s o e s e sk s sk ke e s sk e s s sk st ke s sk ok e sk ok sk s sk skt sk sk sk sk s sk e stk sk ok sk sksk ok ok ok

ru=rtip-(0.5*B);
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Alphal= atan((ru)/L2);

Alphall=90*Y-Alphal;

W4G= 0.25*gama*(2*D-L1-2*L2)*DEta*rtip; % /2=0.5r weight of soil above
W4=0.5*gama*(ru)*(L1+L2)*PG4*DEta ; % self weight of zone 4
R4=(0.5*gama*Ko*(2*D-L1)*(ru)*(L1+L2))*sin(DEta/2);

BI=( cos(Alphal)-tan (PhiB)*cos(Alphall))/(sin(Alphal)+tan (PhiB)*sin(Alphall));
DE2=(R4-BI*W4G-BI*W4)/( BI*tan(Delta)-1);

DE2=abs(DE2);

QS2=(DE2*tan(Delta)*(2*pi/DEta));

QS=QS1+QS2;

Calculation of Qp
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N2A=(W4+W4G+DE2*tan(Delta))/(tan(PhiB)*sin(Alphall)+sin (Alphal));

T2A =N2A * tan(PhiB) ;

Epsi =atan(2*L3/B) ;

Ceta = (1.5*pi)-Epsi-Alphal ;

DCeta = Ceta / NCeta;

sl =(1/Ceta) ;

s2 = (2*L2/B);

s3 = (cos(Epsi)) / (cos(Alphal)) ;

Bl =sl * (log(s2 * s3));

fl =B/ (2 * cos(Epsi))

fori=1:NCeta+1
Er(i) =f1 * (2.718281829)~(B1 * (Ceta - (i-1) * DCeta));
end

fori=1:NCeta
Ai(1) = .5 * Er(i) * Er(i + 1) * sin(DCeta);
end

forjj=1:NCeta
LG =@Q/73)*fl *(2.718281829)" (B1 * (Ceta - ((jj-1) + .5) * DCeta));
end

fork = 1: NCeta
P(k) = (B /2) + L(k) *( sin(pi-(Alphal + ((k-1) - .5) * DCeta)));
W(k) = Ai(k) * P(k) * (DEta) * gama;

end

for s = 1: NCeta +1
OMIG(s) = pi-(Alphal + (s-1) * DCeta) ;

end
form=1: NCeta +1



zl(m)= (Er(m) * cos((Alphal + (m) * DCeta)-pi)+D) ;
z2(m)=(Er(m) * cos((Alphal + (m+1) * DCeta)-pi)+D);
h(m) = z2(m)-z1(m);

P(m) = Er(m) *( sin(pi-(Alphal + (m+1) * DCeta)));
Alpha(m) = atan(h(m) / P(m));
AlphaA(m)=Alpha(m)*(180/pi);

end

PhibM = -PhiB;
forn=1: NCeta +1
PhiS(n) = (PhibM) + (Phi - PhibM) * ((n-1) * DCeta / Ceta);
end
fori=1:NCeta +1
Phib(i) = (1 - ((.5 * (Ceta + (Ceta - ((i-1)* 2 + 1) * DCeta))) / Ceta)) * Phi;
end

fori=1:NCeta + 1

z(i)= Er(i) * cos((Alphal + (i-1) * DCeta)-pi)+D;

z(i) = Er(i) * cos(OMIG(i)) + D;

end

for j = 1: NCeta
RII() = (1/3) * AiG) * (D + z(j) + z(j + 1)) * Ko * gama
R2(j) =2 * RII(j) * sin(DEta / 2);

end
N2(1) =N2A;

fori=1:NCeta

Ul = (cos(Phib(i) - Alpha(i) + PhiS(i) - OMIG()) * cos(PhiS(i+ 1))) / (cos(Phib(i) -
Alpha(i) + PhiS(i+ 1) - OMIG(i+ 1)) * cos(PhiS(i)));

U2 = (cos(PhiS(i + 1)) * sin(Phib(i) - Alpha(i))) / cos(Phib(i) - Alpha(i) + PhiS(i + 1) -
OMIG(G + 1));

U3 = (cos(PhiS(i + 1)) * cos(Phib(i) - Alpha(i))) / cos(Phib(i) - Alpha(i) + PhiS(i + 1) -
OMIG( + 1));

N2(i+1) = Ul * N2(1) + U2 * W(i) - U3 * R2(i);

end

format bank

TN = -(N2(NCeta+1)) * tan(Phi);

We=(1/3)*((pi* (B~"2))/4)* (DEta/Y) * (sin(Epsi)) * (gama);

Qp = (2 * (pi) / (DEta)) * (N2(NCeta+1)) * cos(Epsi) + (TN) * sin(Epsi)) - Wc;
Qu=QS+Qp;
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APPENDIX III
CONVERSION FACTORS



Appendix IIT

CONVERSION FACTORS
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The following are the conversion factors for most used units in this thesis to
comply with the S.I. units:

1 inch
1 inch
1 inch

1t

1vm’ =
1 t/m’ =
1vm’ =
1 vm’ =
1 kKN/m?
1 kKN/m®
1 kKN/m?
1 kKN/m®

1 vm®
1 Um?
1 /m>

1 ton (force)
1 ton (force)
1 ton (force)

0.0833333 ft
2.54cm
0.0254 m

0.092904 m>

1000 kg/m’
0.036127 pci
62.42796 pcf
9.8039 kN/m’
0.102 vm®
0.003685 pci
6.367666 pcf
0.102 Vm’

204.82 psf
1.4223 psi
9.8066 kpa

2 kip
8896.443 N
8.8964433 kN



