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Abstract

Shaft resistance of driven piles in overconsolidated cohesionless soils

Yasir Mohammed Alharthi, Ph.D.
Concordia University, 2018

Piles are structural members that transfer the applied load of superstructures to deep supportive layers
of soil or bedrock. Besides controlling the settlement of structures, piles provide sufficient capacity
that other foundations cannot provide or provide only at a high cost. Despite ample research on the
shaft resistance of displacement piles in cohesionless soils, the mechanism of such resistance remains
unclear. Consequently, theories on shaft resistance have generated several discrepancies in predicting
the capacity of displacement piles in cohesionless soils, not only due to the complexity of modeling
cohesionless materials and collecting field data but also because the role of overconsolidation in such
soils, which is often neglected. Although the critical depth of pile foundation in cohesionless soils has
long been debated, definite conclusions have yet to be drawn.

Overconsolidation in cohesionless soils directly affects the lateral earth pressure that acts upon the
pile shafts and thus upon pile capacity. Overconsolidation can occur naturally or artificially when the
ground surface is subjected to erosion, excavation, or unloading, often due to glacial melting, the
demolition of structures, raised water tables, compaction, or vibration.

This thesis presents an experimental investigation into the capacity of driven piles in
overconsolidated cohesionless soils. Tests, with an emphasis on the shaft resistance and the critical
depth, were conducted on long piles in a setup that permits measuring the overconsolidation ratio in
the test tank as well as the total and local shaft resistance on the pile’s shaft. Shear stress distribution

along the pile’s shaft showed some dependency on embedment depth ratio (L / D). Also, critical depth
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was observed for shaft resistance only when mean shaft resistance was analyzed, and was in line with
Meyerhof’s (1976) results.

An analytical model was also developed based on limit equilibrium analysis using the horizontal
slice method to predict the shaft resistance of a pile driven into normally consolidated cohesionless
soils. The model assumes an inclined failure surface around the pile that accounts for the shear and
normal stresses upon it. Critical depth was not only observed but also increased linearly as the angle
of shearing resistance increased. A three-dimensional numerical model was developed and validated
experimentally to perform 200 pile load tests in soils with various densities and at a range of
embedment depths.

Design theories to predict the shaft resistance of displacement piles in cohesionless soils and the

critical depth were developed, design charts are presented.
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Chapter 1 : Introduction

1.1 General

Piles are structural members that transfer the applied load of superstructures to deep supportive layers
of soil or bedrock to provide sufficient support both axially and laterally. Pile foundations were first
used at least more than 2,000 years ago. The Romans, for example, used deep foundations, mainly
made of rocks and timber, to support loads and structures in several locations, including Strasbourg
Cathedral in present-day Strasbourg, France (Coduto, 2001; Ulitskii, 1995).

Today, piles are typically made of timber, steel, concrete, or a composite of two of those materials.
Other than classification by material, piles can be classified according to their load transfer mechanism
(e.g., end-bearing piles, friction piles, and combined friction and end-bearing piles), installation
method (e.g., displacement or driven piles and replacement or bored piles), shape (e.g., square,
circular, tapered, and helical piles), alignment (e.g., vertical and both negative and positive batter
piles), and numerous other characteristics (Das, 2012). A more recently popular type of piles is micro-
piles, which have smaller diameters (i.e., generally 100-250 mm) than conventional piles and consist
of a central steel reinforcement surrounded by grout that bonds the piles with the soil (Gogoi et al.,
2014).

Piles are necessary when upper soil layers are highly compressible or too weak to support the applied
load of superstructures, when superstructures encounter horizontal forces, when a site contains
collapsible or expansive soil, and when uplift forces are applied to structures (Das, 2012). They are
also necessary when slight movement in a superstructure require rapid response, in which case micro-

piles are suitable (Gogoi et al., 2014).



Methods used to determine the ultimate resistance of piles include either small- or full-scale static load
testing, dynamic analysis based on the dynamics of pile driving or wave propagation, and analytical
methods based on soil properties obtained from laboratory or in situ tests (Coduto, 2001). Given major
improvements in computer hardware and software during the past two decades, numerical analysis to

determine the resistance of piles has become popular as well (Kusakabe & Kobayashi, 2010).

1.2 Problem Definition and Motivation

Various parameters, including pile geometry, soil properties, pile—sand interface angle, residual forces,
and soil stress history, affect the bearing capacity of drive piles in cohesionless soil (Wrana, 2015).
When a pile is driven into such soil, the stress state of the surrounding soil changes (Rajapakse, 2008).
Moreover, for vertically loaded piles in particular, the shaft resistance depends upon the effective
radial stress in the surrounding soil which is a function of the mobilized lateral earth pressure
coefficient (Ky), the pile—soil interface angle, and vertical stress (Randolph et al., 1994).

In particular, the mobilized lateral earth pressure coefficient (Kg) is often found empirically by
performing laboratory or field pile load tests in normally consolidated cohesionless soils. The
coefficient is typically presented either as a factor of the at-rest lateral earth pressure coefficient (K /
K,) or as a factor combining the friction coefficient (f = K, tan §).

Geotechnical engineers traditionally use Jaky’s (1944) equation (K, = 1 — sin ¢"), which depends
solely on the effective friction angle of the soil (¢'), to estimate the at-rest earth pressure coefficient
(Kp). Although such use is appropriate when soil is normally consolidated (EI-Emam, 2011; Mayne
& Kulhawy, 1982), the magnitude of the at-rest earth pressure coefficient (K,) is always affected by

stress history, represented by the overconsolidation ratio (OCR).



Whether the overconsolidation of cohesionless soil occurs naturally or artificially, it indicates that
effective vertical stress in the soil was previously greater than its current magnitude.
Overconsolidation can occur when the ground surface is subjected to erosion, excavation, or
unloading, often due to glacial melting, the demolition of structures, raised water tables (Coduto,
2001), compaction, or vibration (Hanna & Soliman-Saad, 2001; El-Emam, 2011).

In theory, when soil is overconsolidated, the at-rest earth pressure coefficient (K) exceeds the value
calculated by using Jaky’s (1944) equation. Many researchers, including Wroth (1973), Meyerhof
(1976), Mayne and Kulhawy (1982), and Hanna and Al-Rombhein (2008), have noticed the effect of
the OCR and thus proposed empirical equations to calculate the lateral at-rest earth pressure coefficient
incorporated with the OCR’s effect. Similarly, the mobilized lateral earth pressure coefficient (Ky) in
overconsolidated soil, presented either as a factor of the at-rest lateral earth pressure coefficient (Kg/
K,) or as a combined factor (P), is greater than that in normally consolidated soil. Because, the pressure
acts upon the pile shaft, shaft resistance rises.

In practice, Beringen et al. (1979) performed compressive and tensile field pile load tests on opened-
and closed-ended pile at a site with overconsolidated sand and observed that shaft resistance exceeded
recommended limits by 100-200%. More recently, Foray et al. (1998) conducted laboratory tests on
piles in normally consolidated and overconsolidated sand and observed that shaft resistance values of
piles driven into overconsolidated sand were nearly double those driven into normally consolidated
sand. However, given the difficulty of measuring stress in undisturbed cohesionless soil with
laboratory tests, stress history is not incorporated into any conventional calculation of the ultimate
resistance of piles in cohesionless soil (DiCamillo, 2014).

The distribution of shaft resistance was long believed to increase linearly with depth at a constant rate

down to a certain embedment depth, also known as critical depth, and remains constant downward



(Vesic, 1964; Meyerhof, 1976). However, recent field pile tests have dispelled that theory (Fellenius,
2002; Kulhawy, 1995), and researchers now attribute critical depth to the effect of the angle of shearing
resistance, the fact that it decreases with depth, residual forces, and soil arching development due to
driving, and the tendency of the OCR to decrease with depth as well. Although the foregoing theory
is now regarded as a fallacy, the lack of any better theory has meant that the concept of critical depth
remains in use by geotechnical engineers today (Rajapakse, 2008; Wrana, 2015).

Ultimately, the shaft resistance of driven piles in overconsolidated cohesionless soil remains uncertain.
To illustrate such uncertainty, the ratios of calculated field shaft resistance to measured field shaft
resistance (Qc / Qm) for 81 piles were determined by using the American Petroleum Institute’s design
procedure (Jardine et al., 2005). Although the ratios ideally should have been 1, most were below unity
when plotted against the embedment depth (L/D), which indicates that shaft resistance was

underestimated when calculated (Figure 1-1), partly due to the overconsolidation of cohesionless soil.

1.3 Research Objectives

Because the overconsolidation of cohesionless soil and its variation with depth influences shaft
resistance, the research reported in this thesis involved investigating the influence of such
overconsolidation, its effect on shaft resistance, the distribution of shaft resistance along the pile shaft,
and the possibility of critical depth. Experimental, analytical, and numerical approaches were used to
propose a method of predicting the shaft resistance of piles driven into overconsolidated cohesionless

soil, and to investigate the existence of critical depth.
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The objectives of the research were:

1- To review literature addressing the bearing capacity of single piles and especially shaft
resistance in order to ascertain the current state of the art on the topic;

2- To design an experimental setup to measure the OCR, the total shaft resistance of piles, and
their distribution; to develop a sand-placing technique to obtain a uniform relative density
throughout the test tank and overconsolidate the soil; and to perform pile load tests on
overconsolidated cohesionless soil using pile models 55 mm and 30 mm in diameter at

different embedment depths and relative densities;



3- To examine the critical depth appearance, and study its sensitivity to OCR.

4- To develop an analytical model based on the horizontal slice method in order to predict the
shaft resistance of driven piles in normally consolidated cohesionless soil;

5- To develop three-dimensional numerical models using ABAQUS to study the effect of P
variation on the shaft resistance of driven piles in cohesionless soils; and

6- To analyze the results of the experiment and of the analytical and numerical models to propose
a method of predicting the shaft resistance of driven piles in overconsolidated cohesionless

soils and to develop corresponding design charts for practice.

1.4 Organization of Thesis

Following this introductory chapter, Chapter 2 presents a literature review on the bearing capacity of
single piles in overconsolidated cohesionless soil. It also presents the methods used to calculate the
bearing capacity of piles with an emphasis on shaft resistance and discusses both critical depth and the
effect of overconsolidation on shaft resistance.

Chapter 3 presents the experimental work proposed to investigate the problem, illustrates the
experimental setup and materials used, and describes the test procedure and test program. Ultimately,
the chapter also presents the results of compaction and pile load tests.

Chapter 4 presents the analysis of the experimental pile load tests and of the effect of relative density,
embedment depth, pile diameter, and the OCR on shaft resistance and critical depth. It also presents
an empirical model developed to estimate shear stress along the pile shaft and its distribution.
Chapter 5 presents an analytical model developed to predict the shaft resistance of driven piles in

normally consolidated soils, as well as a design chart and procedure.



Chapter 6 presents the numerical model constructed to investigate the effect of B, a factor that
combines the mobilized lateral earth pressure coefficient and friction coefficient (K tan §), on shaft
resistance. Details of the model, as well as its validation, are also presented, as is the analysis of
experimental, analytical, and numerical results used to generate design charts to predict 3 at different
OCRs, angles of shearing resistance, and embedment depth ratios.

Last, Chapter 7 discusses the conclusions of the thesis and recommendations for future research.



Chapter 2 : Literature Review

2.1 General

In recent decades, a range of published scientific work supported by field experiments has focused on
pile foundations. Nevertheless, predicting the bearing capacity of piles remains challenging and
always involves uncertainty given the complexity of the problem, partly due to theoretical concepts
derived from soil mechanics and more often due to empirical methods developed from field
experiments (Randolph et al., 1994). Adding complexity to the problem of pile capacity is the
overconsolidation of cohesionless soil, represented by the OCR.

This chapter reviews the bearing capacity of axially loaded driven piles in cohesionless soil, with an

emphasis on methods of calculating shaft resistance and the parameters that influence its value.

2.2 Pile Capacity

Based on the load transfer mechanism, piles are classified into three types: end-bearing piles, friction
(i.e., floating) piles, and combined friction and end-bearing piles. With end-bearing piles, the total
load applied to piles is borne and resisted by pile end (i.e.., pile tip). Friction piles, by contrast, resist
the applied load mostly due to frictional forces developed at the interface of the pile shaft and soil.
Piles that resist the applied load with the pile end and shaft are classified as combined bearing piles,
as shown in Figure 2-1 (Coduto, 2001).

Many methods are used to determine the capacity of piles: static load tests (i.e., full-scale or prototype),
dynamic analysis based on the dynamics of pile driving or wave propagation, and analytical methods

based on soil properties obtained from laboratory or in situ tests (Coduto, 2001). The research for this



thesis focused on the capacity of single driven, axially loaded piles and possible mechanisms of the

failure of pile tip resistance and especially shaft resistance.
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Figure 2-1: Component of the pile’s capacity

Conventionally, pile capacity is a component of two types of resistance: tip resistance (Qt) and shaft

resistance (Q,), as shown in Figure 2-1. The ultimate pile bearing capacity is expressed as follows:

Q= Qr+ Qs = quAb+fsAs

where:

Qr = tip resistance.

Qg = shaft resistance.

q,, = ultimate unit tip resistance.
fs = ultimate unit skin friction.
Ay, = pile cross section area.

A = pile surface area.

(2-1



Values of Q and Qg are generally estimated according to theories, while most analytical methods
proposed to estimate Qt and Qg by comparing the measured soil properties with results of static load
tests are based on empirical findings (Coduto, 2001).

Shaft resistance is mobilized at a far smaller pile displacement than that required to mobilize tip
resistance. Usually, shaft resistance mobilizes at a displacement of 0.5-2.0% of the pile diameter,
whereas displacement of 5.0-10.0%, or larger in the case of low displacement, of the pile diameter is
needed to fully mobilize tip resistance (Fleming et al., 2008). In what follows, a brief description of
the mechanisms of foundation failure is presented and the calculation of tip and shaft resistance is

reviewed.

2.2.1 Failure Mechanism

Bearing capacity failure occurs when the supporting soil exhibits a shear failure. Vesic (1973)
recognized three modes of bearing capacity shear failure as shown in Figure 2-2. First, a general shear
failure that shows a well-defined failure pattern where the slip surface starts from the edge of the
foundation and ends at the ground surface as shown in Figure 2-2 (a). Second, a local shear failure that
also shows a well-defined failure pattern but only underneath the foundation where the slip surface
extends to the ground surface outward of the foundation as shown in Figure 2-2 (b). Last, a punching
shear failure that is less well-defined where the slip surface does not extend to the ground surface and
is often hard to observe as shown in Figure 2-2 (c). For a single pile, the punching shear failure is what

describes its failure mode the most (Das, 2011; Hanna & Nguyen, 2002).
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Figure 2-2: Bearing capacity shear failure modes, after Vesic (1973) adopted from Das (2011)

2.2.2 Tip Resistance (Q,)

Most of the theories proposed to estimate the ultimate unit tip resistance for piles, q,, are based on the
general bearing capacity equation for shallow foundation as follows;

qu = ¢ N¢ Fes Feq + Qo NgFgs Fqa + 0.5y B Ny Fyg Fiyg (2-2)

In general, it can be expressed as:

qu = ¢ N¢"+ q'o Ng* + 0.5y'B N,° (2-3)

where q'y is effective overburden pressure at the base level of the foundation; N¢*, Ng" and N,” are

the bearing capacity factors that include the necessary shape (F¢s,Fgs,Fys) and depth

qs
(Fca, Fqa, Fyq) factors; ¢’ is cohesion of soil; y’ = effective unit weight of soil; and B is the width
of the foundation.

Since piles are deep, different values of N¢*, N and N, " are used. Also, piles mostly are circular in

shape and have a diameter, D, rather than a width, B. Because this research is about cohesionless soils,

11



¢’ =0 and the term (0.5y" D Ny*) becomes very small in comparison with the term (q’y N*q) for deep

foundations. As a result, tip bearing capacity (Qr) is expressed generally as follows (Murthy, 2002);

Qr = [q'oNq" ]Ab = qu Ap (2-4)

where:
q’y = effective overburden pressure
Nq* = bearing capacity factor

Ay, = pile cross section area

Figure 2-3 Presents the (Ng) values suggested by many researchers. It can be noted that the (Ng) values,
which is a function of (¢") only, proposed by different researchers have huge variation. This variation
is a result of the different assumptions made by each researcher, and the lack of ability to evaluate the

state of stresses in the surrounding sand after pile installation (Sabry, 2005).
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2.2.3 Shaft Resistance (Q,)

The ultimate unit skin friction, f, is developed based on the laws of mechanics considering friction

between solid surfaces. In order to estimate the shaft resistance (Q,), Dorr (1922) integrated the shear
stress (T) along the surface of the pile sides as follows;

Qs =nD [ tdz (2-5)

It is assumed that the shear stress around the pile is proportional to the effective lateral stress (c'y) as
follows;

T= o'hptan§, (2-6)

where: (8,) is the mobilized friction angle on the pile-sand interface at depth z, and (o'y) is the
horizontal effective pressure which also can be represented as function of the vertical effective stress
(o'y) as follows;

o', = Ks.o'y 2-7)

where: (K;) is the lateral earth pressure coefficient. By assuming symmetry around the pile axis, the

shaft resistance (Q,) can be obtained as:
Q. :TerOLKS.G'V. tan§, dz (2-8)
o'y=Yy.L (2-9)

where: (D) is the pile diameter; (y’) is the effective unit weight of soil; and (L) is the pile embedment
length. Therefore, the outcome of integrating the shear stress along the pile is expressed as follows;

Qs = (0.5K.y .L.tand) Ay = f5 A (2-10)
where (Ag) is the pile surface area.
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Even though tip and shaft resistances are calculated in two independent steps to find the total pile
bearing capacity, many researchers argue that this approach is simplified and lacks the accuracy of the
calculation. The simplicity of this approach along with other factors caused a wide range of
discrepancies between design theories. Based on this concept, many theories were proposed to
estimate the capacity of piles. Figure 2-4 shows some of the failure patterns for pile foundations that
were proposed by different authors. It is of interest to know that most of these failure models are

following either the general shear failure or local shear failure modes.
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Figure 2-4: Assumed Failure Patterns under deep foundations, adopted from Prakash & Sharma
(1990); (a) after Prandtl, Reissner, Caquot, Busiman, Terzaghi (b) After DeBeer, Jaky, Meyerhof (c)
After Berezantsev and Yaroshenko, Vesic (d) After Bishop, Hill and Mott, Skemption, Yassin, and
Gibson.

Terzaghi (1943) proposed a three-dimensional analytical model to calculate the pile capacity (Figure
2-4 (a)) that combines the shaft resistance and the tip resistance at the same failure mechanism. He
extended his theory for the bearing capacity of shallow foundations by assuming a circular failure zone
around the pile shaft. The movement of the soil at the tip level due to the pile loading is resisted by
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the weight of the soil in the cylindrical zone, the shaft resistance of the pile, and the mobilized shear
along the outer surface of the cylindrical failure surface. Although Terzaghi proposed an equation to
calculate the tip resistance based on the shaft resistance and the mobilized shear along the outer surface
of the cylindrical zone, he did not propose a procedure to estimate the shaft resistance nor the
mobilized shear along the outer surface of the cylindrical zone.

Meyerhof (1951) proposed a general bearing capacity theory for shallow foundations based on an
assumed failure surface that extends to the ground surface. For deep foundations, he assumed that the
failure surface returns to the foundation shaft. To calculate the shaft resistance, the mobilized lateral
earth pressure coefficient (Ky) is presumed to be 0.5 for loose sand and 1 for dense sand.

Skempton et al., (1953) proposed another analytical model to predict the capacity of a single pile. He
assumed a circular failure surface, of a center that lies at the tip level, which extends from the cone
apex underneath the tip to a vertical line that extends to the ground surface. This vertical line represents
the side of a cylindrical failure zone assumed around the pile’s shaft. The forces that are applied in
this analytical model include the shaft resistance, the weight of the soil inside the failure zone, the
shear forces applied on the side of the cylindrical surface around the pile, the reaction force applied
on the circular surface under the tip level, and the resultant force on the triangular wedge underneath
the tip. The shear stress applied on the cylindrical surface is calculated based on the at rest lateral earth
pressure assuming full mobilization (8 = ¢"). Also, shear stress is applied only to the lower part of the
cylindrical surface where the length of this part is a function of the pile length and the relative density.
In this model, the mobilized shear stresses along the circular failure surface underneath the tip level
are not considered.

Hanna and Nguyen (2002) proposed a three-dimensional analytical model, similar to Vesic’s (1967)

model, which accounts for the interaction between tip and shaft resistance using the punching shear
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failure mode. This model consists of three zones; a triangular wedge under the pile’s tip, a radial shear
zone which passes through the apex of the triangular wedge and terminates at a horizontal distance
that equals the radius of influence, and a trapezoidal shaped zone around the pile bounded by the piles
shaft and the external boundary which is assumed to equal the radius of influence. The radius of
influence is a function of the angle of shearing resistance and the diameter of the pile. The radial zone
and the trapezoidal shaped zone intercepts at an angle which is a function of the pile depth and the
angle of shearing resistance. In this model, the shear forces at the external vertical boundary of the
failure zone are ignored. This model requires more comprehensive studies to investigate the interaction

of tip and shaft resistance in different soil conditions for single piles and pile groups.

2.2.4 Critical Depth in Piles

Unit shaft resistance (fs) is a function of effective overburden pressure in cohesionless soil and
increases linearly with depth. However, Vesic (1964), Meyerhof (1976) among others found that the
unit shaft resistance remains almost constant beyond a certain depth of embedment (L). It is stated that
in cohesionless soils, the unit shaft resistance (fs) increases with the ratio of (L/D) until it reaches a
critical depth and remains constant downward as shown in Figure 2-5, and usually has a ratio of 10-
20 based on the soil density. Based on Vesic’s (1964) experimental study, the critical depth (L/D) is
expressed as a function of ¢’ as shown in equation (2-11) and (2-12) (Poulos & Davis, 1980). Figure

2-6 presents the critical depth observed by Vesic (1964) and Meyerhof (1976).

L/D=5+0.24 (¢p'-28) For 28 degree < ¢' <36.5 degree  (2-11)

L/D=7+2.35(¢'-36.5) For 36.5 degree < ¢’ <42 degree  (2- 12)
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Figure 2-5: Distribution of local unit skin friction, fs, over the pile shaft, after Randolph et al. (1994)
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Figure 2-6: Values of critical depth for different authors, adopted from Barnes (2016)
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However, several researchers look at the critical depth as a fallacy. Recent researchers proved that the
critical depth does not exist, and the unit shaft resistance has a peak close to the pile tip as shown in
Figure 2-5. Fellenius and Altaee (1995), Kulhawy (1995), and Kim and Chung (2012) among others
are arguing that the existence of residual forces, which affect the resistance of piles, is the reason
behind the appearance of the critical depth. Generally, residual load develops in soft clay when
negative skin friction exists. Nevertheless, many researchers observed that residual load might exist
in driven piles in cohesionless soil. Residual load in a pile could be the result of the soil recovery after
the disturbance of the installation, or the result of the pile-soil shear stress (locked-in load) caused by
driving. When it exists and ignored, the shaft and tip resistances obtained can be deceiving (Fellenius,
2002).

Fellenius (2002) refers this fallacy to the incorrect common practice to which considers the residual
load very small and can be ignored, consequently, setting all gages to zero before the beginning of
load tests. Kim and Chung (2012) stated that this error does not affect the bearing capacity of the pile,
but it may influence the interpretation of the shaft resistance distribution.

In a discussion paper, Kulhawy (1995) reported that Vesic described the critical depth which he
introduced in his 60s research as a “tentative working hypothesis” and he disregarded this hypothesis
in mid-70s. Because the critical depth concept was simple, attractive and requires minim geotechnical
knowledge, it spread and adopted by many investigators. Kulhawy agreed with Fellenius that residual
load affects the so-called critical depth, but in-situ soil characteristics such as (K,) and (OCR)
(Kulhawy, 1984) are way more important factors than residual loads to dispel the concept of critical
depth.

Kraft (1991) relays the appearance of critical depth to the effect of sand arching around the piles.

When a pile is pushed into the soil, the soil underneath the tip is densified. As the pile goes deeper, it
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drags the soil in its vicinity which creates a loose sleeve of sand around the pile which makes an ideal
condition for arching. Thus, the development of full lateral earth pressure on the pile is prevented

(Iskander, 2011).

2.2.5 The Mobilized Lateral Earth Pressure Coefficient (Kj)

One of the main difficulties associated with Eq.2-10 for axially loaded piles is the selection of the
mobilized lateral earth pressure coefficient, (Kg). Many factors affect the value of (Kg) such as
(Fleming et al., 2008; EI-Emam, 2011);

e In-situ earth pressure coefficient,

e The method of installation of the pile,

e [Initial density of the sand,

e The angle of shearing resistance ¢’,

e Soil deformation characteristics,

e Pile shape,

e Loading direction, and

e Stress history.
Fore bored piles, the mobilized lateral earth pressure coefficient (Kg) equals the at-rest lateral earth
pressure coefficient (Kj) which can be calculated for normally consolidated soils as follow (Jaky,
1944);
Ko gy = 1- sin¢’ (2-13)
For overconsolidated cohesionless soil, Wroth (1975) presented an empirical equation (2-14) as a
function of the effective angle of internal friction of the soil (¢"), Overconsolidation ratio (OCR) and

Poisson’s ratio (v);
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v-1

Kooy = (1- sin ") OCR- [——| (OCR- 1) (2-14)

Also, Meyerhof (1976) proposed an equation (2-15) to find a value for lateral earth pressure in OC

cohesionless soil.

Ko (ocy = (1 - sin ¢") VOCR (2-15)

Mayne and Kulhawy (1982) proposed another equation (2-16) based on statistical analysis method.

Ko ocy = (1- sin¢”) (OCR) Gin ) (2-16)

More recent experimental study was performed on overconsolidated soil by Hanna and Al-Romhein
(2008). It was reported that the measured lateral earth pressure agrees with that calculated using Eq.2-
14, 15, and 16 up to an OCR of 3 only. Accordingly, they proposed a new equation (2-17) that agrees
with a wider range of OCRs.

Ko (ocy = (1 - sin ¢') (OCR) Gin¢'~018) (2-17)

On the other hand, the value of the mobilized lateral earth pressure coefficient (Ky) is higher than the
value of (K;) due to the driving effort. If the sand is initially loose, driving a pile densify the sand
along the shaft to an extent of about 6 to 8 times the diameter of the pile, whereas driving a pile in
dense sand decreases the relative density because of the dilatancy of the sand to an extent of about 5
times the diameter of the pile (Murthy, 2002).

Based on field data, it was found that the sand friction angle decreases from a maximum value ($'2)
underneath the pile tip to a minimum value (¢'1) linearly at 3.5 times the diameter of the pile, as

expressed in equation (2-18) (Kishida, 1967). For the determination of the (K, tan 8), the value of (¢")
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along the pile shaft should be taken as the mean of the values prior to, and subsequent to, driving
(Poulos & Davis, 1980) as in equation (2-19).

($'2) =0.50 (¢'1 + 40) (2-18)

(®2)=(0.75 ¢'1) + 10 (2-19)

where (1) is the soil friction before the driving the pile.

Shalabi and Bader (2014) studied the effect of pile-driving on densification of the sand around the pile
experimentally. Part of their results shows that the horizontal movement of sand, which is
corresponding to the process of driving piles, extends to almost three times the pile diameter. The
extent of this zone increases as the initial relative density increases. Contrasting, other researchers like
Tomlinson (1986) reported that it is not valid to increase the value of the friction angle around the pile.
It is claimed that driving a pile in sand may not compact it, or in case of loose sand the compaction
may be of a little value. Those researchers suggest using the same value of (¢') that is obtained on
field without any change (Murthy, 2002).

It is difficult to estimate the value of (Ks) for driven piles since it is influenced by many factors as
explained earlier. Therefore, the mobilized lateral earth pressure coefficient (K) for driven piles is
mostly found empirically by performing laboratory or field pile load tests in normally consolidated
cohesionless soils. Meyerhof (1976) proposed typical values of (K) acting on pile shafts above the
critical depth in sand based on the effective angle of shearing resistance (¢') as shown in Figure 2-7
(a). For different type of pile materials, Broms (1966) had linked the value of (Kj) to the effective
angle of shearing resistance (¢') and to the relative density (D) as shown in Table 2-1. Coyle and
Castello (1981) found a correlation between the value of (Kg) and embedment depth (L/D) for an angle
of shearing resistance range (¢') between 30 to 36 degree as shown in Figure 2-7 (b). Table 2-2 also

shows some of the (K) values recommended by different authors and organizations.
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Meyerhof (1976) and Poilus and Davis (1980) among others represented the earth pressure coefficient
(Ks) and the friction factor using the pile soil interface angle (tand,) as a combined factor ().

Therefore, Eq.2-10 can be written as follows;

Q, = f,A;= (05K, ¥y Ltand) A, = B o', A, (2-20)
where B= (K tané,);
o', =05y L;
As = mDL

Figure 2-8a and b shows the values of (B) versus the effective angle of shearing resistance (¢') in sand
for various type of installations according to Poulos and Davis (1980) and Meyerhof (1976),
respectively. The values presented in Figure 2-8a are considered very high values to be used for design
(Poulos and Davis, 1980). Based on a field pile load tests database, Toolan et al. (1990) proposed a
design chart to estimate the value of (3) according to the relative density of soil and the depth of the
pile as shown in Figure 2-9.

Other researchers such as Stas and Kulhawy (1984) and Kulhawy (1991) linked the value of (¢") to
the ratio of (K¢/Kj). Values suggested for the ratio of (K¢/K,) are presented in Table 2-3. With (K¢/K),

equation (2-10) then becomes;

Qs = fi A= (0.5K, E—o y L.tan8) A, (2-21)

Table 2-1: Values of earth pressure coefficient K¢ and Pile-Soil friction angle 6, for different
relative densities, after Broms (1966)

Ks
Pile Material Low relative High relative
density density
Steel 0.5 1.0
Concrete 1.0 2.0
Wood 1.5 4.0
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Table 2-2: Recommended values for K

K NAVFAC Mansur and API
S (1986) Hunter (1970) | (2000)

Driven H-pile 0.5-1.0 1.65 -

Driven Low displacement pile 1 - 0.8
Driven High displacement pile 1.5 - 1
Bored Pile 0.7 - -
Jetted Pile 0.4-0.9 - -
Steel pile - 1.26 -
Pre-Cast Pile - 1.5 -

Angle of Shearing Resistance (¢’), degrees

(a) Coefficient of Earth Pressure (K;)
a

Figure 2-7: Coefficient of earth pressure (K) acting on piles shafts (a) above critical depth versus
(¢p") after Meyerhof (1976), and (b) versus (L/D) after Coyle and Castello (1981)
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Table 2-3: Ratio of K¢/K, suggested by different researchers

K /K,
Foundation Type and Method of Construction Kulhawy Tomlinson and Das
(1991) Woodward (2011)
(2014)
Pile jetted 0.5-0.7 0.5-0.7 -
Driven pile-small displacement 0.7-1.2 0.75-1.25 1.4
Driven pile-large displacement 1.0-2.0 1-2 1.8
Bored Pile - 0.7-1
Drilled shaft-built using dry method with minimal
. . . 0.9-1.0 - -
sidewall disturbance and prompt concreting
Drilled shaft-slurry construction with good workmanship 0.9-1.0 - -
Drilled shaft-slurry construction with poor workmanship 0.6-0.7 - -

2.2.6 Pile — Soil Interface Angle (6)

The pile-soil interface angle is an important parameter that controls the shaft resistance. It depends on

the pile’s surface roughness and hardness and the soil’s grain size, shape, and the mineral type (Yang

et al., 2015). This value is best obtained by direct shear test between the material of the pile and the

site-specific soil material. It is usually presented as a percentage of the soil angle of shearing resistance

(¢"). Table 2-4 presents the values proposed by Potyondy (1961), Broms and Silberman (1966), and

Stas and Kulhawy (1984).
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Table 2-4: Interface angle between the pile material and sand

6 (degree)
MzI:tI::'ial Surface Condition Potyondy Broms and Stas and
(1961) Silberman (1966) | Kulhawy (1984)

Smooth 0.76 ¢' 0.8-1¢'

Concrete Grained 0.88 ¢’ 0.66 ¢’ -

Rough 0.89 ¢’ 1
Smooth 0.54 ¢’ 0.5-0.7 ¢’

I 2

Stee Rough 0.76 ' 0 0.7-0.9 &'
Parallel to grain 0.76 ¢’ , ,

W 7 .8-0.
ood Perpendicular to grain 0.88 ¢’ 075 0.8-0.9¢

Jardine et al. (1992) showed experimentally that the value of (0) is independent of the relative density
(or soil unit weight) and tends to decrease with the increase of average grain size (dso) for a certain
pile surface roughness. For a roughness of 10 um CLA, they found that it is ranged between 36 — 23
degree as shown in Figure 2-10. Ho et al. (2011) performed large-displacement ring shear interface
tests on various materials and grain sizes. The results showed a similar trend to Jardine et al.’s (1992)
results but lower values and less reduction with the increase of the average grain size (dso). These
results show that the interface angle is between 31 — 26 degree. Regardless of the average grain size,
CUR (2001) recommended using an interface angle of 29 degree for steel piles. For concrete piles,
Barmpopoulos et al. (2009) found a relationship between the interface angle and the ratio of the pile
roughness (Ra) to the average grain size (dso) as shown in Figure 2-11. This relation mostly yields an

interface angle of 29 degree.
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tan 0, adopted from Yang et al. (2015)
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Lehane et al. (1993) conducted an experimental study about the stresses developed around
displacement piles in loose and medium dense sand. In their study, two piles were prepared with highly
sensitive pile instrumentation to find the magnitude and distribution of the effective stresses acting on
the shafts of driven piles. Also, laboratory tests such as triaxial test and direct shear test were
performed on the soil samples to determine the soil properties.

It was realized through the qualitative work of Meyerhof (1976), Vesic (1977) and other researchers
that the local shaft friction at a certain depth decreases as the pile penetrates further. Interestingly, the
authors were able to quantify this decrease through well-instrumented field pile tests. The reduction
of local shaft friction, as presented in Figure 2-12, was measured using 3 instrumented clusters at
different distances (h) from the pile tip; (/D) =4, 14, and 25.

Their study shows that the experimental pile-sand friction angle correlates well with the laboratory
results. It, also, shows that Coulomb failure may be used to describe the ultimate shear resistance at
failure as follows;

T = o' stan & (2-22)

The radial effective stresses on the shaft at failure (0”¢) is deferent than the equilibrium values (6'¢)
by an amount of (Ac’}) and expressed as follows;

o= 0+ Ao, (2-23)

where (Ac’;) was found as a component of the principal stress rotation (Ac’y,) in the sand and the
dilation due to slipping at the interface (Ac’.q). A small reduction in (0’.) was observed at the early
stages of the compressive load testing because of the principal stress rotations associated with pile
loading. A considerable increase in (0'.) was observed as each section of the pile approached local
failure because of dilation and soil displacement. Therefore, the authors concluded that dilation

phenomena at pile-soil interface during installation and pile loading induces radial effective stress.
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Figure 2-12: Measured profiles of local shear stresses, after Lehane et al. (1993)

Concerning the initial state of soil (0'.), it is noted that (0',.) is a function of the pile tip resistance
g c c p p

and the relative position of the pile tip (q, and h/D). Thus, the authors concluded that the initial state

of soil (0) and distance from the pile tip have a great impact on the stress on any soil horizon. In
addition, the results and analysis show that the constant volume friction angle (8.,), which is
independent of relative density, controls the shaft resistance. It is noticed that the highest stresses are
mobilized close to the pile tip, whereas the stabilization of the average ultimate local shear stress (t,y)

with pile depth results from the tendency of the initial state of soil (¢',.) to reduce at all levels as the
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relative pile-tip depth (h/D) increases.

Chaw (1997) used the same Imperial College Pile (ICP) pile that was used by Lehane et al. (1993) at

a different site where the soil density was higher. Both found that (o}..) values at a given level on the
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pile were almost directly proportional to the value of the cone penetration test (CPT) end resistance
(qc) at the same level and the normalized distance from the tip (h/D or h/R). Interestingly, it is found
that (or.) at a given level decreases as the distance from the tip (h) increases which is referred to as
friction fatigue. Jardine et al. (2005) evolved these findings to propose best-fit relationship to estimate
(orc), known as Imperial College Pile (ICP) design method, as follows;

0. = 0.029q. (0}, /P,)%*? (h/R)%38 (2-24)
where (oy,) is the vertical effective stress, (P,) is the atmospheric pressure, and (R) is pile radius. The
(h/R) in equation (2-24), which has a minimum value of 8, considers the friction fatigue effect.
Jardine et al. (2005) listed few factors that explain the friction fatigue phenomena, including (1)
reduction in the horizontal stress at a given level because of the migration of the high stress field
available around the pile tip as the pile is penetrating pat the level concerned; (2) cyclic loading during
installation; (3) soil arching which reduces the radial effective stress from acting on the pile shaft.
Gavin and O’Kelly (2007) stated that the maximum shear stress on the shaft of displacement piles is
near the tip because of the driving effect where high residual stresses build up around the base during
the installation. Based on a large database, Lehane et al. (2005) proposed a best-fit relationship to the
field data known as the University of Western Australia (UWA) design method which is expressed as
follows;

orc = aqc (h/D)P (2-25)
where factor “a” and “b” are 0.03 and -0.5, respectively. In equation (2-25), a minimum ratio (h/D)
of 2 should be used.

White and Lehane (2004) investigated the effect of the number of load cycles (N) on the stationary
horizontal effective stress (or¢) through a series of centrifugal tests. They found that (o}./q.) does not

produce a unique relationship with h/D, rather, it varies with the number of loading cycles (N)
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experienced during installation. They concluded that friction fatigue does not occur in the absence of
loading cycles.

Gavin and O’Kelly (2007) provided data based on field pile load tests that agree with White and
Lehane’s results where the value of (0}../q.) was the highest when (N=1) and decreases as the (N)
increases. These findings were used by Basu et al. (2011) as a base to study the shaft resistance of
piles jacked into sand using one-dimensional finite element analysis. As a result, they proposed
equations to quantify the effect of using different number of jacking strokes on shaft resistance.
Flynn and McCabe (2015) studied the shaft resistance of driven piles cast-in-situ piles in sand by
performing three field pile load tests. All piles were instrumented with strain gages at different levels
of the piles to find the local shear stress generated on the pile shaft. The local shear stress, in this case,
would be the difference between two strain gauges. The pile load tests showed a reduction in the
normalized local shear stress (T 1ocal / qc) at failure, and consequently the effective radial stress, with
the distance from the pile tip which is in line with concept of friction fatigue that was introduced by
Lehane et al. (1993). Figure 2-13 shows the one pile used in this test and its corresponding local shear

stress. The same figure shows the local shear stress distribution along the shaft of the pile.

32



Pile R2

0.3m

_L = 6.85m

7.0m

(a)

I -

M 4 0m

N 5.25m

250
[
£ 200
£ —20-40m
‘2 150 ——4.0-5.25m ]
L 5.25-6.85m
(%]
% 100 |—; S
£
S 50
_I /
0
0 10 20 30 40 50
(b) Pile Head Displacement (mm)
Local Shear Stress at Failure (t ), kPa
0 50 100 150 200 250

2 i/@

; ’
€4

§ > \\A O
6 LI—e—PileR1 \-
——Pile R2
—A—Pile R3

7
(c)

Figure 2-13: (a) Pile instrumentation; (b) local shear stress for pile R2; (c) local shear stress
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2.3 Measurement of Overconsolidation Ratio (OCR)

Retrieving an undisturbed cohesionless soil sample to measure the stresses with laboratory tests is
difficult. This problem forced researchers to seek alternative methods to measure the horizontal forces
to quantify earth pressure coefficient (K), and accordingly the overconsolidation. There are many
field tests that can reveal good estimation of the overconsolidation ratio such as Cone Penetration Test
(CPT), Stepped Blade Test, and Pressuremeter Test (Sivakugan & Das, 2010).

Based on field data of (CPT), Mayne (1991) proposed an equation to find (K) in cohesionless soil as

expressed in equation (14).

! 1.6
KO — (Pa / ov) (Qc/Pa)

| (2-26)
145 exp {[(QC/Pa)/(G(,/Pa)O.S]O 5}

12.2 OCRO0-18

where (Kj) is the at rest lateral earth pressure, (q.) is the cone tip resistance, (P,) is a reference stress
equal to one atmosphere (1 bar = 100 kPa), (oy,) is the vertical effective stress, and (OCR) is the
overconsolidation ratio. When any equation presented earlier for (Kq (o)) is substituted to the left side
of this equation, the OCR can be calculated.

Another field test proposed to find the value of lateral earth pressure coefficient (K;) is K, Stepped-
Blade test. This test was developed by Richard Handy (1970). It consists of a long blade that has four
steps. Each step 1s 100 mm long and every step has different thickness. The top step is 7.5 mm thick
and the bottom step is 3 mm thick. A pneumatic pressure cell flush with the flat surface is placed in
every step. Because of these thin thicknesses, the soil disturbance is minimized when these blades are
pushed into the soil. To perform this test, the first step of the blade is pushed into the soil where the
soil pressure P1 is recorded by the pneumatic pressure cell. Then, the second step is pushed into the

soil where the pressures P1 and P2 are measured. This process continues until all steps are pushed into
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the soil and then an extra push is made to have a total of 14 measurements for P, P>, P3 and P4. To
find (Kj), the logarithm of measured pressure is plotted versus the blade thickness as shown in Figure

2-14 (a). The pressure correspond to Zero blade thickness (P) is extrapolated from the figure. This

pressure Py represent the actual horizontal pressure, which is used to calculate (Ky). The (OCR) can

be determined using any equation presented earlier for (Kq o)) knowing the value of lateral earth

pressure coefficient (K,) obtained in this test.

Pressuremeter test is also used to find the lateral earth pressure (K,) which can be correlated to the
OCR. In a borehole, the pressuremeter device applies a uniform pressure to the walls and measures
stresses and deformations of the wall. These stresses and deformations measured during the test are
used to interpret the soil properties and the soil stress state. Conceptually, the pressuremeter device
consist of deformable rubber membrane in a cylindrical form which inflates laterally to deform the
soil as shown in Figure 2-14 (b). Interpretation of the resulted stresses and deformations in a
pressuremeter test is based on cavity expansion theory. The parameters that are used in this test are
presented in Figure 2-14 (b).

The radius of the cavity (p,) is found when pressure (P) is equal to the initial horizontal stress in the
soil (o},). Once the cavity pressure (P) becomes larger than (oy,), the cavity starts to deform initiating
a new radius (p). Therefore, the pressure (P) just before the deformation of the cavity can be used to

estimate the lateral earth pressure coefficient at rest (K). This measurement can only be found using

the self-boring types of pressuremeter (Potts et al., 2001).
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Figure 2-14: (a) Stepped Blade Test, adopted from Sivakugan and Das (2010); (b) Pressuremeter
Test, adopted from Potts et al. ( 2001)

2.4 Effect of OCR on Pile Capacity

Beringen et al. (1979) performed compressive and tensile field pile load tests in Hoogzand in the
Netherland. The site contains dense overconsolidated sand. Both open and closed-ended piles are 356
mm diameter where the embedment depth is 7 m and 6.75 m, respectively. Comparing the test results
with four designing methods, it was observed that the shaft resistance exceeded the recommended
limits by 100 to 200 %. Figure 2-15 illustrates the compression test results for an open-ended pile (I-

¢) and a closed-ended pile (II-c) in comparison with the predicted shaft resistance obtained from the
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four designing methods with and without applying the limiting value of shaft resistance recommended
by each designing method.

Foray et al. (1998) studied the effect of overconsolidation on the bearing capacity of driven piles
experimentally. Their intention is to improve the American Petroleum Institute (API) design
parameters of piles to provide a safe and less conservative bearing capacity and reduce the construction
cost of piles. The experimental investigation was performed on dense and very dense sand which
represent the North Sea soil condition since many offshore structures are involved in that zone. Their
design procedure considered that there is no limiting value “no critical depth” for tip and shaft
resistance, also that an optimistic value is chosen for lateral earth pressure coefficient (Ky) which is a
higher value than that suggested by American Petroleum Institute (API).

Experimentally, an open-ended model pile of 70 mm diameter was used. Pile load tests were conducted
in a large calibration chamber for both compression and tension for 0.75 and 1.00 m embedment
length. Using a servo-jack attached to the calibration chamber to impose regulated boundary
conditions, a lateral earth pressure coefficient (K;) of 1 and 2 were reached. Pluviation method was
used to prepare the sand where a relative density of 80% was obtained by a constant free fall flow. For
a relative density of 100%, vibration was used. Their experiment showed the effect of
overconsolidation for both tip and shaft unit resistances as shown in Figure 2-16.

The general equations that the API uses to calculate unit shaft and unit tip resistance are presented in
equation (2-27) and (2-28). The authors presented, in Table 2-5, a comparison between the proposed
design parameters that consider the increase of ultimate bearing capacity due to the overconsolidation
and the API design parameters which do not account for overconsolidation. Moreover, the authors

proposed different values for designing parameter of § and o when (CPT) is used.
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Figure 2-15: Results of Beringen et al. (1979) comparing measured and predicted shaft resistance (a)
with limiting, and (b) without limiting shaft resistance value
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Figure 2-16: (a) Influence of overconsolidation on unit end bearing capacity (b) Influence of

overconsolidation on average unit skin friction, after Foray et al. (1998)

Table 2-5: Proposed design parameters and API RP 2A design criteria after Foray et al. (1998)

. 6 q lim flim
Soil D, q. (MPa) K (degree) Nq (MPa) (kpa)
NC dense 65-85% >20at20m Cc=1 30 40 12 C=120
sand >30at60m T=0.9 T=100
API (C=T=0.8) (30) (40) (9.6) (C=T=96)
>30at20m 1 35 60 15 C=150
oc 85-100% | 45 at60 m T=135
NC >35at20m Cc=1 35 60 16 C=150
very 65-85% | S45at60m T=0.9 T=135
dense (C=T=
sand API (C=T=0.8) (35) (50) (12) 115)
oc 85-100% | >45at20m 1to2 40 80 20 C=200
>60at 60 m T=180
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f=Ko', tanéd (2-27)
q=0'y N, (2-28)

This study shed some light on the effect of overconsolidation on the bearing capacity of driven piles
in cohesionless soil. However some drawback points were noticed. This study represented the
overconsolidation as a high value of (K,) without representing the actual (OCR). Furthermore, this
study was performed on dense and very dense sand where lower densities were not investigated.

Another experimental and theoretical studies were performed by Hanna and Ghaly (1992) on the
effects of (K,) and overconsolidation on the uplift capacity of an anchor piles screwed in sand.
Although their study is not about compression load, but it is worth mentioning because of the valuable
results achieved that show the influence of (OCR) on the shaft resistance. Experimentally, the soil was
subjected to vibratory compaction which induces high horizontal stresses. Due to this vibration
process, the lateral earth pressure coefficient (K,) as well as the (OCR) was increased. It was found
that the uplift capacity of the anchor pile increases with increasing the (OCR) as shown in Figure 2-17.
Sabry (2005) developed a 2 D numerical model, using cavity expansion technique, to simulates the
pile installation and perform pile load test to study the shaft resistance of single piles. Plaxis software
was used in this study. It was found that the (K) values around the shaft of piles as well as the OCR
values were increased due to installation as shown in Figure 2-18. It is of interest to know that the
OCR values were found according to the passive earth pressure developed due to installation. Based
on the results of the pile load test performed numerically, the distribution of the earth pressure and
accordingly the shaft resistance along the pile shaft was found to consist of three zones as shown in
Figure 2-19 (a) and (b). The extent of each zone is a function of pile diameter (D), pile length (L) and
the angle of shearing resistance (¢). According to this finding, an analytical model was proposed to

find the shaft resistance using limit equilibrium analysis.
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DiCamillo (2014) studied experimentally the effect of stress history in sand, which is represented by
the over-consolidation ratio (OCR), on shaft resistance of piles. The (OCR) affects lateral earth
pressure which consequentially affects the shaft resistance of single piles. He designed a setup that
can measure the applied load at the top and the base of piles where the shaft resistance is found as the
difference between these two values.

In his experiment, he used a steel tank with an area of 1 m X 1 m and a depth of 1.25 m. Four vertical
and horizontal load transducers were installed at the sides of this tank to capture the vertical and
horizontal applied load. The tank was filled with sand up to a height of 1.05 m in layers (0.15 m) where
each layer was introduced to a constant compaction effort. The density was found after the fill was
completed by the cans that were placed in every layer. The (OCR) was measured by the load cell
attached to the sides as presented in Figure 2-20. The diameters of the two piles he used were 28.6
mm and 50.8 mm and both are 800 mm in length where two load transducers were installed at both
ends to measure the applied load and the base resistance. Both piles were attached to selected
sandpapers in which the pile-soil friction angle is a unity. The experimental results, as shown in Table
2-6 for the 50.8 mm diameter, show the influence of the OCR on the shaft resistance.

Analytically, he adopted a model that was proposed by Hanna and Nguyen (2002), which accounts for
the interaction between tip and shaft resistance in normally consolidated sand. Dicamillo (2014) was
only concerned about the shaft resistance which he quantified experimentally. Therefore, the
experimental results for the shaft resistance were fitted in Hanna and Nguyen’s model to come up with
an analytical procedure which can calculate the shaft resistance of piles in overconsolidated sand.
The analytical analysis for shaft resistance that DiCamillo (2014) used considers the external and
internal forces applied to the pile and its zone of influence in a way that accounts for the dependency

of tip resistance and shaft resistance on each other as shown in Figure 2-21. If the value of (B’) angle
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changes with depth, both tip and shaft resistances will change accordingly. Therefore, the main
challenge in DiCamillo’s analytical work was to find the appropriate (B’) angle that corresponds well

with the experimental results. To involve the (OCR) in this model, the overconsolidation (Kj) at rest

that was proposed by Hanna and Al-Romhein (2008) was used.

Overconsolidation ratio (OCR)
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Figure 2-20: Values of OCR at various depths for different compaction effort, after DiCamillo
(2014)

600

According to Hanna and Nguyen’s (2002) model, the lateral earth pressure inside the zone of influence
is a hydrostatical pressure where the active earth pressure coefficient (K,.) was used. The lateral earth
pressure at rest for normally consolidated sand was used to calculate the forces applied on the zone of
influence from the soil surrounding this zone as shown in Figure 2-21. DiCamillo (2014) followed the

same steps to calculate the shaft resistance, but assuming the normally consolidated lateral earth
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pressure coefficient at rest for sand (K (nc)) inside the zone of influence, and the overconsolidated
lateral earth pressure coefficient at rest for sand (K (o¢)) outside the zone of influence.

Table 2-6: Pile load test for 50.8 mm diameter model pile, after DiCamillo (2014)

. Ultimate Tip Shaft
. Compaction Relative Capacity, | Resistance, | Resistance,
Model Pile (Drops) depth Q Q, Qg
(L/D) !
(N) (N) (N)
5.4 1814.85 1761.87 52.97
20 8.4 3075.43 2913.57 161.86
11.4 4336.02 3943.62 392.40
13 5209.11 4581.27 627.84
5.4 2223.92 2151.33 72.59
50.8 mm 30 8.4 3899.47 3673.84 225.63
Diameter 11.4 5689.80 5169.87 519.93
13 6670.80 5856.57 814.23
5.4 2398.54 2305.35 93.19
40 8.4 3904.38 3619.89 284.49
11.4 5890.90 5233.63 657.27
13 6847.38 5745.71 1098.72

DiCamillo (2014) found that relative depth of piles in OC sand influences shaft resistance and the
coefficient of earth pressure around the pile. Also, he found that the stress history (OCR) has a
significant effect on the coefficient of earth pressure which in turn affects the shaft resistance. He
proposed a relation between the relative length of piles and the (OCR) of sand to find the appropriate
(B') angle which is used in the proposed analytical procedure to calculate the shaft resistance.

Experimentally, DiCamillo (2014) measured the vertical stress after compaction, using sensors fixed
at the sides of the tank, to quantify the OCR at deferent levels across the tank. Unfortunately, this
approach raises doubt about the values and accuracy of the OCR deduced. Fixing the sensors on the
sides of the tank causes the soil above the sensors to be more compacted than the rest of the tank.

Accordingly, the sensors measure higher values because the sensors do not move with the soil

46



vertically during compaction. Also, the sensors should have been placed far from the sides of the tank

to avoid the boundary effect (Ansari et al., 2018).
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Figure 2-21: Failure zone and forces applied around the pile’s shaft, after Hanna and Nguyen (2002).

2.5 Discussion

Literature addressing parameters that affect the shaft resistance of driven piles in cohesionless soils
reveals that conventional methods of predicting the capacity of a single pile in sand have prompted a
range of discrepancies (Hanna & Nguyen, 2002; Poulos & Davis, 1980). Moreover, no proposed
method of calculating such shaft resistance takes all parameters into account (Niazi & Mayne, 2013).
Values proposed for (Ks) and (8) by different researchers to calculate shaft resistance range widely
and thus cast doubt on their estimation, as does limiting shaft resistance to various values according
to different methods. To illustrate such uncertainty, the ratios of calculated field shaft resistance to

measured field shaft resistance (Qc/ Qm) for 81 piles were determined by using the American
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Petroleum Institute’s design procedure (Jardine et al., 2005). Although the ratios ideally should have
been 1, most were below unity when plotted against the embedment depth (L/D), which indicates that
shaft resistance was underestimated when calculated, partly due to the overconsolidation of
cohesionless soil (Figure 2-22). The literature also suggests that the OCR increases the shaft resistance
of driven piles in cohesionless soil, although few investigations into the effect of overconsolidation on
shaft resistance have been performed. Therefore, more experimental, analytical, and numerical studies
are needed to develop design charts and design procedures that consider the effect of

overconsolidation, as well as to make the (Q./ Qm) ratio closer to 1.
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(2005)
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Last, the critical depth has remained controversial since its introduction several decades ago. Literature
on the concept presents arguments both for and against its use, which continues given the lack of
consensus.

In response to those concerns, the key objective of the research conducted for this thesis was to
investigate the effect of overconsolidation on the shaft resistance of driven piles in cohesionless soil.
Experimentally, a large tank was designed to measure the OCR and stresses in sand. A sand-placing
technique and compaction method were developed to identify a uniform relative density and
overconsolidation of the soil, after which 18 pile load tests were performed in overconsolidated sand
using two pile models at three uniform relative densities with different OCR values. The total load
applied to the pile was measured at different heights using load cells embedded in the pile models.
Those measurements were used to partition the shaft resistance and determine its distribution along
the length of the shaft.

Next, the horizontal slice method was applied to develop a model to predict the capacity of shaft
resistance of driven piles in normally consolidated cohesionless soil. A database of laboratory and
field pile load tests collected from extensive published geotechnical data was entered into the model.

Last, a three-dimensional numerical model was also developed using ABAQUS to establish the
relationship between = K tan & and shaft resistance. Experimental results were used to validate the
model, after which results from experimental, analytical, and numerical research were used to generate

a design procedure and design charts to predict shaft resistance in overconsolidated cohesionless soil.
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Chapter 3 : Experimental Investigation

3.1 General

Pile load tests are usually performed for three reasons; (i) as part of field investigations to inform
adequate design, (i1) in proof tests to determine the capacity of a specific pile as a means to ensure its
compliance with design values, and (iii) in research investigations to study the behaviour of piles, from
which theories are developed to predict pile capacity and settlement (Fellenius, 1975). The pile load
tests performed for this thesis were purely for research to examine the effect of overconsolidation on
the shaft resistance of pile foundations.

Pile load tests in laboratories require the identification of soil properties, and the soil-placing technique
should be determined beforehand. The experimental investigation reported here consisted of three
phases: soil tests, sand placing and compaction tests, and pile load tests. For soil tests, a series of
laboratory tests (e.g., sieve analysis, specific gravity tests, relative density, and direct shear tests) were
performed on the soil to identify its properties.

To perform pile load tests, an experimental setup was designed in the Foundations Lab at Concordia
University that consisted of a steel tank 1 m x 1 m in area and 1.25 m high to contain the soil and a
reaction beam at the top to carry an electronic actuator to drive the piles and perform the tests. A soil-
placing technique and compaction method were developed to determine the amount of energy required
to achieve a certain relative density for a large tank. Stresses induced in the soil mass due to
compaction were quantified by using load cells placed inside the soil mass to capture the vertical
stresses. Accordingly, the variation of the OCR for uniform cohesionless soil by the number of drops

was determined.
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Two pile models were fabricated. With the first pile model, 55 mm in diameter, the load—settlement
behaviour of driven piles in cohesionless soil was determined for the pile head (i.e., total), pile tip (i.e.,
base), and two other locations in between. Shaft resistance of the total pile was calculated as the
difference between the top and bottom load cells, and shaft resistance for each of the three pile sections
was calculated as the difference between the load cells attached to both ends of each section. The
second pile model, with a diameter of 30 mm and height of 800 mm, was used to determine the load—
settlement behaviour for the pile head (i.e., total) and pile tip (i.e., base), and total shaft resistance was
calculated as the difference between the top and bottom load cells. Both piles were tested in three
uniform relative densities (i.e., 30%, 45%, and 60%) and at different embedment depths.

The experimental investigation involved various pieces of equipment and materials (Figure 3-1). A
steel tank was designed to contain the soil, and pile models were fabricated and instrumented to
measure the load at different locations. Silica sand was chosen to represent the cohesionless soil. An
electronic actuator was also used to drive the pile and perform the pile load tests. Details of the
equipment, materials, and procedure used for the pile load tests, as well as the results, are explained

in what follows.
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Figure 3-1: Actual experimental setup
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3.2. Testing Setup

To contain the soil, a steel tank 1 m x 1 m in area and 1.25 m tall was constructed of 6.5-mm thick
steel plates braced at the middle by a steel angle to deter buckling. On top of the steel tank, two C 8-
column sections were mounted, to which a reaction beam (W 8 x 5 — %) was attached by height-
adjustable bolts to carry the loading system vertically (Figure 3-2a).

Two tests are used to apply compressive load upon piles. First, in the constant rate of penetration
(CRP) test, the applied load on the pile head is continuously increased to force the pile to penetrate
the soil at a constant rate until failure is reached. The CRP test is commonly used in investigations
because it is quick, defined well, and easy to interpret and can have a clear peak value. Second, in the
maintained load test, the load applied to the pile head is increased in stages to multiples of the working
load, and the settlement time is recorded for each stage. The maintained load test can be slow or quick
based on the amount of working load fraction used in each stage of loading and its duration (Tomlinson
& Woodward, 2014). Therefore, the CRP method was chosen to perform all tests in the research
reported here.

To drive the pile to the selected depth and perform pile load tests, an electronic loading system was
adopted that consisted of an EC5 Electric Cylinder Actuator and an AKD Servo Driver (Figure 3-2b,
c¢). The actuator could apply a maximum load of 25 kN, and the servo drive could control the
movement of the actuator stroke by using the software Kollmorgen WorkBench, which permitted
strain-controlled tests.

A data acquisition system manufactured by Agilent Technologies (34972A) was used to collect all test
results. Once collected, all data were transmitted and saved in a computer. Initially, the system was
used to collect vertical stresses after soil preparation; later, it monitored the driving process and

recorded pile resistance during the pile load tests.
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Figure 3-2: (a) Sketch of the steel tank (b) EC5 electric cylinder actuator, (c) AKD servo driver
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3.3 Soil Testing

Silica Sand 4010, a sub-rounded material, was used to represent the cohesionless soil. DiCamillo
(2014) and Vakili (2015) performed a series of laboratory tests (e.g., sieve analysis, specific gravity
tests, relative density, and direct shear tests) on Silica Sand 4010 to determine its soil properties and
angle of shearing resistance at different relative densities. Verification laboratory tests were performed
to check their results.

Results of the sieve analysis, which is presented in Figure 3-3 and compared to that obtained by Vakili
(2015) who also performed the sieve analysis test on the same type of soil, indicated that the soil was
uniformly graded, with a uniformity coefficient (C,) and coefficient of curvature (Cc) of 1.88 and 1.01,
respectively. According to the Unified Soil Classification System, the soil is classified as SP. A
specific gravity (Gs) test was also performed, which revealed specific gravity to be 2.62, and the
maximum and minimum unit weights were 17.16 (kN / m?) and 13.98 (kN / m®), respectively. The
physical and mechanical properties of Silica Sand 4010 are summarized in Table 3-1.

Direct shear tests were also performed on Silica Sand 4010. By calculating the weight of the soil
required to fill the shear box for a specific relative density and by applying different compaction
energy, four different relative densities were achieved and tested; 30%, 45%, 60%, and 75%. The shear

box results appear in Table 3-2 and Figure 3-4.
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Table 3-1: Silica sand properties
Test Soil Property Silica Sand 4010
d1o (mm) 0.15
d3o (mm) 0.21
dso (mm) 0.26
Sieve Analysis Test deo (mm) 0.29
Coefficient of uniformity (Cu) 1.88
Coefficient of curvature (C) 1.01
Soil Classification (USCS) SP
Specific Gravity Test Specific Gravity (Gs) 2.62
Maximum Dry Unit Weight (kN/m?3) 17.16
Maximum and Minimum Dry Unit Weight (kN/m?) 13.98
Minimum — - -
Unit Weight Test Minimum Void Ratio 0.50
Maximum Void Ratio 0.84
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Table 3-2: Relative density and corresponding angle of shearing resistance

Relative Density Void Ratio Angle of Shearing Resistance
(degree)
30% 0.74 32.96
45% 0.69 34.93
60% 0.63 36.80
75% 0.58 38.79
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Figure 3-4: Relative density and corresponding angle of shearing resistance

57



3.4 Sand Preparation

Of the several techniques available to prepare sand beds for desired states, pluviation ranks among the
most widely used in laboratories to prepare uniform cohesionless soil in a test tank. In that method, an
air-dried cohesionless soil falls from a constant height through a funnel or diffuser; increased fall
height and flow rate increase the gravity energy and thus the density of the sand (Meyerhof & Hanna,
1978; Cresswell et al., 1999; Hanna & Al-Rombhein, 2008).

El-Emam (2011) used vibration to prepare cohesionless soil in a test tank by placing sand in layers,
each subjected to a static load on top during vibration. Previously, Hanna and Soliman—Saad (2001)
applied vibratory energy directly on top of each layer as well.

Also widely used, dynamic compaction places sand in equal layers, each subjected to a dynamic load
that drops from a constant height. When the same number of drops are made for all layers, denser
layers emerge at the bottom of the test tank (Towhata, 2008). Ladd (1978) proposed applying a few
drops at lower layers, progressively increasing the number of drops at upper layers, and using trial and
error until the desired relative density for all layers is achieved.

After Duncan and Seed (1986) reported that 40-90% of lateral pressure induced due to compaction
might remain in the soil as residual stress, Hanna and Soliman—Saad (2001), Hanna and Al-Romhein
(2008), and El-Emam (2011) studied the influence of compaction techniques on soil and reported on
the stress level in the soil mass. Those residual stresses are usually represented by the OCR, which
signifies the level of particle interlocking in soil. Because the OCR directly affects lateral earth
pressure, the method of compaction was used in the research presented here in order to achieve a

uniform relative density across the test tank and overconsolidation of the sand.
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3.4.1 Sand-Placing Technique

Figure 3-5 schematically illustrates the setup of the investigation. The test began by placing the tank
under a crane pulley system and the sand in a container equipped with an extendable hose. The
container was lifted by the crane and moved atop the tank, where the hose length was adjusted to
maintain a minimum falling distance of sand particles. The sand was slowly released inside the tank
via the hose, the location of which was continually moved during the filling to evenly distribute the
sand within the tank.

Eight layers of soil, each 150 mm deep, were placed on top each other to fill the tank. A 7.12-kg
hummer was manually lifted to a height of 200 mm and dropped repeatedly onto a rigid plate in order
to compact each layer. To achieve the desired uniform relative density across the tank, less energy
(i.e., drops) was applied to the lower layers and more energy applied to the upper ones (Hanna & Al
Khoury, 2005; Hanna & Soliman-Saad, 2001).

The unit weight of sand in the test tank was measured by placing two cans with known volumes in a
staggered arrangement in the middle of each layer 250 mm from the sides of the tank (Figure 3-6a).
The cans were retrieved at the end of each test, and the unit weight was calculated. Because the bottom
layer was expected to be affected by the reflection of compacting energy from the rigid base of the
tank, the unit weight was not measured for that layer. The cans were weighed to determine the relative

density for each layer according to the following equation:

[Wsou v

Vcan dmln d max

D (0/) - [ _ Y ] " [WSOU (3_1)
dmax d min Vean

where
(Wsoi1) = weight of the soil in the can,
(Vcan) = can volume,
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(Y d min) = minimum dry unit weight of the soil, and

(Y d max ) = maximum unit dry weight of the soil.

After compacting all layers, vertical stresses in the sand due to compaction were measured using six
sensors (SingleTact) placed individually in the middle of each of the first six layers 300 mm from the
sides of the tank in a staggered arrangement (Figure 3-6b). Photos of the cans, sensors, and compaction
plate during the test appear in Figure 3-7. The bottom two layers were not instrumented in order to
avoid any influence of stress due to the reflection of compacting energy from the rigid base of the
tank. Results were recorded with a data acquisition system, and the OCR was calculated for each layer

according to the following equation:

OCR = [M] (3-2)

Oy (Th

where:
oyw) = vertical pressure at a given depth as measured by the corresponding sensor, and

oy(rh) = theoretical effective overburden pressure at that depth.
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Figure 3-7: Photos of the (a) can location, (b) sensor location, and (c¢) compaction plate during
testing
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3.4.2 Test Results

To determine the compaction effort to be applied to each layer in order to achieve predetermined
relative density, tests were performed using trial and error where the number of drops was adjusted in
every test until the desired relative density was achived. Tests were repeated to ensure the repeatability

of the results. The number of drops (N), corresponding unit weight (y,), angle of shearing resistance

('), theoretical vertical stress (oy(rp)), and measured vertical stress (oy(w)) for the tests produced

relative densities of 30%, 45%, and 60%, which appear in Table 3-3, Table 3-4, and Table 3-5,

respectively. The unit weight (y,) was determined from the weight of the cans embedded in the layers

of soil, and the relative density (D,) was calculated for each layer. The angle of shearing resistance
(¢") was calculated for each layer according to the relationship of relative density and angle of shearing
resistance (Figure 3-4). Figure 3-8 presents the number of drops versus relative density, as well as the
angle of shearing resistance with the depth of soil in the test tank.

Values of theoretical and measured vertical stress after compaction appear in Figure 3-9a, b, and ¢ for
the relative densities of 30%, 45%, and 60%, respectively. At all levels, the measured vertical stress
exceeded theoretical value due to the locked-in stresses that remained in the soil after the compaction,
or by the so-called over consolidation represented by the overconsolidation ratio (OCR). Moreover,
the measured values increased along with relative density. Overconsolidation of sand increases the
efficiency of particle interlocking, which consequently, increases the tendency of soil particles expand
during shear (Terzaghi et al, 1996; Lambe & Whitman, 1969; Lee et al. 2013).

Table 3-6 and Figure 3-10 present the calculated OCR values for 30% relative density, 45%, and 60%.
OCR values were greater at the top layers and decreased with depth, as well as increased along with
relative density, due to both the compaction pattern used, in which top layers received more drops than

lower ones, and the fact that the overburden pressure at top layers was less than that at lower ones.
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To illustrate the OCR’s effect, lateral earth pressure coefficients (K,) for normally consolidated and

overconsolidated soil were calculated for relative densities of 30%, 45%, and 60% using experimental

data and Equations 2.13 and 2.16, respectively. The results of that analysis appear in Table 3-7 and

are illustrated graphically in Figure 3-11.

Table 3-3: Test results for sand at a relative density of 30 %

Layer Layer Dept.h Targ.e t No. of | Dry Unit | Relative Angle. of Theort.etical Measyred
No | Thickness at mid Relat!ve Drops | Weight | Density Sht.earmg Vertical Vertical
layer Density Resistance Stress Stress
i D d D, N Yd D, ¢’ G v (Th) O v (m)
(mm) - (%) - (kN/m?3) (%) (degree) (kPa) (kPa)
8 150 75 30 76 14.82 30.48 33.0 1.11 3.89
7 150 225 30 76 14.93 34.38 33.5 3.34 9.16
6 150 375 30 76 14.90 33.16 33.3 5.58 14.66
5 150 525 30 70 14.88 32.63 33.3 7.81 17.63
4 150 675 30 57 14.92 33.84 334 10.05 21.28
3 150 825 30 57 14.72 27.14 32.6 12.27 21.51
2 150 975 30 55 14.89 33.00 33.3 14.49 -
1 150 1125 30 55 - - - - -
Table 3-4: Test results for sand at a relative density of 45 %
Layer Layer Dept.h Targ.e t No. of | Dry Unit | Relative Angle. of Theon:etical Measyred
No | Thickness at mid Relat!ve Drops | Weight | Density Shc.aarmg Vertical Vertical
layer Density Resistance Stress Stress
i D d. D, N Yd D, ¢’ O v (Th) O v(m)
(mm) - (%) - (kN/m?3) (%) (degree) (kPa) (kPa)
8 150 75 45 183 15.34 47.77 35.3 1.15 4.68
7 150 225 45 172 15.34 47.91 35.3 3.45 12.06
6 150 375 45 170 15.23 44.38 34.8 5.74 16.61
5 150 525 45 155 15.34 47.89 35.3 8.04 20.14
4 150 675 45 110 15.27 45.72 35.0 10.33 25.59
3 150 825 45 95 15.15 41.82 34,5 12.62 29.60
2 150 975 45 92 15.23 44.30 34.8 14.89 -
1 150 1125 45 70 - - - - -
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Table 3-5: Test results for sand at a relative density of 60 %

Layer Layer Dept.h Targ'e t No. of | Dry Unit | Relative Angle. of Theort.etlcal Measyred
. at mid | Relative . . Shearing Vertical Vertical
No | Thickness . Drops | Weight | Density .
layer Density Resistance Stress Stress
i D d. D, N Yd D, ¢’ G v (Th) O v(m)
(mm) - (%) - (kN/m3) (%) (degree) (kPa) (kPa)
8 150 75 60 380 15.58 55.50 36.2 1.17 6.58
7 150 225 60 345 15.78 61.46 37.0 3.52 13.28
6 150 375 60 340 15.58 55.29 36.2 5.87 21.47
5 150 525 60 325 15.74 60.28 36.9 8.22 29.49
4 150 675 60 240 15.61 56.20 36.4 10.57 34.25
3 150 825 60 220 15.61 56.21 36.3 12.91 32.28
2 150 975 60 210 15.60 56.06 36.3 15.25 -
1 150 1125 60 185 - - - - -
Number of Drops Relative Density , D, (%) Friction Angle, ¢’ (degree)
0 100 200 300 400 0 15 30 45 60 75 90 105 25 30 35 40 45
0
150 m * h\ h *«
gy o um—. ® ) ? 8\
£ = # |+ # A + + *
g 600 (7 {
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3 250 # * 4 * +
i <14 t41
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Figure 3-8: Test results: depth versus (a) number of drops, (b) relative density (c) angle of shearing

resistance
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Table 3-6: Experimental values of OCR

Layer Layer :te;ti: Overconsolidation
No Thickness Ratio
layer
i D de OCR
(mm) - ovm / Ovmh)
D,=30% | D,=45% | D.=60%

8 150 75 3.50 4.07 5.63
7 150 225 2.74 3.50 3.77
6 150 375 2.63 2.89 3.66
5 150 525 2.26 2.51 3.59
4 150 675 2.12 2.48 3.24
3 150 825 1.75 2.35 2.50
2 150 975 - - -

1 150 1125 - - -
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Figure 3-10: Test results: OCR versus depth
Table 3-7: Test results: lateral earth pressure coefficient
Depth Lateral Earth Lateral Earth
Layer Layer .
No Thickness at mid Pressure Pressure
layer (Normally Consolidated) (Overconsolidated)
i D do Ko (nc) Ko (oc)
(mm) - 1-Sin ¢’ Ko (NC) OCR Sin¢’
D=30% | D,=45% | D:=60% | D,=30% | D:=45% | D,=60%
8 150 75 0.455 0.423 0.409 0.901 0.951 1.135
7 150 225 0.448 0.422 0.398 0.781 0.870 0.885
6 150 375 0.450 0.429 0.409 0.766 0.787 0.880
5 150 525 0.451 0.422 0.400 0.705 0.718 0.861
4 150 675 0.449 0.426 0.407 0.679 0.717 0.818
3 150 825 0.461 0.434 0.407 0.624 0.703 0.701
2 150 975 0.450 0.429 0.408 - - -
1 150 1125 - - - - - -
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Figure 3-11: Test results: lateral earth pressure coefficients versus depth

Laboratory experiments often require a uniform relative density throughout the test tank. Although the
compaction method is popular for soil preparation, no guideline is available to predict the compaction
effort required to achieve a uniform relative density or to estimate the resulting increase in stress levels.
Alternatively, a time-consuming trial-and-error approach could be followed, which is physically
demanding for large test tanks. Therefore, the compaction results were analyzed to develop a guideline
that can be followed to produce a uniform sand bed in the test tank and to estimate the level of

overconsolidation in the soil mass.
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3.4.3 Results Analysis

The applied energy per unit of volume at each stage of compaction was calculated by using the

following equation:

Nmgh
Eapplied = v (3-3)

where:

N = number of drops,
m = hammer mass (kg),
g = gravity acceleration,
h = height of drop, and

V = total volume of sand mass below the compacting plate.

Assuming that the energy applied was uniformly distributed, the accumulated energy for each layer

was calculated according to the following equation:

Ei = Eapplied,i) T Eapplied,ii+1) T *** + Eapplied,(m) (3-4)

where;
1 = rank of the layer in the tank (Figure 3-6), and

n = total number of soil layers.
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Figure 3-12 presents the results of the accumulated energy versus the depth of the soil in the test tank.

The energy required increased along with the relative density and depth of the layer.
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Figure 3-12: Accumulated energy versus depth

A dimensionless energy factor (E¢), defined as the ratio of accumulated energy for a given layer and
the vertical stress in the middle of that layer, was introduced following a similar approach successfully
used by Hanna and Soliman—Saad (2001). The energy factor for each layer was calculated according
to the following equation:

Ej

Er= —1i
B vnyidg

(3-5)
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where:

E;= accumulated energy per unit volume for layer i,
Y;= unit weight of layer 1,

d= depth of the middle layer i from the top,

1 = rank of the layer in the tank (Figure 3-6), and

n = total number of layers.

To incorporate the depth of a layer into the total thickness of the deposit, a relative height
dimensionless factor (H;), defined as the ratio of the depth of a sand layer measured from the top of

the soil to the total height of the soil inside the test tank, was introduced:

H. = — (3-6)

where:

H = total height of the soil.

The experimental results were analyzed using Equations 3.5 and 3.6, and the energy factor (Ef) was
determined for a given relative height (H,). Figure 3-13 presents the energy factor versus the relative
height. The energy factor increased due to the increase of relative density; however, at the top layers,
the energy factor decreased with the increase of relative height, whereas the energy factor at the lower
layers increased with the increase of relative height due to the influence of the rigid base of the tank.

The relationship of the energy factor and relative height can be represented as follows:
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Ef=a(H)?+b H)?>+c(H) +d (3-7)
where;

a=—0.0079 (D,)? + 0.313 (D,) — 4.646

b = 0.0152 (D,)? — 0.692 (D,) + 11.458

c = —0.0078 (D,)? + 0.353 (D,) — 5.888

b = 0.0023 (D,)? — 0.094 (D,) + 1.622

D,= Relative density (%)

Figure 3-14 presents the energy factor (Ef) versus the relative densities using Equation 3.7, which can
be used as a guideline to determine the energy level for a given relative density and sand layer.

Accordingly, the number of drops can be determined for each layer.

Figure 3-15 presents [OCR(1 — (D,)?)] versus the relative height (H,), in which a logarithmic
relationship among the OCR, relative height (H,), and the desired relative density (D) was determined
according to the following equation:

—0.65 InH +1.55

OCR = — o0y

(3-8)

where;

D= relative density (%/100)
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Equation 3.8 could thus be used to determine the value of the OCR at a given layer that resulted from
compaction. Figure 3-16 presents a flow chart used to determine the number of drops required to be
applied at each layer in a test tank and the corresponding value of the OCR for the desired relative
density throughout the tank. The steps presented in the flow chart can be easily implemented in any
programming software (e.g., MATLAB and Excel).

It should be reported herin that due to lack of published records in the subject matter, it was difficult
to validate the procedure proposed. However, in this experiment, tests were repeated to assure
repeatability of the test data. These besides the fact that the procedure developed in this investigation

is based dimensionless parameters using a common silica sand, which can be tested at any set-up.
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Figure 3-13: Experimental results: energy factor versus the relative height
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3.5 Pile Load Testing

3.5.1 Pile Models

To investigate the effect of overconsolidation on shaft resistance, two pile models were fabricated with
a mechanical steel pipe. The first model, 0.8 m in length and 55 mm in diameter, was instrumented
with four load cells to measure the applied load, tip resistance, and shaft resistance: one from the top
that was attached to the actuator to measure the total applied load, another from the bottom to measure
tip resistance, and the two others inside the pile at 120 mm and 240 mm, respectively, from the pile
base to measure the total load at those levels. The load cells had a maximum capacity of 22.25 kN
with an accuracy of £0.25%. The top load cell measured tip resistance plus total shaft resistance, the
second load cell measured tip resistance plus shaft resistance from the sections beneath it, the third
load cell measured tip resistance plus shaft resistance from the sections beneath it, and the last load
cell measured tip resistance only. The difference between every two adjacent load cells indicated the
shaft resistance for the pile section between them.

By contrast, the second pile, 0.8 m long and 30 mm in diameter, was instrumented with two load cells:
one with a capacity of 22.25 kN to measure the total applied load and another with a capacity of 8.9
kN (with an accuracy of £0.25%) connected to the pile tip at the bottom to measure tip resistance. For
the second pile, different mechanisms of instrumentation had to be adopted given the limitations of
the 30-mm diameter, and accordingly, the pile consists of four parts: a rounded steel box, a mechanical
pipe, a drilling rod, and the tip. The load cell with a capacity of 8.9 kN was fastened inside the rounded
steel box, whereas the one with a capacity of 22.25 kN was fastened at the top of the rounded steel
box attached to the actuator. The drilling rod was threaded and fastened to the load cell with a capacity

of 8.9 kN and inserted inside the mechanical steel pipe threaded at the top and attached to the rounded
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steel box. Ultimately, the tip was attached to the drilling rod at the bottom of the pile. Because the
drilling rod made no contact with the steel pipe from inside, shaft resistance could be determined as
the difference between tip resistance and the total load applied. Figure 3-17 presents photos and cross-
sections of both models.

The interface angle (8) between the pile and the soil varies according to the roughness of the pile
(Murthy, 2002). Vakili (2015) performed several trials to establish the degree of roughness of
sandpaper to be glued to a pile shaft to maintain a ratio of interface angle to angle of shearing resistance
8/ d") equal to 1. As a result of those tests, Grade 150 sandpaper satisfied the unit ratio at different
relative densities. Figure 3-18 depicts the results of the shear test for the sandpaper.

Experimental investigations on piles are significantly influenced by the scale effect unless an
appropriate pile diameter is chosen. Based on the pile diameter, the boundary of the experimental tank
may influence the pile load test results. To avoid that influence, the pile center and side of the test tank
should be sufficiently distanced (B) from each other. Based on various experiments, the appropriate
distance (B) was determined to be 10 times the pile diameters (Garnier et al., 2007); therefore, the
distance between the center of the pile and any hard boundary should be equal to or greater than 10.
Literature addressing the capacity of piles in sand material has shown that the B / D ratio varies,
starting at a minimum of 6 (Table 3-8). For the research reported here, the B / D ratio was 9.1.
Theoretically, a distance 4 times the pile diameter would eliminate the effect of the bottom side of the
tank on the results; in an experiment, the soil beneath the tip at a depth of 4.5 times the diameter did
not experience any deformation (Rakotonindriana et al., 2010). In the study conducted for this thesis,
the distance from the tip of the pile with the greatest depth to the bottom of the tank was 485 mm

(>>4.5D).
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Table 3-8: (D/B) Ratios for different experimental investigations

Distance from Pile
. A Rati
Pile . Author Pile Diameter (D) Center to the Side (B) atio
Foundation (mm) B/D
(mm)
Chari and Meyerhof (1983) 75 460 6.1
Lehane and Gavin (2001) 114 840 7.4
Ginol Al-Mhaidib (2012) 25 250 10.0
ingle
& Shalabi and Bader (2014) 50 300 6.0
55 500 9.1
Current Study
30 500 16.7
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Pile load tests are also affected by the mean particle size (dso) of the soil. Results of an experiment
revealed that increasing the ratio of the pile diameter to the mean particle size (D / dso) reduced the
particle size effect and thus the scale effect. Garnier and Konig (1998) and Fioravante (2002) have
suggested that the scale effect can be avoided when the D / dso ratio exceeds 100 and 50, respectively.
In the study reported here, the D / dso ratio was 211 for the pile 55 mm in diameter and 115 for the pile

30 mm in diameter.

3.5.2 Testing Procedure and Program

The test was commenced by placing the pile model vertically once the desired relative density was
achieved and using the actuator to drive it into the compacted soil at the center of the tank down to the
desired depth (Figure 3-19) at a rate of 25 mm per minute (Hanna & Nguyen, 2003). The actuator
movement was controlled by the software Kollmorgen WorkBench. Next, the driving load was
released, all sensors were set to 0, and the actuator drove the pile at a rate of 5 mm per minute (Le
Kouby et al., 2013) to commence the pile load test, which ended when the pile was displaced by 20
mm. All readings of the measuring devices were collected by the data acquisition system at a regular
interval of one reading per second. Preliminary tests were conducted to ensure the repeatability of the
results.

Three soil relative densities were chosen in this experimental investigation; 30%, 45%, and 60% to
represent loose, medium dense and dense soil, respectively. Due to the limitation of the tank dimension
and the maximum stroke length of the actuator, the maximum embedment depth ratio (L/D) was set
to 13 for the pile model of 55 mm. To examine the critical depth, higher embedment depth ratio (L/D)

was chosen for the pile model of 30 mm.

82



Table 3-9 and Table 3-10 summarize the test program. In those tables, all tests are labeled according
to type, pile diameter, relative density, and embedment depth ratio; for example, the label “C-30-45%-
10” means that the test involved compression for pile with a diameter of 30 mm at 45% relative density

and an embedment depth ratio depth of 10. The setup is illustrated in Figure 3-20.

Pile
Pile Pile
275
mm 440
mm 570
mm
1.2
m .
D, =30%,45 % , 60% D, =30%,45 % , 60% D, =30%, 45 % , 60%
Pile Pile Pile
550
mm 715 715
1.2 mm mm
m 1
D, =30%,45 %, 60% D, =30%,45 %, 60% D, =30%,45% ,60%
D=55mm D=30 mm

Figure 3-19: Pile load testing program for both pile models
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Table 3-9: Pile load testing program for pile model of 55 mm diameter

Diameter Relat!ve Relative Embedment Depth,
Density Test Name
(mm) o depth (mm)
(%)
D D: L/D L
5 275 C-55-30%-5
30 8 440 C-55-30%-8
10 550 C-55-30%-10
13 715 C-55-30%-13
5 275 C-55-45%-5
55 45 8 440 C-55-45%-8
10 550 C-55-45%-10
13 715 C-55-45%-13
5 275 C-55-60%-5
60 8 440 C-55-60%-8
10 550 C-55-60%-10
13 715 C-55-60%-13

Table 3-10: Pile load testing program for pile model of 30 mm diameter

Diameter Relat!ve Relative Embedment Depth,
Density Test Name
(mm) depth (mm)
(%)
D D, L/D L
30 19 570 C-30-30%-19
23.8 715 C-30-30%-23.8
30 45 19 570 C-30-45%-19
23.8 715 C-30-45%-23.8
60 19 570 C-30-60%-19
23.8 715 C-30-60%-23.8
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3.5.3 Test Results

Figure 3-21 presents photos of both pile models during testing. For the pile model 55 mm in diameter,
the results of the top, two middle, and bottom load cells appear in the form of load—settlement curves,
as is the total shaft resistance for the entire pile and each of its sections. For the pile model 30 mm in
diameter, the results of the top and bottom load cells are presented as load—settlement curves combined
with total shaft resistance. All results concerning shaft resistance are summarized in tabular format for
both piles.

Pile load tests provided data only, meaning that the ultimate load (i.e., failure) needed to be defined.
The ultimate load for a pile is defined as the load that causes the pile to plunge or to settle rapidly
under a sustained load for which a large settlement might be required. Several researchers (Vesic,
1977; Randolph et al., 1994) have also described ultimate load according to arbitrary settlement limits
(e.g., 10% of the pile diameter), whereas other researchers and engineers have defined it as the
intersection of the initial tangent to the load—settlement curve and the tangent or extension of the final
portion of the curve in what is called the tangential method. Still other researchers have argued that
those definitions are judgmental and that failure depends on expert opinion. Consequently, failure
should be defined based on a mathematical rule that yields reproducible results (Prakash & Sharma,
1990), and accordingly, many mathematical methods have been proposed to determine the ultimate
load, including the 90% criterion suggested by the Swedish Pile Commission (Brinch, 1963),
Mazurkiewicz’s (1972) method and Davison’s (1972) method.

Because the CRP method was used to perform all pile load tests in the research reported here, well-
defined load—settlement curves resulted. The tangential method was thus convenient to interpret the
test results and define the ultimate load. According to ultimate load, ultimate shaft resistance could

also be found. All load—settlement curves drawn from the experimental pile load tests consisted of 240
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points, and a load reading was recorded every 0.0833 s (i.e., 5 mm / min). Because a large number of
load points were recorded for such a small displacement (i.e., 20 mm) and given the proximity of the

point values, the points were connected without using any curve-fitting function.

(b)
Figure 3-21: Photos for the (a) 55 mm and (b) 30 mm pile models during test

87



3.5.3.1 Pile Model of 55 mm Diameter

The experimental results are presented for the pile model 55 mm in diameter for relative densities of
30%, 45%, and 60% and sorted accordingly. As explained previously, the pile was instrumented with
four load cells. The bottom load cell (Bottom LC) measured the pile’s tip resistance, the middle 2 load
cells (Mid 2 LC) measured the tip resistance and shaft resistance for Section 3, the middle 1 load cell
(Mid 1 LC) measured the tip resistance and the shaft resistance for Sections 2 and 3, and the top load
cell (Top LC) measured the total resistance of the pile, which consisted of the tip resistance and shaft
resistance for Section 1, 2, and 3 (Figure 3-22). Accordingly, the difference between any two load
cells allowed the identification of the shaft resistance for the section or sections in between.

For each pile load test, the load cell readings are depicted, and accordingly, two figures are generated.
The first presents the resistance of the total pile, the tip, and the total shaft, whereas the second presents
the shaft resistance for each section of the pile. All figures are in the form of load—settlement curves.

The ultimate shaft force for each section was selected based on the ultimate load of the pile.

Top LC < Total Resistance =
Tip Res. +
Shaft Res. (Section 3) +
Shaft Res. (Section 2) +
Shaft Res. (Section 1)
Section 1
Mid1LC (== < Tip Res. + Shaft Res. (Section 3) +
Section 2 Shaft Res. (Section 2)
Mid 2 LC I < Tip Res. + Shaft Res. (Section 3)
Section 3
Bottom LC | < Tip Resistance

Figure 3-22: Instrumentation of the 55 mm diameter pile model
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Relative Density (30%)

The load—settlement curves from the pile load test at the first embedment depth ratio of L/ D =5
appear in Figure 3-23. The bottom load cell values were close to the (Mid 2) load cell values, which
indicates small friction resistance for Section 3. Meanwhile, the top and the (Mid 1) load cell values
were approximate to each other. According to results found by using the tangential method, the
ultimate shaft resistance was 93.9 (N). The shaft resistance for each section indicates that Section 2
contributed more to shaft resistance than Sections 1 and 2.

The load—settlement curves of the pile load test at an embedment depth ratio of L / D = 8 appear in
Figure 3-24, in which the load cell results are separated and indicate the contribution of the shaft to
every section of the pile. The total shaft resistance and shaft resistance of each section increased
compared to results at the embedment depth ratio of L/ D = 5.

The load—settlement curves of the pile load test at an embedment depth ratio of L / D = 10 appear in
Figure 3-25. Compared with results of the embedment depth ratio of L / D = 8, all resistance values
increased, and the curves were more separated, which indicates the greater contribution of the shaft.
Figure 3-26 shows the load—settlement curves for the pile load test at the embedment depth ratio of L
/ D = 13, which was the last test of the test program for 30% relative density. The figure shows a
greater tip and shaft resistance than those found at the embedment depth ratio of L / D = 10.
Importantly, the greatest value of total shaft resistance occurred at this embedment depth ratio. The
series of tests performed at 30% relative density revealed that total shaft resistance and the shaft
resistance of each section increased with depth. The ultimate shaft resistance observed in all tests is

summarized in a tabular format at the end of this section.
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Figure 3-23: Test results of (C-55-30%-5); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-24: Test results of (C-55-30%-8); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-25: Test results of (C-55-30%-10); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-26: Test results of (C-55-30%-13); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Relative Density (45%)

At 45% relative density, the load—settlement curves from the pile load test at the embedment depth
ratio of L / D = 5 appear in Figure 3-27. The load—settlement behaviour was similar to that presented
for 30% relative density (Figure 3-23); however, the resistance values were greater for 45% relative
density. Section 2 of the pile contributed more to shaft resistance than Sections 1 and 2, as was
observed at 30% relative density at the same depth.

The load—settlement curves from the pile load test at the embedment depth ratio of L / D = 8 appear
in Figure 3-28 and indicate greater resistance than that found for 30% relative density (Figure 3-24).
The results also reveal an increase in the shaft resistance for each section of the pile compared to
results at the embedment depth ratio of L / D = 5 with the same relative density.

Figure 3-29 presents the load—settlement curves from the pile load test at the embedment depth ratio
of L / D = 10, which achieved greater resistance than that at the embedment depth ratio of L/ D = 8
and that at the same depth for 30% relative density (Figure 3-25). Sections 2 and 3 yielded approximate
values that resembled the behaviour of the pile load test performed at the same depth for 30% relative
density. Total shaft resistance and the shaft resistance of the sections were greater than the total shaft
resistance for 30% relative density at the same depth.

Figure 3-30 shows the load—settlement curves from the last embedment depth ratio, L / D = 13, for
45% relative density. Resistance from the tip and shaft were greater than that found at an embedment
depth ratio of L / D = 10 for the same relative density and greater than that at the same embedment
depth ratio for 30% relative density (Figure 3-26). It also achieved the greatest value of total shaft

resistance for all tests for 45% relative density.
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The series of tests for 45% relative density revealed that total shaft resistance, as well as the shaft
resistance for each section, increased with depth, as well as that shaft resistance values were greater
than those found for 30% relative density. The ultimate shaft resistance observed in all tests is

summarized in a tabular format at the end of this section.
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Figure 3-27: Test results of (C-55-45%-5); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-28: Test results of (C-55-45%-8); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-29: Test results of (C-55-45%-10); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-30: Test results of (C-55-45%-13); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Relative Density (60%)

The load—settlement curves from the pile load test at 60% relative density and an embedment depth
ratio of L / D = 5 appear in Figure 3-31. Although they indicate behaviour similar to that at 30%
relative density (Figure 3-23) and 45% relative density (Figure 3-27), the resistance values were
greater at 60% relative density.

For the embedment depth ratio of L / D = 8, the load—settlement curves from the pile load test appear
in Figure 3-32. The relative density of 60% showed greater tip and shaft resistance than found for 30%
relative density (Figure 3-24) and 45% relative density (Figure 3-28) at the same embedment depth
ratio.

For the embedment depth ratio of L / D = 10, the load—settlement curves from the pile load test appear
in Figure 3-33. That embedment depth ratio showed greater resistance than found at an embedment
depth ratio of L / D = 8 with the same relative density, as well as greater values than those found for
30% relative density (Figure 3-25) and 45% relative density (Figure 3-29) at the same embedment
depth ratio.

Figure 3-34 presents the load—settlement curves from the pile load test at the last embedment depth
ratio, L / D = 13, for 60% relative density. That embedment depth ratio showed a greater tip and shaft
resistance than found at an embedment depth ratio of L / D = 10 for the same relative density, 30%
relative density (Figure 3-26), and 45% relative density (Figure 3-30). It also achieved the greatest
value of total shaft resistance for tests at 60% relative density.

The series of tests performed at 60% relative density revealed that total shaft resistance and shaft
resistance for each section increased with depth. Moreover, all values of shaft resistance were greater
than those found at 45% and 60% relative densities. Ultimate shaft resistance observed in all tests is

summarized in a tabular format at the end of this section.
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Figure 3-31: Test results of (C-55-60%-5); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-32: Test results of (C-55-60%-8); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-33: Test results of (C-55-60%-10); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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Figure 3-34: Test results of (C-55-60%-13); (a) Load-Cell reading, (b) total, tip, and shaft resistance,
and (c) shaft resistance for sections
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3.5.3.2 Pile Model of 30 mm Diameter

This section presents the experimental results for the pile model 30 mm in diameter at relative densities
of 30%, 45%, and 60%. The model was instrumented with two load cells; the bottom load cell
measured the tip resistance of the pile, whereas the top load cell measured the total resistance of the

pile, which combines tip resistance and shaft resistance. The difference between the two load cells

indicated the shaft resistance for the entire pile.

Relative Density (30%)

Figure 3-35 presents the load—settlement curves for the embedment depth ratio of L / D = 19, whereas
Figure 3-36 presents the load—settlement curves for the embedment depth ratio of L / D = 23.8 for
30% relative density. Shaft resistance contributed to total pile resistance almost as much as tip
resistance did. In those tests performed at 30% relative density, total shaft resistance increased with

depth. Ultimate shaft resistance for all tests is summarized in a tabular format at the end of this section.
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Figure 3-35: Test results of (C-30-30%-19); total, tip, and shaft resistance
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Relative Density (45%)

Figure 3-37 presents the load—settlement curves for the embedment depth ratio of L / D = 19 for 45%
relative density. Shaft resistance increased more than that at the same depth for 30% relative density.
Figure 3-38 presents the load—settlement curves for the embedment depth ratio of L / D = 23.8 for
45% relative density. That embedment depth ratio showed greater shaft resistance than that at the
embedment depth ratio of L / D = 19 for the same relative density and that at the same embedment
depth ratio for 30% relative density. Those two tests performed at 45% relative density revealed that
total shaft resistance increased with depth and exceeded that observed for 30% relative density.

Ultimate shaft resistance in all tests is summarized in a tabular format at the end of this section.
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Figure 3-38: Test results of (C-30-45%-23.8); total, tip, and shaft resistance
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Relative Density (60%)

Figure 3-39 presents the load—settlement curves for the embedment depth ratio of L / D = 19 for 60%
relative density. Shaft resistance increased more than that observed at the same depth for 30% and
45% relative densities. Figure 3-40 presents the load—settlement curves for the embedment depth ratio
of L/ D =23.8 for 60% relative density. That embedment depth ratio showed greater shaft resistance
than that found at the embedment depth ratio of L / D = 19 for the same relative density and greater
shaft resistance than that found at the same depth for 30% and 45% relative densities. Those two tests
performed at 60% relative density revealed that total shaft resistance increased with depth and
exceeded that observed for 30% and 45% relative densities. Ultimate shaft resistance in all tests is

summarized in a tabular format at the end of this section.
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Figure 3-39: Test results of (C-30-60%-19); total, tip, and shaft resistance
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Figure 3-40: Test results of (C-30-60%-23.8); total, tip, and shaft resistance

3.5.4 Repeatability

Two tests were repeated to illustrate the repeatability of the test results. The first test repeated was for
the pile model 55 mm in diameter at 60% relative density at an embedment depth ratio of 10 L/ D (C-
55-60%-10). Figure 3-41 presents the results of the original and repeated tests. The second test
repeated was for the pile model 30 mm in diameter at 60% relative density at an embedment depth
ratio of 10 L / D (C-55-60%-23.8). Figure 3-42 presents the results of the original and repeated tests.
Both figures indicate that the results were almost identical, which indicates their consistency and

reproducibility.
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Figure 3-42: Repeated test for (C-30-60%-23.8)
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3.6 Summary of Pile Load Test Results

Pile load test results presented in this chapter are summarized in tabular format. Results of ultimate
load and corresponding tip and shaft resistance for the pile model 55 mm in diameter appear in Table
3-11, and results concerning length and shaft resistance for each section of that model appear in Table

3-12 and Table 3-13, respectively. For the pile model 30 mm in diameter, ultimate load and

corresponding tip and shaft resistance appear in Table 3-14.

Table 3-11: Summary of ultimate, tip and shaft resistance for pile model of 55 mm

Pile Relative | Relative UItir.nate UItir.nate Ultimate
Diameter | Density Depth Depth Test Name Plle. Tlp. Shaf_t
Capacity Capacity Capacity

D D: L/D L Q, Q Q
(mm) (%) (mm) (N) (N) (N)
5 275 C-55-30%-5 1115.11 1021.21 93.90

30 8 440 C-55-30%-8 2238.34 1900.12 338.23

10 550 C-55-30%-10 3376.07 2712.61 663.46

13 715 C-55-30%-13 4750.42 3581.10 1171.96

5 275 C-55-45%-5 1920.72 1801.75 118.97

c5 45 8 440 C-55-45%-8 3358.32 2933.91 424.41
10 550 C-55-45%-10 4523.75 3719.91 803.83

13 715 C-55-45%-13 6209.80 4773.07 1436.73

5 275 C-55-60%-5 2650.52 2468.78 177.75

50 8 440 C-55-60%-8 4529.19 3983.12 547.43

10 550 C-55-60%-10 6058.28 5062.12 996.16

13 715 C-55-60%-13 8232.10 6600.04 1632.06
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Table 3-12: Section lengths for pile model of 55 mm diameter

Embedme.nt depth Length
ratio
Section 1 Section 2 Section 3

L/D

(mm) (mm) (mm)

5 35 120 120

8 200 120 120

10 310 120 120

13 475 120 120

Table 3-13: Summary of the shaft resistance for each section for pile model of 55 mm diameter

Pile Relative | Relative Test Name Ultimate Ultimate Ultimate
Diameter | Density Depth Shaft Capacity | Shaft Capacity | Shaft Capacity
D D, L/D Section 1 Section 2 Section 3
(mm) (%) (N) (N) (N)
5 C-55-30%-5 4.25 81.61 8.04
30 8 C-55-30%-8 110.18 156.99 71.05
10 C-55-30%-10 276.93 196.83 189.70
13 C-55-30%-13 705.07 213.83 253.06
5 C-55-45%-5 4.87 91.17 22.94
55 45 8 C-55-45%-8 121.30 200.52 102.60
10 C-55-45%-10 348.13 225.73 229.97
13 C-55-45%-13 844.66 260.77 331.29
5 C-55-60%-5 5.91 123.79 48.06
€0 8 C-55-60%-8 129.00 244.51 173.92
10 C-55-60%-10 351.79 294.29 350.08
13 C-55-60%-13 886.55 357.13 388.38
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Table 3-14: Summary of ultimate, tip and shaft resistance for pile model of 30 mm

Pile Relative Relative UItir.nate UItir_nate Ultimate
Diameter Density Depth Depth Test Name P|Ie. Tlp- Shaf.t
Capacity Capacity Capacity
D D: L/D L Q, Q, Q
(mm) (%) (mm) (N) (N) (N)
19 570 C-30-30%-10 833.46 473.50 359.97
30 23.83 715 C-30-30%-13 1365.12 707.12 658.00
19 570 C-30-45%-10 1749.60 1275.42 474.18
30 s 23.83 715 C-30-45%-13 2569.54 1753.15 816.38
19 570 C-30-60%-10 2378.57 1574.20 804.36
60 23.83 715 C-30-60%-13 3221.29 1918.96 1302.32
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Chapter 4 : Analysis of Results

4.1 General

Analyzed in this chapter, the experimental results presented in Chapter 3 clearly show that the shaft
resistance of piles driven into overconsolidated cohesionless soils was greater than that obtained by
using theoretical and empirical methods presented in the literature. When total shaft resistance was
analyzed, critical depth limiting the shear stress tended to affect both pile models. However, local
shear stress distribution for the pile model 55 mm in diameter showed that shear stress increased with
depth and decreased near the tip of the pile.

In what follows, the behaviour of tip resistance and total shaft resistance is analyzed, local shear stress
distribution along the shaft of the piles with a 55-mm diameter is discussed, and the effect of relative
density, pile diameter, and the OCR on shaft resistance is scrutinized. As a result of this analysis, an

empirical model is proposed to estimate shaft resistance and its distribution along the pile shaft.

4.2 Ultimate Load

Ultimate capacity versus the embedment depth ratio (L / D) is presented in Figure 4-1 and Figure 4-2
for the pile models 55 mm and 30 mm in diameter, respectively. Ultimate load increased with
embedment depth ratio and relative density. Since the research conducted for this thesis focused on
shaft resistance during pile failure, tip and shaft resistance were analyzed according to ultimate load.

Instrumenting the pile model 55 mm in diameter allowed the identification of the distribution of total
force between the pile base and along the shaft. Assuming a linear reduction in load between load cell

levels, the difference between two levels refers to shaft resistance for the corresponding section of the
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pile. Figure 4-3 illustrates the total force distribution for all pile load tests for the pile model 55 mm
in diameter. As for the pile 30 mm in diameter, only two load cells were used to identify total load
applied and tip resistance, the difference of which signified shaft resistance. Figure 4-4 illustrates the
distribution of ultimate load for all pile load tests performed using the pile 30 mm in diameter. Figure
4-3 and Figure 4-4 group pile load tests for the same depth (L / D) performed at different relative

densities.

4.3 Tip Resistance

Tip resistance for all pile load tests, summarized in Table 3-11 and Table 3-13, was analyzed to

determine the bearing capacity factor, Ny, which is commonly represented as the following equation:

N. = Qt/Ap _ Qt/Ap

4-1
a oy vL *+h

where:

Q: = tip resistance,

Ayp =tip area,

o, = effective overburden pressure at the tip level,
y = unit weight of soil, and

L = embedded depth of the pile.

To take the effect of overconsolidation into account, N values were calculated using mean overburden
pressure (¢, ), which uses the lateral earth pressure coefficient (K;), instead of the vertical overburden
pressure (o'y), as shown in the following equation:

r _ (1+2Kp) oty

Om="3 (4-2)

115



Load (N)

0 2000 4000 6000 8000 10000
0
D, ¢’
® | 30% | 32.96°
2 M | 45% | 34.93° [
A | 60% | 36.80°
o * D=55mm ||
S~
=) o\ l\ \
g 6
Q
£ \\\\
o
e 8
x
e
o
(]
0 10
] A
14

Figure 4-1: Ultimate load versus the ratio of depth to diameter (L/D) for the 55 mm pile model
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Figure 4-2: Ultimate load versus the ratio of depth to diameter (L/D) for the 30 mm pile model
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Figure 4-3 : Ultimate load distribution for pile of 55 mm diameter at (a) L/D =5, (b) L/D =8, (c)
L/D =10, and (d) L/D =13
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Figure 4-4 : Ultimate load distribution for pile of 30 mm diameter at (a) L/D = 19, and (b) L/D =
23.8

Regarding the pile 55 mm in diameter, Nq values for the tests performed at relative densities of 30%,
45%, and 60% had coefticients of variation equal to 16.5%, 4.3%, and 4.6%, respectively. For the pile
30 mm in diameter, the coefficients of variation for piles tested at relative densities of 30%, 45%, and
60% were 13.6%, 7.8%, and 0.2%, respectively. Consequently, the Nq values at a low relative density
(i.e., low angle of shearing resistance) were significantly influenced by embedment depth. As relative

density increased, Ng values relied less upon embedment depth.
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4.4 Total Shaft Resistance

Figure 4-6 and Figure 4-7 present the mean shaft resistance versus the L / D ratio and depth for the
pile models 55 mm and 30 mm in diameter, respectively. Average shaft resistance increased with pile
depth and relative density. From the load—settlement curves presented in the previous chapter, the shaft
resistance dropped only slightly, after peaking, as pile displacement increased and stabilized by the
end of the test. Such behaviour aligns with the results of Foray et al. (1998) for a model pile tested in
overconsolidated sand.

The ratios of shaft resistance to total pile resistance (Q_/ Q,) for both pile models appear in Table 4-1.

In general, the contribution of shaft resistance increased with pile embedment depth. The greatest
contributions occurred in pile load tests performed at 30% relative density, presumably due to the low
bearing capacity of soil at tip level at 30% relative density, which reduced tip resistance and prompted

the greater contribution of the shaft. Among other results, the Q,/ Q, ratio decreased with relative

density, although at 60% relative density with the pile model 30 mm in diameter exceeded that found
at 45% relative density, likely given the contribution of unit tip resistance. Unit tip resistance for the
pile model 55 mm in diameter increased considerably as relative density increased, though only
slightly as the relative density increased from 45% to 60%, as Nq values indicate.

Although shaft resistance was primarily analyzed according to the ultimate load of piles, the ratio of
pile displacement to pile diameter (Ws / D) at peak shaft resistance was also recorded for all tests
(Table 4-2). Compared with the typical value of displacement pile—that is, 2% (Fleming et al.,
2008)—Ws; / D values increased as embedment depth ratio and relative density increased. The
deviation of W5/ D from the typical value could have resulted from the dilation and high pile—soil

interface angles (Lehane et al., 2005).
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Figure 4-6: Average shaft resistance for pile diameter of 55 mm
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Figure 4-7: Average shaft resistance for pile diameter of 30 mm
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Table 4-1: Experimental ratio of shaft resistance to ultimate pile load (Q,/ Q,)

D, (%) 30 45 60

(mDm) &' (degree) | 32.97 34.90 36.84
o (Q,/ Q)%

5 8.42 6.19 6.72

s 8 15.11 12.64 12.06

10 19.65 17.77 16.44

13 24.67 23.14 19.83

2 19 43.19 27.10 33.82

23.8 48.20 31.77 40.43

Table 4-2: Experimental ratio of pile displacement at peak shaft resistance to pile diameter (Ws/ D)

D: (%) 30 45 60
(mDm) ¢' (degree) 32.97 34.90 36.84
L/D Peak (W;/D)-%
5 1.05 1.96 2.58
cg 8 2.27 3.33 3.49
10 3.18 3.64 4.40
13 3.78 4.09 5.76
30 19 1.67 3.07 4.17
23.8 2.77 3.90 4.43
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4.4.1 K Values

The values of the lateral earth pressure coefficients (Kg) were back-calculated according to total

shaft resistance, pile geometry, and soil properties using Equation 2.10

Qs = (05Ksy L tand) A; = f; Ag (Repeated 2-10)

Where

(K) = averaged lateral earth pressure coefficient,
(y’) = effective unit weight of soil,

(L) = pile embedment length,

(8) = mobilized pile-sand friction angle,

(As) = pile surface area.

K values for the piles with diameters of 55 mm and 30 mm appear in Figure 4-8. Since most K values
recommended for displacement piles range from 0.5 to 2.0 (Table 2-1, Table 2-2, Table 2-3), K values
for driven piles in overconsolidated cohesionless soils clearly have values exceeding those
recommendations.

K values for tests performed at each relative density (30%, 45%, and 60%) increased linearly with
depth and remained nearly constant after a certian embedment depth ratio. K values for the pile model
30 mm in diameter at 60% relative density were significantly greater than those found at 30% of 45%
relative density, possibly due to greater confinement around the pile shaft as relative density increased,
the minor disturbance that occurred during installation, and the contribution of unit tip resistance.
Unit tip resistance for the pile model 55 mm in diameter increased considerably as relative density

increased, whereas for the pile model 30 mm in diameter it increased only slightly as the relative

123



density increased from 45% to 60%, as emphasized by Ny values. Therefore, the increase in total load

for the pile 30 mm in diameter as relative density increased most likely resulted from increased shaft

resistance.
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Figure 4-8: K, values for all tests performed
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4.4.2 B Values

A widely used method to calculate the shaft shear stress of piles is the beta () method, in which B is
coefficient that combines the lateral earth pressure coefficient (Kg) and the friction coefficient (tan §,).
The value of B was back-calculated for every pile load test according to Equation 2.20:

Qs = B o'y Ag (Repeated 2-20)

Where B = (Kstan$§,);
oy=05y L;

A;= mDL

Figure 4-9 and Figure 4-10 present all  values for pile load tests performed at all relative densities
with the pile models 55 mm and 30 mm in diameter, respectively. Clearly, the values of B for piles
driven into overconsolidated cohesionless soil are greater than those values proposed in the literature
(i.e. Figure 2-8 and Figure 2-9). The B values increased linearly with the mean vertical pressure. The
B values for the pile model 30 mm in diameter at 60% relative density were significantly greater than
those found at 30% of 45% relative density, due to the greater confinement around the pile shaft, not
only given the increased relative density and the small disturbance that occurred during installation
but also because of the contribution of unit tip resistance, which increased slightly for the pile model
30 mm in diameter unlike for the one 55 mm in diameter, since relative density increased from 45%

to 60%, as emphasized by Ng values.
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Figure 4-10: Experimental values of () for the 30 mm pile model
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4.4.3 (Ks/Ko) Values

Proposals have been made to estimate K¢ based on the K / K, ratio (Kulhawy, 1991; Tomlinson &
Woodward, 2014; Das, 2012). Following the pile load tests, the values of that ratio were back-

calculated for each test by using Equation 2.21:
KS )
Qs = fA;= (05K, = v L tan8) Aq (Repeated 2-21)
0

Where

(K) = averaged mobilized lateral earth pressure coefficient,
(Kp) = lateral earth pressure coefficient at rest,

(y’) = effective unit weight of soil,

(L) = pile embedment length,

(8) = mobilized pile-sand friction angle, and

(Ag) = pile surface area.

Figure 4-11 and Figure 4-12 show the Kg/ K, values for pile load tests performed at all relative
densities with the pile models 55 mm and 30 mm in diameter, respectively. The Kg / K, ratio had
higher values than that traditionally suggested (i.e., 1-2 for displacement piles). At 30% relative
density, the ratio had a low value of 3.0 and increased to 6.0 at the highest mean vertical pressure.
Similarly, at 45% relative density, the ratio increased from 4.0 to 7.5. As for the relative density of
60%, the Ky / K, ratio for the pile model 55 mm in diameter varied from 6.0 to 8.0, whereas for the

pile model 30 mm in diameter it began at 11.0 and ended at 11.5.
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Figure 4-11: Experimental values of (K / Kg) for the 55 mm pile model

D, ¢’
® | 30% | 32.96°
M | 45% | 34.93°
A | 60% | 36.80°

T
D=30 mm

A

i
—
/

BN

0

LI

Average Vertical Stress (kPa)

é/
1 2 3 4 5 6

Figure 4-12: Experimental values of (K / Kg) for the 30 mm pile model
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4.5 Shear Stress Distribution

Shear stress distribution was identified for the pile 55 mm in diameter because, unlike the pile 30 mm
in diameter, it was instrumented in the middle of the pile. Therefore, only results of the pile 55 mm in

diameter are discussed in this section.

4.5.1 Local Shear Stress

Local shear stress distribution, measured as load divided by the corresponding area (Table 4-3), on the
total length of the pile model 55 mm in diameter is presented in Figure 4-13—Figure 4-16 for the
embedment depth ratios (L / D) of 5, 8, 10, and 13, respectively. Local shear stress is presented as a
mean value in the middle of each section. Clearly, the distribution of shear stress along the pile shaft
was nonlinear. Local shear stress at a certain depth decreased as pile depth increased, which generally
agrees with the results of Vesic (1970), Lehane et al. (1993), and Flynn and McCabe (2015). Local
shear stress for tests performed at the same embedment depth ratio behaved similarly by increasing
with relative density.

At the lowest embedment depth ratio (i.e., L / D =5), local shear stress showed a low value at the top
of the pile (Section 1), high value at the middle of the pile (Section 2), and a low value close to the tip
(Section 3). The reduction close to the tip was due to the built-up residual forces in the vicinity of the
pile tip due to installation (Gavin et al., 2009), as well as due to the influence of the high OCR,
especially in the top layers of the soil, which helped to increase residual forces. As embedment depth
ratio increased, shear stress similarly increased.

For Section 3 (i.e., close to the tip), shear stress increased as embedment depth ratio increased until it
peaked along the pile shaft at an embedment depth ratio of L / D = 13. Such behaviour related to the

influence of the effective overburden pressure, which increased as embedment depth ratio increased,
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which in turn increased the lateral earth pressure applied to the pile shaft. At the same time, the
influence of the OCR on residual forces decreased given the reduced OCR value with increased depth.
Tests performed at an embedment depth ratio of L / D = 13 did not show any drop in shear stress near
the tip due to the way in which the pile was instrumented, in which the length of the last section of the
pile (Section 3) equaled 2.18 D; local shear stress for that section was a mean of that length. Therefore,
the peak location was lost along the length of the last section, which Flynn and McCabe (2015) also

observed during three field pile load tests with a similar instrumentation.

Table 4-3: Local shear stress for pile diameter of 55 mm

Pile Relative | Relative Test Name Local Shear Local Shear Local Shear
Diameter Density Depth Stress Stress Stress
D D, L/D Section 1 Section 2 Section 3
(mm) (%) (kPa) (kPa) (kPa)
5 C-55-30%-5 0.70 3.94 0.39
30 8 C-55-30%-8 3.19 7.57 3.43
10 C-55-30%-10 5.17 9.49 9.15
13 C-55-30%-13 8.59 10.31 12.20
5 C-55-45%-5 0.80 4.40 1.11
ot 45 8 C-55-45%-8 3.51 9.67 4.95
10 C-55-45%-10 6.50 10.89 11.09
13 C-55-45%-13 10.29 12.58 15.98
5 C-55-60%-5 0.98 5.97 2.32
60 8 C-55-60%-8 3.73 11.79 8.39
10 C-55-60%-10 6.57 14.19 16.88
13 C-55-60%-13 10.80 17.22 18.73

130




Shear Stress (kPa) Shear Stress (kPa) Shear Stress (kPa)

012 3 456 7 012 3 456 7 012 3 456 7
,/- O Ak
35 \
r
mm Sec. 1 \ \ N
-+ | N 9 - | Y ‘-‘ 4
N
50 A} A N
\ N \
\ \ \
\ \ \
120 l \
mm ® y \
Sec. 2 100 1 |
/ ] n
/ / /
. / / /
- E 150 y 4 / /
-+ R £ @ y ® [ 7 a k 7T
< / / {
a /
) / /
(=) / / /
200 /
/ 7 4
120
mm Sec. 3 ' )
D, | ¢
® | 30% | 32.96°
250 W | 45% | 34.93°
A | 60% | 36.80°
| | | | |
L Pes Experimental —a A i
Idealization
L/D=5 300 ===

Figure 4-13 : Local shear stress distribution for L/D =5

131



200

120
mm

Sec. 1

Sec. 2

Sec. 3

Depth (mm)

Shear Stress (kPa)

0 5 10 15
0o o—e¢
50
100 *
\
\
150 ‘
200 —
“I
250 I
300 /
.—-f-l
/
350 /
4 |D | ¢
® |30% | 32.96°
400 W | 45% | 34.93°
A | 60% | 36.80°
| |
450 ’ . Experimental
Idealization
500 ' |

Figure 4-14: Local shear stress distribution for L/D = 8

Shear Stress (kPa)

0 5 10 15
—
"
\
\
=
B
—a

132

Shear Stress (kPa)

15

0 5 10
y S ' S
L )
\
\
\
x ‘\ ‘
\
\
I 3
|
-
/
/
—




Shear Stress (kPa) Shear Stress (kPa) Shear Stress (kPa)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
_ 0 @& @ B L Y S 4
-T | | | [
|D | ¢
® | 30% | 32.96°
W | 45% | 34.93°
100 A | 60% | 36.8(20
310 Sec. 1 Experimental
mm 1 Idealization T -
\ \ \
200 \ \ \
\ \ \
\ \ \
— \ \ \
é 300 \ \ \
+ — = —
<
120 o \
mm Sec.2 O
400
\
-+ | 1
120 \
mm Sec. 3 500
+ I o——l » l ye 1

Figure 4-15: Local shear stress distribution for L/D = 10

133



475

120 Sec. 2

Sec. 1

Sec. 3

Depth (mm)

Shear Stress (kPa)
0 5 10 15 20

Shear Stress (kPa)

5

10

15

20

0@ @ | )
| D, | ¢
® (30% | 32.96°
B | 45% | 34.93°
100 A | 60% | 36.80°
| |
Experimental
200  Weatzaton_
®
300 r
\
400

500

|
|
|
|
.-'
600 H
700 é

800

Figure 4-16: Local shear stress distribution for L/D = 13

-

Shear Stress (kPa)

5

10

15

20

L

-




4.5.2 Lateral Earth Pressure Coefficient at Failure (Kj)

The lateral earth pressure coefficient (Ky) at failure was back-calculated from the local shear stress for
each section, to compare them with the values proposed in the literature, using Equation 2.10:

Qs = (05K, y' L tan d) A (Repeated 2-10)

Where

(Ks) = averaged mobilized lateral earth pressure coefficient at failure,
(y’) = effective unit weight of soil,

(L) = pile embedment length,

(&) = mobilized pile-sand friction angle,

(Ag) = pile surface area.

K, values were calculated for all relative densities (i.e., 30%, 45%, and 60%) and are depicted in
Figure 4-17-Figure 4-20 for embedment depth ratios (L / D) of 5, 8, 10, and 13, respectively. At the
embedment depth ratio L / D =5 for 30% relative density, K values were 4.2 for Section 1, 4.3 for
Section 2, and 0.2 for Section 3. The K distribution at 45% and 60% relative densities at the same
embedment depth ratio was similar to that found for 30% relative density; however, Kg values
increased slightly for Section 1 and even more so for Sections 2 and 3 as relative density increased.

In the pile load test performed at the embedment depth ratio of L / D = 8 for 30% relative density, the
K values were 3.3 for Section 1, 3.0 for Section 2, and 0.95 for Section 3. The K values for Section
1 for 45% and 60% relative densities were nearly the same as the ones for 30% relative density; again,

however, K values for Sections 2 and 3 increased as relative density increased.

135



The same behaviour continued at embedment depth ratios of L/ D =10 and L / D = 13, at which K
values for Sections 2 and 3 tended to be approximate as embedment depth ratio increased. Such
behaviour is in line with the results of researchers such as Sabry (2005) and Flynn and McCabe (2015).
Because K values inferred from local shear stress measured were significantly greater than those
recommended in the literature (i.e., 0.5-2.0 for displacement piles), the recommended values are liable

to underestimate shaft resistance for driven piles in overconsolidated cohesionless soils.
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4.5.3 Lateral Earth Pressure (LEP)

For all pile load tests performed using the pile with a 55-mm diameter, local shear stresses were used
to back-calculate the lateral earth pressure by following Equation 2.6:

T= o'ptan§, (Repeated 2-6)

where:

(0'y,) = horizontal effective pressure, which also can be represented as function of the vertical effective
stress (Kg 0'y);

(6,) = mobilized friction angle on the pile-sand interface.

Those values were compared with at-rest lateral earth pressure for normally consolidated soil using
the Ko (v coefficient and at-rest lateral earth pressure for overconsolidated soil using the K o)
coefficient. Because local lateral earth pressure at failure exceeded the values of both at-rest lateral
earth pressures, the values were also compared to Rankine’s passive lateral earth pressure using the

K}, coefficient. The earth pressure coefficients were:

Kongy = 1- sin ¢’ (Repeated 2-13)
Koocy = (1 - sin®') (OCR) ¢ (Repeated 2-16)
__[1+sindr] 2 g i
Ky = [[img] = tan® (45 +2) (43)

where

(¢") = soil angle of shearing resistance.
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Figure 4-21 to Figure 4-24 illustrate the local lateral earth pressure for all relative densities (i.e., 30%,
45%, and 60% for embedment depth ratios (L / D) of 5, 8, 10, and 13, respectively. Local lateral earth
pressure inferred from the measured local shear stress was significantly greater than the at-rest lateral
earth pressure for both normally consolidated and overconsolidated soils. Due to the installation of the
pile and the overconsolidation of the soil, it reached the passive lateral earth pressure at the upper

section of the pile and decreased with depth, which corroborates Sabry’s (2005) numerical results.
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4.6 Experimental Critical Depth

To investigate critical depth, K values inferred from total shaft resistance for both piles and from local
shaft resistance for the pile model 55 mm in diameter were analyzed. Notably, K values inferred from
total shaft resistance increased with relative density, and with embedment depth ratio up to a certain
depth and thereafter stabilized as shown in Figure 4-25. Such observations uphold the
conceptualization of critical depth introduced by Vesic (1967) and Meyerhof (1976) as a function of
¢’ as shown in Figure 2-6. The value of ¢’ is suggested to be adjusted according to the method of
installation. For driven piles, ¢’ is calculated as follows:

¢’ =0.75 7 + 10 (Poulos & Davis, 1980) (4-4)
where

(d7) = effective angle of shearing resistance before installation.

Figure 4-26 compares L. / D values according to Vesic’s (1967) and Meyerhof’s (1976) guidelines
with experimental values presented in Figure 4-25. The L. / D value was nearly 10 for tests performed
at 30% relative density (¢7 =32.96 degree), and increased to 11 for tests performed at 45% relative
density (¢7 =34.93 degree). As for tests performed at 60% relative density (¢7 =36.80 degree), the
L. / D value was 15. It can be seen that these values agree with the critical depth values proposed by
Meyerhof (1976).

By contrast, the local shear stress distribution and inferred local K values presented in the previous
sections clearly show a nonlinear distribution along the pile shaft with no sign of critical depth. At a
certain depth, local shear stress decreased as pile depth increased. Given that reduction, mean total
shaft friction remained relatively constant as embedment depth increased, and consequently, critical

depth appeared.
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Thus, critical depth (L) appears only when total shaft resistance is analyzed as an average. Clearly,
critical depth appeared in overconsolidated cohesionless soils and was not influenced by the value of
OCR. Fellenius and Altaee (1995) and Fellenius (2002) among others are arguing that the critical
depth appears when the residual forces, which affect the resistance of piles, are ignored. If considered,
the shear stress increases with depth and decreases near the tip of the pile. Although the resedual forces
were not considered in this experiment, the critical depth appeared when the total shaft resistance was
analyzed as an average. Also, the experimental shear stress value increased with depth and decreased
near the tip regardless of the residual forces.

Kulhawy (1984) and (1995) referred the appearance of the critical depth to in-situ soil characteristics
such as (¢'), (K,) and (OCR), and the fact that their values decreased with depth. Many researchers
investigated the appearance of the critical depth experimentally at uniform soils in normally
consolidated soils (OCR=1) and observed the critical depth (Vesic, 1967; Meyerhof, 1976). In this
experiment, the critical depth was also observed when investigated at uniform soils in
overconsolidated soils (OCR>1).

Excluding the effect of resedual forces and the in-situ soil characteristics, the critical depth mostly
appears due to the effect of sand arching around the piles (Kraft, 1991). When a pile is pushed into the
soil, the soil underneath the tip is densified. As the pile goes deeper, it drags the soil in its vicinity
which creates a loose sleeve of sand around the pile which makes an ideal condition for arching. Thus,
the development of full lateral earth pressure on the pile is prevented (Iskander, 2011).

It can also be attributed to the friction fatigue (Lehane et al., 1993; White and Lehane 2004). It is noted
that the local shear stress at a certain depth decreases as the pile depth increases. Because of this
reduction, the average total shaft friction remains relatively constant as the embedment depth

increases, and consequently, the critical depth appears.
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4.7 Comparison with Proposed Values in the Literature

The shaft resistance for both pile models were calculated according to the pile geometry, soil
properties, and the different design values (K, B, Kg / Kg) proposed by different researchers as
presented in the literature. Figure 4-27 illustrates a comparison between these values and the shaft
resistance found experimentally.

It should be mentioned that when low and high value is proposed, the high value was used in this
comparison. Also, for Kg and K / K, values, the calculated shaft resistance was calculated once
considering a limiting value according to the critical depth proposed by Meyerhof (1976), and another
without limiting the shaft resistance. In addition, the values proposed by Coyle and Castello (1980)
was calculated only for the tests performed at 30% and 45% relative density since the authors did not
propose any values for piles driven in soils with an angle of shearing resistance higher than 36 degree.
Moreover, the R? values were found according to the values (K, B, K¢/ K,) that were found without
limiting the shaft resistance.

It can be concluded from Figure 4-27, as well as from the negative R? values that the shaft resistance
of driven piles in overconsolidated cohesionless soils are significantly underestimated. To estimate the
shaft resistance of driven piles in overconsolidated cohesionless soils more adequately, an empirical

model is presented in the following section.
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4.8 Empirical Model

It is more practical to correlate test results with the results of a well-defined field test such as the cone
penetration test, which has proven valuable for soil profiling and been used in many pile design
methods, including those of the University of Western Australia (Lehane et al. , 2005) and Imperial

College (Lehane et al., 1993; Chow, 1997).

4.8.1 Model Development

Since the cone penetration test was not performed, the end resistance (q.) for all relative densities was

estimated according to Mayne’s (1991) equation (Eq. 2.26):

(Pa/ 0'(/) (qc/Pa)1'6

dc/P ! /p2)051%°
145 exp {[( Cﬁz?z)g(ggé.l%) ] }

KO = (Repeated 2-26)

where:

(Kp) = at rest lateral earth pressure coefficient,

(q¢) = cone tip resistance,

(P,) = a reference stress equal to one atmosphere (1 bar = 100 kPa),
(0y,) = vertical effective stress, and

(OCR) = overconsolidation ratio.

The at-rest lateral earth pressure coefficient (Ky) can be found using Equation 2.16 (Mayne &
Kulhawy, 1982);

Ko (ocy = (1 - sin”) (OCR) Gin®) (Repeated 2-16)

152



OCRs were measured as presented in Figure 3-10, and accordingly, K, values were calculated using
Equation 2.16. Consequently, the q. value that equalized both sides of Equation 2.26 was identified.
Using Equation 2.22 (Lehane et al., 1993), the o} value was calculated as t¢/ tan 8¢ for every section
of the pile model 55 mm in diameter and normalized by the corresponding mean end cone resistance
(qc) between the load cell levels against the normalized distance from the pile base (h / D), as shown
in Figure 4-28. The o,¢/ q. values for tests performed at the same embedment depth ratio were

averaged due to their proximity. A similar analytical approach was successfully used by Flynn and

McCabe (2015):

Tr = o, tan & (Repeated 2-22)
where

(T¢) = unit shaft resistance at failure,

(oy¢) = radial effective stresses at failure,

(6¢) = pile-soil interface friction angle.

For h / D greater than 3.3, o;¢/ q. values decreased with increasing h / D for piles tested at the
embedment depth ratio L / D = 5. As the embedment depth ratio increased to L / D = 8 and 10, o,¢/q,
decreased at a slower rate. For L / D = 13, o/ q. increased. For h / D less than 3.3, oy / q. values
decreased with decreased h / D. As embedment depth ratio increased, o,¢/ q. values decreased at a
slower rate up to a certain L / D, at which o} / q. seemed to stabilize. Thus, oL¢/ q. values clearly

depended on the L / D ratio.
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For h / D greater than 3.3, o}¢/ q. values seemed to be matched by a power function, as expressed in
Equation 4.5. Using that equation, regression analysis was performed with the dataset for the 12 pile
load tests to determine the values of factors ‘a’ and ‘b’ that adequately described the distribution of
or¢/ qc values along the pile shaft at different embedment depth ratios. The equation was:

(01¢/9c) = a(h/D)° (4-5)
where:

(h/D) = normalized distances from the pile base.
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Figure 4-28: Ratio of (h/D) versus the ratio of (o}¢/q.)

Because o/ . values at h / D = 3.3 were similar, they were averaged to simplify analysis. Based on
the best fit (Figure 4-29), the values of factors ‘a’ and ‘b’ were determined and plotted (Figure 4-30)
against the embedment depth ratio, from which the following relationships were empirically identified:

a = 1.0843(L/D) 1667 (4-6)

b = 0.48 ¢™7372E-5 (L/D) _ 4 83 ¢~02(L/D) (4-7)
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For h/ D less than 3.3, it was reasonable to assume that o/ q. equaled half of that found ath /D =
3.3 for embedment depth ratio (L / D) equal to or less than 8. For higher embedment depth ratios, the

same oy¢/ g value found at h/ D = 3.3 was used.
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4.8.2 Validation

Experimental results were compared to those predicted by the proposed equations. Up to L/D = 20,
the comparison (Figure 4-31) revealed that the predicted shear stresses agreed well with the actual
values. The test performed at an embedment depth ratio (L/D = 23.8) at 60% relative density showed
an error of -50%. This error was observed for pile model of 30 mm, and was a result of the high
confinement around the pile shaft at 60% relative density, and the minor disturbance that occurred
during installation.

To validate the proposed equations with field tests, the results of the field pile load test performed in
an OC cohesionless soil reported by Beringen et al. (1979) were analyzed using Equations 4.5-4.7 to
determine oy / . values along the pile shaft. Those authors used a closed-ended pile 6.75 m long with
a diameter of 0.356 m instrumented with strain gages at the ground surface and below ground surface
levels at depths of 3.25 m, 4.75 m, 6.25 m, and 6.75 m, which divided the pile into four sections.
Because the authors used different failure criteria (tip settlement = 15% D), the tangential method was
used to determine ultimate load, and accordingly, total shear stress and its distribution were determined
at that load as well. Thus, o;¢ was calculated assuming the pile-soil interface angle equal to 8 = 0.75
¢’. That assumption aligns with values proposed by different researchers (Potyondy, 1961; Broms,
1966; Stas & Kulhawy, 1984), as shown in Table 2-4. The nearest cone penetration test to the pile
load test location was used to describe the q. profile.

The value of o}, for each section was normalized by the corresponding mean (q.) between strain gage
levels (Figure 4-32) and plotted against the normalized distance from the pile base (h / D). The o}/
q. values calculated by using Equation 4.5 with factors ‘a’ and ‘b> were calculated according to
Equations 4.6 and 4.7 for an embedment depth ratio of L / D = 18.9. The calculated values of o5/ g,

agreed with the field pile load test results. The appeared slight difference between the actual oy / g,
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and that calculated caused an overestimation of the shaft resistance by 8%, as will be explained in the
design example given hereafter. Although the proposed equation was validated, those equations
nevertheless need to be tested at greater embedment depth ratios, and the pile—soil interface angle (6¢)

should be carefully selected to obtain accurate results.
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Figure 4-31: Comparison between experimental and predicted shear stress
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Figure 4-32: Calculated values of (o,¢/q.) for the field pile load test reported by Beringen et al.
(1979)
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4.8.3 Design Procedure

The following procedure is recommended for predicting the total shear stress for displacement piles

in overconsolidated cohesionless soils as well as its distribution along the pile shaft:

Divide the pile length into sections of 2.2 D starting from the base of the pile.

Calculate the h / D ratio at the middle of each section starting from the base of the pile.
Calculate factors ‘a’ and ‘b’ using Equations 4.6 and 4.7 according to embedment depth ratio
(L/D).

Calculate Glrf/ q. for each section using Equation 4.5 and factors ‘a’ and ‘b’ found in Step 3.
For the first section, from the base of the pile, 6./ q. equals half of that at h / D = 3.3 for any
embedment depth ratio (L / D) equal to or less than 8; otherwise, it equals o;¢/ qc ath /D =
3.3.

Calculate the mean q value for each section considering the values between the two levels of
the section.

Calculate Glrf for each section using the corresponding mean q. value from Step 5 and G;f/ dc
value from Step 4.

Calculate t¢ for each section according to Equation 2.22 using the pile—soil interface angle 6.

Calculate total shear stress using the length of each section.
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4.8.4 Design Example

The field pile load test reported by Beringen et al. (1979) was used to demonstrate the recommended
design procedure. The results of the g profile for the soil as well as the load—settlement curve of the
pile load test appear in Figure 4-33. The tangential method was used to define ultimate load and,
accordingly, shaft resistance.

The following summarize the parameters and results related to the pile load test:

D = 0.356 m, L=6.75m

Qu =2,520kN, Qs = 1,330kN

¢’ =38°, 8¢=0.75 ¢' (assumed according to recommendations presented in Table 2-4)
The pile was divided into equal sections of 2.2 D, except for section at the top of the pile where the
remaining length was used as presented in Figure 4-33. Accordingly, the height (h) from the base of
the pile and the h / D ratio were calculated at the middle of each section. All calculation steps appear

in Table 4-4.

q. (MPa) Load (kN)
0 20 40 60 0 1200 2400 3600

13D /XK

22D L=6.75m

10 T
IR ‘=38° ) \"‘,
22D ¢ 2 20 |
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I o 4 8 40
22D a Y ©
T N\ &
22D 5 a 50
22D ) \
£ h 6 60 \
22D (
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Figure 4-33: The pile load test reported by Beringen et al. (1979), (a) the pile configuration and soil
parameter, (b) qc profile, and (c) the pile load-settlement curve
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According to the embedment depth ratio L / D = 18.96, factors a and b were calculated using Equations
4.6, and 4.7 as follows:

a = 1.0843(18.96)"16%7 = 0.00803

b = 0.48 e—7.372E—5 (18.96) __ 4.83 e—0.2(18.96) = 0.3704

Using values of factors a and b, the value of o,¢/ q. was calculated for each section using Equation

4.5, as illustrated below for Section 1:

(6'/qc)sec: = a (h/D)P = 0.00803 (18.28)°37%4 = 0.0236

After the mean q. value of the two levels of each section was determined, the o} value was calculated

using o,¢/ q. and the mean q.. for each section, as illustrated below for Section 1:
(%)Sec.l = 0.0236 and (9c avg.) sec1 = 1,458.7 kPa

(6')secs = 0.0236 X 1458.69 = 34.39 kPa

Using the oy¢ value, the T value was calculated for each section according to Equation 2.22, as
demonstrated below for Section 1:

(T)secs = (0'f)secs tan & = 34.39 tan(0.75 X 38) = 18.67 kPa

Mean total shear stress was calculated using the length of each section, as follows:

(Tf)Avg — Zi=1 (Tf)Sec.i Li — 191.28 kPa

L Total
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Estimated shaft resistance was calculated according to:

Qs, estimated = Trayg (TDL) = 191.28 (1X 0.356 X 6.75) = 1,441.17 kN (Error = 8%)

Table 4-4: Illustration of the calculation steps for the pile load test reported by Beringen et al. (1979)

Section | Length /D | Length h h/d (0,/4¢) Ac avg Oy T
(m) (m) (kPa) (kPa) (kPa)

(2) (2) 3) (4) (5) (6) (7) (8) (9)
at mid Eqg. 4-5 Eq. 2-2

i section | _.(5)® =(6)X(7) | =(8)Xtan

1 1.36 0.48 6.51 18.28 0.0236 1458.69 34.39 18.67
2 2.20 0.78 5.87 16.50 0.0227 3995.13 90.67 49.23
3 2.20 0.78 5.09 14.30 0.0215 5642.08 121.44 65.94
4 2.20 0.78 4.31 12.10 0.0202 6281.72 127.10 69.01
5 2.20 0.78 3.52 9.90 0.0188 20694.87 388.72 211.06
6 2.20 0.78 2.74 7.70 0.0171 30217.63 517.14 280.78
7 2.20 0.78 1.96 5.50 0.0151 42767.50 646.15 350.83
8 2.20 0.78 1.17 3.30 0.0125 46850.80 585.81 318.07
9 2.20 0.78 0.39 1.10 0.0125 43033.43 538.08 292.15
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Chapter S : Analytical Model

5.1 General

Conventional theories for predicting the capacity of a single pile in sand have generated a range of
discrepancies (Hanna & Nguyen, 2002; Poulos & Davis, 1980). In particular, to predict shaft resistance
of a pile driven in normally consolidated in sand, many theories have derived from limit equilibrium
analysis on a cylindrical zone of influence around the pile shaft (Terzaghi, 1943; Meyerhof , 1951;
Skempton et al., 1953; Berezantzev et al., 1961).

The models of those theories have made different assumptions and thus pose wide range of
discrepancy as shown in Figure 1-1. Also, many field pile load tests (i.e. Vesic, 1970; Lehane et al.,
1993; Gavin and O’Kelly, 2007; Flynn and McCabe, 2015) showed that the shaft resistance
distribution along the pile’s shaft is nonlinear. This disputes the assumption of using a cylindrical zone
of influence around the pile shaft where the forces will be applied horizontally perpendicular to a
parallel line to the pile’s center line.

Due to these reasons, an analytical model is proposed based on limit equilibrium analysis using the
horizontal slice method to predict the shaft resistance of a single pile driven into a normally
consolidated sand. In the model presented here, an inclined failure surface around the pile is assumed
where Coulomb’s failure criterion is satisfied along that surface, and the shear and normal stresses on
the failure surface are accounted for.

It should be mentioned that the horizontal slice method has previously been able to analyze the stability
of reinforced slopes (Shahgholi et al., 2001; Nouri et al., 2006) and to estimate the capacity of pullout

piles (Su et al., 2014).
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5.2 Model Development

In the analysis, an inclined failure plane around the pile shaft was assumed (Figure 5-1). The horizontal
slice method was used on the failure zone around the pile shaft, at which ultimate load occurs. The
soil in the model was assumed to be homogeneous and isotropic and to obey Coulomb’s failure
criterion. It was also assumed that the failure surface did not pass below the pile tip. Figure 5-2 presents
the forces applied to the failure zone, including:

1- F4 =normal pressure applied on the pile shaft,

2- Fy = shear stress along the pile shaft,

3- Q= vertical overburden pressure applied to the round bottom area of the failure surface,

4- Tq = shear stress from the overburden pressure assuming full soil mobilization,

5- W = weight of the soil inside the failure zone,

6- N = normal pressure applied to the side failure surface, which is an area of a truncated cone,

and
7- T = shear stress from the normal pressure applied on the side failure surface assuming full soil

mobilization.
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Figure 5-1: Assumed failure zone around the pile’s shaft
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Figure 5-2: (a) one slice of the failure zone, (b) side and bottom area illustration, and (c) forces on
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Stresses Fy and Fy, were applied to the pile shaft. Thus, the shaft area was defined as:
Areap;je shaft = TD L (5-1)
where:

D: pile diameter, and

L: pile length.

By contrast, the stresses N and T were applied to the side area of the truncated cone (Figure 5-2). The

side area was calculated according to the following equation:

Areapiane = T (Ro + Rl)\/ ((Ro) — (R)” +12 (5-2)
where:

Ro and R;: radius of influence at the pile tip and ground surface level, respectively, from the center of

the pile to the limit of the failure surface.

Vertical overburden pressure (Q) and its corresponding shear stress (Tq) were applied to the bottom

area of the failure zone (Figure 5-2b). That area was calculated according to the following equation:

Areapoiom = T [(RO)2 — (2)2] (5-3)

To calculate the weight of the soil, the volume of the failure zone around the pile shaft was calculated

as the volume of the truncated cone minus the volume of the pile, as follows:

Volumeo = {E[(Ro)? + (R)? + (RIR)]} ~(2) L (5-4)
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Accordingly, the weight of the soil was calculated based on the unit weight of soil and the volume of
the truncated cone according to the following equation:

W = y (Volumeg,;)) (5-5)

where:

y= unit weight of soil.

The radius of influence (Ro) at tip level was calculated as a function of the pile’s diameter (D) and the
soil’s angle of shearing resistance (¢") according to Equation 5.6 (Berezantzev et al., 1961). The radius
of influence (R1) at the ground surface level was calculated based on the radius of influence (Ro) at tip

level and the inclination angle of the failure surface (o) using a trigonometric equations.

o [z )
Ro= 3 — (5-6)
Sln(E_E)

where:

¢'= angle of shearing resistance.

Using Mohr—Coulomb’s failure criterion, shear stress along the pile shaft (Fy) was calculated as:
F, = Fytan$ (5-7)
where:

Fy=normal pressure on the pile’s shaft,

&= pile-soil interface angle.
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Shear stress at the failure surface was calculated according to Equation 5.8 assuming a fully mobilized
angle of shearing resistance:

T = Ntan ¢’ (5-8)
where:

N= normal pressure on the inclined failure surface.

Vertical overburden pressure (Q) applied on the bottom failure surface and its corresponding shear

stress (Tg) were calculated as:

Q= yL (5-9)

Tq = Qtan ¢’ (5-10)

Using limit equilibrium analysis, two equations were derived as a result of the force summation in
horizontal and vertical directions. The parameters in Equations 5.1-5.10 were known except the values
of:

1. Shear stress along the pile’s shaft (Fy),

2. Normal stress applied to the inclined failure surface (N), and

3. The inclination angle of the failure surface ().

To determine those parameters, a database of 36 field and laboratory pile load tests were collected
from extensive published data of various pile diameters, embedment depths, and soil angles of
shearing resistance. Those tests were used to establish the relationship between the embedment depth

ratio of the pile (L / D) and the inclination angle of the failure surface (). The inclination angle of the
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failure surface () could thus be determined independently. Accordingly, the other two unknown

parameters can be found using two equations.

The inclination angle (o) varies from 0 to 180 degree. Since the direction of the forces N and T applied

at the failure surface and their horizontal and vertical component depend on the inclination angle (),

three cases for equilibrium were possible (Figure 5-3), as detailed in what follows.

Rl Rl Rl
L L L
o a
o L\
RO R0 RO |
Case 1 Case 2 Case 3
O0<a<90 a=90 90< <180
R =R, + R, =R R, = R, — |Ltan(x —90
1 L 1 0 1 o — [Ltan( )]
T )
|/
o
N: X P »>X
B
N B
y

Figure 5-3: Three possible cases for the inclination angle
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A- The equilibrium of forces for the case 0 < x <90 appears below.

1- The equilibrium of forces in the horizontal direction yields (3, Fx = 0).

Fy (Areapile shart) T T cos < (Areapjane) = Nsin & (Areapjane) + To(Areapotrom)

(5-11)
Substituting (Eq.5-7) in (Eq.5-11) gives:
F .
tar}1,8 (Areapile Shaft) + T cos « (Areaplane) = Nsin x (Areaplane) + Tq(Areapottom)
(5-12)

Substituting (Eq.5-8) in (Eq.5-12) gives:

F , .
ﬁ (Areapile shaft) + Ntan ¢’ cos « (Areaplane) = Nsin « (Areaplane) + TQ(Areabottom)
(5-13)
Accordingly, the normal force N can be written as follows;
F
y
N = {tanS (Areapile shaft)} — Tq (Areapottom) S

(Areapjane ){ sinx—[tan ¢’ cos«] }

2- The equilibrium of forces in the vertical direction yields (¥, F, = 0).

Fy (Areapile Shaft) + W = Q (Areaptrom) + Ncos & (Areapjane) + Tsin « (Areapjane)

(5-15)

Also, substituting (Eq.5-8) in (Eq.5-15) gives;
Fy (Areapile Shaft) + W = Q (Areapotrom) + N cos & (Areapane) + Ntan ¢’ sin « (Areapane)

(5-16)
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Accordingly, the shaft resistance of the pile Fy can be written as follows;

P = Q(Areapottom)— W+ N (Areapiane){ cosx+[tan ¢’ sinc] } (5-17)

y
Areapile shaft

Equation 5.13 derived from horizontal equilibrium analysis and Equation 5.16 derived from vertical

equilibrium analysis can be rewritten in the following forms, respectively:

a1 Fy + b1 N = Cl (5-18)

Where

Areapile shaft

a =
1 tan 8

o
[y
I

= —(Areapape ){ sin o — [tan ¢’ cos o] }

€1 = TQ (Areabottom)

az Fy + b2 N = Cz (5-19)
Where
az = Ar‘eapile shaft

b, = —(Areayjane){ cos « + [tan ¢’ sin o] }

Cy = Q(Areabottom) - W
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B- The equilibrium of forces for the case o< = 90 appears below.

1- The equilibrium of forces in the horizontal direction yields (3, Fx = 0).

Fy (Areapile shaft) = N (Areaplane) + TQ(Areabottom)

Substituting (Eq.5-7) in (Eq.5-20) gives:

F
ta;’ = (Areapile Shaft) = N (Areayjane) + To(Areaporrom)

Accordingly, the normal force N can be written as follow;
Fy

N = {tans (Areapile shaft)} — Tq (Areapottom)
(Areaplane)

2- The equilibrium of forces in the vertical direction yields (¥ F, = 0).

Fy (Areapile Shaft) +W = Q (Areapotrom) + T (Areapjane)

Also, substituting (Eq.5-8) in (Eq.5-23) gives;

Fy (Areapile Shaft) + W= Q (Areabottom) + Ntan (1), (Areaplane)

Accordingly, the shaft resistance of the pile Fy can be written as follow;

Fo— Q(Areapottom)— W+N (Areapiane) tan ¢’
y Area

pile shaft
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Equation 5.21 derived from horizontal equilibrium analysis and Equation 5.24 derived from vertical

equilibrium analysis can be written as follows, respectively:

a3 Fy + b3 N = C3 (5-26)
Where

Areapile shaft

A, =
3 tan &

bz = — (Areaplane)

C3 = TQ (Areabottom)

a4, Fy + b4 N - C4_ (5'27)
Where
4 = Ar‘eapile shaft

b, = —(Areaplane) tan ¢’

Cy = Q(Areabottom) - W
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C- The equilibrium of forces for the case « > 90 appears below.

1- The equilibrium of forces in the horizontal direction yields (3. Fx = 0).

Fy (Area ;. gn) = Ncos B (Areapjane) + T'sin B (Areapiane) + To(Areapotiom)
(5-28)
Substituting (Eq.5-7) in (Eq.5-28) gives:
F .
tar}1,8 (Areapile Shaft) = Ncosf (Areaplane) + T sin B (Areapjane) + To(Areayoreom)
(5-29)

Substituting (Eq.5-8) in (Eq.5-29) gives;

F o
tarTS (Areapile Shaft) = Ncosf3 (Areaplane) + Ntan ¢’ sin B (Areapiane) + To(Areapottom)
(5-30)
Accordingly, the normal force N can be written as follow;
Fy
N = {tanS (Areapile shaft)} — Tq (Areapottom) 5-31)

(Areapjane){ cos B+[tan ¢’ sinB]}

2- The equilibrium of forces in the vertical direction yields (3 F, = 0).

Fy (Areapile Shaft) + W + NsinB (Areapjane) = Q (Areapotiom) + T cos B (Areapiane)
(5-32)

Also, substituting (Eq.5-8) in (Eq.5-31) gives;

Fy (Areapile Shaft) + W + NsinB (Areapjane) = Q (Areaporrom) + Ntan ¢’ cos B (Areapane)

(5-33)
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Accordingly, the shaft resistance of the pile Fy can be written as follow;

Fo— Q(Areapottom)— W+ N (Areapiane){[tan ' cosB]-sin B} 5-39)
y Areapile shaft

Equation 5.30 derived from horizontal equilibrium analysis and Equation 5.33 derived from vertical

equilibrium analysis can be written as follows, respectively:

dsg Fy + b5 N = Cs (5-35)

Where

Areapile shaft

tan 8

ag

bs = —(Areayjane){ cos B + [tan ' sin ] }

Cs = TQ (Areabottom)

a6 Fy + b6 N = C6 (5-36)
Where
de = Ar‘eapile shaft

b = —(Areaplane){ [tan ' cosB] — sin B}

Ce = Q(Areabottom) - W
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5.3 Data Analysis

Software was developed to analyze the 36 field and laboratory pile load tests (Table 5-1) in order to
determine the inclination angle () that would satisfy the equilibrium in light of the three possible
cases. The flowchart presented in Figure 5-4 highlights the steps followed to obtain the results. The
tangential method was applied to determine ultimate load for the pile from reported load—settlement
curves, and accordingly, shaft resistance was determined. Because the data reported by Stas and
Kulhawy (1984) were tabulated, they were used as originally reported. Also, the value of Ry was
constrained to have a minimum value equal to the pile’s diameter in order to prevent negative values.
The pile—soil interface angle (6), which depends upon the pile’s surface roughness and hardness as
well as upon the soil’s grain size, shape, and mineral type (Yang et al., 2015), was assigned as a
percentage of the soil angle of shearing resistance (¢'). Broms (1966) proposed an interface angle of
20 degree for all steel piles and 0.75 ¢’ for all concrete piles, whereas the interface angle proposed by
Stas and Kulhawy (1984) ranges from 0.8-0.9 ¢’ for rough steel piles and 0.9-1.0 ¢’ for concrete.
Later, Jardine et al. (1992) revealed that interface angle decreases as mean grain size (dso) increases
and ranges from 36 to 23 degree. Regardless of mean grain size, CUR (2001) recommended using an
interface angle of 29 degree for steel piles. Following large-displacement ring shear interface tests on
various materials and grain sizes, Ho et al. (2011) reported results similar to Jardine et al.’s (1992)
except lower values and less reduction as mean grain size (dso) increased and thus recommended an
interface angle of 26-31 degree. For concrete piles, Barmpopoulos et al. (2009) found a relationship
between interface angle and the ratio of pile roughness to mean grain size (dso) that generally suggests
an interface angle of 29 degree.

To obtain consistent results, values proposed by Stas and Kulhawy (1984) were adopted in the analysis

reported here—that is, an interface angle of 0.9 ¢’ for both steel and concrete piles, given the
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assumption of rough surfaces—because the dataset used in the model derives from different sources,
most of which do not provide data regarding pile roughness, and because soil grain size presented, if
at all, ranged widely. For tests performed with a sandpaper cover, the interface angle equaled the angle
of shearing resistance.

The inclination angle at which forces on the pile and the failure zone are in equilibrium was determined
for each pile load test in the database using the analytical model presented earlier. Although the exact
inclination angle for pile load tests reported by Hanna and Nguyen (2003) could not be identified due
to the constraint applied in analysis (R; = D), the inclination angles reported yielded a minimum error
of -20%. Such angles were deemed acceptable because the error was considerably small and because

the angles predicted lower shear stress than actual values, which increased safety.
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Table 5-1: Summary of the database for pile load tests in sand

Reference Serial | Test | Material D L L/D ¢’ Y Ressir:;ce 6
No | Name | /Type (m) (m) (degree) | (kN/m3) (kPa) (degree)
Lehane et al. 1 | wBic | s/F |0.1020| 595 | 5833 | 33.00 | 12.50 3147 | 29.70
(1993) 2 | B2c | s/F |01020] 1.80 | 17.65 | 36.00 | 16.90 20.80 | 32.40
3 2 S/F |03230| 884 | 2737 | 3400 | 15.39 20.16 | 30.60
4 3 S/F |03230|11.89 | 36.80 | 34.00 | 15.39 2472 | 30.60
Tavenas (1971) -4 S/F |03230|14.94 | 46.24 | 34.00 | 15.39 2544 | 30.60
6 5 S/F |03230|17.98 | 55.68 | 34.00 | 15.39 2592 | 30.60
7 -6 S/F |0323021.03 ] 65.11 | 34.00 | 15.39 2520 | 30.60
Stas&Kulhawy | 8 | 136/1 | C/F |0.2804| 7.99 | 28.48 | 30.00 | 11.50 2920 | 27.00
(1984) 9 |136/3| C/F |0.2408]| 7.99 | 33.16 | 30.00 | 11.14 41.40 27.00
10 | H11 | s/F |o04572| 3.02 | 661 | 31.00 | 15.88 3443 | 27.90
. 11 | H12 | S/F |04572]| 6.12 | 13.39 | 33.00 | 13.40 66.86 | 29.70
Vesic (1970)
12 | H13 | S/F |04572| 886 | 19.39 | 35.00 | 12.63 66.52 | 31.50
13 | H14 | S/F |04572|11.99| 2622 | 35.90 | 12.25 76.96 | 32.31
14 | H15 | S/F | 04572 |15.01 | 32.83 | 36.00 | 12.00 7533 | 32.40
'(D;(')';;)t al. 15 | CeP | S/F | 0356 | 6.87 | 19.30 | 33.30 | 13.52 53.10 | 29.97
Altaee et al. 16 | Test1 | C/F |0.2850|11.00 | 38.60 | 31.00 | 13.91 58.89 | 27.90
(1992) 17 | Test2 | C/F |0.2850|15.00 | 52.63 | 31.00 | 12.82 93.15 | 27.90
Hanna & 18 | D76 | SP/L | 00762 | 0.76 | 10.00 | 40.00 | 15.65 1337 | 40.00
Nguyen (2003) | 19 | D-77 | SP/L |0.0762 | 1.52 | 20.00 | 40.00 | 15.65 18.84 | 40.00
20 2 S/F | 05334 |19.81 | 37.14 | 3000 | 10.10 7319 | 27.00
Mansur & 21 4 S/F | 043182012 | 4659 | 30.00 | 9.85 102.24 | 27.00
Kufman (1958)
22 5 S/F |04318 | 13.72 | 31.76 | 29.00 | 10.20 53.55 | 26.10
23 25 S/L |00508| 025 | 5.00 | 35.04 | 14.14 2.29 31.53
24 | 26 s/L |00508| 025 | 5.00 | 30.90 | 13.12 1.84 27.81
25 28 S/L |00508| 0.51 | 10.00 | 36.04 | 14.37 235 32.43
26 29 s/L |00508| 0.51 | 10.00 | 3047 | 13.01 2.17 27.42
. 27 | 31 S/L |00508| 0.76 | 15.00 | 35.90 | 14.34 2.41 32.31
Vesic (1967)
28 | 32 s/L |00508| 076 | 15.00 | 31.33 | 13.23 1.82 28.19
29 | 34 S/L |00508| 1.02 | 20.00 | 3563 | 14.28 2.28 32.07
30 | 35 s/L |00508| 1.02 | 20.00 | 3022 | 12.94 1.64 27.20
31 | 46 s/L |01016| 1.02 | 10.00 | 3577 | 1431 2.29 32.19
32 | 47 s/L |0.1016| 1.02 | 10.00 | 31.08 | 13.16 1.84 27.97
33 50 s/L |0.1016| 2.03 | 20.00 | 30.16 | 12.93 235 27.15
34 1 S/F | 03658 |16.18 | 44.25 | 32.00 | 13.84 68.41 | 28.80
Mansur & 35 2 S/F | 04572 |16.09 | 35.20 | 32.00 | 13.68 66.19 | 28.80
Hunter (1970)
36 3 S/F | 05180 | 16.15 | 31.19 | 32.00 | 12.07 53.18 | 28.80

S : Steel, C: concrete, SP : Sand Paper, F:

Field Test, L : Laboratory Test
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Step 1 Calculate (R,)
P (EqQ. 5-6)
[
Step 2 Assume (a) «
‘ S
Step 3 Calculate (R,) Sc’o
(Fig. 5-3) o
‘ ()
Step 4 IsR, =D
No
Yes
Calculate
A pile shaft Eq 5-1
Step 5 A plane Eq. 5_2
A bottom Eqg. 5-3
W, Eq. 5-5
Q Eq. 5-9
Tq Eq. 5-10
Calculate (N)
Step 6 Using the actual E,
Eq. 5-14 O<a<90
Eq. 5-22 a =90
Eq. 5-31 a > 90
|
Calculate (Fy)
Sten 7 Eq. 5-17 O<a<90
P EqQ. 5-25 a =90
Eq. 5-34 a >90
Step 8 IsE,=F ?
P S Iy = I'y gctual NoO
Yes
Step 9 Report () and stop
Figure 5-4: Steps of calculating the inclination angle
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5.4 Results of Analysis

The inclination angles () for all pile load tests listed in the database appear in Figure 5-5 against the
embedment depth. The inclination angle increased as the angle of shearing resistance (¢") increased
and decreased as the ratio of pile length to pile diameter (i.e., L / D) increased. Figure 5-6 illustrates
the general behaviour of the inclination angle with depth.

The inclination angles for piles tested in soils with the same angle of shearing resistance (¢') were
aligned and demonstrated a certain pattern in relation to the L / D ratio. Moreover, the inclination
angle for piles tested in soil with angles of shearing resistance of 30—31 degree, 32-33 degree, and
34-35 degree showed the same pattern with L / D ratio as well.

Accordingly, a relationship was detected between inclination angle and the L / D ratio for angles of
shearing resistance of 30-31 degree, 32-33 degree, and 3435 degree, respectively. That relationship
(Figure 5-5) was extrapolated for the angle of shearing resistance of 36-37 degree, 38-39 degree, and
40-41 degree, which agreed well with inclination angles in that range. Therefore, inclination angle

() can be determined by using the angle of shearing resistance (¢') and the L / D ratio.

180



[EY
o

N
o

Pile Length / Diameter, L/D

S w
o o

Ul
o

85

90

Inclination Angle, a (Degree)
105 110 115

95

100

(o))
o

80

90

BRIV
q; T ] [ ] d)=30 (e} d)=31
'l', 'Il "- ll l / d)l: 32 0 d),: 330
Pl ¢'=34° ¢'=35"
fln x ¢=36" W =40
/ R ‘ 0 ‘ 0
I / S A 1o y A— ¢'= 30-31
/ ! : ‘ 0 ‘ 0
A cee- $'=32:33° --o- &'=34-35 |
. 0 . 0
— —¢'=3839 ——$'=40-41
Figure 5-5: Results of the inclination angles
Pile Pile Pile
hOL

Figure 5-6: Illustration of the inclination angle behaviour with depth
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5.5 Design Procedure

According to the previous analysis, the following steps can be used to calculate the shear resistance
(Fy) of driven piles in normally consolidated soil:
I- Determine the inclination angle (Figure 5-5) based on the L / D ratio and angle of shearing
resistance (¢’).

2- Specify the case of analysis and, accordingly, the two equations:

a. Equation 5.18 and 6.19 for 0 < <90
b. Equation 5.26 and 6.27 for «« =90
c. Equation 5.35 and 6.36 for o< > 90

3- Calculate the corresponding three parameters for each equation according to inclination angle,
pile geometry, and soil properties (Equs. 5.1-5.10).
4- Solve the two equations, according the case of analysis specified in step 2, to determine the

shaft resistance (Fy= Q).

5.6 Validation

For validation, an independent database was used to compare the predicted shear stress along the pile
shaft using the proposed inclination angle chart with field measurements. Table 5-2 summarizes the
database, which comprised 8 field pile load tests collected from published geotechnical research. The
design procedure presented earlier was used to calculate shear resistance (Fy), the results of which
appear in Table 5-3, with the percentage of error illustrated in Figure 5-7. Inclination angles for all
piles exceeded 90° except that for the first pile load test (No. 1). Predicted shaft resistance agreed well

with actual shaft resistance (£30%).
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Table 5-2: Independent database of field pile load tests for validation

Shaft
Serial | Test . D L ¢’ Y . ()
Ref M | L/D R
eterence No | Name ateria (m) | (m) / (degree) | (kN/m?) e?::;:;‘ce (degree)
BCP-
committee 1 6 Steel | 0.20 | 11.00 | 55.00 | 30.0 13.40 47.74 27.0
(1971)
Briaudetal. | 5 | iole | steel | 027|914 |3349| 354 | 1093 22.02 31.9
(1989)
Coyle et al.
( 1"9"7‘;)‘3 @ 3 | C-CH | Concrete | 0.44 | 8.69 | 19.57 | 34.0 103 32.64 30.6
Stas & 4 152/2 | Concrete | 0.32 | 21.33 | 66.67 | 34.0 9.24 38.46 30.6
Kulhawy
(1984) 5 153/1 Steel 0.45 | 3.01 6.60 33.0 14.60 29.43 29.7
Vesic (1970) 6 H-2 Concrete | 0.44 | 15.24 | 34.32 36.0 12.00 61.40 324
Gregersen
7 A 2 . 28.57 . 11.2 24.02 27.
etal. (1973) Concrete | 0.28 | 8.00 8.5 30.0 5 0 0
Fellenius
ingl | 27 A . . .81 22. 1.
(1986) 8 Single Stee 0 9.10 | 33.33 35.0 9.8 8 31.5
Table 5-3: The results of the validation database
Serial a : Fy,=Q, | Error
Reference No (degree) Equations a b C (kPa) (%)
- i Equ.6-18 13.56 -36.96 | 47.94
BCP-committee 1 889 [ 61.64 | 29.10%
(1971) Equ.6-19 6.91 -22.29 | -49.44
. Equ.6-35 12.62 -34.89 | 129.52
Briaud et al (1989) 2 92.3 24.22 9.98%
Equ.6-36 7.84 -22.74 75.14
Equ.6-35 20.50 -51.25 | 250.49
Coyle et al. (1973) 3 93.55 40.65 24.52%
Equ.6-36 12.12 -30.13 | 150.19
Equ.6-35 36.27 | -100.02 | 286.52
4 90.55 36.22 -5.81%
Stas and Kulhawy Equ.6-36 21.45 -66.07 98.32
(1984) Equ.6-35 7.60 -17.81 | 113.40
5 102 27.69 -5.90%
Equ.6-36 4.33 -6.84 82.77
. Equ.6-35 33.50 -95.56 | 684.84
Vesic (1970) 6 92.5 45.01 -26.69%
Equ.6-36 21.26 -63.25 | 412.18
. Equ.6-35 13.81 -29.33 57.37
Gregersen et al 7 904 M 28.77 | 19.79%
(1973) Equ.6-36 7.04 -16.66 9.32
. Equ.6-35 12.74 -35.08 | 109.12
Fellenius (1986) 8 92 27.38 20.09%
Equ.6-36 7.80 -22.78 58.10
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Figure 5-7: Error between the predicted and actual shaft resistance
5.7 Critical Depth

As Figure 5-5 suggests, a sudden change occurred in the decreasing rate of the inclination angle with
the L / D ratio, which confirms that critical depth exists when shear stress along the pile shaft is
analyzed as an average. The tangential method was used to identify the intercept point for each curve
in Figure 5-5; the intercept point represents the critical depth for the corresponding angle of shearing
resistance. Figure 5-8 presents the deduced critical depth with respect to the angle of shearing
resistance along with values proposed by Vesic (1964) and Meyerhof (1976). Critical depth existed
between the L / D ratios of 10 and 20, which agrees with the results of Vesic (1964) and Meyerhof

(1976), and increased linearly with as the angle of shearing resistance increased. Moreover, the
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deduced critical depth exceeded values proposed by Vesic (1964) and Meyerhof (1976), which, it
bears noting, were based on small-scale laboratory tests, whereas the deduced values using the
analytical model were found based on a large database of mostly field pile load tests.

The deduced values seem to agree more with the values proposed by Meyerhof (1976) since they
behaved nearly linearly with the angle of shearing resistance, as observed analytically. However, the
difference between the deduced values and Meyerhof’s (1976) values was considerable at a low angle

of shearing resistance and decreased as that angle increased.

20

15

10

Critical Depth/Diameter (L./D)

5
Vesic - 1967
- - - - Meyerhof - 1976
—a— Analytical model
O 1 1 1 1
28 33 38 43

Angle of Shearing Resistance (¢’), degree

Figure 5-8: Results of critical depth
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5.8 Discussion

An analytical model was developed based on limit equilibrium analysis using the horizontal slice
method to predict the shaft resistance of piles in normally consolidated cohesionless soils. The model
was developed with the aid of 36 pile load tests collected from the literature. The results obtained from
the model agreed well with field pile load test. Moreover, a critical depth was observed, which is
generally in line with the literature.

The analytical model developed was used to determine the shaft resistance in normally consolidated
sand (OCR = 1) for a pile model 55 mm in diameter used experimentally. Figure 5-5 was used to find
the inclination angle for each pile load test performed using the pile model 55 mm in diameter. Using
the soil properties, shaft resistance was determined following the steps presented earlier, the results of
which appear in Table 5-4. Shaft resistance was less than that observed experimentally (Table 3-11)
due to the effect of OCR. The error between experimentally and analytically determined shaft
resistances appears in Figure 5-9. Because error increased along with embedment depth, the effect of
the OCR increased as embedment depth increased, although the OCR value decreased as L / D

increased.
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Table 5-4: Shaft resistance of 55 mm pile model at normally consolidated sand

Pile D, L L/D ’=8 Y o Fy Q
Model (%) (m) (degree) | (kN/m3) | (degree) | kPa (N)
0.275 5 33 14.78 104.09 2.20 | 104.54
30 0.44 8 33 14.78 99.69 2.69 | 204.57
0.55 10 33 14.78 97.61 2.70 | 256.63
0.715 13 33 14.78 95.67 2.61 | 322.32
0.275 5 34.9 15.26 105.21 2.23 106.17
0.44 8 34.9 15.26 101.01 2.79 | 211.89
55 mm 45
0.55 10 34.9 15.26 98.97 2.84 | 270.26
0.715 13 34.9 15.26 96.90 2.77 | 341.64
0.275 5 36.84 15.73 106.71 2.27 | 107.80
60 0.44 8 36.84 15.73 102.74 2.98 | 226.70
0.55 10 36.84 15.73 100.72 3.13 | 297.11
0.715 13 36.84 15.73 98.40 2.95 | 364.47
Error
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Figure 5-9: Difference between experimental and analytical shaft resistance

187



Chapter 6 : Numerical Investigation

6.1 General

In the previous chapters, shaft resistance was determined for the pile model 55 mm in diameter at
different relative densities and embedment depths, both experimentally in overconsolidated sand and
analytically at normally consolidated sand. The values of  found for all case yielded two values: one
for overconsolidated sand (OCR > 1), the other for normally consolidated sand (OCR = 1).
Nevertheless, more data are needed to establish a reliable relationship between shaft resistance and the
value of B. To that end, numerical analysis—an increasingly popular method in geotechnical
engineering during the last two decades given the significant improvement of computer hardware and
software (Kusakabe & Kobayashi, 2010)—was used to develop a three-dimensional numerical model
for every pile load test performed experimentally using the pile model 55 mm in diameter. Those
models were validated with the experimental results and used to determine the shaft resistance for
various values of B at different relative densities and embedment depths.

Among the many commercial software programs currently available to develop two- and three-
dimensional numerical models, popular ones for geotechnical studies include PLAXIS, FLAC, and
ABAQUS. Although ABAQUS is a general-purpose software based on finite element (FE) analysis,
it is widely used in modeling problems related to soil-structure interaction (Zhan et al., 2012). Thus,
ABAQUS was used to develop a three-dimensional numerical model using the FE analysis, an
effective method for scrutinizing piles in sand. To simulate a pile load test in ABAQUS, the
constitutive model that governs the behaviour of the material, geometric, boundary, and initial

conditions, as well as the model’s discretization, should be specified.
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6.2 Model Development

To describe the complex behaviour of soil in different loading conditions, several comprehensive
constitutive models have been developed, among which the elasto-plastic Mohr—Coulomb constitutive
model was adopted in the study conducted for this thesis. To solve geotechnical problems dealing with
cohesionless soils, the Mohr—Coulomb model is widely applied in FE analysis due to its simplicity,
sufficient accuracy, and minimal costs of computation (Zhan et al., 2012).

The Mohr—Coulomb model is an elastic, perfectly plastic model that combines Hooke’s law and the
generalized form of Coulomb’s failure criterion. The chief soil parameters in the model are Young’s
modulus (E), Poisson’s ratio (v), the internal friction angle (¢"), cohesion (c’), and the dilation angle
(v). The first two parameters describe the elastic behaviour of soil, whereas the last three describe its
plastic behaviour and yield.

Young’s modulus (E) and Poisson’s ratio (v) describe Hooke’s law of linear isotropic elasticity, the
simplest stress—strain relationship of which is:

c=Ee (6-1)

where (o) is the normal stress, (E) is the modulus of elasticity, and () is the normal strain.

For a cubic soil element (Figure 6-1), each side is subjected to three stress components: one of normal

stress and two of shear stress.
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Figure 6-1 Stresses on a soil element in three-dimensional space

For the soil element presented in the previous figure, the following equations represent Hooke’s law

for a general stress condition.

1
&y = E(O'n —VO,, —VO'33)
&y = E(O'zz —VOy, _VO-33)

1
33 = E(O'ss — VO, _Vo'zz)

(6-2)
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where (v) is Poisson’s ratio, defined as:

_ Lateral Strain &, &y (6-3)
"~ Axial Strain & &

The previous strain equations along with Poisson’s ratio can be presented in a matrix form as:

en| [ WVE —vIE v 0 0 0 |o,
&,y -v/E 1/E —Vv/E 0 0 0 ||oy
€| |-v/E —vIE 1/E 0 0 0 | o (6-4)
e, | O 0 0 1/2G 0 0 |z,
&5 0 0 0 0 1/26 0 |z,
e | O 0 0 0 0 1/2G |1z, |

Knowing that shear strain, presented in Equation 6.5, is a function of the modulus of elasticity (E) and
Poisson’s ratio (v), Equation 6.4 can be inverted to determine three-dimensional stresses, as shown in

Equation 6.6:

E

= 214 (6-3)
(o), ] 1-v v % 0 0 0 e, ]

0, v 1l-v v 0 0 0 £y

(o E 1% v l-v 0 0 0 Eyy (6-6)

r, | (+vii=2v)) 0 0 0 1-2v 0 0 |e&,

r, O 0 0 0 1-2v 0 |e&,
o, | 0 0 0 0 0 1-2v]e,]

The plastic behaviour of the soil, which indicates a permanent deformation of soil particles, is more
dominant than its elastic behaviour. Thus, in the Mohr—Coulomb model, plastic behaviour depends
upon two parameters from Coulomb’s failure criterion: the friction angle (¢") and cohesion (c’), and
the dilation angle (y). The latter parameter derives from an unassociated flow rule, which helps to

realistically describe the irreversible change in volume due to shearing (Brinkgreve, 2005).
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The failure or yield in the Mohr—Coulomb criterion occurs when the shear stress reaches the failure
envelope, which depends upon the normal stress in a linear relationship. Figure 6-2 depicts the Mohr—
Coulomb yield model, in which the failure envelope is the best straight line that touches the Mohr

circles.

el |

Y

.+, (compressive siress)

Figure 6-2: Mohr-Coulomb yield model (Hibbitt et al., 2016)

The lateral earth pressure coefficient was introduced into the model via a feature in ABAQUS. For the
pile material, an elastic model was adopted that depends upon Hooke’s law, the chief parameters of

which are Young’s modulus (E) and Poisson’s ratio (v).
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The dimensions of the setup for the experimental pile load tests were duplicated in ABAQUS. The
soil had an area of 1 m x 1 m and a height of 1.2 m, and the pile was 55 mm in diameter with various
heights—275 mm, 440 mm, 550 mm, and 715 mm—as in the experimental tests.

To be able to apply different lateral earth pressure coefficients, the soil was divided into five layers.
The soil around the pile was divided into three layers according to the heights of the pile sections
determined experimentally. Underneath the pile tip was a layer of height 5 times the diameter,
followed by the last layer with a remaining height of the total tank height. Figure 6-3 depicts the soil
layers for the numerical model built for the pile at a depth of 550 mm.

Tank dimensions in the analysis were fixed in all models. Pressure exerted on the sides of the tank up

to reaching ultimate load were determined to assess the boundary effect and ensure the validity of the

experimental results.

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Figure 6-3: Soil layers in model built for pile at 550 mm depth
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The boundary condition is a major point in FE analysis. To simulate the experimental tests, the bottom
side of the sand was fixed in all directions (i.e., X, Y, and Z), whereas the vertical sides were fixed at
the axis perpendicular to the side to prevent horizontal displacement (Khodair & Abdel-Mohti, 2014).

Figure 6-4 depicts the boundary conditions used in all of the models.

Face Nodes
Y-Displacement = 0

Face Nodes
X-Displacement = 0

Face Nodes
X-Displacement = 0
Y-Displacement = 0
Z-Displacement = 0

Figure 6-4: Boundary conditions
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ABAQUS provides different types of elements, including beams, shells, and continuum (e.g., solid
and fluid), the selection of which depends upon the nature of the problem being investigated. In the
model reported here, solid elements were chosen for both the soil and pile for three-dimensional FE
analysis. For solid elements, ABAQUS provides tetrahedra, triangular wedges, and hexahedra, among
others (Figure 6-5).

The 8-nodal hexahedral element was deemed more accurate than the 4-nodal tetrahedral and 6-nodal
wedge elements to analyze the problem at hand, as well as poses the least computing cost. To generate
a hexahedral element, five tetrahedral elements are required, the first-order type of which needs a
number of nodes that increases from 4 to 20, as well as two triangular wedge elements, the first-order
type of which needs a number of nodes that increases from 6 to 12.

Because a higher-order element increases the number of nodes exponentially, selecting the first-order
8-nodal hexahedral element is more reasonable than the other two since the computing cost relates
directly to the number of nodes. Moreover, the §-nodal hexahedral element reduces the number of
elements during discretization, which in turn reduces error unlike the other two types of elements.
Last, the 8-nodal hexahedral element is easier to visualize than the other two types of elements (Hibbitt

et al., 2016). Therefore, an 8-nodal hexahedral element was selected to perform the analysis.

Figure 6-5: Solid elements: (a) tetrahedron, (b) hexahedra, (c¢) triangular wedge.
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Mesh size influences stresses obtained from ABAQUS. Although the smaller the element size, the
more accurate the results, reducing the element size increases the number of elements, which in turn
increases the number of nodes and thus the computing cost. To obtain accurate results with the least
computing cost, finer elements were strategically maintained in the vicinity of the pile and courser
elements at a further distance from the pile.

Shalabi and Bader (2014) experimentally studied the effect of pile driving on the densification of sand
around a pile. Their results revealed that the horizontal movement of sand corresponding to the process
of pile driving extended to nearly 3 times the pile’s diameter. Accordingly, the mesh at a distance 3
times the diameter (3D) around the pile needed to be densified.

To that end, the partition technique was used to densify the mesh around the pile and steadily increase
the size as the distance from the pile increased. Outside the 3D zone, the size of the elements increased
while a fixed base was used to discretize the soil. The size of the element in the 3D zone, outside the
3D zone, and along the Z direction was selected according to mesh analysis. Figure 6-6 illustrates the
mesh used in a model built for the pile embedment depth of 550 mm (L / D = 10).

The analysis of soil—structure contact problems involves geometry, interface stress conditions, and the
development of algorithms (Wriggers, 1995). Among the many concepts available to simulate the
interaction of a pile and soil material, including the p—y spring (i.e., Winkler spring), the zero thickness
interface element, the thin layer interface element, and the master—slave concept, ABAQUS adopts
the master—slave concept, which is widely used for its ability to simulate contact behaviour. In
applying the concept, the mechanical contact properties in ABAQUS are defined to control the
tangential and normal stress components in the contact area. The surface-to-surface contact option is
preferred over the node-to-surface option in pile—soil interaction problems because it is more accurate

and prevents large penetrations of the two surfaces during contact (Hibbitt et al., 2016).
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In using the master—slave approach, one of the surfaces should be set as the master surface—ideally
the one with higher stiffness—and the other as the slave surface. In the study reported here, the pile
surface was the master and the soil surface was the slave. Surface-to-surface contact connected the
nodes on the master surface (i.e., the pile) to the face of the slave surface (i.e., the soil) so that each
node on the latter experienced the same motion as the closest point on the former (Khodair & Abdel-
Mohti, 2014; Vakili, 2015).

Thereafter, the mechanical contact feature in ABAQUS was used to define the normal and tangential
interactions of the pile and the soil. Normal interaction was defined as hard contact, whereas the

frictional coefficient for tangential interaction was defined as tand = tand’.
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(c) (d)

Figure 6-6: (a) Model mesh, (b) inside elements, (c) top view of the model, and (d) pile mesh
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Several FE analyses were performed to examine the effect of mesh size (i.e., number of elements) on
shaft and tip resistance. The mesh size was altered in every analysis, whereas the material properties
were maintained. Shaft and tip resistance was determined for all analyses and compared. To study the
influence of mesh size and reduce the number of elements, the soil was divided into two zones
horizontally: inside the 3D zone and outside the 3D zone (Figure 6-7).

Because the inside zone, which was a square around the pile 6D long, was more critical in the analysis
than the inside zone, the mesh size in the square around the pile was set to be smaller than the zone
outside the square. Several numerical trials (Table 6-1, Figure 6-8) revealed that having five elements
in the horizontal directions (i.e., X and Y) outside the square zone around the pile with a base of 5 was
justified, whereas having 12 elements in both directions was justified inside the square around the pile

(Figure 6-9).

Figure 6-7: Top view of the model for 3D zone mesh size illustration
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Table 6-1: Mesh analysis for X and Y directions

Shaft Tip
Location Base Number of element Length (mm) Resistance Resistance
(N) (N)
Outside 4 31.50 689.05 3001.25
of 5 25.62 688.62 3001.35
3D Zone 6 21.56 688.36 2945.68
Inside N/A 6 55.00 688.62 3001.35
the N/A 10 33.00 689.33 3005.55
3D Zone N/A 12 27.00 690.19 3008.65
3500
3000 — ] ]
2500
—@— Shaft Resistance (N)
= 2000 |
; —— Tip Resistance (N)
©
S 1500
1000
® ® °
500
0
10 15 20 25 30 35

Element Length (mm)

Figure 6-8: Influence of the element size outside the 3D zone on the pile capacity
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Figure 6-9: Influence of the element size inside the 3D zone on the pile capacity

To study the influence of vertical element length, the soil was divided into two parts (Figure 6-10).
The first part encompassed the soil around the pile shaft, in which several numerical trials were
performed to test different element lengths (Table 6-2, Figure 6-11). It was determined that having 20
elements was justified for the first part in the Z direction. The second part was the soil underneath the
pile tip, for which the justified number of elements in the Z direction was 22 (Figure 6-12). As Table
6-1 and Table 6-2 show, shaft resistance was nearly the same at different element sizes, which
corroborated the use of the numerical model to study shear stress.

In sum, the total number of nodes and elements in the numerical model was 23,162 and 21,280,
respectively, for the pile with a diameter of 55 mm at a depth of 550 mm (L / D = 10). Although the
number of nodes and elements differed when the length of the pile changed, the same ratios and

element lengths found in sensitivity analysis were used in all numerical models.
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Figure 6-10: Side view of the model for mesh size illustration at Z direction
Table 6-2: Mesh analysis for Z directions
Shaft Tip
Location Size Number of element Length (mm) Resistance Resistance
(N) (N)
7 direction 40 14 39.28 698.34 2981.54
(around 30 20 27.50 690.19 3008.65
Shaft) 25 22 25.00 689.17 3009.47
7 direction 50 14 46.42 691.35 3070.40
(under 40 16 40.60 689.46 3015.01
Tip) 30 22 29.54 690.19 3008.65
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Figure 6-11: Influence of the element size on the pile capacity for Z direction around the pile shaft
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Figure 6-12: Influence of the element size on the pile capacity for Z direction underneath the pile tip
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6.3 Model Validation

All pile load tests performed experimentally using the pile model 55 mm in diameter at 30%, 45%,
and 60% relative densities were used to validate the model. The same parameters used and back-
calculated in the experimental analysis for those pile load tests, including soil density (p), angle of
shearing resistance (¢'), and overburden pressure (ov), were used in the numerical model. Validation
was performed twice. In the first validation, a different lateral earth pressure coefficient (K) was used
for each soil layer (Figure 6-3), which was back-calculated according to the shaft resistance for each
section of the pile. In the second validation, the K¢ value was introduced as a mean value that was
back-calculated from the total shaft of the pile.

Other parameters estimated from known correlations included the modulus of elasticity (E), the
dilation angle (), and Poisson’s ratio (v). Cohesion (c”) was assigned a relatively high value because
the tested soil was overconsolidated cohesionless soil, which shows apparent cohesion when tested in
triaxial tests (Lambe & Whitman, 1969). Furthermore, because the numerical model encounters
numerous convergence problems that prematurely terminate analysis when cohesion is not introduced
or assigned a value that is too small, a value of 0.02 MPa was determined to be convenient to validate
and use in the numerical model.

The modulus of elasticity (E) was estimated according to Equation 6.7 (Coduto, 2001), which is a
function of the OCR, the Ng, value, and two empirical factors. The Ng, value, which is the corrected
blow count of the standard penetration count, was calculated according to Equation 6.8 as a function
of ¢’ and the angle of shearing resistance (Bowles, 2002). The two empirical factors were related to
the type of soil (Table 6-3). The dilation angle (y) was calculated according to Bolton’s (1986)
findings (Eq. 6.9). The value of Poisson’s ratio (v) has varied from 0.1 to 0.3 for loose sands and from

0.3 to 0.4 for dense sands (Hanna & Al-Romhein, 2008).
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Es = Bo VOCR + B Ngg (6-7)
¢’ = /20 Ngo + 20 (6-8)

v =(¢'-33) (6-9)
Table 6-3: Factors for Eq.6-7 after (Coduto, 2001)
Soil Type Po P
(kPa) (kPa)
Clean Sand (SW and SP) 5000 1200
Silty Sand and clayey sand (SM and SC) 2500 600

The soil and pile properties used in the validation are summarized in Table 6-4. To use ABAQUS to
simulate a pile load test, the lateral earth pressure coefficient (K) should be introduced into the model.
The pile capacity was determined twice, first by introducing K values found experimentally for every
soil layer. The K values were introduced into the first three layers in the numerical model according
to the back-calculated values from the experiment; the layer underneath the tip was assumed to have
the same value as the third layer; and the Ky value for the last layer was set as the initial K value. In

the second validation, mean Kg values were used for the first four layers of soil.

Table 6-4: Material properties

Parameter Soil Pile Unit
D,, Relative density 30 45 60 - (%)
E, Modulus of elasticity 18 22 26.3 200,000 MPa
p, Density 1.51E-06 1.56E-06 1.60E-06 | 7.50E-05 Kg/mm?
v, Poisson’s ratio 0.25 0.27 0.3 0.3 -

v, Dilation angle 0 1.9 3.85 - degree
;1:351 S‘?;“ngi: of shearing 33 34.9 36.85 i degree
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The first step in analysis was geostatic, in which initial stresses were specified according to the soil

unit weight. ABAQUS uses those values as initial values in the process of convergence during analysis

because initial stresses exert considerable impact on subsequent steps. Deviation of those stresses from

actual events would result in incorrect soil displacements in the model, which would in turn cause

instabilities, at which point analysis would end. As shown in Figure 6-13, the numerical vertical stress

matched the theoretical vertical stress (y H).

Depth (mm)

Stress (kPa) Stress (kPa)
0 5 10 15 20 0 5 10 15 20
0 T I
L/D=5 L/D=10
200 D,=45% [] D, = 60%

400 \I\\
600 \
800

1000
1200 H @ Numerical vertical stress \ | ® Numerical vertical stress .

——Theoretical vertical stress —— Theoretical vertical stress
1400 : ‘ ‘ ‘

(a) (b)

Figure 6-13: Geostatic analysis for (a) D; =45% and L/D =5, (b) D: = 60% and L/D = 10

The second step in analysis was the pile load test, in which the pile was displaced 20 mm downward

as in the experimental test. The total applied load to displace the pile for the specified distance was

determined, as was total shear stress along the sides of the pile. Tip resistance was calculated by

subtracting shaft resistance from total resistance.
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Figure 6-14 illustrates typical load—settlement curve results for pile load test performed at 550 mm at
various embedment depths and 45% relative density. The tangential method, which was used to define
the failure experimentally, was also used to interpret the numerical results and determine ultimate load
(i.e., failure). According to the ultimate load of the total pile resistance, tip and shaft resistance were
found. The stress distribution at failure appears in Figure 6-15.

Values of total resistance, tip resistance, and shaft resistance were found and compared to the
experimental results, as presented in Table 6-5 and Table 6-6, for the first validation (i.e., with different
K values throughout the layers) and the second validation (i.e., with the mean K value), respectively.
Shaft resistance found using different values of Ky deviated from experimental results mostly by
+10%, whereas deviation was mostly £14% when the mean value of Ky was used. Obtaining an
acceptable level of confidence on the numerical simulation by the experimental results, the subsequent

stages of analysis can be trusted.

10000 T
Pile Resistance
9000 — ... Tip Resistance
8000 | — — —Shaft Resistance
7000 || L/D =13 v+ = T
D,=45% | | | _— |
6000

-
-
-

Load (N)

5000 | =
4000 / e
3000 /
2000 /

1000 Yl T TTTT

Displacement (mm)

Figure 6-14: Results of the numerical pile load test for (C-55-45%-13)
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S, 522
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-4.871e-01
-5.513e-01
-6.155e-01
-6.797e-01
-7.43%e-01

+2.666e-02

(b)

Figure 6-15: Stress distribution at failure (a) vertical, (b) lateral

Table 6-5: Numerical results and comparison with experimental results using different K¢ values

Numerical Result Error
L/D D, Total Tip Shaft Total Tip Shaft
Resistance | Resistance | Resistance | Resistance | Resistance | Resistance
(%) (N) (N) (N) (%) (%) (%)

5 1021.19 927.56 93.63 -8.4% -9.2% -0.3%

8 30 2271.81 1899.30 372.51 1.5% 0.0% 10.1%
10 3374.27 2728.96 645.32 -0.1% 0.6% -2.7%
13 4426.96 3268.07 1158.89 -6.8% -8.7% -1.1%

5 1688.45 1558.18 130.27 -12.1% -13.5% 9.5%

8 45 3330.74 2863.86 466.88 -0.8% -2.4% 10.0%
10 4527.08 3764.88 762.20 0.1% 1.2% -5.2%
13 5142.32 3806.87 1335.45 -17.2% -20.2% -7.0%

5 2668.53 2491.72 176.81 0.7% 0.9% -0.5%

8 4550.98 4007.08 543.91 0.5% 0.6% -0.6%
10 60 6056.78 5159.87 896.91 0.0% 1.9% -10.0%
13 7327.81 5810.09 1517.71 -11.0% -12.0% -7.0%
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Table 6-6: Numerical results and comparison with experimental results using an average Ky values

Numerical Result Error
L/D D, Total Tip Shaft Total Tip Shaft
Resistance | Resistance | Resistance | Resistance | Resistance | Resistance
(%) (N) (N) (N) (%) (%) (%)
5 1278.82 1181.59 97.23 14.7% 15.7% 3.5%
8 30 2299.41 2009.82 289.59 2.7% 5.8% -14.4%
10 3331.39 2709.22 622.17 -1.3% -0.1% -6.2%
13 4407.66 3312.07 1095.60 -7.2% -7.5% -6.5%
5 2234.37 2113.30 121.07 16.3% 17.3% 1.8%
8 45 3447.63 3035.87 411.76 2.7% 3.5% -3.0%
10 4522.90 3798.47 724.43 0.0% 2.1% -9.9%
13 5422.89 4117.61 1305.28 -12.7% -13.7% -9.1%
5 2461.63 2306.68 154.95 -7.1% -6.6% -12.8%
8 60 4729.44 4243.74 485.70 4.4% 6.5% -11.3%
10 5556.58 4644.88 911.70 -8.3% -8.2% -8.5%
13 7258.43 5787.99 1470.43 -11.8% -12.3% -9.9%

Lateral earth pressure exerted on the sides of the tank was measured before the pile load test (i.e., after
the geostatic step) and at ultimate load to assess whether any boundary effects from the sides of the
tank had occurred. Vertical stresses on all elements from the pile’s tip to the bottom of the tank were
also measured before starting the pile load test and at ultimate load to assess the effect of the bottom
side on the tip results. Results presented in Figure 6-16 are typical of pile load tests performed at
embedment depths of 440 mm and 550 mm at 45% and 60% relative densities, respectively. No change
in those stresses occurred on the tank boundary, which reflects the reliability of the experimental

results.
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Figure 6-16: Stresses before pile load test and at ultimate load on (a & c) the tank sides, and on (b &

d) the bottom of the tank.

6.4 Pile Load Tests

The numerical models developed were used to perform 200 pile load tests at different embedment
depths and with different soil properties to examine the effect of B (f = K tand) on shaft resistance.
Five different soils were used in this study. The soil properties were altered according to the procedure

explained in the previous sections. The variation of the modulus of elasticity with the angle of shearing
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resistance was found by using Equation 6.7 (Figure 6-17). The value of Poisson’s ratio was selected
according to relative density, in relation to which it has varied from 0.1 to 0.3 for loose sands and from
0.3 to 0.4 for dense sands (Hanna & Al-Romhein, 2008). The dilation angle was calculated according
to Equation 6.9 (Bolton, 1986). The soil properties used, which reflect the properties of the sand used

experimentally, are summarized in Table 6-7.

60 0.6

50 0.5
=
o
>3
o 40 04 >
= g
S ©
g 30 03 =
T 5
s a
320 02 &
>
©
[e]
S

10 H 0.1

0 ' 0

27 30 33 36 39 42 45

Angle of shearing resistance , ¢’ (degree)

Figure 6-17: Variation of modulus of elasticity and Poisson’s ratio with angle of shearing resistance

Table 6-7: Soil properties of the sand used for pile load test

Parameter Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Unit
¢’, Angle of shearing 30 33 36 39 4 | degree
resistance

E, modulus of elasticity 13.5 18 24.5 33 45 MPa
p, Density 1.44E-06 | 1.51E-06 | 1.58E-06 | 1.66E-06 | 1.73E-06 |kg/mm?
v, Poisson’s ratio 0.22 0.25 0.3 0.34 0.38

y, Dilation angle 0 0 3 6 9 degree
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The variation of shaft resistance for the pile tested at an embedment depth ratio (L / D) of 8 appears

in Table 6-8 and Figure 6-18.

Table 6-8: Shaft resistance with variable values of B for embedment depth ratio (L/D) of 5

Shaft Resistance (N)
! ! ! ! !
L/D Test No B ¢ ¢ ¢ ¢ ¢
(degree) | (degree) | (degree) | (degree) | (degree)
30 33 36 39 42
1 0.5 81.59 81.48 89.26 91.17 100.53
2 1 110.85 112.83 114.03 120.74 127.32
3 1.5 139.16 140.56 144.97 158.45 171.24
4 2 171.32 174.76 182.60 186.60 225.93
10 5 2.5 207.68 208.03 220.60 231.53 246.31
6 3 219.76 220.39 232.16 250.29 277.52
7 3.5 246.52 259.18 274.53 300.75 341.51
8 4 284.89 288.84 311.48 346.39 367.94
9 4.5 305.56 318.12 355.62 383.13 438.41
10 5 359.54 361.94 372.23 411.17 493.97
700 | | | | |
—e—B=05 —o—B=1 B=15 B=2 —e—B=25
600 H —e—B=3 —@—B=35 —8—p=4 —O—P=45 ——p=5
L/D=5
__ 500
=3
d
o 400
(8)
oy
=
3 300
o
5
<
¥ 200 ! I
| | '
100 T AF f F ﬁ
0
27 30 33 36 39 42 45

Angle of shearing resistance, ¢’ (degree)

Figure 6-18: Shaft resistance with variable values of B for embedment depth ratio (L/D) of 5
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The variation of shaft resistance for the pile tested at an embedment depth ratio (L / D) of 8 appears

in Table 6-9 and Figure 6-19.

Table 6-9: Shaft resistance with variable values of B for embedment depth ratio (L/D) of 8

Shaft Resistance (N)
! ! ! ! !
L/D Test No B ¢ ¢ ¢ ¢ o
(degree) | (degree) | (degree) | (degree) | (degree)
30 33 36 39 42
1 0.5 203.25 208.96 213.81 224.43 248.81
2 1 282.80 305.85 315.79 343.65 383.30
3 1.5 398.24 405.16 402.38 460.90 491.51
4 2 471.80 499.64 532.43 582.45 608.84
10 5 2.5 584.97 599.82 640.59 694.66 692.39
6 3 703.80 712.03 738.27 799.62 811.86
7 3.5 789.90 799.09 829.79 884.92 928.48
8 4 897.46 923.35 953.16 1004.55 | 1119.37
9 4.5 1061.15 | 1059.32 | 1072.48 | 1117.42 | 1295.43
10 5 1167.33 | 1196.35 | 1237.08 | 1349.73 | 1422.70
1800 . . : . :
—0—B=05 —o—B=1 B=15 B=2 —e—B=25
1600 | —@—p=3 —@—PB=35 —@—p=4 —@—pP=45 —@—B=5 I
1400 || L/D=8 /
Z 1200
= —1
3 1000
[y
s
E 800
T 600 : —
wv
400
200

27 30

33

36

39

42

45

Angle of shear resistance, ¢’ (degree)

Figure 6-19: Shaft resistance with variable values of B for embedment depth ratio (L/D) of 8
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The variation of shaft resistance for the pile tested at an embedment depth ratio (L / D) of 8 appears

in Table 6-10 and Figure 6-20.

Table 6-10: Shaft resistance with variable values of  for embedment depth ratio (L/D) of 10

Figure 6-20: Shaft resistance with variable values of  for embedment depth ratio (L/D) of 10

27

6

39

Angle of shearing resistance, ¢’ (degree)
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Shaft Resistance (N)
! ! ! ! !
L/D Test No B ¢ ¢ ¢ ¢ ¢
(degree) | (degree) | (degree) | (degree) | (degree)
30 33 36 39 42
1 0.5 234.44 246.57 249.16 301.44 338.50
2 1 391.27 419.63 452.20 489.07 552.98
3 1.5 551.56 586.96 629.51 686.90 770.89
4 2 704.69 757.56 814.46 874.56 990.33
10 5 2.5 861.99 920.53 993.23 1073.24 1211.60
6 3 1017.52 1077.42 1165.94 1256.26 1435.14
7 3.5 1210.15 1274.55 1335.22 1537.60 1701.41
8 4 1417.02 1495.23 1523.60 1716.18 1988.45
9 4.5 1635.19 | 1685.69 | 1791.27 | 1919.86 | 2328.81
10 5 1826.81 | 1841.59 | 2017.06 | 2356.26 | 2777.15
3500 | | | | |
—8—B=05 —0—B=1 B=15 B=2 —8—PB=25
3000 || —®—B=3 —@—B=35 —@—p=4 —@—B=45 —@—PB=5 |
I
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£
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The variation of shaft resistance for the pile tested at an embedment depth ratio (L / D) of 8 appears

in Table 6-11 and Figure 6-21.

Table 6-11: Shaft resistance with variable values of  for embedment depth ratio (L/D) of 13

27

Shaft Resistance (N)
! ! ! ! !
L/D Test No B ¢ ¢ ¢ ¢ ¢
(degree) | (degree) | (degree) | (degree) | (degree)
30 33 36 39 42
1 0.5 391.01 400.73 408.91 415.70 497.39
2 1 653.51 674.86 703.39 761.21 838.97
3 1.5 938.42 968.19 1011.34 | 1105.22 1181.44
4 2 1255.44 | 1342.49 1324.75 1411.85 1469.93
13 5 2.5 1566.86 | 1632.00 | 1604.24 | 1778.30 | 1936.95
6 3 1906.01 1987.21 2030.61 | 2281.66 | 2721.29
7 3.5 2261.04 | 2349.68 | 2414.14 | 2701.59 | 3874.39
8 4 2617.56 | 2742.86 | 2984.70 | 3289.55 | 5315.40
9 4.5 2964.74 | 3197.95 | 3491.80 | 3956.41 | 6092.37
10 5 3310.43 | 3506.32 | 3840.00 | 4634.68 | 6962.77
9000 I I I I I
—e—B=05 —o—B=1 B=15 B=2 —8—B=25
8000 I~ —@—B=3 —@—B=35 —@—B=4 —0—P=45 ——PB=5 ||
I
7000 |- L/D=13
Z 6000
g /
8 5000
c
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E 4000 /
@ 3000
wv
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1000 : — ' ' #
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45

Angle of shearing resistance, ¢’ (degree)

Figure 6-21: Shaft resistance with variable values of  for embedment depth ratio (L/D) of 13
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6.5 Analysis

It can be noted from Figure 6-18 to Figure 6-21 that the shaft resistance increases with the increase of
B value. Moreover, the shaft resistance increases as the embedment depth (L/D) increases for the same
B value. It can also be noted that at a certain embedment depth (L/D), the shaft resistance changes
almost linearly with the increase of the angle of shearing resistance (') at low B values. As the B value
increases the shaft resistance increases nonlinearly with the increase of the angle of shearing resistance
(¢"). This behaviour is more pronounced at high embedment depth (L/D) ratios.

By interpolation, the relationship between [ values and shaft resistance at the angle of shearing
resistance (¢') of 32.97 (= 33) degree, 34.9 (= 35) degree, and 36.84 (= 37) degree for embedment
depth ratios (L / D) of 5, 8, 10 and 13 was determined (Figure 6-22, Figure 6-23, Figure 6-24 and
Figure 6-25, respectively). The  values back-calculated from the analytical and experimental shaft
resistance at every embedment depth ratio and angle of shearing resistance appear in the same figures.
In sum, the experimental and analytical B values agreed with results found numerically.

For the embedment depth ratio of L / D =5 (Figure 6-22), the experimental and analytical 3 values at
the angle of shearing resistance (') of 32.97 (= 33) degree were similar. As the angle of shearing
resistance (') increased, the difference between the two values increased with greater experimental
B values. Since the analytical B value represents the normally consolidated state (OCR = 1) and
experimental B values represent the overconsolidated state (OCR > 1), the effect of the OCR at the
angle of shearing resistance (¢") 0f 32.97 (= 33) degree was remarkably small. As the angle of shearing

resistance increased, the effect of the OCR became more pronounced.
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For embedment depth ratios (L / D) of 8, 10, and 13 (Figure 6-23, Figure 6-24 and Figure 6-25,
respectively), a greater difference is clear between the analytical and experimental 3 values, which
indicates the greater effect of the OCR at higher embedment depth ratios. For the same angle of

shearing resistance (¢"), the effect of the OCR on B increased as the embedment depth ratio increased.
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6.6 Design Charts

Using the OCR values for the analytical B value (OCR = 1) and the experimental § value (mean from
Figure 3-10), a linear relationship was established between the B value and the OCR for the range of
angles of shearing resistance (¢') and the range of embedment depth ratios (L / D) presented in the
previous section (Figure 6-22 to Figure 6-25). For different OCR values, the analytical and
experimental B values at the embedment depth ratio (L / D) of 5 and angle of shearing resistance (¢")
of 32.97 degree, given their proximity, were set as the same value.

The relationship between the B values and the embedment depth ratios of 5, 8, 10, and 13 was thus
determined for OCR values ranging from 1 to 10 at angles of shearing resistance (¢') of 32.97 (= 33)
degree, 34.90 (= 35) degree, and 36.84 (= 37) degree. To extrapolate the values and cover a wider
range of embedment depth ratios (L / D), a logarithmic relationship was identified for each OCR value
(R? > 0.95) using the four points at L / D of 5, 8, 10 and 13. These charts were also extrapolated to
generate another chart at angle of shearing resistance (¢') of 39 degree.

Figure 6-26, Figure 6-27, Figure 6-28 and Figure 6-29 were generated for angles of shearing resistance
(") of 33 degree, 35 degree, 37 degree, and 39 degree, respectively, and can be used as design charts
to predict B at different embedment depths ratios (L/D) and OCR values. It should be mentioned that
these figures are limited for OCRs up to 10, and embedment depth ratios up to 30.

The charts indicate that  increases as the OCR increases, that the rate of change for p paired with a
small OCR is smaller than that at a greater OCR value, and that  at the same OCR decreases as the

angle of shearing resistance (¢') increases.
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6.7 Validation

Due to the lack of published record on pile load test in overconsolidated cohesionless soils, the design
charts were validated using the experimental results of the pile model of 30 mm in diameter as well as
the field pile load test reported by Beringen et al. (1979).

As for the pile model 30 mm in diameter, the experimental results were analyzed to validate the
proposed design charts. Figure 3-10 was used to calculate the average OCR values along the pile shaft.
The percentage of error between the actual B values and that predicted from the design charts presented
earlier are illustrated in Table 6-12. Predicted B values agreed well with actual 3 values (£30%).
Moreover, the results of the field pile load test performed in overconsolidated cohesionless soil
reported by Beringen et al. (1979) were analyzed to validate the proposed design charts. The OCR was

estimated according to Mayne’s (1991) equation (Eq. 2.26):

/ 1.6
KO — (Pa / oy) (A¢/Pa)

(qc/Pa>/(c’v/Pa)°-5]°'5}

(Repeated 2-26)
145 exp { 12.2 OCR0-18

where:
(Kp) = at rest lateral earth pressure coefficient,
= (1- sin ¢") (OCR) Gind”) (Repeated 2-16)
(q¢) = cone tip resistance,
(P,) = a reference stress equal to one atmosphere (1 bar = 100 kPa),
(oy) = vertical effective stress, and

(OCR) = overconsolidation ratio.
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Knowing the g, profile (Figure 4-33) and soil properties (¢' = 38 degree, y, = 16.1 kN/m?), the mean

OCR value that equalizes both sides of Equation 2.26 was calculated, after which the  value was
back-calculated according to the shaft resistance of the pile and the soil properties. As a result, the
OCR and B value were found to be 5.5 and 3.23, respectively. The design charts presented earlier
(Figure 6-26 to Figure 6-29) were used to determine the B value at OCR = 5.5 and the embedment
depth ratio of L / D = 19 for the angle of shearing resistance of 33, 35, 37, and 39 degree.

Accordingly, the relationship between the angle of shearing resistance (¢') and p value for an OCR =
55 and L / D = 19 was identified and extrapolated (Figure 6-30). The B value at ¢’ = 38° was
determined from the extrapolation of the best fitting line (R?>= 0.99), which yielded a value of 3.50.
Ultimately, the error between the predicted and actual  value was -8%. The error presented is not
high and could be justified by the accuracy of the reported data by Beringen et al. (1979) where it may

not be accurate enough, and/or the actual field condition may not be as reported.
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Table 6-12: Error between the predicted and actual 3 values for the pile model of 30 mm diameter

¢’ B B Error
Tests (degree) L/D OCR (Experimental) (Chats) (%)
33 19 2.78 1.59 2.10 -32%
23.8 2.61 1.85 2.00 -8%
19 3.28 2.03 2.60 -28%
D=30 mm 35
23.8 3.09 2.22 2.60 -17%
37 19 4.19 3.34 3.00 10%
23.8 3.90 3.44 2.90 16%
6
\
\
5 B ®
\

K, tand
N
=

B:

i N

1 — B=-3.62E-15¢>3*°+598 | OCR=5.5
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Figure 6-30: B value versus angle of shearing resistance for OCR = 5.5 and L/D = 19
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Chapter 7 : Conclusion and Recommendations

7.1 General

The capacity of driven piles in overconsolidated cohesionless soils has been investigated
experimentally, analytically and numerically in this thesis. Emphasis to the effect of overconsolidation
on the shaft resistance and the concept of critical depth were highlighted.

Experimentally, laboratory tests were performed on a prototype instrumented model, to evaluate the
effect of dynamic compaction on relative density and the induced stresses in cohesionless soils to
produce uniform overconsolidated cohesionless soils. Pile load tests were conducted on two pile
models in overconsolidated cohesionless soils.

Analytically, the limit equilibrium technique was used to predict the shaft resistance of a single pile
driven into normally consolidated cohesionless soil. A database of 36 field and laboratory pile load
tests collected from the literature to validate the theory developed.

Numerically, three-dimensional numerical model was developed to perform 200 pile load tests to

examine the mobilized lateral earth pressure on the shaft resistance.

7.2 Conclusion

Based on the experimental, analytical and numerical investigations conducted on the shaft resistance

of displacement piles, the following conclusions were drawn:
1. The dynamic compaction method adopted in the experimental investigation was successfully
used to produce uniform unit weight, and overconsolidation in the testing tank. This was

achieved by controlling the applied energy on each layer.
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. Design procedure was developed to determine the required energy level to be applied on each
layer to produce a uniform homogeneous sand in the testing tank. Design charts are presented
to estimate the number of drops needing to be applied on each layer for a desired relative
density throughout a testing tank and the overconsolidation ratio (OCR) values.

The experimental set-up was equipped to measure the in-situ stress in the sand mass and
accordingly the overconsolidation ratio (OCR). The OCR has significant effect on the capacity
of closed-end displacement piles in cohesionless soil.

. Bearing capacity factors (Ng) deduced from the present experimental investigation agreed well
with theoretical values proposed by Meyerhof (1953), which validate the present experimental
investigation. The embedment depth significantly influenced the Nqy values at low relative
density, and its effect decreases as the relative density increases.

The ratio of pile displacement to pile diameter (Ws/ D) at the peak for the shaft resistance vary
from the typical value (2%) and increases with the increase of the embedment depth ratio and
the relative density.

The experimental values of the average lateral earth pressure coefficient K¢ and the values of
the local K¢ deduced from the measured local shear stress, were significantly greater than those
traditionally recommended for displacement piles, and accordingly, the K¢/ K ratio.

Critical depth (L. / D) appeared only when total shaft resistance was analyzed as a mean. The
critical depth agrees well with Meyerhot’s (1976) results which indicates that the OCR neither
affects its appearance nor its value. Analytically, the sudden drop in the rate of the inclination
angle () with the (L / D) ratio confirms the presence of the critical depth when shear stress

along the pile’s shaft is analyzed as a mean. Also, the deduced critical depth agreed with
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10.

1.

previously reported values (Meyerhof, 1976) in (L / D) ratio range of 10 to 20 and increased
linearly as angles of shearing resistance (¢') increased.

At a given depth, local shear stress decreases with the increase of the pile depth and,
accordingly, the mean total shaft friction remained relatively unchanged and accordingly, the
critical depth appeared.

Shear stress distribution along the pile’s shaft showed some dependency on the embedment
depth ratio (L / D). Semi-empirical factors were proposed as function of the embedment depth
ratio to determine shear stress distribution along the pile shaft. The proposed design procedure
can be used to estimate the shear stress distribution for displacement piles in overconsolidated
cohesionless soils.

The inclination angle (o<)of the failure surface increases with the increase of the angle of
shearing resistance (¢') and decreases with the increase of the ratio of pile length to pile
diameter (L / D). The experimental values of the inclination angle () and (L / D) ratio for
various angles of shearing resistance (¢') were the base to develop design charts to predict the
pile capacity. The proposed design procedure can be used to estimate shear stress for
displacement piles in normally consolidated cohesionless soils.

Shaft resistance increased as the value of the coefficient § increases, and for the same 3 value,
shaft resistance increases with the increase of the embedment depth (L / D). For a given
embedment depths (L / D), shaft resistance change almost linearly as the angle of shearing
resistance (¢') increases for low P values. For higher values of B, shaft resistance increases
nonlinearly with the increase of the angle of shearing resistance (¢'), which is more

pronouncedly at higher embedment depth (L / D) ratios.
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12. For a given angle of shearing resistance (¢'), the effect of the OCR on the value of the

coefficient B increases with the increase of the embedment depth ratio (L / D). For a given
OCR and embedment depth, the value of B decreases with the increase of the angle of shearing

resistance.

13. Design theory is proposed to estimate the value of B for different OCR values at different

embedment depth ratios (L / D) and different angles of shearing resistance (¢").

7.3 Recommendation for Future Work

Given the conclusions regarding how the OCR affects the shaft resistance of closed-ended driven piles

in cohesionless soils, seven recommendations are suggested for future work:

1-

2.

To examine the case of piles driven into overconsolidated layered soil;

To examine the case pile groups in overconsolidated cohesionless soil;

To examine the case of battered piles in overconsolidated cohesionless soil;

To examine the effect of water tables;

To examine the case of an open-ended driven piles in cohesionless soils;

To experimentally investigate the pile—soil interface angle (8); and

To experimentally investigate the effects of pile diameter (D) on the shaft resistance of driven

piles in overconsolidated cohesionless soil.
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