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ABSTRACT

Cone penetrometer (CPT) and piezometric cone (CPTu) test methods are widely used to estimate
pile shaft resistances with depth, but these methods are typically derived from empirical
correlations to reference load tests. They may not be applicable to all geological conditions and
pile types. Thus, developing correlations for specific geographic areas and pile types can be
beneficial. In this study, the accuracy and precision of five applicable direct CPT/CPTu methods
were evaluated for continuous flight auger (CFA) piles in predominantly silt and sand soils of the
Condie aquifer near Regina, Saskatchewan. Six instrumented CFA test piles were evaluated
through a combination of CPTu testing and instrumented static axial load testing to determine
reference shaft capacities. The direct CPT/CPTu method determined shaft capacity estimates
were compared to refence shaft capacities, and the relative performances of the methods were
evaluated using statistical and non-statistical quantitative evaluation criteria. The best performing
methods (Modified Unicone and KTRI) were then calibrated by minimizing the square root of
the residual sum of squares between the predicted and measured shaft capacities. Once
calibrated, the methods were re-evaluated using the initial criteria. It was found that all methods
overestimated the unit shaft resistance in the upper 1.5 m, but the calibrated KTRI method
provided the best overall fit. The calibrated Modified Unicone method was found to be slightly
less accurate but more conservative in its predictions of shaft capacity. These findings can be
used to improve pile design in the Condie aquifer region and other areas with similar geological

conditions.
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NOMENCLATURE
ROMAN SYMBOLS

Ac Projected area of the CPTu cone

Aconcrete  Cross-sectional area of the concrete shaft at the plain of the strain gauges

As Surface area of the CPTu friction sleeve
As Surface area of the pile shaft
Asteel Cross-sectional area of the reinforcing steel at the plain of the strain gauges
D Nominal pile diameter
E Young’s modulus
Ec Young’s modulus for concrete
Es Young’s modulus for steel reinforcement
Fr Normalized friction
Fs Total force acting on the CPTu friction sleeve
fs Sleeve friction of the CPTu
e CPT material index
k1 Togliani unit shaft resistance factor
ks Togliani unit end bearing resistance factor
Ko Price and Wardle unit end bearing resistance factor for pile type
Ke LCPC bearing capacity factor for soil and pile type
Ks Price and Wardle unit shaft resistance factor for pile type
L Length of pile embedded below grade
Stress ratio exponent for normalized tip resistance determination
P Force acting along pile cross-section
Pa Atmospheric pressure
Qb End bearing capacity of a pile
Qc Total force acting on the CPTu cone
Qe Cone resistance of the CPTu
Jeca The averaged cone tip resistance as described by Bustamante and Gianeselli (1982)
Je Effective tip resistance (using dynamic porewater pressure)

vii



Qs Shaft capacity of a pile
Qsm) Pile shaft capacity obtained from static axial load test
Qsp) Pile shaft capacity predicted from direct CPT/CPTu method

Qt Total axial pile capacity
Gt Corrected cone tip resistance for porewater pressure effect
Qn Normalized tip resistance
Qp Predicted total pile capacity
Qm Measured total pile capacity
Rt Friction ratio
I's Unit shaft resistance of a pile
It Unit end bearing resistance of a pile
Uz Dynamic porewater pressure
Uo Equilibrium porewater pressure
Au Excess porewater pressure
GREEK SYMBOLS
aLcrc LCPC method friction coefficient
A Togliani method unit end bearing resistance coefficient for pile type
B Togliani method unit shaft resistance coefficient for pile type
OpT Modified Unicone method pile type coefficient
O1c Modified Unicone method loading direction coefficient
ORate Modified Unicone method cone penetration rate coefficient
Gatm Atmospheric pressure
Ov Total vertical overburden stress at mid-layer depth
Gy Effective vertical overburden stress at mid-layer depth
€ Measured strain from strain gauges
o Standard deviation of predicted vs. measured pile shaft capacities
u Mean of predicted vs. measured pile shaft capacities
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ACRONYMS
CPT  Cone penetration or cone penetrometer test
CPTu Piezocone penetration test
CFA  Continuous flight auger pile
RSS Residual sum of squares
mbg Meters below grade
LVDT Linear variable differential transformers
COV  Coefficient of variation
KTRI  Kajima Technical Research Institute (Takesue et al., 1998 method)

LCPC Laboratoire Central des Ponts et Chausees (Bustamante and Gianeselli, 1982 method)



CHAPTER 1. INTRODUCTION
1.1 BACKGROUND

Deep foundation units such as piles are commonplace amongst the landscapes of the Canadian
prairies. Historically, these deep foundation units have supported structures by transferring
applied loads to deeper and stronger soil layers (Terzhagi and Peck, 1968). In recent decades, the
applications of piles have expanded to absorbing tensile and lateral loads, supporting loads by
shaft resistance, and to reducing settlements (Salgado, 2008). There are many types of pile

foundation, and they are typically classified based on the following:

e Method of fabrication and installation process
e Pile material

e Pile loading mode

Under the method of fabrication and installation process, the classification of piles are divided
into non-displacement and displacement piles. The classification of piles by these considerations
are radically important from a design perspective because the response of the piles is
characterized due to the state of the soil around the pile after installation. In the case of non-
displacement piles, a volume of soil is removed from the ground and the pile is cast in-situ.
Displacement piles are piles that are inserted into the soil by either driving or jacking. There is
little to no soil removal in the installation of displacement piles. A displacement pile to some
degree will have preloaded the soil surrounding the pile, whereas the non-displacement pile will

preserve the state and density of the surrounding soil.

The continuous flight auger pile (CFA) is a type of pile that combines certain properties from the
displacement and non-displacement piles. Originally these piles were introduced in the 1950’s
(Van Impe, 2004), however they were not widely used until the 1980°s (Fleming, 1995). These
piles are bored similar to bored piles, where they are installed by rigs typically crawler mounted.
During installation the auger is first positioned above the desired pile location, establishing auger
verticality, and then drilling to a final depth. During drilling, the auger transports the soil
upwards along its flights. These piles are installed much faster than a typical non-displacement
pile. After the desired depth is reached, a seal at the bottom of the auger opens and concrete is

pumped through the hollow stem of the auger. As concrete is pumped, the auger is brought up



without rotation, or in the case of sandy soils there is a very slow rotation in the same direction
that the pile was bored. The rate of ascension for the auger is monitored so that the pumping rate
of the concrete can ensure pile continuity and support of the surrounding soil. The volume of
concrete pumped per unit of time is measured directly by use of sensors placed just before the
concrete enters the auger. This volume is often compared to an estimated volume that is
correlated to the counting of pump strokes (Salgado, 2008; Neely, 1991). If steel reinforcement
is required for the design, then it is introduced by pushing it down into the placed concrete by

either vibrating or driving.

The main focus of the geotechnical design of a pile foundation is to establish a secure threshold
for the external load that it can withstand without compromising the stability of the structure it
supports. To accomplish this, a factor of safety or resistance factor is applied to the projected
ultimate or nominal bearing capacity (also known as pile capacity), which represents the amount
of load that would trigger shear failure of the foundation. Depending on the pile type used, these
capacities can predominantly be derived through shaft and/or toe resistances. These capacities

are determined based on the following methods (Chung et. al, 2019):

e Static analysis (analytical)
e Full-scale field loading tests
e Pile driving formulae

e Analysis based on in-situ sounding tests

Recently, in-situ sounding tests have gained popularity as a means of determining pile capacity.
This trend can be attributed to the advancements in testing equipment, improved understanding
of the tests’ mechanics and interpretation, and reduced costs in comparison to full-scale pile
loading tests (Eslami and Gholami, 2006; Eslami et al., 2011). The most commonly used in-situ
sounding tests are the standard penetration test (SPT) and the cone penetration test (CPT)
(Salgado, 2008). When it comes to pile analysis and design, the CPT is generally considered
superior to SPT. This is because the data obtained from the CPT is repeatable, reliable (not
influenced by the operator), and provides quick continuous readings of soil behavior with depth
(Robertson, 2012; Bartz and Blatz, 2021). One of the earliest applications of the CPT was to

estimate axial pile capacity. The cone penetrometer was used as a model pile, and the data



obtained from it was utilized to provide the necessary parameters for capacity estimation
(Eslami, 1997).

There are two main approaches to prediction methods based on CPT data: direct and indirect. In
the direct approach, pile capacities are directly correlated to CPT cone resistance (qc), and/or the
local sleeve friction (fs) measurements. In contrast, the indirect approach involves using gc and fs
to evaluate soil strength parameters, which are then utilized in static analysis to determine pile
capacity (Cai et al., 2009; Niazi and Mayne, 2013). Direct methods do not require laboratory
testing to determine intermediate values to supplement the field data, unlike indirect methods.
Some of the original direct CPT-based pile design and analysis methods include Schmertmann
(1978), De Ruiter and Beringen (1979), and Bustamante and Gianeselli (1982).

In the 1980-90’s, improvements to CPT would lead to the capability of pore water pressure
measurement (u). These improved CPT units would become known as the piezocone (CPTu)
(Eslami, 1997). The inclusion of CPTu lead to proposed CPTu pile design and analysis methods
which included pore pressure measurements. Increasing demand for deep foundation units, as
well as the reliable and cost-efficient pile design methods have led to frequent evaluations of
CPT/CPTu methods in comparison to the more reliable results of static load tests for local
calibrations (Briaud and Tucker, 1998; Abu-Farsakh and Titi, 2004; Cai et al., 2009; Bartz and
Blatz, 2021).

In Fall of 2022, a static axial load testing program was carried out near Regina, Saskatchewan.
The axial capacities of six instrumented CFA test piles of 450-500 mm diameter and 15-22.55 m
length were evaluated in mixed soils of predominantly silts and sands. From this testing program,
only one pile met failure criteria (pile head deflection >10% of pile shaft diameter) — the
capacities for the other piles would be considered underestimated. The maximum applied loads
applied to the piles were in the range of 4500-5235 kN (459,000 — 534,000 kg). The results from
the load testing program were then applied to the several applicable CPT/CPTu design methods.
The methods showing the best correlation to the load test results were then considered for site

specific improvements.



1.2PROBLEM STATEMENT

The direct methods that are based on CPT/CPTu are utilized to determine the toe and shaft
resistances of piles. Each method has its own advantages and limitations, which are closely tied
to the type of pile and soil conditions. Hence, it is essential to undertake a thorough evaluation
and proper calibration of these methods to ensure their suitability for the soil conditions in
Saskatchewan.

In Saskatchewan, incorporating CPT/CPTu based direct methods into pile design practices has
the potential to greatly improve bearing capacity predictions. This is achieved by utilizing shear
strength measurements obtained from in-situ tests, as opposed to relying on laboratory tests that
are based on soil samples which may undergo disturbances during sampling and transportation

and may not accurately represent the actual in-situ conditions.

In addition, using CPT/CPTu based methods would result in a higher resolution of bearing
capacity predictions, as the pile capacity can be estimated at the 0.025 m intervals of the
CPT/CPTu data. This would provide a more precise prediction of bearing capacity at a

considerably lower design cost, compared to traditional laboratory testing methods.

1.30BJECTIVES OF THIS STUDY

This research aimed to evaluate the performance of three CPT based and two CPTu based pile
capacity prediction methods for CFA piles and to propose a CPT/CPTu based pile design
method. The evaluated CPT methods were Price and Wardle (1982), Bustamante and Gianeselli
(1982), and Togliani (2008). The evaluated CPTu methods were Niazi and Mayne (2015) and

Takesue et al. (1998). The data used for the evaluation included the following:

e Records of the CFA test pile installations.
e Results from the instrumented static axial load tests performed on the test piles.
e Auger boring information from the site.

e CPTu data collected at the exact location of the test piles.

The CPTu data contained depth, inclination, average tip resistance (qc), average sleeve friction
(fs), and average dynamic pore pressure (uz). To evaluate the pile bearing capacities,
instrumented static load test data was used as a reference. However, due to the test piles having

high capacities exceeding the force that could be applied by the jack, only one pile met the
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failure conditions. Therefore, the capacities of the other five piles were assumed to be
underestimated, which limited the evaluation to the shaft capacities of the piles. The evaluation
and suggestion of a bearing capacity determination method were conducted in two stages.

In the first stage, calibration factors were calculated for the CFA piles and applied to the shaft
friction resistances obtained from the CPT/CPTu methods. This was accomplished by optimizing
the predicted shaft capacities to the measured pile capacities from the static axial load test. In the
second stage, the best performing methods were determined using a rank index (RI) based on
techniques utilized by Abu-Farsakh and Titi (2004), Eslami et al. (2011) and Chung et al. (2019).
The RI was calculated by considering the following criteria:

1. The slope of the best fit line between Qs() and Qsm) and the square root of the residual
sum of squares (vVRSS) between predicted and actual shaft capacities (Qs(p pesn) and Qs(p).

2. The coefficient of variation (COV) of the predicted vs. actual shaft capacity ratios.

3. The 50% (Pso0) and 90% (Pso) cumulative probabilities for the predicted vs. actual shaft

capacity ratios.

The RI for a given method was computed by summing the ranks obtained from each criterion

mentioned above. The method with the lowest Rl was deemed to be the best performing method.



CHAPTER 2. LITERATURE REVIEW
2.1 INTRODUCTION

Determining the capacity of piles can be a challenging task due to the presence of various factors
that can influence the capacity, coupled with inherent uncertainties. Static analysis of pile
capacity can be impractical as it incorporates numerous assumptions and simplifications that may
not always be accurate, leading to accumulated errors over time (Chung et al., 2019). In order to
improve the accuracy of pile capacity predictions, site-specific field load tests, such as
instrumented static axial load tests are conducted. These tests offer several benefits to large-scale
projects, as highlighted by Brown et al. (2018):

a) Field load tests provide direct measurements of resistance in specific geological
formations where the piles will be installed. This information is valuable as it offers
insight into the soil conditions, which can impact the capacity of the piles.

b) The tests offer direct assessments of pile performance using the actual construction
methods and materials planned for the project. This ensures that the pile design is
suitable for the specific project and can perform as expected.

c) Field load tests offer an opportunity to refine the design methodology based on the local
geological conditions. This can lead to an optimized design that is tailored to the site-
specific requirements.

d) Site-specific verification of design and construction methods through field load tests can
significantly improve the overall reliability of the pile foundation. This can lead to a
safer and more durable foundation for the project.

e) Improved reliability of the pile foundation through site-specific verification of a design
and construction methods can also increase confidence in the project’s success.

f) In some cases, field load tests can help determine whether a reduction in pile shaft length
is possible. This can reduce the risks associated with construction difficulties, leading to

a more cost-effective and efficient project.



Although field load tests offer several benefits to large-scale projects, they also have some
limitations that must be taken into account (Brown et al., 2018; Eslami et al., 2011):

a) In sites where there are highly variable geological conditions, one or few tests may not be
sufficient to evaluate the performance of the piles on the site.

b) Field load tests require a significant investment of resources and time, which can cause
delays that are more costly than additional pile shaft embedment resulting from a
conservative design with lower resistance factors — especially the case for projects on
tighter schedules.

c) Projects with a relatively small number of piles may not derive sufficient improvements

in economy and efficiency to offset the costs of the load testing.

To overcome these limitations, researchers have attempted to correlate the results of pile load
tests with in-situ sounding tests such as SPT and CPT/CPTu, which are more versatile and cost-
effective methods for determining pile capacity. Of these methods, CPT/CPTu is generally
considered to be the superior option due to its closer resemblance to a pile and the higher
resolution it provides in the form of continuous sounding results with 0.025 m discretization,
compared to the discrete results obtained from SPT (Eslami and Fellenius, 1997; Chung et al.,
2019). This chapter provides a comprehensive review of the relevant direct pile capacity
prediction methods based on CPT/CPTu, as well as an overview of the fundamentals of static

axial load testing, which was used to obtain the reference pile capacities in this study.

2.2 PILE CAPACITY FROM CPT/CPTu RESULTS

The CPT/CPTu device itself is a cone on the end of a series of rods that is pushed into the ground
at a constant rate (2 cm/s). As the cone is pushed into the ground, continuous measurements are
made of the resistance to penetration of the cone and of the surface sleeve. In the case of the

CPTu, a dynamic pore pressure measurement (uz) is also continuously taken.



Friction
Sleeve
Cone
Penetrometer
Porewater—___|
pressure filter
location
Cone

Figure 2.1. CPTu components schematic

The total force acting on the cone, Qc, is divided by the projected area of the cone, Ac, to produce
the cone resistance, gc. The total force acting on the friction sleeve, Fs, divided by the surface
area of the friction sleeve, As, produces the sleeve friction, fs. In the CPTu, a pore pressure filter

is located behind the cone as shown in Figure 2.1.

As specified in most standards, the cone areas are typically 10 cm? and 15 cm?. However specific
applications such as shallow investigations or gravely soils may see 2 cm? and 40 cm?,
respectively (Robertson and Kabal, 2010). The cones are usually pushed by specially built units
that are either truck or track mounted. They may also be carried out on modified anchored drill
rigs.



BETTER INFORMATlON
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SITE CHARACTERIZATION SERVICES

20000

Figure 2.2. Truck mounted CPTu unit

In comparison to other in-situ tests, cone testing is generally advantageous in the following ways
(Robertson and Kabal, 2010):

1. Fast and continuous profiling

2. Repeatable and reliable data (operator-independent)
3. Economical and productive
4

Strong theoretical basis for interpretation
By the same comparison, the general limitations are as follows (Roberson and Kabal, 2010):

1. High capital investment

2. Requires skilled operators
3. No soil sample
4

Penetration can be restricted in gravel/cemented layers

The estimation of pile capacity has been a longstanding application of CPT/CPTu data, as noted
by Eslami and Fellenius (1997) and Abu-Farsakh and Titi (2004). The cone resistance and sleeve
friction measurements obtained during CPT/CPTu testing are often viewed as analogous to the

load bearing mechanisms of piles through toe and shaft resistance, respectively. However, since
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there is a difference in scale between the cone equipment and the piles, correlation factors are
required to provide accurate capacity predictions as emphasized by Song et al. (2019).

The methods for applying cone data to pile design are generally classified as direct or indirect in
their determinations, according to Eslami and Fellenius (1997). Indirect CPT/CPTu methods rely
on soil parameters, such as friction angle and undrained shear strength, estimated from cone data
and evaluated from bearing capacity theories. However, the accumulated errors and empiricism
involved in CPT/CPTu determinations of shear strength properties make them less desirable. On
the other hand, direct CPT/CPTu methods equate cone resistance and sleeve friction to determine
pile capacity. By skipping the intermediate steps required by the indirect methods, direct
approaches reduce the errors induced in the estimation of bearing capacity, as noted by Eslami
and Fellenius (1997) and Song et al. (2019).

| CPT/CPTu Based Pile Capacity Evaluations |
I

|| 1
| Direct Methods | | Indirect Methods |
. I
| Total Stress Approach | |  Effective Stress Approach |
unit side friction via o Methods unit side friction via p Methods
(fine grained soils) (coarse and fine grained soils)
unit end bearing resistance for unit end bearing resistance for
undrained loading drained loading
(fine grained soils) (coarse grained soils and slow
loading in fine grained soils)

Pure Empirical Methods Semi-Empirical Methods
Evaluate unit side friction and end Evaluate unit side friction and end
bearing resistance using bearing resistance using CPT/CPTu
CPT/CPTu measurements measurements and additional
geoparameters

Figure 2.3. Breakdown of CPT/CPTu Based Pile Capacity Evaluations

10



2.3 PILE CAPACITIES BASED ON DIRECT APPROACH

The determination of the axial compression capacity of a single pile comprises of two
components: the side or shaft component and the end-bearing component at the base. In the case
of a circular pile, the shaft capacity (Qs) is calculated by multiplying the unit side friction (rs)
with the surface area of the shaft (As).

A = mdL 1)

Where d is the pile diameter, and L is the length embedded below grade.

If the magnitude of side friction is uniform and constant with depth, the side capacity is simply

found as:

Qs = 1545 (2)

However, many piles extend through multiple layers and a summation of unit side frictions

acting on various pile segments must be tabulated over the length of the pile:

0, = [ nas, ®)

The unit-end bearing resistance (r;) acts over the base of the pile tip, where the area of a circular

pile at the base (Av) is given by:

A, =md?/4 4)

For piles in compression loading, the base capacity (Qb) is determined as:

Qp =14y (5)

The summation of Qs and Q» provides the total axial pile capacity (Qx).

Qt = Qs + Qb (6)
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Axial Pile Capacity

Total capacity, Q,=Q, + Q,
Q

A

A

A

>

4 Unit side friction, rg

Shaft Capacity, Qs = j r, dA

ARRS

Unit end bearing resistance, r,

Base capacity, Q, =ri A,

Figure 2.4. Components of axial pile capacity

Several direct cone test methods were selected for comparison to the measured capacities from
the static load testing. As many as 40 different direct CPT methods have been developed over the

past five decades, as summarized by Niazi & Mayne (2013). However, many of these methods

12



predate the mid-1990’s which was when the modern electric piezometer (CPTu) was

implemented.

The comparison in this study is not exhaustive of all methods, rather several common methods
applicable to the evaluation of continuous flight auger piles in mixed soils of primarily
silts/sands were compared. Three CPT methods and two CPTu methods were selected, a detailed

summary of the selected methods is presented in Table 2.1.
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Table 2.1. Summary of selected direct CPT/CPTu methods

Method rt (unit base resistance) rs (unit shaft resistance) Note
e = kpq. < 15 MPa 1y = kgfs < 120 kPa
kp=0.35 for driven piles and 0.3 for jacked ks=0.53 for driven piles, 0.62 for jacked piles, and 0.49 for
Price and Wardle (1982) piles bored piles CPT based
Tt = KcQea
where k. is bearing capacity factor, and Qca is r, = 4c
. ] . Xrcpc
LCPC. Bustamante and Gianeselli the averaged cone tip resistance as described
B i i (1982 h is a fricti ffici
(1982) by Bustamante and Gianeselli (1982) where aLcpc is a friction coefficient CPT based
1 = 0.25q, (clay soils)
re = ﬁ;
1. = 0.125q, (sand soils) S 1.5+ 0.0145f;
Penpile, Clisby et al. (1978) where fs is in kPa CPT based
s = k1qc
rt = k3thoe
ki =11.210.8+ (Rf/8 if Rk <1
ks = A+ [0.01(Lpie /dio)]} 1= [12(08+ (5,/8)) g s Ry
A being 0.2 for all driven piles, and 0.1 for all ky = [1.1 (0.4 + Ln(Rf))] BifR 21
bored piles
Frictionratio, Ry = (fs/q.)
B is 1 for displacement driven piles, 0.6 for non-displacement
Togliani (2008) piles and CFA, 0.5 for bored piles CPT based
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KTRI, Takesue et al. (1998)

1 = 0.1q; (sands)
otherwise by UniCone Method

B Au + 950

T = 1750 fs if Au <300 kPa

_ Au—100

T fs if 300 kPa < Au < 1250 kPa

Au=u, —u,

CPTu based

Enhanced UniCone, Niazi and
Mayne (2015)

r, = qp10(03251c-1218)

For I. values read details in section below.

_ 0.732-1,—3.605
s = qgOprOrcOrate 10 ¢

Where 6pt is the coefficient for pile type (0.84 for bored piles,
1.02 for jacked piles, and 1.13 for driven piles), Orc is the
coefficient for loading direction (1.11 for compression and 0.85
for tension/uplift), Orate is the rate coefficient applied to the
soils (1.09 for constant rate of penetration and 0.97 for
maintained load test). For Ic values read details in section

below.

CPTu based
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2.3.1 Price and Wardle Method (1982)

In 1982, Price and Wardle conducted pile load tests in stiff London clay. Based on their analysis
they developed the following relationships for determining unit end bearing capacity and unit
shaft resistance. These relationships make use of pile type dependent factors. To evaluate the unit
end bearing capacity (r) of the pile from the cone tip resistance (qc), the following relationship is
applied (Titi and Abu-Farsakh, 1999; Chung et al., 2019):

e =kpq. < 15 MPa (7

Where k; is a factor that is dependent on the pile type (k»=0.35 for driven piles and 0.3 for jacked
piles). The unit shaft resistance (rs) is obtained from the local sleeve friction (fs) by the following
relationship (Titi and Abu-Farsakh, 1999; Chung et al., 2019):

e = kyf; <120 kPa (8)

Where ks is a factor that is dependent on the pile type (ks=0.53 for driven piles, 0.62 for jacked
piles, and 0.49 for bored piles). The values for these factors were based on analysis conducted on
pile load tests in stiff London clay (Titi and Abu-Farsakh, 1999).

2.3.2 Clisby and Scholtes (1978)

The Penpile method, also referred to as the method developed for the Mississippi Department of
Transportation (Clisby and Scholtes, 1978), calculates the unit end bearing capacity of the pile
using the following relationship (Titi and Abu-Farsakh, 1999; Chung et al., 2019):

1. = 0.25q, (clay soils) 9)
1, = 0.125q, (sand soils) (10)

The unit shaft resistance (rs) is determined by the following relationship where the local sleeve
friction (fs) is in kPa (Titi and Abu-Farsakh, 1999; Chung et al., 2019):

. fs (11)
ST 1.5+ 0.0145f,
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2.3.3 LCPC Method, Bustamante and Gianeselli (1982)

The LCPC method, otherwise known as the French method, is based on the analyses of 197 pile
loading tests with various bearing strata conditions. This work was done by Bustamante and
Gianeselli at the Laboratoire Central des Ponts et Chausees (LCPC) (Eslami and Fellenius, 1997;
Chung et al., 2019). By this method, the sleeve friction (fs) is neglected, and the unit toe and unit
shaft resistance are both determined from the average cone resistance (qc). By this method the
unit toe resistance (ry) is determined by the following (Eslami and Fellenius, 1997; Chung et al.,
2019):

Tt = K¢eq (12)

Here K. is a bearing capacity factor that is selected from Table 2.2, and qca is the average cone tip

resistance based on the procedure outlined in Figure 5.
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Figure 2.5. Determination of gca after Bustamante and Gianeselli (1982)
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Table 2.2. k¢ as a function of soil and pile type (from Bustamante and Gianeselli, 1982)

Nature of soil

dc [Mpa]  Group I*  Group 112
Soft clay and mud 1 0.40 0.50
Moderately compacted clay 1to5 0.35 0.45
Silt and loose sand 5 0.40 0.50
Compacted to stiff clay and compacted silt 5 0.45 0.55
Soft chalk 5 0.20 0.30
Moderately compacted sand and gravel 5t012 0.40 0.50
Weathered to fragmented chalk 5 0.20 0.40
Compacted to very compact sand and gravel 12 0.30 0.40

1. Plain bored piles; mud bored piles; micro piles (grouted under low pressure); cased bored piles; hollow

auger bored piles; piers; barrettes.

2. Cast screwed piles; driven precast piles; prestressed tubular piles; driven cast piles; jacked metal piles;

micro piles (small diameter piles grouted under high pressure with diameter <250 mm); driven grouted piles

(low pressure grouting); driven metal piles; driven rammed piles; jacket concrete piles; high pressure grouted

piles of large diameter.

The unit shaft resistance is determined from relation where a friction coefficient (aLcpc) IS

applied to the cone tip resistance (Eslami and Fellenius, 1997; Chung et al., 2019):

qc
Urcpc

s =

19

(13)



Table 2.3.

aLcpc as a function of soil and pile type (from Bustamante and Gianeselli, 1982)

Nature of soil

Category

Coefficients, aicpc

Maximum Limit of rg

qc[Mpa] | I | I 1
Al B> A B¢ A B A B Ad B®

Soft clay and mud 5 30 90 90 30 0.015 0.015 0.015 0.015 0.035 <0.12
Moderately compact clay l1to5 40 80 40 80 0.035(0.08) 0.035(0.08) 0.035(0.08) 0.035 0.08 <0.12
Silt and loose sand <5 60 150 60 120 0.035 0.035 0.035 0.035 0.08 N/A
Compact to stiff clay and
compact silt >5 60 120 60 120 0.035(0.08) 0.035(0.08) 0.035(0.08) 0.035 0.08 >0.2
Soft chalk 5 100 120 100 12 0.035 0.035 0.035 0.035 0.08 N/A
Moderately compact sand and
gravel 5to12 100 200 100 200 0.08(0.12) 0.035(0.08) 0.08(0.12) 0.08 0.12 >0.2
Weathered to fragmented chalk >5 60 80 60 80 0.12(0.15) 0.08 (0.12) 0.12 (0.15) 0.12 015 >0.2
Compact to very compact sand
and gravel >12 150 300 150 200 0.12(0.15) 0.08 (0.12) 0.12(0.15) 012 015 >0.2

1. Plain bored piles; mud bored piles; hollow auger bored piles; micropiles (grouted under low pressure); cast screwed piles; piers; barrettes.

2. Cased bored piles; driven cast piles.

3. Driven precast piles; prestressed tubular piles; jacket concrete piles.

4. Driven metal piles; jacket metal piles.

5. Driven grouted piles; driven rammed piles.

6. High pressure grouted piles of large diameter 250 mm; micropiles (grouted under high pressure).

*Note: maximum limit unit skin friction, rs: bracket values apply to careful execution and minimum disturbance of soil due to construction.
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2.3.4 KTRI Method, Takesue et al. (1998)

The Kajima Technical Research Institute (KTRI) method is based on the results of 6 pile load
tests in clay, silts, sands, and mixed soil conditions (Niazi, 2013). The unit toe resistance (rt) in
clay soils is found by a means similar to the UniCone method. In sands, the unit toe resistance is
found by the following relationship (Chung et al., 2019):

. =0.1q, (14)

Where q is the cone tip resistance corrected for pore pressure effects.

The unit shaft resistance (rs) is a function of the local sleeve friction (fs) and the measured pore
water pressure (Niazi, 2013; Saftner et al., 2018, Chung et al., 2019):

_But950 <300 kP (15)
s = 5q s Au @
Au—100 (16)
Ty = Wfs if 300 kPa < Au < 1250 kPa
Au=u, —u, 17

Where Au is the change in porewater pressure, uz is the CPTu porewater pressure reading, and uo

is the hydrostatic porewater pressure.

2.3.5 Togliani Method (2008)
Originally developed for displacement piles, the Togliani method (2008) can be adjusted to
provide capacity estimates for non-displacement and CFA piles. The pile unit side friction is

determined as:

s = k1qc (18)
ky =[12(0.8+ (R;/8))IB if R < 1 (19)
ky=[11(04+ Ln(R,))| B if Ry 2 1 (20)
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Frictionratio,Ry = (fs/q.) (21)
Where qc is the cone tip resistance, fs is the sleeve friction, and B is 1 for displacement driven
piles, 0.6 for non-displacement piles and CFA, 0.5 for bored piles.

The unit toe capacity is determined as being:

Te = k3qctoe (22)

k3 = {/1 + [0-01(Lpile/dtoe)]} (23)
Where q.,,, is the cone resistance measured from +8d:e t0 -4die. The value of A being 0.2 for all

driven piles, and 0.1 for all bored piles.

2.3.6 Enhanced UniCone Method, Niazi and Mayne (2015)

The modified UniCone method was developed based on a total of 330 pile load tests which were
associated with CPTu data during site investigations (Niazi and Mayne, 2015, 2016). In
comparison, the original UniCone method was developed on data from 106 pile load tests
(Eslami and Fellenius 1997). The modified approach provides a greater delineation of soil
subclassifications. Instead of the original 5-zone normalized soil behavioral types (SBTn), a 9-
zone normalized SBTn is ascertained using CPTu data. Additionally, the pile unit side friction

and the unit end bearing expressions are expanded to include additional parameters.

The pile unit side friction (rs) is obtained from the effective tip resistance (ge) and the CPT
material index (lc) using the following expression at each elevation along the sides of the pile
(Saftner et al., 2018):

Ts = qgOprOrcOrate 10°73%1e73:605 (24)

Where 0pt is the coefficient for pile type (0.84 for bored piles, 1.02 for jacked piles, and 1.13 for
driven piles), 6c is the coefficient for loading direction (1.11 for compression and 0.85 for
tension/uplift), Orat is the rate coefficient applied to the soils (1.09 for constant rate of

penetration and 0.97 for maintained load test).

The pile end bearing resistance is obtained from the following (Saftner et al., 2018):
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r, = qE10(0.32515—1.218) (25)

The CPT material index I¢ is determined as being an iteration of equations 26 to 29.

I. =/ (347 —logQu)? + (1.22 + logF,)? (26)

Where Qmn is the normalized tip resistance and F; is the normalized friction.

Q _ (qt - Uv)/aatm (27)
T (04 0am)"
oy (28)
n = 0.3811, + 0.05 —-0.15<1.0
Oatm
fs (29)

F.(%) = 100 —=—
(Qt - Uv)

Here g, 1S the atmospheric pressure, a,, is the total vertical overburden stress at the mid layer

depth, and oy, is the effective vertical overburden stress at the mid layer depth.

2.4 STATIC AXIAL LOAD TEST

Static axial load tests are considered to be the most reliable method for evaluating the load-
carrying capacity and deflection behavior of deep foundation units such as piles. The test results
provide valuable information for the foundation designer to assess the behavior of the pile under
load and to determine its suitability for specific loadings (Brown et al., 2018; ASTM, 2020).

In a static axial load test, a load is applied to the top of the pile using hydraulic jacks, and the
resulting axial movement is measured using strain gauges, transducers, and load cells. The load
is usually applied in increments, and measurements are taken at each increment to monitor the
behavior of the pile (ASTM, 2020).

The test results can be used to determine the distribution of side shear resistance along the pile
shaft, the amount of end bearing developed at the pile toe, and the long-term deflection behavior.
This information is critical for the foundation designer to evaluate the ultimate static capacity of

the pile, as well as the pile behavior under service load (Brown et al., 2018; ASTM, 2020).
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The required equipment for a static axial load test typically includes hydraulic jacks, reaction
frames anchored by reaction piles, strain gauges, displacement transducers, and load cells. The
equipment must be carefully calibrated and installed to ensure accurate and reliable test results

(ASTM, 2020).
/ReaCtion plle\

Reaction beam

|_Iﬁl;mad cell

, _—Hydraulic jack

=) T Wi RN % 3

Data acquisition syste __/\,—\ ydraulic pump
Test pile

Figure 2.6. Schematic of pile load test setup
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Figure 2.7. Hydraulic jack, load cell, steel test plate, test beam, and test pile
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Figure 2.8. Anchor piles, load transfer beams, and test beam

2.5 CFA PILE CAPACITY BY INSTRUMENTED STATIC AXIAL LOAD TEST

The total resistance of a pile can be evaluated based on the measured force applied to the test pile

by the hydraulic jack and the displacements of the pile head. The ultimate load can then be
determined by using various criteria, including Chin’s Criterion, Van der Veen’s Criterion,
Ultimate Load Based on 10% Relative Settlement, Davisson’s Criterion, and De Beer’s
Criterion. According to Salgado (2011), the criterion based on the pile head settlement being
equal to 10% of the pile diameter is the most appropriate. This criterion applies to large-
displacement, small-displacement (partial-displacement), and non-displacement piles and is

closely linked to the concepts of serviceability and ultimate limit states.

If the pile is instrumented with strain gauges at soil stratigraphy changes, information on how the
load is distributed along the pile can be obtained. Strain gauges allow the measurement of strain,
which can then be used to calculate stress using Young’s moduli. These Young’s moduli (E) can

be determined using either the transformed area method or the modified secant modulus method
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(Fellenius, 2001). The force (P) acting along the pile cross-section can then be determined using
the following equation:

P = E¢Astee1€ + EcAconcrete€ (30)
Where P is the load, ¢ is the measured strain from the gauges, Asteel iS the cross-sectional area of
the reinforcing steel at the plain of the strain gauges, Aconcrete IS the cross-sectional area of the
concrete shaft at the plain of the strain gauges, Es is the Young’s modulus of the steel
reinforcement at the strain gauges, and Ec is the Young’s modulus of the concrete at the strain

gauges.

Knowing the loads at discretized points along the pile can allow for a load transfer curve to be
produced, and from this load transfer curve pile shaft capacities and the pile toe capacity can be

determined.

2.6 CONCLUSIONS

The various CPT/CPTu based methods reviewed may have similar general form, but they
typically require different empirical coefficients and correction factors that are specific to the site
conditions and the type of pile being used. Therefore, before applying any of these methods to a
different site, it is important to calibrate and validate the method using reliable pile capacities

determined from static axial loading tests.

Static axial loading tests are commonly used to determine the ultimate capacity of a pile in a
particular soil condition. In this test, a load is applied to the pile slowly and progressively until
the pile fails. The ultimate capacity of the pile is determined based on the load that causes
failure. This test provides a direct measure of the pile capacity and is considered one of the most

reliable methods for determining pile capacity.

To validate the results obtained from CPT/CPTu based methods, the pile capacities determined
from the static axial loading tests can be compared with the predicted capacities obtained using
the CPT/CPTu based methods. This comparison can help in calibrating the CPT/CPTu based

method for the specific site conditions and type of pile being used.

In summary, while CPT/CPTu based methods may offer a faster and more cost-effective way of

determining pile capacity, the application of these methods should be preceded by the careful
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evaluation and calibration of the method using reliable pile capacities determined from static
axial loading tests.
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CHAPTER 3. METHODOLOGY
3.1 INTRODUCTION

The main aim of this study was to assess the efficiency of various CPT/CPTu-based models for
predicting pile capacity and develop a modified method that suits the soil conditions of the site.
To achieve this objective, several data were collected from the site, including pile installation
records, static axial load test data, soil boring information, and CPTu data. These data were
analyzed to determine the axial capacity of the test piles. The shaft capacities were later
compared to the predicted shaft capacities from the CPT/CPTu-based methods discussed in the
previous chapter. The comparison was evaluated using a rank index (RI) to determine the most
effective method.

3.2 TEST SITES

The research site is a vacant piece of farmland located on the northeast limits of the City of
Regina. Based on hydrogeological maps of the area, the site overlies the Condie Aquifer. The
Condie Aquifer is characterized by its primary composition of sand and gravel deposits, which

are interspersed with clay and silt deposits and formed because of glacial activity.

In the Fall of 2021, a preliminary geotechnical investigation was conducted on the job site which
involved the drilling of boreholes, soil sampling, monitoring well installation, and CPTu testing
at 17 locations. The general soil stratigraphy was understood to consist of two distinct areas: (1)

a thin silt/sand aquifer and (2) a thick sand aquifer.

In the thin silt/sand aquifer location, the general subgrade soil conditions consist of 200 to 300
mm of topsoil at the ground surface, followed by clay to a depth of 10.1 to 11.0 m, which was
underlain by variable deposits of silt/clay and silt/sand to depths of approximately 13.3 to 16.9

meters below grade (mbg). An extensive deposit of glacial till lies below these depths.

In the thick sand aquifer location, the general subgrade soil conditions consist of 200 to 300 mm
of topsoil at ground surface, followed by clay to a depth of 2.3 to 5.0 mbg, which is underlain by
a thin layer of clay/silt and/or glacial till to a depth of 5.3 to 7 mbg. An extensive deposit of sand
or sand/silt (aquifer deposits) lies below this layer, to depths of about 15.1 to 20 mbg, which is

underlain by an extensive deposit of glacial till. The predominant bearing material in this area of

the site consists of sand/silt.
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In the Fall of 2022, proposed test pile sites were identified, and additional CPTu tests would be
done at the center of the proposed sites. Test pile 3 and Test pile 6 would see the actual
installations of the test piles being considerably removed from the proposed test sites.
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Figure 3.1. Test pile and CPTu layout diagram

3.3 PILES
The test piles for this research were exclusively CFA piles. These piles are installed by drilling a
continuous flight, hollow stem auger into the ground, followed by pressure injection of concrete

and simultaneous extraction of the hollow stem auger.
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Table 3.1. Test pile diameters and drill depths

) Nominal shaft diameter Drilling
Test pile
(mm) depth (m)
TP1 450 22.8
TP2 450 15.3
TP3 450 21.8
TP4 450 23.3
TP5 500 22.8
TP6 500 21.8

Test piles 1 to 4 were installed with vertical reinforcement of 7-25M x 9m rebar cages plus 1-

35M center rebar to full length. Test piles 5 and 6 were installed with vertical reinforcement of 6-

25M x 9m rebar cages plus 1-35M center rebar to full length. For all test piles, a concrete mix

with 7-day strength of 50 MPa was used, and a summary of the concrete compressive strength is

provided in Table 3.2.

Table 3.2. Summary of concrete strength testing

Compressive Strength (MPa)

Test Pile

Day 3 Day 5 Day 7
TP1 47.2 61.4 -
TP2 44.0 57.9 62.2
TP3 44.3 54.5 56.9
TP4 43.4 50.5 54.4
TP5 41.7 53.5 55.0
TP6 38.8 52.4 55.7

Along the full length center rebar, vibrating wire strain gauges were installed at depths where

there were changes in soil stratigraphy.
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Table 3.3. Strain gauge depths for test piles

Test pile Strain gauge depths (m)
TP1 1.5,4,8,15,22.2
TP2 1.5,5, 10, 14.7
TP3 1.5,4,6.5, 15, 19, 21.2
TP4 1.5, 6, 10, 16, 22.7
TP5 1.5,6,12, 18, 22.2
TP6 1.5,5,11,18,21.2

Figure 3.2. CFA piling rig featuring concrete truck and pump
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Figure 3.3 CFA piling rig during boring
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3.4 CPTu DATA

The data obtained from the CPTu was in [*.csv] format and extracted from the logging software.
The log information included various parameters such as cone depth, inclination, average tip
resistance (qc), average sleeve friction (fs), and average dynamic pore pressure (uy).
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3.5 SOIL CLASSIFICATION

The classification of soil type through CPT/CPTu is commonly accomplished using soil
behavioral type charts (SBT), which are based on measures such as qc, fs, and/or uz, and rely on
empirical relationships. While there exist over 25 different sets of charts available (e.g. Hegazy,
1998; Valsson, 2016; Eslami et al., 2017), one of the most popular and widely used is the 9-zone
SBT system that employs two normalized cone readings (Saftner et al., 2018): Normalized tip
resistance using a variable stress ratio exponent based on soil behavior type index (Qw), and
Normalized friction ratio (Fr). This classification system is referred to as the SBT Qw and is
plotted on charts as Qw Vvs. Fr. The normalized tip resistance using a variable stress ratio
exponent can be calculated as following according to Robertson (2009):

O = (q: — Uv)/Pa (31)
T (B /op)n

Where P, is atmospheric pressure (100 kPa), gt is the average tip resistance corrected for
porewater pressure, oy is the total vertical overburden stress, and o’y is the effective vertical

overburden stress. The stress ratio exponent (n) is found by the following (Robertson, 2009):

n = 0.0381(l.) + 0.05(o,/P,) — 0.15 (32)
The soil behavior type index (l¢) is based on the variable stress ratio exponent (n), which itself is
based on I (Robertson, 2009). As a result, an iterative calculation is required to determine I¢ and

the corresponding n.

I, = /(347 — l0g10Qw)? + (1.22 + log,oF,)? (33)
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Figure 3.11. Normalized soil behavior type classification chart (SBT Qw) from Robertson 1990
and updated from Robertson 2009

Based on the CPTu data, soil classification could be based upon the Robertson (Robertson, 2009)
normalized soil behavioral type chart (SBT Q). Soil classification by this method was necessary
to determine the appropriate values for the empirical coefficients used in the CPT/CPTu based

methods.
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Figure 3.12. TP1 CPTu soil classification based on SBT Qtn
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Figure 3.13. SBT Qtn plot for TP1 pile depth (0 to 22.8 m)
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Figure 3.14. TP2 CPTu soil classification based on SBT Qtn
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Figure 3.15. SBT Qtn plot for TP2 pile depth (0 to 15.3 m)
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Figure 3.16. TP3 CPTu soil classification based on SBT Qtn
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Figure 3.17. SBT Qtn plot for TP3 pile depth (0 to 21.8 m)
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Figure 3.18. TP4 CPTu soil classification based on SBT Qtn
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Figure 3.19. SBT Qtn plot for TP4 pile depth (0 to 23.3 m)
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Figure 3.20. TP5 CPTu soil classification based on SBT Qtn
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Figure 3.21. SBT Qtn plot for TP4 pile depth (0 to 22.8 m)
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Figure 3.22. TP6 CPTu soil classification based on SBT Qtn
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Figure 3.23. SBT Qtn plot for TP4 pile depth (0 to 21.8 m)
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3.6 STATIC AXIAL LOAD TEST DATA

The reference capacities of the test piles were determined using static axial load test data. To
apply a static load to the shaft, a hydraulic jack was used with a pump to apply hydraulic
pressure. The jack was calibrated to ensure that the applied pressure corresponded to the known
load during the test. A load cell, an elastic steel element with calibrated strain gauges, was used
to measure the load applied to the pile head. Displacement measurements were made using four
linear variable differential transformers (LVDT) as load was applied to the pile head. Figure 3.24
shows the plots for displacement vs. load for each test pile, for clarity the unloading of the test
piles are not shown).
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Figure 3.24. Plot of displacements vs. load for all test piles (note that TP2 was
unloaded/reloaded)

Vibrating wire strain gauges mounted on a steel rebar running through the entire length of the
pile were used to measure the strains developing within the pile, allowing for the determination
of axial force in the shaft at each measurement point, so that the load transfer to the soil between

measurement points could be calculated using Eq. 30.
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Once the force at each strain measurement elevation was determined, force vs. depth plots were
created as shown in Figures 3.25, 3.28, 3.31, 3.34, 3.37, and 3.40. Each curve in the plot
represents a measurement for a specific load atop the shaft at the top displacement, as indicated
in the legend. The topmost point in the curve is the load cell measurement, while the remaining
points below grade are interpreted from the strain measurements. The difference between the
force at each measurement elevation represents the load transferred to the soil over the length of
that segment.

Figures 3.26, 3.29, 3.32, 3.38, and 3.41 plot the mobilized shaft resistances against the pile head
displacements. While Figures 3.27, 3.30, 3.33, 3.39, and 3.42 plot the mobilized end bearing

resistances against the pile head displacements.
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Figure 3.25. TP1 force vs. depth plot from static axial load test
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Figure 3.26. TP1 mobilized shaft resistance vs. pile head movement
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Figure 3.27. TP1 mobilized end bearing resistance vs. pile head movement
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Figure 3.28. TP2 force vs. depth plot from static axial load test

59



Mobilized Shaft Resistance (KPa)

Mobilized End Bearing Resistance (KPa)

350

300

250

200

150

100

50

9000

8000

7000

6000

5000

4000

3000

2000

1000

(e —
# — N —0
=& 10-14.7m
’ 5-10m
1.5-5m
i
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
Pile Head Movement (mm)
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Figure 3.30. TP2 mobilized end bearing resistance vs. pile head movement
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Figure 3.31. TP3 force vs. depth plot from static axial load test
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Figure 3.32. TP3 mobilized shaft resistance vs. pile head movement
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Figure 3.33. TP3 mobilized end bearing resistance vs. pile head movement
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Figure 3.34. TP4 force vs. depth plot from static axial load test
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Figure 3.35. TP4 mobilized shaft resistance vs. pile head movement
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Figure 3.36. TP4 mobilized end bearing resistance vs. pile head movement
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Figure 3.37. TP5 force vs. depth plot from static axial load test
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Figure 3.38. TP5 mobilized shaft resistance vs. pile head movement
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Figure 3.39. TP5 mobilized end bearing resistance vs. pile head movement
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Figure 3.40. TP6 force vs. depth plot from static axial load test
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Figure 3.41. TP6 mobilized shaft resistance vs. pile head movement
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Figure 3.42. TP6 mobilized end bearing resistance vs. pile head movement
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The unit load transfer is determined by dividing the difference in load between two points

compromising a segment of the test shaft by the surface area of that segment of the pile shaft.

3.7 EVALUATION METHODOLOGY

The evaluation of the effectiveness of CPT/CPTu-based methods involved both statistical and
non-statistical analyses. Previous studies have employed similar techniques to evaluate these
methods, including researchers such as Briaud and Tucker (1998), Long and Wysockey (1999),
Abu-Farsakh and Titi (2004), Cai et al. (2009), Nguyen et al. (2016), and Chung et al. (2019).
However, relying solely on statistical analyses may yield misleading results, as pointed out by
Briaud and Tucker (1998) and later Chung et al. (2019). Therefore, it is recommended to
examine the predicted versus measured pile capacity plots in addition to statistical analyses
before making any conclusions regarding the effectiveness of a method.

Before carrying out the evaluation of the methods it was understood from that the capacities
would primarily be made up from the shaft resistances of the piles. This in combination with five
out of six of the piles not meeting failure criteria meant that the evaluation would consist entirely
of evaluating shaft capacities. To add, the test piles would be categorized and evaluated in two
distinct groups — the test pile which met failure criteria and the five test piles which did not meet
failure criteria. With the category of test piles that met failure criteria only having one pile, it was
decided that the pile shaft capacities should be discretized and evaluated at the strain gauge

intervals.

In this report, pile shaft capacities obtained from the static axial load test will be referred to as
Qs(m), While the predicted capacities from the CPT/CPTu-based methods will be called Qsp). A
Qs(p)/Qsm) ratio of 1 indicates a perfect prediction. To evaluate the accuracy and precision of the
CPT/CPTu-based methods, various statistical and plot-based evaluation schemes were used. The
mean and standard deviation of the Qs)/Qs(m) ratio indicate the accuracy and precision of the
prediction, respectively. The evaluation process considered statistical criteria as well as non-
statistical measures that showed the quality of the Qs() vs. Qsm) plots. The adopted evaluation

scheme included three criteria:
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(1) the slope of the best fit line between the Qsp) vs. Qsm) and the square root of the residual

sum of squares (VRSS) between prediction (Qs()) and measured (Qsm)).
(2) the coefficient of variation (COV) of Qs(p)/Qs(m).
(3) the 50% (P50) and 90% (P90) cumulative probabilities of the Qs()/Qsm) ratio.

A rank (R;i) was used to determine the performance of a method for each criterion, and these
ranks were then summed to determine the rank index (RI) which evaluated the overall
performance. The method with the lowest RI was the best performing method. The following

subsections provide details on the three criteria.

3.7.1 Criterion |

The first criterion consists of two sub-criteria. The initial sub-criterion compares the slope of the
best-fit line passing through the origin of the Qpredicted VS. Qmeasured PlOt. This evaluation criterion
assesses the tendency of a method to overestimate or underestimate the measured pile capacity.
The best method is considered to be the one with a slope closer to 1. The second sub-criterion
evaluates the method by calculating the square root of the residual sum of squares (VRSS)
between the measured and predicted shaft capacity. This sub-criterion demonstrates the
accumulated deviation of a method from an ideal scenario. The method’s performance is lower if

the VRSS is higher, and vice versa.

(34)

n

VRSS = Z (Qp(ideal)i B Qm")z

i=1

The rank for this criterion was determined by summing the sub-ranks corresponding to each sub-
criterion.

3.7.2 Criterion 11

The second criterion evaluates the method by calculating the coefficient of variation (COV). To
obtain the COV, the standard deviation is normalized by the mean for the Qp/Qm data set, as
shown in Eg. 35. This statistical measure indicates the extent of data scattering relative to the
mean and is considered indicative of the precision of the predictive methods. A lower COV

indicates better performance of the method.

cov="2 (35)
1
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Where o is the standard deviation of Qs()/Qsm), and p is the mean of Qs(p)/Qs(m).

3.7.3 Criterion 111
The third criterion was based on the 50% (P50) and 90% (P90) cumulative probabilities. These
statistical measures were computed by arranging Qs)/Qsm) ratios in ascending order, using Eq.
36 (Long and Wysockey, 1999), where i is the order number, and n is the total number of
Qs(p)/ Qs(m) ratios.

b= n -:- 1 =
Criterion three consisted of two sub-criteria. The first sub-criterion evaluated the magnitude of

the P50. This evaluation showed the Qs)/Qsm) value halfway through the data and depicted the
method’s tendency to overestimate or underestimate the pile capacity. This measure was
advantageous over simply computing the mean because the mean was often biased by the largest
and smallest Qs(p)/Qs(m) Values. The better the method’s performance, the closer the P50 value
was to 1. The second sub-criterion evaluated the difference between the P90 and the P50. A
smaller difference indicated better method performance because it showed reduced scatter of the
Qs(p)/Qs(m) values above the P50 value. The rank for criterion three was obtained similarly to

criterion one, by summing the sub-ranks corresponding to each sub-criterion.

3.8 CALIBRATION METHODOLOGY

Upon evaluating all the CPT/CPTu based methods, it was discovered that certain methods
demonstrated better precision but weaker accuracy. As previously mentioned, these methods are
empirical and specific to a particular site. To improve their predictive accuracy, a calibration was
performed. The calibration process involved minimizing the square root residual sum of squares
between the measured and predicted pile shaft capacities, with the aim of enhancing the accuracy
of the methods. The following procedure was employed for calibrating the CPT/CPTu-based

methods:

Minimum => VRSS = Y7, Q. — (6Qs,) (37)
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Here, O represents a calibration factor. The calibration process was carried out using the MS-

Excel application.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1 INTRODUCTION

This chapter presents an evaluation of the performance of CPT/CPTu based pile design methods
based on the criteria discussed in the previous chapter. The shaft capacities of the piles were
analyzed by the positions of the strain gauges, with the piles divided into two groups. Group one
includes the shaft capacities of Test Pile 2 (TP2), which met failure criteria, while group two

includes the remaining test pile shaft capacities, which did not meet this requirement.

This chapter is organized into two main sections. Firstly, an evaluation of the original CPT/CPTu
based methods is presented. Secondly, the best-performing methods were calibrated to improve

their performance.

4.2 INITIAL EVALUATION

4.2.1 Criterion |

The first sub-criterion in this category pertains to the slope of the best-fit line between Qs and
Qsm), While the second sub-criterion evaluates the VRSS. The summary of the sub-ranks for these
sub-criterions are presented in Table 4.1, while Figure 4.1 to 4.10 exhibit the Qs@) and Qsm) plots
of the CPT/CPTu methods. In Table 4.1, the sub-ranks for the slope of the best-fit line and VRSS
criteria are denoted as R1” and Rz, respectively. In the failure group, the pile shaft capacities
were overestimated using the KTRI method. Conversely, in all other groups and their respective
methods, the shaft capacities were underestimated. It should be noted that all methods
overestimated the shaft capacities in the upper 1.5 m of the piles. One such possibility for this is
offered by Bartz and Blatz (2020). The decreased shaft capacity during the static axial load test

can be attributed to shrinkage occurring within the silty clays above the water table.
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Table 4.1. The slope of the best-fit line between Qs and Qs and VRSS

*

*

CPT/CPTu Based R1 Rz
Method Qs vs. Qum slope LRSS (for slope)  (for sgrt RSS) 2R R
Modified Unicone 0.626 906.17 1 1 2 1
S Togliani 0.469 1202.78 2 2 4 2
E'; LCPC 0.412 1402.28 3 4 7 3
TLEE KTRI 1.714 2059.27 5 5 10 5
Penpile 0.390 1399.49 4 3 7 4
g— Modified Unicone 0.688 2094.15 2 2 4 2
_E” Togliani 0.340 3710.35 4 4 8 4
g LCPC 0.285 4260.86 5 5 10 5
% KTRI 0.866 1242.56 1 1 2 1
g Penpile 0.402 3428.24 3 3 6 3
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Figure 4.1. Modified Unicone predicted vs. measured shaft capacities (failure group)
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Figure 4.2. Togliani predicted vs. measured shaft capacities (failure group)
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4.2.2 Criterion 11

This criterion evaluated the precision of the CPT/CPTu-based methods, and Table 4.2 presents a
summary of the results. Within the failure group, the LCPC method demonstrated the best
precision, while in the underestimate group, it was the KTRI method that showed the best
precision. In the failure group, the range of coefficient of variation (COV) between the first and
last ranks was within 0.071, indicating that the methods exhibited similar levels of precision.
However, within the larger population of the underestimated group, the COV range was within
0.188. Within both groups, the LCPC method displayed a substantially low mean value of
Qsp)/Qs(m), suggesting that it consistently underestimated the pile capacity. On the other hand, the
Modified Unicone method approached unity in both groups, indicating that it was able to predict

the capacities within a high degree of accuracy.

Table 4.2. COV in the ratio of Qsp) and Qs(m)

CPT/CPTu Based

Method ° " cov i

Modified Unicone 0.226 0.90 0.250 4

%’ Togliani 0.153 0.68 0.226 3
g’ LCPC 0.108 0.54 0.200 1
TE; KTRI 0.337 1.67 0.202 2
N Penpile 0.166 0.61 0.271 5
Modified Unicone 0.293 0.98 0.299 2

% Togliani 0.212 0.62 0.343 4
% g LCPC 0.188 0.46 0.406 5
% < KTRI 0.235 1.08 0.218 1
> Penpile 0.186 0.61 0.305 3
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4.2.3 Criterion |11

To evaluate this criterion, ranks were obtained by comparing the 50% (Pso0) and 90% (Pgo)
cumulative probabilities, and the results are summarized in Table 4.3. The Modified Unicone
method emerged as the top performer in both groups based on the first sub-criterion, which
prioritizes having a Pso closer to unity. With such a Pso, the predictions of this method exhibit a
balance of over- and under- predictions. However, the same method was ranked the worst
performer in the unfailed group by the second sub-criterion (Pgo-Pso). This indicates that the
scattering of points was higher compared to that of the other methods.
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Table 4.3. 50% and 90% cumulative probabilities in the ratio of Qsp) and Qs(m)

CPT/CPTu Based

Method P50 P90 P90-P50 R1* R2* SR*
Modified Unicone 1.039 1.077 0.04 1 1 2
g— Togliani 0.711 0.820 0.11 2 3 5
E'f LCPC 0.583 0.636 0.05 4 2 6
TE_; KTRI 1.642 2.004 0.36 5 5 10
Penpile 0.649 0.765 0.12 3 4 7
o Modified Unicone 0.919 1.439 0.52 1 5 6
;‘: Togliani 0.581 0.847 0.27 4 4 8
g LCPC 0.520 0.727 0.21 5 2 7
% KTRI 1.115 1.299 0.18 2 1 3
g Penpile 0.599 0.835 0.24 3 3 6
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4.2.4 Rank Index

To compute the overall rank of all the CPT/CPTu-based methods, a rank index (RI) was
determined as the sum of all ranks from each criterion (1-3). Table 4.4 presents the summary of
the RI and overall ranks for predicting shaft capacities. Based on this method, the Modified
Unicone method ranked first in the failure group and second in the underestimated group.
Although the KTRI method performed well in the underestimated group, it had poor
performance within the failure group. Specifically, within the failure group, the KTRI method
significantly overpredicted the shaft capacities for the CFA piles. However, in both groups, the
KTRI method demonstrated the best cumulative precision (criterion 2). Given that the Modified
Unicone method only marginally underperformed compared to the KTRI method in the
underestimated group, it is evident that the former is the best performing method. Both the
Modified Unicone method and the KTRI method were selected for improvement via calibration.

Table 4.4. Rank index (RI) and overall ranks of each CPT/CPTu-based methods

CPT/CPTu Based

Method Criterion 1 Criterion 2 Criterion 3 RI Rank

Modified Unicone 1 4 1 6 1
S Togliani 2 3 2 7 2
g’ LCPC 3 1 3 7 3
= KTRI 5 2 5 12 4
- Penpile 4 5 4 13 5
%‘ Modified Unicone 2 2 2 6 2
_g Togliani 4 4 5 13 4
g LCPC 5 5 4 14 5
g KTRI 1 1 1 3 1
% Penpile 3 3 3 9 3
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4.3 CALIBRATION

Using the calibration method outlined in Section 3, the top two performing CPT/CPTu-based
methods were calibrated to enhance their predictive accuracy. An excel application was utilized
to solve the optimization problem by determining a calibration factor for the shaft capacity. The
calculated factor was subsequently applied to the original method’s determined shaft capacities.
After obtaining the calibration factors, a re-assessment of the two design methods was carried

out, and the findings are presented. Table 4.5 displays the calibration factors for the methods.

Table 4.5. Calibration factors for selected methods

CPT/CPTu Based Method Calibration Factor

L o Modified Unicone 0.74
> >

— (@]

=)

L KTRI 0.57
% Modified Unicone 0.79
E o

) >

e 2

g KTRI 0.95
5

4.4 FINAL EVALUATION
4.4.1 Criterion |

After calibration, it was determined that the KTRI method performed the best according to
criterion I, while the calibrated Modified Unicone method performed poorly in comparison. In
both groups, the calibrated Modified Unicone Qsg)and Qsm) slope as well as the VRSS were
lower than those of the uncalibrated method. The values for the Qs)and Qsm) slope and the
\RSS are presented in Table 4.6, and Figures 32 to 35 depict a comparison between the

uncalibrated and calibrated estimates of the respective methods.
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Table 4.6. Calibrated methods slope of the best-fit line between Qs(p) and Qsm) and YRSS

Qs(p)
CPT/CPTu Based VS. R* (for  R* (for
sgrt RSS
Method Qs(m) slope)  sqgrt RSS)
slope
Calibrated Modified

= _ 0.461  1261.16 2 2
) Unicone

(@]

5

K Calibrated KTRI 0.970 319.03 1 1
= Calibrated Modified
Q _ 0.543  2686.62 2 2
g Unicone

Q.
= >
8 2
:]—_) (@)
2 Calibrated KTRI 0.819  1309.31 1 1
)
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4.4.2 Criterion Il
Based on the COV values, the calibration of both methods resulted in either maintained or

slightly increased values, with the KTRI method showing slightly underestimated values. Using

this criterion, the calibrated KTRI method demonstrated superior performance in both groups.

Table 4.7. Calibrated methods COV in the ratio of Qs and Qsm)

CPT/CPTu Based Method o vl cov R

Calibrated Modified

=% _ 0.166 0.67 0.250 2
o Unicone
(@)
[¢B)
E
'cLEs Calibrated KTRI 0.191 0.94 0.202 1
= Calibrated Modified
2 ] 0.232 0.78 0.299 2
S o Unicone
=} >
8 8
(T) (@]
° Calibrated KTRI 0.225 1.02 0.222 1
-)

4.4.3 Criterion I
In relation to this criterion, the calibrated Modified Unicone method demonstrated decreased

accuracy compared to the original evaluation in both groups. With the calibrated P50 values
shifting away from unity. Conversely, the calibrated KTRI method exhibited substantial
improvements in accuracy, with the P50 values of both groups approaching unity. Furthermore,
the precision of both methods (measured by the difference between P90 and P50) improved
within both groups.
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Table 4.8. Calibrated 50% and 90% cumulative probabilities in the ratio of Qsg) and Qsm)

CPT/CPTu Based
Method

P50 P90 P90-P50 R1* R2* > R*

Calibrated Modified

= ) 0.765 0.79 0.03 2 1 3
) Unicone
(@]
[<b]
E
3 Calibrated KTRI 0.929 1.13 0.21 1 2 3
= Calibrated Modified
3 ) 0.726 1.14 0.41 2 2 4
S o Unicone
= >
s 2
:]—_, (@)
2 Calibrated KTRI 1.055 1.23 0.17 1 1 2
)

4.4.4 Rank Index
After calibration was performed, the best performing method in both groups was found to be the

KTRI method.
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Table 4.9. Calibrated methods rank index and overall rank

CPT/CPTu Based

Criterion 1  Criterion 2 Criterion 3 RI Rank
Method
Calibrated
= - ) 2 2 1 5 2
o Modified Unicone
o)
[¢D)
E
'fI_TE Calibrated KTRI 1 1 1 3 1
Calibrated
S - _ 2 2 2 6 2
g Modified Unicone
o
) >
e 2
:]—_, (@]
"53 Calibrated KTRI 1 1 1 3 1

4.5 RISK ANALYSIS

An important comparison was conducted by analyzing Qs and Qsm) using a risk analysis
method proposed by Briaud and Tucker (1998), which assessed the probability of the predicted
pile shaft capacity being greater than the measured pile shaft capacity for both CPTu based

methods. Equation 38 defines this method as follows:

Qs(p) (38)

Factor of Safety

Risk (%) = Probability{ > Qs(m)}

By this approach, a factor of safety is incorporated into Qs to assess the risk linked with the
method shaft capacity estimates. The two calibrated methods were compared using this approach
to demonstrate the associated risk. The plots depicting the risk (%) versus the factor of safety for

both methods are presented in Figures 36 and 37.
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Figure 4.16. Risk vs. factor of safety plot (underestimated group)

Table 4.10 presents the risks associated with the calibrated CPTu based methods when predicting
shaft capacities greater than the measured shaft capacity using common factors of safety. Given

that the analysis was conducted on a limited number of data sets (especially so with the failure
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group), it may not be appropriate to draw firm conclusions about which calibrated CPTu-based

method has less associated risk.

Table 4.10. Risk associated to calibrated methods with respective factors of safety

Risk (%)
CPT/CPTu Based Method
FoSof 1 FoS of 1.5 FoS of 2
Calibrated
s . _ 24 0 0
o Modified Unicone
(@]
[<b]
5
3 Calibrated KTRI 57 5 0
Calibrated
5 0 0 0
S Modified Unicone
= 5
s 2
3 (@]
° Calibrated KTRI 33 0 0
)
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CHAPTER 5. CONCLUSIONS
5.1 THESIS SUMMARY

This research investigates the use of direct CPT/CPTu-based pile design methods for analyzing
continuous flight auger piles in soils predominantly composed of silt and sand. Initially, the
performance of existing methods was evaluated by comparing the estimated shaft capacities with
the shaft capacities determined by static axial load tests. To assess the accuracy and precision of
the direct CPT/CPTu methods, appropriate statistical and non-statistical quantitative evaluation
criteria were adopted. The top two methods were identified based on these criteria and later
calibrated to minimize the square root of the residual sum of squares against load test data. These
calibrated methods were then evaluated again using the same criteria employed in the initial
evaluation. The KTRI method was found to provide the closest estimates to the actual pile shaft
capacities after calibration. On the other hand, the calibrated Modified Unicone method was
found to be more conservative, with a significantly lower chance of overestimating pile shaft

capacities.

5.2 ANOTE ON PRACTICALITY

The appeal of in-situ sounding tests like Cone Penetration Testing with pore pressure
measurements (CPTu) has been consistently growing. However, choosing appropriate methods
for site conditions and pile types in pile design remains a challenge. The increasing utilization of
CPTu highlights the need for geotechnical engineers to develop methodologies to assess the

various direct CPT/CPTu methods and ascertain their suitability.

To achieve more accurate and reliable results, it is crucial to perform site-specific calibration,
especially if reference load test data (static or dynamic) is available. Site-specific calibration is a
vital step that ensures better pile performance and enhanced safety. Geotechnical engineers can
apply calibration factors at their discretion to sites exhibiting conditions similar to those
encountered in this research. This evaluation can be carried out by comparing the arithmetic
average of the CPTu soundings from the calibration to their own CPTu soundings. According to
the NCHRP Report 507 (2004), a recommended upper limit of 25% serves as the threshold for
low site variability. If the CPTu sounding falls within this threshold, applying calibration factors,

and evaluating the sites as similar might be appropriate.
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Figure 5.1 illustrates the calculated average plot for the CPTu in-situ data from all six soundings.
To supplement the analysis, Figure 5.2 displays the SBT Qtn plot for the site-averaged CPTu
sounding, while Figure 5.3 shows probability distributions for cone resistance in the site-

averaged CPTu sounding.
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Figure 5.1. Plot of CPTu average in-situ data for the 6 site soundings
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The findings of this research are beneficial for pile design in general as well as pile design
specifically in the Condie aquifer region and sites of similar geological conditions.

5.3 RECCOMENDATIONS FOR FUTURE RESEARCH

To further this research a pile database could be created for the region, discretized by pile type
and predominant soil conditions. The evaluation of direct CPT/CPTu methods could then take
place and the statistical relevance of the results could hold more weight. Preferably this database
would include reference load test data from static axial load tests that had gone to failure so that
the end bearing capacities of the piles could be evaluated as well. The reference load test data
could also be determined by dynamic testing method.
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