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Abstract 

Sound walls are utilized for mitigating ambient noise caused by traffic or industrial and 

commercial activities. Drilled shafts are conventionally used as foundations for sound walls; 

however, steel piles can provide faster installation and immediate utilization. A novel pile 

concept was developed which comprises an H-pile modified to better resist typical load 

patterns faced by sound wall piles, which may include lateral force and moment from wind 

and uplift force from adfreeze. The modifications include one or two plates welded to the pile 

and anti-heave anchors (nodes) welded along the pile flange. The main objective of this 

research program is to assess the suitability of these modifications for sound wall 

applications. 

A full-scale pile load testing program was performed on fourteen steel piles installed with 

vibratory driving and two drilled shafts. The testing program included monotonic and cyclic 

lateral load tests and uplift load tests. A numerical model was developed with the program 

LPILE which was validated using the experimental results and then used to perform a 

parametric study considering different plate dimensions and a range of practical soil 

conditions. A second numerical model was developed using GSNAP to extend the cyclic 

lateral load analysis to include higher loads and more load cycles. 

The results showed that plate modified piles had a 22% increase in lateral load capacity 

compared to unmodified H-piles. The corresponding parametric study demonstrated that 

widening the plate is typically more efficient for increasing the pile’s lateral capacity than 

increasing the plate length. The cyclic lateral load tests revealed that the lateral stiffness of 

the novel piles remains approximately constant within 100 cycles. The GSNAP model 

simulated that the pile will experience less than 10 mm of ground level deflection at 1000 

cycles of the design lateral load. The axial tension load tests concluded that adding nodes 

decreased the uplift capacity of H-piles. A comparison of the load transfer mechanism 

between a pile with and without nodes showed that the portion of the pile where nodes exist 

had a significantly reduced shaft resistance due to disturbance of the clay occurring during 

installation. It was observed that the installation quality of the piles directly affected their 

uplift and lateral load capacity. 
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Summary for Lay Audience 

Sound walls are utilized for reducing noise caused by traffic or industrial and commercial 

activities. Drilled shafts are conventionally used as foundations for sound walls; however, 

steel piles can provide faster installation and immediate utilization. A novel pile concept was 

developed which comprises an H-pile modified to better resist typical load patterns faced by 

sound wall piles, which may include lateral force and moment from wind and uplift force 

occurring in regions where soil experiences seasonal freeze and thaw. The modifications 

include one or two plates welded to the pile and soil anchors (nodes) welded along the pile 

flange. The main objective of this project is to assess the suitability of these modifications for 

sound wall applications. 

A full-scale pile load testing program was performed on fourteen steel piles installed with 

vibratory driving and two drilled shafts. The testing program included static and cyclic lateral 

load tests and uplift load tests. A numerical model was developed for static laterally loaded 

piles and validated using the experimental results and then used to simulate the pile with 

different plate dimensions and installed in a range of practical soil conditions. A second 

numerical model was developed to extend the cyclic lateral load analysis to include higher 

loads and more load cycles. 

The results showed that plate modified piles had a 22% increase in lateral load capacity 

compared to unmodified H-piles. The numerical model demonstrated that widening the plate 

is typically more efficient for increasing the pile’s lateral capacity than lengthening it. The 

cyclic lateral load tests revealed that pile deflection remains approximately constant within 

100 cycles. The cyclic model demonstrated that the pile will experience under 10 mm of 

ground level deflection at 1000 cycles of the design lateral load. The uplift load tests 

concluded that nodes decreased the uplift capacity of H-piles. Analyzing the load transferred 

from the pile to the soil showed that the pile section where nodes exist had a reduced shaft 

resistance due to disturbance of the clay occurring during installation. It was observed that 

the installation quality of the piles directly affected their uplift and lateral load capacity. 
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Chapter 1  

1 Introduction 

1.1 Background and Overview 

Sound walls (also known as noise barriers or acoustical barriers) are utilized for the 

mitigation of ambient noise due to traffic or industrial and commercial activities. An 

example of a sound wall preventing traffic noise from entering a nearby residential area is 

shown in Figure 1-1. Sound wall foundations are typically subject to a complex loading 

system of a small axial load combined with a large lateral load and bending moment 

produced by wind. In regions where seasonal frost and thaw occur, adfreeze bond stresses 

may produce uplift forces which need to additionally be addressed in the design. Sound 

wall panels are typically very light and therefore only impose a small axial compression 

load on the piles. A schematic of the typical loading pattern on sound wall piles is shown 

in Figure 1-2 where PL is the resultant lateral wind force, Pc is the axial compression 

force, M is bending moment, e is the eccentricity of the lateral point load applied above 

the pile head, and fad is adfreeze bond stress. 

 

Figure 1-1: Example of a sound wall reducing traffic noise from entering residential 

area. 
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Figure 1-2: Typical loading pattern on piles supporting sound walls. 

Short drilled shafts are conventionally utilized to support sound walls due to their high 

lateral stiffness and high uplift resistance, which counteracts these forces. However, 

foundation systems that can provide enhanced lateral capacity, cost-savings, and fast 

installation and utilization are desirable to further reduce cost and construction schedules 

of sound walls. Standard steel H piles offer efficient installation and immediate use due 

to forgoing the need to wait for concrete to cure; however, they lack the required lateral 

stiffness to adequately support sound walls. Furthermore, they may not provide adequate 

resistance to uplift forces from adfreeze due to their low self-weight. 

Modifications have been proposed by Atlantic Industries Ltd. (AIL) to increase both the 

lateral capacity and uplift capacity of typical steel H-piles. Four preliminary lateral load 

tests were performed by AIL on early concepts of modified H-piles that were fitted with 

plates welded along the pile flange just below the ground surface. The same tests were 

performed on unmodified H-piles. The tests showed that modifying the H-piles reduced 

the lateral deflection by an average of 59% compared to the unmodified piles at the same 

low magnitude lateral load. Due to the success of these preliminary tests, a full-scale pile 

load testing program was planned and executed to study the novel piles and fully 

investigate their suitability for sound wall applications. 
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The use of these novel piles has the potential of realizing major cost savings since 

foundations accounts for a large portion of the total cost of the sound wall. For example, 

the Ohio Department of Transportation estimates that of the 10-20 million dollars spent 

on sound walls, drilled shafts account for approximately half of the total cost (Liang, 

2002). 

1.2 Summary Description of Novel Pile Concept 

Two similar concepts of novel piles were tested and compared to standard drilled shafts 

and plain steel H-piles: single plate piles and double plate piles. Standard structural steel 

W sections were fitted with steel plates welded to the pile flange for the portion of the 

pile immediately below the ground surface. Piles with only one plate are designated as 

single plate piles as shown in Figure 1-3 (a). The double plate piles were fitted with 

plates on either side of the outside flange of the pile as shown in Figure 1-3 (b) (note that 

the section of pile above the plate is used to extend the height of the loading point). The 

purpose of adding the plate is to increase the pile-soil contact area, which in turn 

increases the area of soil passively resisting the applied load. The failure load of laterally 

loaded piles is dependent on the limiting pressure above the point of pile rotation (short 

piles) or above the plastic hinge (long piles) (Fleming et al., 2009). Therefore, the plate 

was selected to cover only the top portion of the pile. The sizing of the plate was based 

on the preliminary study performed by AIL. The purpose of the double plate pile is to 

potentially further enhance the pile’s resistive capabilities which is based on the 

assumption that the second plate will give the pile more flexural rigidity, and the soil 

confined between the two plates will add additional shear resistance along the edge.  

Additionally, some of the singe plate piles were equipped with “nodes” which are small 

pieces of flat bar welded on either side of the pile flange and pointed 45° above the 

horizontal as shown in Figure 1-3 (c).  These nodes are meant to anchor the pile into the 

soil thus increasing their uplift resistance. The nodes are angled in this manner so that the 

piles can be driven downwards with relative ease compared to moving the pile upward 

again. The piles were installed with vibratory driving which has the benefit of faster 

installation rates compared to traditional impact driving. Dimensions of the pile, plate, 

and nodes tested in this study are provided in section 3.4 of this document.  
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1.3 Research Objectives 

The main objective of this thesis is to investigate the performance of the proposed novel 

deep foundation concept and fully characterize its capacity for sound wall applications. 

The information gathered from this research will be used to determine if the novel pile 

design can be used as a suitable alternative to drilled shafts and to provide design 

recommendations. 

The specific objectives of this research program are as follows: 

1.  Monitor the pile driving process to assess their constructability and installation 

efficiency. 

2.  Measure the ultimate load capacity of the novel piles when subjected to 

monotonic lateral loading and uplift loading through full-scale field load testing. 

Figure 1-3: Novel piles tested in study: a) single plate piles, b) double plate piles, c) 

single plate piles with nodes. 

a) b) c) 
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3.  Assess the performance of the novel piles when subjected to cyclic lateral loading 

by measuring the degradation stiffness during repetitive loading and determine 

whether piles with two plates improve performance over piles with only one plate. 

4.  Assess the effect of installing nodes on the uplift performance of the piles 

installed in cohesive soil. 

5.  Study the load transfer mechanism of the piles when subjected to lateral and uplift 

forces by utilizing data from the strain gauges attached to the piles. 

6.  Develop a representative numerical model of a monotonic laterally load novel pile 

with commercially available software using the data from the load tests to 

calibrate the model. This model will be used to theoretically assess the 

performance of piles with different plate dimensions and installed in a range of 

practical soil conditions. 

7.  Develop a representative numerical model of a cyclic laterally loaded pile. This 

model will be used to extend the evaluation of a novel pile subjected to cyclic 

loads by simulating larger forces and more load cycles. 

8.  Provide a list of design recommendations when using the novel pile concept. 

9. Provide recommendations for a second phase of testing taking into consideration 

the results of the original tests and observations made prior, during, and after 

testing. 

1.4 Research Methodology 

To fulfill the objectives stated in section 1.3, the research was completed in two main 

phases. The first phase comprised a full-scale pile load testing program on the novel 

piles, unmodified piles, and drilled shafts. The second phase involved calibrating a 

numerical model using experimental data from phase one. The field testing program 

consisted of monotonic and cyclic lateral load tests and uplift load tests to assess the 

novel piles performance when subjected to wind and adfreeze loads. The results of the 

novel piles were compared to unmodified steel H-piles which were tested in the same 
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manner allowing for a full analysis of the impact made by plate modifications. 

Furthermore, some novel piles were equipped with nodes and likewise compared to those 

without.  The steel piles were equipped with strain gauges so that the load transfer 

mechanism could be analyzed. Because drilled shafts are commonly used to support 

sound walls, they were also installed and tested to establish a baseline for comparing the 

performance of the new proposed pile systems located within the same soil stratigraphy.  

After the field testing was completed, engineering software was used to calibrate and 

validate a numerical model representing the novel pile systems. Once the models were 

validated, a parametric study was performed on the novel piles with the goal of looking at 

the impact of plate dimensions on H-piles installed in a range of practical soil conditions 

with varying strength. The information gathered from the parametric study can provide 

insight into proper design methods and numerical modelling procedures for future use. 

1.5 Thesis Organization 

Chapter Two provides a literature review discussing topics related to the concepts that are 

explored during the research program. Since there is limited literature for piles supporting 

sound walls specifically, and no research on plate modified H piles (or piles with 

enlarged diameters near the ground surface), the purpose of this review is to introduce 

and provide context for the concepts that will be tested. The topics covered in the 

literature review include: basic theory of piles subjected to lateral loads, cyclic loading 

and degradation, drilled shaft design recommendations for sound wall purposes, ice 

adhesion loading, vibratory versus impact driving methods, and the preliminary load tests 

performed by AIL. 

Chapter Three describes the testing site and the results of the geotechnical investigation, 

which included a survey of existing borehole data, the completion of an additional 

borehole, and field and laboratory soil tests. The description of the pile specimens tested 

for this project is also provided. This section also summarizes the strain gauge 

installation, protection, and interpretation methods. Lastly, the pile installation is 

described followed by details, observations, and comments made during the installation 

process. 
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Chapter Four presents the details of the monotonic and lateral cyclic testing procedures 

of the piles and the results of the lateral load testing program. A numerical model was 

developed and calibrated for the novel piles using the experimental data from the 

monotonic lateral field tests and soil property data from the geotechnical investigation. 

The calibrated model was used to conduct a parametric study considering a range of plate 

dimensions over a practical range of soil conditions. A second numerical model was 

calibrated for cyclic loading which was then used to expand the analysis to include higher 

loads and more cycles. 

Chapter Five presents details of the uplift testing procedures of the piles and the results 

of the uplift load testing program. This included a study of the axial load transfer 

mechanism for the novel piles using the strain gauge data. The ultimate uplift capacity 

measured in the field was compared to the estimated uplift capacity using the alpha 

method, which is the standard method of calculating a pile’s axial load capacity in 

cohesive soil. This section also presents findings regarding the impact of the nodes on the 

uplift capacity of the novel piles including a comparison the load transfer mechanism 

between piles with and without nodes. 

Chapter Six provides the summary and conclusions of the research, including key 

findings and design recommendation when using novel piles. This is followed by 

recommendations for future testing in the second phase of the overall project. 

1.6 Original Contributions 

The original contributions presented in this thesis are as follows: 

1. Design and execution of a full-scale pile load testing program on the novel pile 

concepts. The lateral load testing portion of the program includes a description of 

the physical test setup which allows for testing the piles under loads that are 

representative for sound wall applications (namely simultaneous lateral force and 

moment and cyclic two-way lateral force) without requiring additional reaction 

piles. The axial tension testing portion of the program includes a description of 
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the physical test setup which allows for testing the piles under uplift forces 

without the installation of reaction piles or requiring larger scale equipment. 

2. Development of a simple and reliable numerical modelling procedure for the 

novel piles when subjected to monotonic lateral loads using commercially 

available software and readily available correlations for input parameters.  

3. Development of a simple and reliable numerical modelling procedure for the 

novel piles when subjected to cyclic lateral loads using software currently in 

development at The University of Western Ontario. 
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Chapter 2  

2 Literature Review 

2.1 Introduction 

A very limited number of studies investigated pile design and behaviour with a focus on 

sound walls foundations. The available literature only studied drilled shafts and did not 

consider steel piles. Therefore, the literature review provides context for the key 

information that will be explored during this study. Section 2.1 briefly introduces the 

behaviour of piles subjected to lateral loads. Section 2.2 summarizes the mechanism of 

cyclic soil degradation and its effect on the ultimate lateral load capacity and deflection 

of piles. Section 2.3 discusses recommended design practices for drilled shafts pertaining 

specifically to sound wall applications. Section 2.4 briefly discusses uplift loading on 

piles through adfreeze and typical mitigation techniques that have been used in practice. 

Section 2.5 examines the effect of using vibratory driving over impact driving on the 

axial and lateral performance of piles. Lastly, section 2.6 summarizes the results of a 

preliminary pile load test program performed by Atlantic Industries Ltd. on the novel pile 

concept. 

2.2 Basic Theory of Laterally Loaded Piles 

Lateral loads acting on deep foundations are primarily supported by passive resistance of 

the soil in front of the pile and the shear resistance of the soil surrounding it. As 

horizontal loads are applied to the pile, stresses develop in the soil in front of the pile 

(Fleming et al., 2009). As the load increases, the stress in front of the pile increases while 

the stress behind the pile decreases as illustrated in Figure 2-1. The soil experiences 

either normal stress, shear stress, or some combination thereof depending on its location 

with reference to the pile (Reese and Van Impe, 2011). 

The nature of load distribution along a pile and pile failure mode are dependent on two 

main attributes: pile head fixity and pile flexural rigidity. There are two broad categories 

for pile head fixity: free head and fixed head. This is dependent on how the pile is 
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attached to the supported superstructure. Free head piles are allowed to rotate at the head 

without restriction, whereas fixed head piles are completely restrained from rotating. 

These concepts are largely theoretical and in practice piles exhibit traits somewhere 

between the two conditions (Budhu, 2011). 

 

Figure 2-1: Distribution of stress along a pile cross section a) at rest, b) subjected to 

lateral load, after Reese and Van Impe (2011). 

In terms of relative pile rigidity (stiffness), there are two main categories: short (rigid) 

and long (flexible) piles. The behaviour that develops is dependant mainly on the pile 

flexural rigidity (stiffness) relative to the soil and its length. Piles that are slender or have 

relatively low stiffness tend to behave as long (flexible) piles. The length/depth ratio 

(L/D) of a pile can be an indicator of the failure mode. A general rule of thumb is that 

piles with L/D of 10 to 12 or more will likely behave as long piles, whereas piles with 

smaller values will typically behave as short piles (Tomlinson and Woodward, 2008). 

Pile behavior can also be estimated with the pile-flexibility factor Kr, which is calculated 

from Equation 2-1: 

𝐾 =
𝐸 𝐼

𝐸 𝐿
 (2-1) 

where Ep and Es is the Young’s modulus of the pile and soil, Ip is the moment of inertia of 

the pile cross-section about the axis of bending, and Lp is the length of the pile. Piles with 

a flexibility factor greater than 10-2 tend to behave as short piles whereas much smaller 

values of Kr indicate long pile behaviour (Poulos and Davis, 1980). 
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The ultimate capacity of short piles is governed by soil failure. Short piles under free 

head conditions rotate along a single point at some point along their length as shown in 

Figure 2-2 (a). Passive resistance develops in the soil in front of the pile above the center 

of rotation, and behind the pile below the center of rotation. Failure occurs once the sum 

of forces on the upper portion of the pile exceeds the sum of forces in the lower portion 

of the pile. Short piles under fixed head conditions are prevented from rotating, and 

therefore fail by translation, or a horizontal movement as shown in Figure 2-2 (b) 

(Budhu, 2011). 

 

Figure 2-2: Failure mechanism of short piles with a) free head fixity b) fixed head 

fixity, after Tomlinson and Woodward (2008). 

The maximum applied load for long piles is governed by the flexural capacity of the pile 

itself, and therefore the bending moment will exceed the capacity of the pile before the 

soil can fail. For both free and fixed head piles, a point of maximum bending moment 

will occur along the pile length near the ground surface which will form a plastic hinge 

within the pile. The difference between free head and fixed head long piles is the number 

of fracture points. For free head piles, the top of the pile is free to rotate and therefore 

only one fracture point at some distance below the ground surface will occur as shown in 

Figure 2-3 (a). Fixed head long piles will experience two fracture points, one below the 

ground surface and one near the connection between the pile and pile cap as shown in 

Figure 2-3 (b) (Tomlinson and Woodward, 2008). The passive soil resistances prevents 

the pile from displacing significantly below the yield point. Therefore, only the soil 
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above this hinge is relevant for calculating the ultimate capacity of long piles (Fleming et 

al., 2009). 

 

Figure 2-3: Failure mechanism of long piles with a) free head fixity b) fixed head 

fixity, after Tomlinson and Woodward (2008). 

 

2.3 Cyclic Loading and Soil Degradation 

Cyclic lateral loads are often imposed on pile foundations and originate from wind, 

waves, traffic, earth pressure, and water pressures (Long and Vanneste, 1994). Cyclic 

lateral loading can potentially cause major and permanent lateral deflections for deep 

foundations. Cyclic lateral loading also decreases the post-cyclic ultimate capacity of 

piles (Basack and Nimbalkar, 2018). There are two main mechanisms which cause an 

increase in lateral displacement and decrease in lateral load capacity of a pile as the 

number of loading cycles increases. The first is a series of plastic deformations occurring 

with each cycle that are exacerbated over time. The second mechanism involves a 

progressive decrease in soil strength and stiffness per load cycle; also known as soil 

cyclic degradation (Poulos, 1982). 

For clay soils, the decrease in strength and stiffness is caused by a rearrangement and 

reorientation of clay particles and development of excess porewater pressures, which do 
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not dissipate during loading cycles (Basack and Nimbalkar, 2018). In sand, the particles 

likewise rearrange during cyclic loading to produce similar effects to the ultimate 

capacity and deflection behaviour of deep foundations (Basack and Dey, 2011). 

There are some differences in the way stiff and soft to medium stiff clays behave when 

supporting laterally loaded piles. Stiff clays tend to remain compressed for protracted 

periods of time. Subsequently reapplying load will force water from the soil, which in 

turn scours the clay leading to a reduction in lateral resistance. Soft to medium stiff clays 

typically do not maintain a compressed state due to weakness which leads to collapse of 

the soil, but still exhibits a loss of lateral resistance during cyclic lateral loading (Reese 

and Van Impe, 2011). 

The gapping and collapse mechanism is likewise observed in sandy soil. Upon lateral 

loading of a pile and a subsequent reversal of load, a portion of sand will collapse back 

into the gap due to overburden pressure. The caving of soil adjacent to the pile will 

prevent the pile from returning to its initial position. It was also observed that dense sand 

tends to loosen during cyclic loading and loose sand conversely will densify (Reese and 

Van Impe, 2011).  

The severity of cyclic loading depends on the type of loading applied to the pile; one-way 

load (force is applied in the same direction) imposes more cumulative pile displacement 

than two-way loading (force is applied in both direction per load cycle) (Haiderali et al., 

2015). The effect of cyclic lateral loading on piles is also dependent on the number of 

load cycles, the frequency of applied loading, and the amplitude of loading. Many 

experiments proving these points are available in literature. Two examples which very 

clearly demonstrated these facts were presented in Basack (2010) and Basack and 

Nimbalkar, (2018). These papers considered scale four by four pile groups installed in a 

pure soft clay soil profile and identical specimens installed in a medium dense sand (up to 

33% of the total pile depth within the soil profile) underlain by soft clay. These tests 

showed that the ultimate lateral capacity decreases as the number of cycles increases. 

However, the incremental drop in capacity decreased over many cycles until the capacity 

remained approximately stable after a certain number of cycles. The tests further showed 
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that a lower frequency of load application resulted in a lower lateral capacity, and the 

approximate drop in capacity was proportional for all number of load cycles that were 

analyzed. 

 Lastly, the lateral capacity of piles decreased with increasing load amplitude, which 

remained proportional with an increasing number of load cycles. This reduction in 

capacity showed a more drastic drop under high amplitudes in the pure clay soil, but no 

definitive pattern could be established from the mixed soil profile. 

2.4 Drilled Shaft Design Recommendations for Sound Wall 
Applications 

Colorado Department of Transportation (CDOT) performed lateral pile load tests on 

drilled shafts sized according to typical design dimensions for piles supporting sound 

walls. One of the objectives was to establish a pile design procedure that is 

straightforward and would optimize the pile dimensions. The study included a 

comprehensive review of design methods currently used to design piles for both ultimate 

and serviceability requirements, and two fully instrumented lateral load tests on drilled 

shafts, one of each in a cohesionless and cohesive soil profile. A very detailed soil 

investigation was conducted for each site to confirm the best methods for estimating soil 

properties used to predict pile response (Nusairat et al., 2004). 

The report concluded that the best method for strength limit design is Brom’s method 

with a safety factor of two (a depth of soil equal to one and a half times the pile diameter 

from the ground surface should be neglected), and the best method for serviceability limit 

design is using COMP624P (LPILE). Finite element modelling can also be used to design 

drilled shafts. However due to the level of expertise required to produce accurate and 

reliable results, it is recommended to leave this approach for critical projects, atypical 

foundation dimensions, complex loading conditions, and unique soil types (Nusairat et 

al., 2004). 

The soil strength properties for cohesive soils can be obtained employing the triaxial CU 

test, direct shear test, the pressuremeter test using the approach dictated by FHWA 
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(1989), or the SPT test when using correlations provided by the Ohio Department of 

Transportation (ODOT) (Liang, 2002). For cohesionless soils, the recommended methods 

of estimating strength characteristics are the SPT test using the ODOT correlations or the 

pressuremeter test. The correlations compiled by Liang are summarized in Table 2-1 and 

Table 2-2, which correspond to cohesionless and cohesive soils, respectively. 

Table 2-1: Recommended k soil modulus parameter correlations for cohesionless 

soil, after Liang (2002). 

 

Table 2-2: Recommended k soil modulus parameter correlations for cohesive soil, 

after Liang (2002). 

 

 

2.5 Ice Adhesion Loading 

Frost heaving is defined as the upward movement of soil due to freezing. The soil can 

adhere to the pile surface when frozen (also known as adfreeze), and as it moves upwards 

it pulls the pile along with the soil which emits induces a force that is capable of 

displacing the pile upwards. This is defined as frost jacking, and the force exhibited is 

known as adfreeze force. Field tests show that this adfreeze bond stress can range from 

less than 100 kPa up to as much as 980 kPa. Many factors affect the formation and 
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magnitude of adfreeze forces, but the most relevant are soil texture, moisture content, and 

the pile material or surface (Péwé and Paige, 1963). Without proper mitigation measures, 

frost jacking can cause several inches of uplift a year, and as much as several feet over 

longer durations. This amount of displacement, especially if differential uplift occurs, can 

cause serious structural damage. Frost jacking can be a concern in temperate regions as 

long as seasonal freeze and thaw of soils occurs (Crory and Reed, 1965). 

Several methods are currently used to mitigate the effect of adfreeze loading on piles. 

Some of the more common methods fall into one of the following categories: coating of 

the pile in the adfreeze zone, manipulating the pile dimensions, changing the composition 

or properties of the soil surrounding the pile, and anchoring the pile in the ground. 

2.5.1 Pile Coating 

The magnitude of adfreeze force can be reduced by placing a medium between the soil 

and the pile within the zone where these forces originate. A portion of the pile may be 

greased and then wrapped with tar paper, which allows the pile to slide relatively free 

within the zone where adfreeze occurs. Tar paper could also be substituted with 

polyethylene for a more durable solution. For long-term applications, a steel sleeve 

anchored to the ground could be used to cover part of the pile, preventing adfreeze forces 

from contacting the pile itself (Péwé and Paige, 1963). 

2.5.2 Adjusting Pile Dimensions 

The dimensions of the pile can be adjusted to either reduce the upward force or increase 

the downward force. The weight of the pile can be increased by enlarging its dimensions, 

which will counteract the upward adfreeze force. Increasing the pile dimensions will also 

provide more surface area for soil to be in contact with the pile thus increasing the shaft 

resistance. Alternatively, the pile cross-section can be reduced in the adfreeze zone to 

reduce the surface area in contact with frozen soil (Péwé and Paige, 1963). 

2.5.3 Soil Composition and Properties 

Adfreeze forces on piles can be reduced without modifying the piles. There are methods 

to change the properties of the surrounding soil. Since frost heave is dependent on 
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moisture, it can be reduced by lowering the water table below the adfreeze zone. The soil 

surrounding the pile may be replaced with a coarse-grained material, which is less 

susceptible to frost heaving. This method however is not practical for long piles (Péwé 

and Paige, 1963). The natural soil around the pile can also be chemical treated to alter ice 

formation behaviour and therefore reduce frost jacking. Different chemicals such as spent 

sulphite liquor or polyvinyl alcohol have been used successfully in reducing adfreeze 

loads. The chemicals can be introduced as a slurry into predrilled holes or injected into 

soil under high pressures (Hardy, 1953; Lyazgin et al., 2003). 

2.5.4 Anti-Heave Anchoring 

Some concepts of anti-heave anchors have been developed to increase the uplift capacity 

of piles. The concept can be likened to that of helical piles or drilled shafts with belled 

ends in that they allow additional soil to support the pile in the vertical direction. For 

piles in saturated clay, the added resistance is a function of the undrained shear strength 

of the clay which is dependent on the depth and width of the foundation, and the weight 

of soil directly above the element protruding from the pile. For piles in sand, the added 

resistance is derived from both the frictional resistance of sand along the failure zone and 

weight of soil within this failure zone. For circular foundations, the failure zone develops 

at an angle from the horizontal starting at the top of the foundation with extended area 

(Das, 1999). Figure 2-4 shows some concepts of anchors have been considered but not 

necessarily tested. 

 

Figure 2-4: Concept sketches for anti-heave anchors to increase uplift capacity of 

steel pipe piles, after Pihlainen (1951). 
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The magnitude and distribution of axial force along H-piles and pipe piles were measured 

in piles installed in Fairbanks Alaska with the goal of characterizing the force and stress 

along the piles when subjected to cycles of freeze and thaw. The pipe pile was equipped 

with several concentric plate rings near the bottom of the pile and the H-pile was 

equipped with several plates welded between the flanges with the aim of increasing uplift 

capacity. The soil profile was comprised of Fairbanks silt with a surface ice layer and 

gravel layer on top. The plate rings in conjunction with thermal syphons were reported to 

provide high stability against uplift for the tested piles (Johnson and Buska, 1988). 

However, the impact of the rings on the piles uplift capacity was not individually 

assessed and quantified, but rather the entire system was analyzed together. 

2.6 Vibratory versus Impact Driving Methods 

Several studies have been performed to compare the effects of impact driving and 

vibratory driving on pile capacity and behaviour. Vibratory driving provides several 

benefits over traditional impact driving including faster installation rates (typically three 

to four times faster than impact driving), reduction in noise and vibration levels, and 

easier adjustments in case of misplacements or misalignments during installation, all of 

which makes vibratory driving an economical solution. Furthermore, vibratory driving 

has no limitations on pile size (I.R., 2015). 

2.6.1 Effect on Axial Performance of Piles 

Several studies involving different driving methods were compiled and analyzed to 

evaluate the effect of vibratory driving on a pile’s axial capacity (I.R., 2015). These 

studies encompassed different types and configurations of piles installed in a wide variety 

of soil profiles (Borel et al., 2006; Briaud et al., 1988; Jeyapolan, 1983; Lammertz, 2008; 

Mazurkiewicz, 1975; Mosher, 1987; Rocher-Lacoste et al., 2004). The studies showed 

that vibratory driven piles on average have an 18% lower axial capacity (with a 32% 

coefficient of variance) than equivalent piles installed with impact driving. The ultimate 

capacity of vibratory driven piles can be increased by impact driving the piles near the 

end of the final installation depth. However, this may greatly affect the overall efficiency 
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of the pile installation process, which is one of the key advantages of using vibratory 

driving in the first place. An analysis of strain gauge data from these tests indicate that 

this lower capacity is observed in both skin friction and toe resistance. However, the toe 

resistance is affected to a larger degree (particularly in pipe piles) indicating that the 

impact is less severe for piles subject to tension loading. A major contributing factor to 

this is that impact driving leads to soil plugging (especially in pipe piles). This plugging 

causes greater displacement at the pile toe leading to more densification of the soil. Piles 

installed with vibratory driving, however, allow soil to pass through the pile and no 

plugging occurs. It was also observed that installing piles with low frequencies and 

velocities is better for pile performance but may cause premature pile refusal. 

2.6.2 Effect on Lateral Performance of Piles 

A series of lateral load tests were performed on H-piles installed with impact and 

vibratory driving by Markus Schönit of the Karlsruhe Technical University in 2009. The 

results of these tests are not yet available publicly; however, they have been briefly 

discussed in the report sponsored by Deep Foundation Institute (DFI) (I.R., 2015). The 

test results indicated that both driving methods resulted in similar lateral capacities of the 

piles and therefore the difference between impact and vibratory driving is negligible for 

laterally loaded piles. The available data is very limited on this topic and therefore further 

exploration into the effect of vibratory driving on the lateral capacity of piles is required 

to reach a definitive conclusion (I.R., 2015). 

2.7 Preliminary Pile Load Tests on Novel Pile Concept 

A preliminary testing program was performed by AIL on a prototype concept of a 

“paddle pile”, or a pile with a plate welded to the flange near the ground surface. The pile 

was constructed with a W150x30 steel section with a 950 x 420 x 12 mm plate. The piles 

were embedded 2.8 meters into sandy soil, which was not compacted to the design 

specifications. Plain posts with the same length and cross-section were also tested as a 

comparison to measure the relative improvement of lateral capacity caused by the plate. 

The pile was installed with 1.275 m of stickup so that the pile could be loaded with 
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eccentricity to apply moment simultaneously with horizontal force. The piles were 

installed using vibratory driving.  

The method of testing is illustrated in Figure 2-5. A lateral load was applied to the pile at 

a height of 1.25 m and measured with a dynamometer. Dial gauges were placed at the top 

and bottom of the above ground section of the pile to measure the lateral deflection and 

pile rotation. Loads were applied to the pile in increments of 0.89 kN (200 lb) to a final 

load of 13.34 kN (3000 lb). The results of all four tests are summarized in Table 2-3; the 

original load-deflection graphs are shown in Appendix A. The average ground level 

deflection at 3000 lb of lateral force was 17.64 mm for plain piles and 7.262 mm for 

paddle piles indicating significant improvement in the lateral performance of the 

modified piles. The piles were exhumed after testing and it was observed that no yielding 

or damage occurred in the pile or plate. These tests provided a basis for additional testing 

as applying these simple modifications to the piles greatly enhanced their performance. 

The results of these tests were shared through personal communication with AIL and are 

not published in the literature. 

 

Figure 2-5: Setup for preliminary pile load tests on plain and paddle piles. 
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Table 2-3: Summary results of preliminary pile load test program. 
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Chapter 3  

3 Field Testing Setup and Pile Installation 

3.1 Introduction 

This chapter summarizes the testing site and the results of the geotechnical investigation 

performed prior to field testing. A description of the test piles is provided detailing the 

selected pile dimensions for the H-piles, modified H-piles, and drilled shafts. The chapter 

also covers the strain gauge instrumentation scheme and methods of interpreting the data 

to provide the axial load and bending moment distribution along the pile during loading. 

Lastly, observations and comments of the overall installation process are discussed along 

with an assessment of the pile installation quality and the efficiency of using the novel 

piles over drilled shafts. 

3.2 Site Location and Description 

The field load testing program was conducted at the Environmental Sciences Western 

Field Station located at 22312 Wonderland Road North, by the intersection at Middlesex 

County Rd. # 56 and Ten Mile Road. Figure 3-1 shows the testing area with respect to the 

property. Several studies were conducted previously in the general area of the site and 

hence there is an accumulation of information of its soil stratigraphy. 

3.3 Site Investigation Program 

A subsurface site investigation program was performed at the testing location prior to pile 

installation. This program included a review of previous field and laboratory testing 

results and the drilling of an additional borehole within the bounds of the testing area to 

confirm the previous investigations. The field testing was followed by laboratory testing 

performed on undisturbed and disturbed samples retrieved from the site. 

3.3.1 Previously Available Information 

Several different subsurface investigations were performed at the Western Environmental 

Sciences Field Station in the past. The subsurface investigations involved several 
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boreholes and associated laboratory tests and the results were reported by Khan (2005), 

Livneh (2006), and Abdelghany, (2008). These boreholes were relatively far from the 

testing location of this study compared to more recent boreholes that were drilled closer 

to the test area. 

 

Figure 3-1: Location of testing area at 22312 Wonderland Road N. (Google, n.d.). 

More recently, nine shallow boreholes were drilled in 2008 by Atkinson Davies Inc. prior 

to the construction of various structures on the property (Drbe, 2013). Two of the 

boreholes, BH 3 and BH 4, were near the test location at an approximate distance of 35 m 

West-northwest and 20 meters North-northeast from the borehole that was conducted as 

part of the current study. The boreholes showed that the soil profile comprised 150 to 200 

mm of topsoil followed by very stiff to hard brown clayey silt till. Borehole BH 3 

indicated a colour change from brown to grey at 2.8 m. The moisture content varied 

randomly from 9% to 14% within the first 4 meters of the soil and then increased to 29% 

at 4.4 m. The SPT blow count (N) typically varied from 16 to 46, with the most common 

values being between 30 to 35. A single SPT test showed a blow count of 98 at 2.8 m in 

BH 4. The original borehole logs are presented in Appendix B. 
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Two additional boreholes were drilled in 2012 by Aardvark Drilling Inc. (Drbe, 2013). 

The boreholes, originally labelled BH-I and BH-II, were located approximately 18 m 

Northeast and 25 m North-northeast from the current test area. The boreholes showed 200 

– 300 mm of topsoil underlain by a stiff to very stiff brown lean clay with sand and trace 

gravel to a depth of 4.0 m. The SPT blow count ranged from 9 to 18, which corresponds 

to an undrained shear strength of 58 to 117 kPa. This layer was underlain by 2.5 – 2.75 m 

of firm to stiff grey lean clay/silt with fine sand and trace gravel. The SPT blow count 

ranged from 13 to 4 moving downwards, corresponding to an undrained shear strength of 

85 to 26. The final layer encountered in BH-I and BH-II was a very stiff lean clay with 

seams of fine sand. The SPT blow count ranged from 20 to 50 as depth increased. Both 

boreholes terminated at 8.75 m on hard grey clay. The original borehole logs are shown 

in Appendix B. A monitoring well was installed in BH-II which established the 

groundwater level at a depth of 6.41 m. The locations of BH-I, BH-II, BH 3 and BH 4 are 

shown with reference to the test piles in Figure 3-2. 

3.3.2 Field Tests and Sampling 

An additional borehole was drilled within the testing area during this study. The data 

obtained from this borehole was sought to confirm that the previous boreholes were 

representative of the exact location of testing, in which case the measured soil properties 

from previous testing can be used in conjunction with the most current data in the 

analysis of the pile load test program. The borehole was drilled to a depth of 5.5 m, 

approximately 2.0 m deeper than the bottom of the test piles. The drilling was completed 

by Aardvark Drilling Inc. using a CME-45 track mounted drill rig. A mixture of split 

spoon, grab, and Shelby tube samples were taken along the soil profile. The boring 

showed 0.15 m of topsoil followed by 0.75 m of stiff brown lean clay with sand. The 

color changed to grey with a lower stiffness from 0.9 m to 2.0 m. Beyond that depth, the 

soil color was brown again and the soil stiffness increased. The thick lean clay layer was 

underlain by light grey sandy lean clay at 4.7 m. Cobbles were not encountered during 

the drilling phase; however, several cobbles were encountered below two meters during 

the installation of the steel piles and drilled shafts. The groundwater table was not 

encountered during drilling. 
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Figure 3-2 - Borehole and Test Pile Locations. 
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The SPT blow count (N) was recorded for each split spoon sample. A 63.5 kg hammer 

was dropped 76 cm until the sampler could be driven 450 mm. The spoon was driven in 

intervals of 150 mm and the blow count was recorded for each interval. The SPT blow 

count for each test was taken as the summation of the last two intervals. An attempt was 

made to measure undrained shear strength with a torvane, but the soil was too stiff to get 

a proper reading. The torvane was designed to take readings below 100 kPa, which was 

exceeded throughout most of the soil profile. 

3.3.3 Laboratory Testing 

Moisture content tests were conducted immediately after sampling on all grab and split 

spoon samples. The moisture content ranged from 12 to 24% within the first five meters 

of the soil profile. The Atterberg limits and grain size distribution (hydrometer and 

mechanical sieve) were determined for select soil samples to properly classify the soil 

profile. A summary of the laboratory testing results is shown in Table 3-1. The soil was 

classified according to both USCS and AASHTO soil classification systems. All soil tests 

were performed according to the appropriate ASTM standards. The Atterberg limits and 

grain size distribution matched laboratory tests from earlier investigations. 

Table 3-1: Summary of laboratory testing results on key soil samples. 

 

Two Shelby tubes were taken during drilling and transported back to the laboratory. 

However, due to the stiffness of the soil, the Shelby tubes provided poor sample 

recovery. When extracting sample T-03, most of what was recovered experienced 

substantial disturbance during pushing and therefore was treated as a disturbed sample 

not fit for advanced testing. Sample T-06 produced enough undisturbed sample for an 
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unconfined compression test, however a large rock (> 25 mm diam.) was discovered 

while trimming the sample for the test. The rock comprised a considerable portion of the 

sample’s cross-section and therefore was not used for further testing. The unit weight of 

select samples was established by measuring the dimensions of small portions of split 

spoon and Shelby tube samples and weighing them. The calculated unit weights were 

consistent with earlier investigations, which ranged from 19.8 to 22.3 kN/m³ (Drbe, 

2013). 

3.3.4 Undrained Shear Strength 

The field and laboratory tests confirmed that the substrata at the testing site is 

predominantly cohesive soils, and therefore it is appropriate to characterize the soil 

strength according to its undrained shear strength (Su). Many correlations exist between 

the SPT blow count of a soil and its undrained shear strength. 

3.3.4.1 SPT Corrections 

Certain correlations between N and Su require that the blow count N be normalized to an 

energy level of 60 %. Skempton, (1986) recommended applying additional corrections 

for rod length, sampler liners, and borehole diameter. The corrected blow count to energy 

level, rod length, sample liner and borehole diameter can the by performed according to 

Equation 3-1 (Sivrikaya and Toǧrol, 2006): 

            𝑁 = 𝑁
𝐸𝑅

60
𝐶 𝐶 𝐶  (3-1) 

where ERr is the generalized SPT energy ratio, and Cr, Cs, and Cd are the rod length, 

sampler liner, and borehole diameter correction factors presented in Table 3-2. 

Overburden corrections are not required for clay soils (Peck et al., 1974). 

3.3.4.2 SPT – Su Correlations 

A list of some relevant correlations between SPT blow count and undrained shear 

strength is shown in Table 3-3. The SPT blow count measured on site were applied to 

these relationships to estimate the undrained shear strength of the soil profile; the results 
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are summarized in Table 3-4. The borehole log with all data measured on site and in the 

laboratory is shown in Figure 3-3. The undrained shear strength of the soil measured 

from previous investigations was included in the log, which were also estimated from 

SPT tests. 

Table 3-2: SPT corrections for rod length, sampler liner, and borehole diameter, 

after Skempton (1986). 

 

Table 3-3: Su - N relationships for fine grained soils. 

 

(Terzaghi & Peck, 1967)(Sivrikaya & Toǧrol, 2002)(Stroud, M, 1974) 

Table 3-4: Estimated undrained shear strength from SPT. 
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Figure 3-3: Latest borehole log for field testing site. 
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3.3.4.3 Idealized Soil Profile 

Table 3-5 presents the idealized soil profile established from the borehole log, which will 

be used in interpretation of the test data and in the numerical modelling. The soil profile 

was subdivided into distinguishable layers and its soil properties were appropriately 

averaged to a singular value. A range of Su values was also provided considering all 

measurements acquired from previous investigation programs, which represents a 

plausible range of soil strength for calibrating the numerical model. The empirical 

correlations used are generally rough estimates and therefore setting a reasonable range 

for soil strength to work with for numerical modelling is appropriate. 

Table 3-5: Idealized soil profile at testing site. 

 

3.4 Test Specimen Dimensions 

The H-pile section selected for this study was W200 x 36 (W8 x 24 imperial designation). 

The piles were sized according to a preliminary analysis performed by AIL, which 

considered the maximum bending moment experienced by the pile due to the maximum 

expected wind force. The total length of the piles was 4850 mm, which allowed for 3500 

mm of embedment into the ground and 1350 mm of stickup. A series of holes were 

drilled into the head of the pile to allow for attachments, which connected the pile to the 

loading system. The purpose of the stickup was to facilitate applying lateral load to the 

pile above the ground surface thus generating both lateral load and bending moment at 

the ground surface in order to simulate the loading pattern of piles supporting sound 

walls. With the lateral attachment in place, the pile was loaded at 1.25 m above the 

ground surface. This height is based on the maximum sound wall height of 5.0 meters 

where the resultant wind force would act at 2.5 m above the ground surface. The height 
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for the tests was selected at one-half this distance because piles with a higher stickup 

would be very difficult to test. 

The plate dimensions were 950 x 420 x 9 mm (length, width, thickness) with a “stinger” 

extending 210 mm from the bottom of the plate to facilitate pile installation. Figure 3-4 

displays the plate configuration and provides its dimensions. The plates were welded to 

the pile flange so that the top of the plate was located at ground level. The plates were 

sized according to the preliminary pile load tests performed by AIL prior to this study. 

 

Figure 3-4: Plate dimensions and location on test specimens (dimensions in mm). 

The nodes, which were attached to half of the single plate piles, were comprised of 140 x 

50 x 9 thick flat bar plates angled 45° upwards from the horizontal. A total of six nodes 

were placed on a pile, three on either side of the outside pile flange, starting 10 mm from 

the bottom of the pile and spaced 600 mm as shown in Figure 3-5. The nodes were angled 
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to facilitate installation while simultaneously increasing the difficulty of upward 

displacement. 

 

Figure 3-5: Location, dimension, and orientation of nodes on pile (dimensions in 

mm). 

The drilled shafts were 711.2 mm (28”) in diameter and were reinforced with a W200 x 

36 section set in the center. The drilled shafts were sized according to the typical length 

and diameter used in construction of sound wall foundations. The concrete portion of the 

pile ended at the ground surface and the remaining stick-up was comprised only of the 

steel reinforcing beam. The concrete used for these piles had a minimum specified 

strength of 27.5 MPa.  Five concrete cylinders were cast at the time of pouring and tested 

in the UWO structural laboratory. The measured 28-day strength of the concrete ranged 

from 28 to 44 MPa with an average value of 37 MPa. 
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3.5 Test Pile Instrumentation 

The piles were instrumented with foil strain gauges to measure the axial load and bending 

moment distribution along the pile profile during loading. A total of 210 strain gauges 

were distributed on the shafts of 13 test piles. All single plate, single plate with nodes, 

and double plate piles were instrumented at nine levels along their length as shown in 

Figure 3-6. One of the plain posts was instrumented at levels 1, 2, 3, 4, 7, and 9. Two of 

the plain posts were instrumented at levels 1 to 4. The remaining plain post and 

reinforcing posts for the drilled shafts were not instrumented. The purpose of the top 

strain gauges was to act as a reference to calibrate the strain gauges located below the 

ground surface, since they are unaffected by soil resistance. The strain gauges were 

placed in pairs on opposite ends of the pile cross section at each level, located on the 

inside of the pile flange as close as possible to the web.  

C2A-06-250LW-120 foil strain gauges were supplied with wires already attached. Where 

the length was inadequate to reach the data acquisition system from the strain gauge 

location, additional wire was spliced. Each strain gauge was tested with a voltmeter after 

installation and again after wires were spliced to ensure they were functioning. A large 

number of gauges were also connected to the data acquisition system prior to installation 

to ensure there was no problems with the instrumentation. 

The strain gauges and wires were provided with three levels of protection to ensure the 

survival of as many strain gauges as possible. After installation, the gauges were first 

covered with RTV 3145 sealant as shown in Figure 3-7 (a), which is flexible but durable, 

and adheres very well to the pile surface. Part of the lead wire leading up the gauge was 

also covered to ensure the gauges were entirely watertight. The gauges and wires were 

then covered in layers of construction grade sheathing tape as shown in Figure 3-7 (b). 

This tape was selected because of its strong adhesive properties and durability. The final 

layer of protective was a coating of ceramic epoxy as shown in Figure 3-7 (c), which 

entirely covered the surface where the strain gauges were installed. Ceramic epoxy was 

used for its superior adhesion to surfaces and protection against abrasion. The space 

where wires ran down the pile was also filled with silicon to prevent water from seeping 

through, thus making the instrumentation entirely waterproof. 
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Figure 3-6: Location and identification schematic of strain gauges. 
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Figure 3-7: Application of a) sealant, b) construction grade sheathing tape and c) 

ceramic epoxy for strain gauge protection. 

3.5.1 Interpretation of Strain Gauge Data 

The load transfer mechanism of a loaded pile is calculated by measuring the axial load 

experienced in the pile and comparing it to the total axial load applied to the pile. The 

difference between the two values is the load transferred from the pile to the soil. The 

axial load in the pile can be calculated from the strain reading using Equation 3-2 

(Fellenius, 2001): 

𝑃 = 𝐴 𝐸 𝜀  (3-2) 
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where Ap is the cross-sectional area of the pile, Ep is Young’s modulus of the pile, and ɛa 

is the axial strain. The axial stiffness (EpAp) of a steel pile is easy to estimate since the 

Young’s modulus of steel is consistently 200 ± 5 GPa and the cross-sectional area of steel 

is known for fabricated H-sections. However, the accuracy of converting strain to load 

can be increased by back calculating the stiffness and each level of strain using the first 

level reference strain gauges. A method was proposed by Fellenius (2015) to back 

calculate the combined stiffness of a steel/concrete composite pile, since the actual 

Young’s modulus of concrete is difficult to estimate and is a function of imposed strain 

and using a singular value may result in significant errors. The secant stiffness of a pile 

can be estimated with Equation 3-3 (Fellenius, 2015): 

𝐸 𝐴 =
𝑃

𝜀
 (3-3) 

where P is the applied axial load. Knowing the applied load from a calibrated load cell 

and strain reading from the reference gauges, EpAp can be estimated at each level of load 

during the test.  

For piles subject to lateral loading, it is insightful to measure the bending moment 

distribution along a pile. The strain measurements can be converted to moment using 

engineering beam theory according to Equation 3-4 (Bicocchi, 2011): 

𝑀 =  
𝐸 𝐼 (𝜀 − 𝜀 )

∆ℎ
 (3-4) 

where Ep is Young’s modulus of the pile, Ip is the moment of inertia of the pile cross-

section, ԑT is the strain gauge reading on the tension side, ԑC is the strain gauge reading on 

the compression side, and Δh is the distance between the two gauges. 

3.6 Pile Installation Details 

This section examines the efficiency and quality of the pile installation. The time required 

to drive the piles, the position displacement during driving, and quality of the installation 

are summarized. 
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3.6.1 Pile Layout Plan 

The piles location plan is shown in Figure 3-2. The pile labelling scheme is as follows: 

• SP-0#: Single plate piles 

• SN-0#: Single plate piles with nodes 

• DP-0#: Double plate piles 

• PP-0#: Unmodified H-piles (plain piles) 

• DS-0#: Drilled shafts 

The piles were separated into two groups of eight to provide adequate space for the 

forklift which was used to move the testing equipment to and from the piles. The piles 

were situated in areas that were not affected by previous field testing programs. 

 

3.6.2 Installation Procedure 

The piles were installed with vibratory driving by means of an excavator mounted 320 

vibro hammer. The vibratory system was mounted to the arm of a John Deere mid-size 

excavator as shown in Figure 3-8. To facilitate securing the pile to the vibratory head, the 

pile was first secured to the excavator arm by means of a chain. The chain was connected 

to a 25 mm hole in the pile flange which was made on site with a cutting torch. The 

excavator arm could then lift the pile vertically and manipulate it into place in the 

vibratory attachment. The attachment gripped the pile at the web. Due to the relatively 

small size of the H-section, some deformation of the pile web at the point of attachment 

was observed. The verticality of the piles was measured using a construction level. 

Vibratory driving is a suitable method of installing sound wall piles since and lateral 

capacity is not affected and axial tension capacity is only slightly affected (I.R., 2015). 
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Figure 3-8: Vibratory driving of the steel piles. 

3.6.3 Installation Quality 

The initial analysis of the results of the pile load tests (presented in Chapters 4 and 5) 

revealed that the quality of installation had a significant impact on the performance of the 

piles. The observed quality of installation based on the judgement of the author was 

documented for each pile, which included an overall assessment of the entire installation 

process. To quantify the observed quality of the installation, which will provide a simple 

method for comparing test results, each pile was given a rating from 1 to 3. A rating of 3 

indicates the installation was ideal with little to no issues during driving, a rating of 2 

indicates there were some minor issues during installation which may affect the 

performance of the pile, and a rating of 1 indicates an overall poor installation which will 

significantly affect the performance of the pile.  The installation rating for each pile is 

summarized in Table 3-6.  
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The driving position displacement, which refers to how much the pile moves laterally at 

the end of driving relative to its position when driving started, was recorded for 7 piles. 

This was done to ensure the installation method did not cause the piles to deviate 

significantly from their intended location, which could cause issues in the installation of 

the sound wall panels between adjacent piles. The recorded displacements are listed in 

Table 3-6, where the Y direction indicates the movement perpendicular to the pile flange 

(or plate if relevant) whereas the X direction indicates the movement parallel to the pile 

flange/plate. The placement of the piles was typically off by less than one inch in either 

direction from their intended location, which is would not cause any issues when 

installing the sound wall panels. 

Table 3-6: Summary of installation quality of each pile. 

 
NM – Not measured. 

NA – Not Applicable 

Note 1 – Part of the way during installation, the pile was moved up approximately one foot and re-

driven to correct alignment. This was not expected to affect capacity significantly. 

Note 2 – Difficulty driving the pile near the end was observed, likely due to a cobble. The pile was 

lifted partly and re-driven twice until installation was complete. Pile capacity was expected to be 

affected. 
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Note 3 – The pile was repeatedly lifted and re-driven due to pile moving out of position during 

driving several times. This was most likely caused by cobbles. Pile capacity was expected to be 

greatly affected.  

Note 4 – Relatively decent installation observed. Some compression of the soil due to the tilting of 

the pile from the machine during straightening was observed. This was expected to affect pile 

capacity to some degree. 

Note 5 – Relatively decent installation was observed. Some compression of the soil due to the 

tilting of the pile from the machine during straightening was observed. This was expected to affect 

pile capacity to some degree. 

Note 6 – The pile was partially lifted and re-driven. During the straightening of the pile, the soil 

adjacent to one side of the plates was compressed by several inches. Pile capacity was expected to 

be greatly affected. 

Note 7 – The steel reinforcing pile was placed approximately 150 mm offset from the center of the 

drilled shaft (see Figure 3-9). 

 

 

Figure 3-9: Misaligned reinforcement for DS-02. 
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3.6.4 Driving Time 

The driving time for the novel piles, unmodified H-piles, and drilled shafts are recorded 

in Table 3-7. The comparison between driving times for the steel piles and drilled shafts 

was of main importance to quantify the efficiency of installing the novel piles. The times 

that are recorded for the steel piles include the start of driving to the end of driving, and 

do not include securing the chain to the piling rig or moving the pile to the installation 

location. The installation time for the drilled shafts only includes the time required to 

perform drilling, pouring of concrete, and placing the steel reinforcement into position. 

The average driving time of the steel piles was approximately 4 minutes and 40 seconds; 

the installation time for drilled shafts averaged at about 14 minutes, which is 

approximately 3.0 times longer. Ignoring the two piles which encountered cobbles during 

driving, the average is reduced to 3 minutes and 12 seconds which is about 4.4 times 

faster than installing the drilled shafts. 

Table 3-7: Installation time of each pile. 

 

3.6.5 Material Waste 

Using steel piles instead of drilled shafts foregoes the requirement for collecting and 

disposing of waste soil and concrete material. A large volume of soil waste was generated 
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during the installation of just two drilled shafts as shown in Figure 3-10. The amount of 

waste material would be significant for large projects requiring many piles, which 

directly translates to additional costs and time for its removal. 

3.6.6 Comments from Installers and Bystanders 

The workers from the pile installers (Powell Foundations Inc.) mentioned that they prefer 

installing drilled shafts rather than steel H piles because it was easier to keep the drilled 

shafts in the correct position and plumb. However, these issues would be likely be abated 

when driving in more favorable soil conditions. 

Employees from the adjacent building (ICFAR) mentioned that they could clearly hear 

the steel pile driving from their building. The front doors of their offices are 

approximately 75 m from the center of the testing grounds. 

 

Figure 3-10: Soil and concrete waste from drilled shaft installation. 
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3.7 Summary 

The piles were installed with vibratory driving. The driving times were measured for each 

pile to assess the improved installation efficiency of steel-only piles over drilled shafts. 

The quality of installation for each pile was also documented, which would be used later 

to explain certain behaviours of the piles during testing. The main observations and 

conclusions from the installation process are summarized accordingly: 

• Vibratory driving is suitable for installing steel piles in cohesive soil profiles. 

Problems may occur during driving if cobbles or boulders are present in the soil. 

This can be mitigated by pre-auguring the location of the pile using an auger with 

a diameter less than the diameter of the pile. However, this method may reduce 

the overall efficiency of this installation method. 

• Installing novel piles with vibratory driving proved to be 3.0 – 4.4 times faster 

than installing drilled shafts (not counting curing time for concrete). This can lead 

to significant time and cost savings, especially for large projects requiring many 

piles. 

• Using steel piles does not produce the soil and concrete waste that is associated 

with the installation of drilled shafts. This waste would have to be collected and 

disposed which leads to additional costs. 

• Using vibratory driving is preferable if restriction on noise levels is a requirement. 

While this method of driving still produces noticeable disturbance to nearby areas, 

construction companies use this method over impact driving if reducing noise is 

mandatory (I.R., 2015). 
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Chapter 4  

4 Performance of Novel Pile Subject to Lateral Loading 

4.1 Introduction 

Lateral forces from wind are the primary forces sound wall foundations are designed to 

resist. A lateral load testing program was performed on the novel pile system to assess its 

performance under such wind forces. The testing program included testing unmodified 

steel piles to comparatively evaluate the influence of adding plates to H-piles.  Two 

drilled shafts with dimensions commonly designed for sound wall applications were also 

tested as a baseline to compare current practice against the proposed system. Winds loads 

are repetitive in nature and therefore several piles were also evaluated under cyclic lateral 

loading patterns to assess stiffness degradation.  

A numerical model was developed using the program LPILE and was calibrated and 

validated using results from the monotonic load tests. The calibrated model was then used 

to perform a parametric study on the novel pile configuration considering different plate 

dimensions and a range of practical soil conditions. The results of the field tests and 

parametric study was used to provide design recommendations for the plate modified 

piles. A second numerical model was developed using GSNAP (Geo-Structural 

Nonlinear Analysis Program)(El Naggar and Heidari, 2018) and was calibrated with the 

cyclic lateral load test data from the novel piles. The GSNAP model was then used to 

extend the cyclic analysis to include more cycles and larger forces. 

4.2 Testing Setup and Procedure 

The piles were tested under monotonic and cyclic lateral load conditions according to 

ASTM D3966 / D3966M - 07 (2013)  method 6.4: Load Applied by Hydraulic Jack(s) 

Acting Between Two Test Piles or Test Pile Groups. This method of testing was ideal 

because testing two piles simultaneously is more efficient and does not require the 

installation of reaction piles, thereby saving additional time and cost of materials. Figure 

4-1 shows the test setup used in this study. The load was applied with a model RRH 1006 
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Enerpac double acting hydraulic jack which has a 1100 kN load capacity and 150 mm 

stroke, which was connected to a Enerpac ZE3 class hydraulic electric pump. A model 

1244 CLX-270K-B Interface load cell and the hydraulic jack were fastened together as a 

rigid unit and extended with 76 mm hollow core steel bars to connect the entire apparatus 

to the piles. The connections between the loading device and piles were designed as a pin 

so that the connection would be free to rotate vertically and so that the load can be 

applied in both directions. The lateral deflection of each pile was measured with three 

HLP 190 linear potentiometers secured to a frame that was supported independently of 

the pile and loading system. The potentiometers were placed at three levels along the pile 

shaft above ground: one near the ground surface, one placed 850 – 1150 mm above the 

ground surface, and the third between the two. The potentiometers have a 100 mm stroke 

and an accuracy of 0.1 mm. All instrumentation was connected to a 7000 series 

Sciemetric data acquisition system to record all instruments simultaneously. The data 

acquisition system collected readings every 5 sec for monotonic tests and every 1 sec for 

cyclic tests. 

 

Figure 4-1: Lateral load test setup for two piles tested simultaneously. 
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4.2.1 Monotonic Testing Procedure 

ASTM D3966 standard does not specify a test procedure for quick maintained load tests 

for laterally loaded piles. However, it does provide a provision that allows engineers to 

adjust the specified test methods. A quick maintained load test procedure was employed 

with load applied in increments of 5% of the anticipated failure load and maintained for 

four minutes at each increment. The load was advanced until excessive deflection in the 

pile occurred or until the load could not be maintained. In some cases, the test was 

terminated due to the hydraulic jack reaching its maximum stroke (the load is applied 

1.25 m above the ground surface, and the deflection at the point of loading is greater than 

the deflection at ground surface). However, a sufficient portion of the load-displacement 

curve was measured to make an appropriate analysis of the pile’s behaviour for all tests.   

4.2.2 Cyclic Load Testing Procedure 

The cyclic load testing procedure in ASTM D3966 was modified to suit the application of 

the piles. Cyclic two-way loading was originally planned to be applied at 33%, 67%, and 

100% of the approximate maximum failure load of the piles determined from the static 

tests. In all cases, the tests were terminated prematurely due to reaching the stroke limit 

of the hydraulic jack. The ideal number of load cycles for wind applications typically 

ranges into the thousands, but the number of cycles per load increment was limited to 100 

cycles for practical reasons when there was no further increase in pile displacement after 

100 cycles. The frequency of the load cycles varied according the minimum and 

maximum displacement experienced at a load cycle. The highest frequency of the first 

load cycle ranged from 0.022 to 0.025 Hz and decreased as the number of load cycles 

increased. 

4.3 Monotonic Lateral Load Test Results 

Monotonic lateral load tests were performed on eight piles: two single plate piles (SP-0#), 

two single plate piles with nodes (SN-0#), two drilled shafts (DS-0#), and two 

unmodified (plain) piles (PP-0#). The load-displacement curves for single plate piles SP-

03, SP-04, SN-03, and SN-04 are shown in Figure 4-2. The curves were extrapolated to 

estimate the force at 25 mm of ground level deflection using a combination of: 1) 



47 

 

following the pattern for rate of change in the curve; 2) using numerical modelling to 

predict the general shape of the curve; and 3) engineering judgement by the author. Note 

that this was done for all pile load tests where the pile displacement at the ground surface 

did not reach 25 mm. The average load at 25 mm of deflection for single plate piles was 

approximately 59.1 kN. The initial portion of the curve for all piles was very similar for 

the first 3-4 mm of deflection, but SP-03 and SN-03 began to deviate as the load 

increased. Possible explanations for this include variability in the installation quality, 

natural variability in the soil, or the effect of uplift testing that was performed prior to 

lateral testing. The latter explanation most likely suits pile SP-03. The load cell 

malfunctioned during the test, which led to incorrect readings of the actual load. It was 

observed that the pile was jacked upwards by at least 25 mm before identifying the issue. 

This excess uplift displacement likely negatively affected the lateral load capacity of the 

pile, which was tested less than two weeks later. 

 

Figure 4-2: Lateral load-displacement curve for single plate piles (SP-03,04, SN-

03,04). 

The load-displacement curves for drilled shafts DS-01 and DS-02 are presented in Figure 

4-3. The load at 25 mm of ground level deflection for DS-01 and DS-02 were 

approximately 145 kN and 103 kN, respectively. It was observed that at low load levels 

(P < 28 kN), the displacement was too small to be detected by the linear potentiometers. 

DS-02 experienced significantly more displacement than DS-01 at the same load levels 

due to the misplacement of the reinforcing steel. This resulted in a divergence in the load-
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displacement curve from DS-01 after approximately 7 mm of displacement, at which 

point cracks initiated in the concrete and a gap opened at the interface with the steel 

section at a rapid rate as shown in Figure 4-4.  

 

Figure 4-3: Lateral load-displacement curve for drilled shafts (DS-01,02). 

 

Figure 4-4: Crack in DS-02 during lateral load test. 

The load-displacement curves for the unmodified H-piles are presented in Figure 4-5. 

The horizontal displacement at 25 mm of displacement was 45 and 51 kN for PP-01 and 

PP-02, respectively. Similarly, PP-01 exhibited a lower uplift capacity compared to PP-

02 (as will be discussed in Chapter 5). This may be attributed to the difference in pile 

installation quality and variability in soil conditions. 
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Figure 4-5: Lateral load-displacement curve for plain piles (PP-01,02). 

The lateral capacity of the tested piles was compared to their design lateral load (i.e. wind 

load) in Table 4-1. The total lateral load demand is 26.68 kN, which considers a wall 

height of 5.0 m, a pile spacing of 3.07 m, and wind pressure with a 25-year return period. 

The pile spacing is based on the deflection limits of the sound wall and the wind pressure 

is selected according to the Canadian High Bridge Design Code (CHBDC) in A3.1.1 

(CSA Group, 2014). The average lateral capacity of single plate piles was 59.1 kN (F.S. = 

2.2), which is approximately 22% higher than the average lateral capacity of 48 kN (F.S. 

= 1.8) for unmodified H-piles. The single plate piles without nodes had generally higher 

capacities than those with nodes. This difference in capacity is attributed to installation 

quality rather than any effect from the nodes. The drilled shafts had significantly higher 

capacity compared to the steel piles, which was expected due to their much larger cross-

section. 

Table 4-1: Comparison of tested piles to design wind load. 
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4.4 Monotonic Lateral Numerical Modelling and Parametric 
Study 

The monotonic pile load tests were modelled using LPILE (Ensoft Inc., 2019), which is 

commercial software widely used to estimate the behaviour of single piles subject to 

lateral loads. LPILE uses the p-y method, which incorporates a series of non-linear 

springs distributed along the pile shaft to simulate the relationship between soil pressure 

per pile length and pile deflection (Ensoft Inc., 2019). LPILE was selected for the 

parametric study because it is a simple yet reliable tool that is commonly used in industry 

for designing laterally loaded piles. 

4.4.1 Plate Pile Model Calibration and Validation 

The LPILE model was first calibrated using data from the static lateral load tests on 

single plate piles. The calibrated model would require a satisfactory match with the field 

data for the load-displacement curve and bending moment distribution along the pile. 

This match is achieved by slightly varying some of the soil properties within its 

expected/measured range. Once the model was calibrated, it was validated by predicting 

the behaviour of the unmodified piles tested by the author and the preliminary piles tested 

by AIL. A successful match with the field data indicates the model is expected to produce 

reliable results for parameters outside the scope of the field testing that was performed. 

4.4.1.1 Soil and Pile Properties and Models 

The model selected in LPILE to represent the soil was “modified stiff clay without free 

water”. This model was selected because of the type of soil on site and that the pile shaft 

was above the water table. Three methods of selecting the soil modulus, k, were tested: 1) 

the k value is internally selected by LPILE based on the specified undrained shear 

strength of soil, 2) correlating k with Su from Liang (2002), or 3)  k is estimated by 

Equation 4-1 (Salgado, 2008): 

𝑘 =
9𝑆

5𝜀 𝐵
 (4-1) 
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where Su is the undrained shear strength of the soil layer, ε50 is the axial strain at one half 

of the soil’s final shear strength, and B is the pile width. Note that the original equation 

was normalized by B to make it a function of pile width in the appropriate units. ε50 was 

estimated using correlations with Su which are provided by Liang (2002). Equation 4-1 

resulted in the best match between the predicted load-displacement curve and field test 

results for single plate piles. The other two methods slightly over-estimated the response 

but could be considered satisfactory. Su for each soil layer was selected using 

representative values established from field and laboratory testing. The soil properties 

obtained for the calibrated LPILE model are presented in Table 4-2. 

Table 4-2: Soil properties after the calibration of single plate pile LPILE model. 

 

The pile properties inputted to LPILE are summarized in Table 4-3. The properties for 

the unmodified section were taken directly from the handbook of steel construction. The 

properties for the plate section were calculated manually considering the addition of the 

plate to the H-pile. The plate section of the pile was modelled as a rectangle with user 

defined inputs. This rectangle was defined to have the same area, moment of inertia, and 

width perpendicular to loading as the actual section tested in the field. The non-plate 

sections of the pile were modelled as H-piles bending about the strong axis. The entire 

pile was modelled as linear elastic since the load is relatively small compared to the 

capacity of the pile cross-section and therefore no yielding of steel occurred. 

Table 4-3: Pile properties inputted into calibrated LPILE model. 
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4.4.1.2 Calibrated Model Load-Displacement Curve and Bending 
Moment Distribution 

The load was applied at 1.25 m above the ground surface at equal increments. LPILE can 

only provide load-displacement curves for the top of the pile. In this case the load is 

applied well above the ground surface, which is the desired point of analysis for the load-

displacement curve. Therefore, LPILE would normally terminate the analysis well before 

25 mm of deflection at the ground level due to excessive deflection at the top. To 

overcome this issue, the convergence tolerance and number of iterations was increased so 

that LPILE would not encounter convergence issues at very high displacements. The 

comparison of the results obtained from the calibrated model with experimental data is 

shown in Figure 4-6, which shows an excellent match. Only SP4 and SN4 were used in 

the analysis because SP3 and SN3 experienced lower capacities for reasons explained in 

subsection 4.3. The estimated moment distribution was also compared to the field test 

data as shown in Figure 4-7. The bending moment along the pile shaft for all static lateral 

tests are presented on the same figure since each pile had only a few functioning strain 

gauges. The bending moment was compared at a horizontal load of 51 kN, which was the 

highest magnitude shared by all four piles. The model compared very well with the field 

data, which further confirms that the model was well calibrated and the selected soil 

parameters are expected to be representative of the field conditions. 

 

Figure 4-6: Comparison between calibrated LPILE model and experimental data. 
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Figure 4-7: Comparison of bending moment distribution along shaft of single plate 

piles at a horizontal load of 51 kN. 

4.4.1.3 LPILE Model Validation 

The calibrated model was first validated by modelling the unmodified H piles that were 

tested in the exact same manner as the single plate piles. The results of the analysis were 

then compared to the load-displacement curves measured in the field as shown in Figure 

4-8. A second validation was performed by modelling the response of single plate piles 

tested by AIL in the preliminary testing phase. The only details given about the soil 

profile is that it was comprised of medium dense sandy soil. It was assumed that the sand 

had a friction angle of 35° and unit weight of 19 kN/m³, which can be considered a 

median value for medium dense sand (Budhu, 2011).  The value for k was inputted as 

24430 kN/m³ which was correlated from Liang (2002).  The Reese sand model was 

selected to represent the soil. The comparison between the calculated and measured 

responses is shown in Figure 4-9. The second model considered a different soil profile 

than what the novel piles were tested in and therefore cannot be considered a validation 

of the main numerical model. However, the remainder of the input parameters were 

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

-25 25 75 125 175

D
ep

th
 (

m
)

Bending Moment (kNm)

LPIL
E
SN-
03
SN-
04



54 

 

consistent with the first model and therefore a successful match with field data does 

validate LPILE to be a proper tool for modelling the novel pile design. 

The results obtained by LPILE are in excellent agreement with the actual load-

displacement curve for both cases. This excellent agreement between calculated and 

measured responses for clay and sandy soil indicates that LPILE along with the proposed 

method for modeling the modified pile configuration is suitable for modeling the lateral 

response of the novel pile and therefore is expected to provide realistic results for the 

parametric study. 

 

Figure 4-8: Comparison of LPILE model with unmodified H-pile results. 

 

Figure 4-9: Comparison of LPILE model with plate piles from the AIL preliminary 

tests. 
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4.4.1.4 Load and Deflection Distribution of Single Plate Piles 

The calibrated LPILE model was used to estimate the shear force, bending moment, and 

horizontal deflection profiles along the shaft of a single plate pile for increasing load 

increments. The results of the analysis are shown in Figure 4-10. It is observed that only 

the top 2.0 m of the pile below ground surface experiences deflection while the remaining 

1.5 m experiences little or no deflection. This indicates that the pile exhibits flexible 

behaviour and that the top 2.0 m of the pile, which corresponds 12B or 4.75W of the pile, 

primarily contributes to the lateral load resistance of the pile, where B is equals the width 

of the pile flange and W equals the width of the plate. 

 

 

Figure 4-10: a) Shear force, b) bending moment, c) and horizontal deflection 

distribution along a single plate pile under various loads. 
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4.4.2 LPILE Parametric Study 

The parametric study was conducted to evaluate the effects of the geometrical properties 

of the plate (plate length and width) of the proposed pile configuration on the lateral 

capacity of the pile. The plate widths selected for the analysis were 315 mm, 525 mm, 

and 630 mm (-25%, +25% and +50% of the original width), all at a constant plate length 

of 950 mm. The plate lengths selected for the analysis were 712.5 mm, 1188 mm, and 

1425 mm (-25%, +25% and +50% of the original length), all at a constant plate width of 

420 mm. A 25% change in length or width results in the same percentage increase in steel 

weight, which facilitates the optimization of the pile geometry based on the comparative 

results. The parametric study considered three different soil profiles: a soil profile similar 

to that at the test site, a soil profile comprised of clay layers with different levels of 

strength, and a soil profile comprising sand layers with different levels of strength. Note 

that all comparisons are made in terms of the lateral force required to induce a 25 mm 

deflection of the pile at ground level. The total pile length below ground remained at 3.5 

m for all cases considered in the parametric study. 

4.4.2.1 Single Plate Pile in Test Soil Profile 

The variation in pile performance due to plate width and length changes are shown in 

Figures 4-11 (a) and 4-11 (b), respectively. The applied lateral load that induces 25 mm 

of deflection at the ground surface for each case is summarized in Table 4-4. For the 

purpose of comparison, the lateral load for the original pile configuration is also shown in 

Table 4-4. The analysis shows that increasing the plate width had a greater effect on the 

pile’s stiffness and capacity. This is expected because the plate was situated within the 

upper stiff clay layer (950 mm long plate vs. 900 mm depth of stiff soil). The soil below 

the plate had a lower stiffness. Therefore, increasing the plate width increased the area in 

contact with the stiffer soil, whereas increasing the plate length increased the area of 

contact with softer soil. 
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Figure 4-11: Effect of a) plate width and b) plate length on single plate pile 

behaviour in original soil profile. 

 

Table 4-4: Summary of parametric study for pile in original soil profile. 
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and strength (Budhu, 2011). The soil modulus parameter, k, was estimated using 

Equation 4-1 (Salgado, 2008). Because k is dependent on pile width, the lower k value 

represents the soil at the plated section and the higher k value represents soil below the 

plate. The soil model selected for generating the p-y curves was the modified stiff clay 

without free water model, since the water table was assumed to be below the pile toe. The 

load-displacement curve for a single plate pile with the original dimensions in clay soil 

with 25 kPa, 50 kPa, and 100 kPa undrained shear strength is shown in Figure 4-12 and 

the effect of varying plate width and length for each level of clay strength is shown in 

Figures 4-13 to 4-15. The applied lateral load at 25 mm of deflection at the ground 

surface for each case is summarized in Table 4-6 and compared to a pile with the original 

dimensions. 

Table 4-5: Selected properties for clay soil profile parametric study. 

 

 

 

Figure 4-12: LPILE model results of single plate pile in soft, firm, and stiff clay. 
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Figure 4-13: Effect of a) plate width and b) plate length on single plate pile behavior 

in 25 kPa clay. 

 

 

Figure 4-14: Effect of a) plate width and b) plate length on single plate pile behavior 

in 50 kPa clay. 
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Figure 4-15: Effect of a) plate width and b) plate length on single plate pile 

behaviour in 100 kPa clay. 

 

Table 4-6: Summary of clay soil profile parametric study. 
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The results of the parametric study in clay soils show that increasing the plate width is 

more effective than increasing plate length for increasing the lateral capacity of plated 

piles. This is expected since the lateral capacity of piles is typically governed by the 

portion of the pile near the ground surface. 

4.4.2.3 Single Plate Pile in Sandy Soil Profile 

A sandy soil profile was considered at three different friction angles: 30°, 35°, and 40° 

which corresponds to loose, compact, and dense sand, respectively. The soil properties 

used in the LPILE model to represent the soil are presented in Table 4-7. The sand unit 

weight was selected according to some general estimates based on soil type and strength 

(Budhu, 2011). The k soil modulus parameter was estimated using values for loose, 

compact, and dense sand above the water table from Liang (2002). The p-y curve soil 

model used was the Reese sand model. 

Table 4-7: Inputted properties for sandy soil profile parametric study. 

 

The load-displacement curve for a single plate pile with the original tested dimensions in 

30°, 35°, and 40° sand is shown in Figure 4-16 and the effect of varying plate width and 

length for each level of sand strength is shown in Figures 4-17 to 4-19. The applied 

lateral loads that resulted in 25 mm of deflection at the ground surface for each case are 

summarized in Table 4-8 and are compared to the loads for the original pile 

configuration. 

The results of the parametric study in sand show that increasing the pile width is more 

effective than increasing plate length for increasing the lateral capacity of a plated pile, 

however the difference is smaller compared to clay. It was also observed that as the 

strength of the sand increases, the difference between increasing plate width and plate 
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length becomes smaller. At φ = 40°, changing the plate width and length by the same 

percentages yields a similar change in capacity. 

 

Figure 4-16: LPILE model results of single plate pile in loose, compact, and dense 

sand. 

 

Figure 4-17: Effect of a) plate width and b) plate length on single plate pile behavior 

in φ’ = 30° sand. 
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Figure 4-18: Effect of a) plate width and b) plate length on single plate pile behavior 

in φ’ = 35° sand. 

 

 

Figure 4-19: Effect of a) plate width and b) plate length on single plate pile behavior 

in φ’ = 40° sand. 
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Table 4-8: Summary of pure sand soil profile parametric study. 

 

4.4.2.4 Comparison of Lateral Capacity of Novel Pile with 
Equivalent H Pile 

The proposed pile configuration can be beneficial in cases where lateral resistance 

governs the design of the foundation. The addition of the plate may allow utilizing an H-

pile with a smaller cross-section which would still provide adequate axial capacity. The 

potential cost-savings of the proposed pile configuration was explored by comparing the 

weight (calculated from a reduction in volume) of steel required for equivalent capacity 

unmodified H-piles. The lateral capacities were compared at 25 mm of deflection. The 

smallest comparable W-section was W460x52, which has the smallest cross-sectional 

area for the same load-resisting capabilities at 25 mm of deflection. Both piles were 

modelled with a length of 3.5 m below the ground surface, loaded at 1.25 m above the 

ground surface, and placed in the same soil profile as the testing site. The load-

displacement curves are shown in Figure 4-20. Considering only the steel below ground, 
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the proposed pile configuration only requires 154 kg of steel compared to a W460x52 

pile which requires 182 kg of steel. This is an approximate reduction of 15%. 

 

Figure 4-20: Comparison of a W200x36 section with a single plate to an unmodified 

W460x52 pile. 

4.5 Cyclic Lateral Load Test Results 
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edge. The load-displacement curves for PP-03 and PP-04 are shown in Figure 4-21. Note 
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subjected to 100 cycles of two-way loading at 15 kN. A second set of cycles could not be 

performed due to exceeding the stoke capacity of the hydraulic jack. The curves remained 

in the elastic region for approximately the first 5 kN. As the load increased, they 

exhibited non-linear behaviour. The amount of displacement gradually increased at the 

maximum load as the number of cycles increased. The difference in displacement 

between the first and last loading cycle is summarized for each pile in Table 4-9, which 

0
10
20
30
40
50
60
70

0 5 10 15 20 25

L
oa

d 
(k

N
)

Horizontal Displacement (mm)

W200x36 w/ plate

W460x52 no plate



66 

 

may aid in assessing and comparing the reduction in lateral stiffness with the repeated 

loading of each pile. The single plate piles, SP-01 and SP-02, had similar load-

displacement curves to the plain piles as shown in Figure 4-22, both in terms of stiffness 

and change in horizontal displacement over 100 cycles. This indicates that adding the 

plate had little effect on the performance of H-piles subject to small cyclic lateral loads. 

The single plate piles were also subjected to 70 cycles of loading at 24 kN of force 

immediately after the first 100 cycles. The full 100 cycles could not be achieved due to 

reaching the stroke limit of the jack. The load displacement curve showed a similar 

parabolic shape at 24 kN compared to the curve at 15 kN. 

 

Figure 4-21: Cyclic lateral load test results for a) PP-03 and b) PP-04. 

 

Figure 4-22: Cyclic lateral load test results for a) SP-01 and b) SP-02. 
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The load-displacement curves for SN-01 and SN-02 are shown in Figure 4-23. The 

curves exhibit identical behaviour to the single plate piles without nodes in the positive 

loading direction (push). The change in displacement over 100 cycles was significantly 

higher in the negative (pull) direction for both piles. This has been observed in other 

cyclic lateral load tests and is caused by the creation of a gap behind the pile on the 

opposite direction of loading. When reversing the load in the opposite direction, this gap 

must first be closed before the soil provides resistance, thus leading to higher 

displacements in one direction (Abd Elaziz, 2012; El Sharnouby, 2012). 

 

Figure 4-23: Cyclic lateral load test results for a) SN-01 and b) SN-02. 
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Figure 4-24. The second set of load cycles were performed at 15 kN for 50 cycles, at 

which point the stroke limit was exceeded. Due to the poor installation of some of these 

piles which affected the results, the expected advantage of adding a second plate could 

not be established. However, the general shape of the curve was similar to that of the 

single plate piles. The curve was linear up to approximately 5 kN, at which point the 

response became nonlinear as the load increased. 

 

Figure 4-24: Cyclic lateral load test results for a) DP-01 and b) DP-02. 

 

Table 4-9: Change in pile displacement from first to last cycle. 
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The effect of cyclic lateral loading on the piles was evaluated in terms of its lateral 

stiffness, which can be calculated using Equation 4-2: 

𝑘 =
𝑃 − 𝑃

𝑦 − 𝑦
 (4-2) 

where Pmax and Pmin are the maximum and minimum applied load at the specific cycle, 

and ymax and ymin are the corresponding deflections to the maximum and minimum 

applied loads at the specific cycle. To represent the effect of cyclic loading on the tested 

piles, the ratio of the stiffness (kL) at increasing cycles to the stiffness of the initial cycle 

(kLO) is shown for each pile in Figures 4-25 to 4-28. The ratio of kL/kLO tends to stabilize 

at a consistent value within 100 cycles of lateral load for all piles. The plain piles 

experienced the least amount of degradation, with a kL/kLO ratio levelling off at 0.86 and 

0.70 for PP-01 and PP-02, respectively. The ratio was lower for single plate piles SP-01 

and SP-02 with value at 0.68 and 0.74, which is approximately 9% lower than plain piles. 

The ratio at 100 cycles was significantly lower for the remaining four piles, with values 

of 0.47, 0.40, 0.64, and 0.41 for SN-01, SN-02, DP-01, and DP-02, respectively. The 

initial stiffness for these four piles is lower than the plain pile and single plate piles as 

well. These results clearly demonstrate the need for careful installation of piles, as less 

than ideal installation leads to a severely reduced pile performance. For the second set of 

cyclic lateral loading on piles SP-01, SP-02, DP-01, and DP-02, it was observed that the 

stiffness degradation follows a very similar trend to that of the lower load cycles. The 

reduction in stiffness between the first cycle of the first load increment and the first cycle 

of the second load increment is 28% and 18% for SP-01 and SP-02, and 31% and 54% 

for DP-01 and DP-02, respectively. The reduction in stiffness between load cycles is 

larger for double plate piles, which is attributed to the installation quality. Because an 

equivalent assessment could not be performed between single and double plate piles, the 

effectiveness of adding the second plate could not be properly evaluated and is therefore 

inconclusive. 
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Figure 4-25: Degradation of stiffness of a) PP-03 and b) PP-04 subject to cyclic 

lateral loads. 

 

Figure 4-26: Degradation of stiffness of a) SP-01 and b) SP-02 subject to cyclic 

lateral loads. 

 

Figure 4-27: Degradation of stiffness of a) SN-01 and b) SN-02 subject to cyclic 

lateral loads. 
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Figure 4-28: Degradation of stiffness of a) DP-01 and b) DP-02 subject to cyclic 

lateral loads. 

4.6 GSNAP Modelling of Cyclically Loaded Novel Piles 

The cyclic lateral load tests for single plate piles was terminated prematurely due to 

reaching the stroke limit of the hydraulic jack. The results of these tests were extended by 

calibrating a numerical model with the existing data; GSNAP (Geo-Structural Nonlinear 

Analysis Program) was selected for this purpose. GSNAP incorporates a generalized 

dynamic beam on nonlinear Winkler foundation (BNWF) soil model and considers key 

aspects of soil-structure interaction:  (El Naggar and Heidari, 2018). GSNAP can 

simulate the behaviour of piles subjected to a large number of lateral loading cycles. 

Once the model was calibrated with the field results, a limited parametric study was 

performed with the model considering higher loads and a large number of load cycles to 

better characterize the novel pile’s performance against repeated loading. 

4.6.1 GSNAP Model Calibration 

The values of soil undrained shear strength, cu, soil modulus, k, and ε50 used in the 

GSNAP analysis was the same as those used in the LPILE analysis. GSNAP requires five 

additional inputs which dictate the pile’s response when subject to cyclic lateral loading: 

stiffness degradation factor, stiffness curve shape parameter, strength curve shape 

parameter, strength degradation factor, and the gap parameter. The range of typical 

values for clay soils along with the selected inputs for the calibrated model are presented 

in Table 4-10. The stiffness and strength degradation factors were selected as greater than 
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one since the stiffness degradation decreased as the number of load cycles increased. The 

selected gapping parameter was 0.14 which was based on the observation that the soil 

remained mostly compressed after reversing the load on the pile. The meaning of these 

parameters is further discussed in Allotey and El Naggar (2008)and Heidari et al. (2014).  

Table 4-10: Typical range of values for GSNAP input parameters and calibrated 

model selection. 

 

The cyclic loading pattern applied to the pile was 100 cycles of 15 kN load follow by 70 

cycles of 24 kN load. The model output is compared to the field data in Figure 4-29. In 

general, the model predicted the pile’s response to cyclic lateral loading well. The 

displacements at the second load cycles match, and the shape of the hysteretic loop are 

captured in the model. However, there exist some discrepancies between the prediction 

and the field load testing results. The model predicts a stiffer response for the first set of 

cycles, which is more evident in the positive loading direction. The model also predicts a 

stiffer response for the second set of cycles in the negative loading direction. However, it 

is not possible to get a perfect match in both directions due to an uneven stiffness in the 

tested pile.  

4.6.2 Lateral Cyclic Loading Parametric Study 

After calibration, the model was analyzed simulating a load of 26.68 kN and 53.36 kN 

(one and two times the design wind load) for 100 cycles each in succession. The results 
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of the simulation are shown in Figure 4-30. The single plate pile experiences 9 mm of 

deflection at the end of the first set of cycles. The pile deflects less than 25 mm for the 

first three cycles at 53.36 kN but exhibits excessive deflection for subsequent load cycles. 

This indicates the pile can successfully resist the design load but may experience 

excessive deflection if significantly higher forces are applied in succession. 

 

Figure 4-29: Calibrated model of a single plate pile subject to cyclic lateral loading. 

 

Figure 4-30: Simulated single plate pile at 100 cycles of one and two times the design 

wind load. 
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A third analysis was performed considering the effect of the unfactored wind load applied 

for many cycles to better analyze the pile’s performance at the design load. The same 

model was run with a load of 26.68 kN applied to the pile for 1000 cycles and the results 

are shown in Figure 4-31. After 1000 cycles, the maximum deflection of the pile was 

estimated to be less than 10 mm. This indicates that the pile performs well under the 

design load and the stiffness does not degrade excessively after repeated loading for long 

periods of time. 

 

Figure 4-31: Simulated single plate pile at 1000 cycles of the design wind load. 

4.7 Summary 

A total of 16 piles were subjected to lateral load tests, eight piles were subjected to 

monotonic loading and the remaining eight piles were subjected to cyclic loading. The 

results of the monotonic field testing were used to calibrate and validate a numerical 

model using the program LPILE. The results showed that LPILE is able to simulate the 

behaviour of single plate piles. The model was used to conduct a parametric study to 

analyze the effect of different plate dimensions on the pile response in a practical range 

of soil conditions. The cyclic load test data was analyzed using the program GSNAP, 

which simulates the pile’s behaviour when subjected to repeated loadings. A limited 

parametric study was conducted considering increased loads and a higher number of 

cycles. The main findings from the field testing and numerical modelling are as follows: 
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• The average load capacity of unmodified H-piles and single plate piles was 48.0 

kN and 59.1 kN, respectively. This indicates that the addition of the plate 

increased the lateral capacity of the pile by approximately 22% in this particular 

soil profile. The capacity of the single plate pile was approximately half of the 

drilled shaft’s lateral capacity. 

• The average factor of safety of the single plate piles was 2.2 for a design wind 

force of 26.68 kN which considers a sound wall height of 5.0 m, a pile spacing of 

3.07 m, and a wind pressure with a 25-year return period.  

• The horizontal deflection along a single plate pile indicates the pile behaves as 

flexible. The top 12B or 4.75W of the pile primarily contributes to the lateral load 

resistance of the pile, where B is equals the width of the pile flange and W equals 

the width of the plate. The pile experiences negligible movement below this point. 

• The installation quality of the pile had a direct effect on its performance when 

subjected to monotonic and cyclic lateral loads. Piles with an unideal installation 

typically suffered from reduced lateral capacities and a higher degree of 

shakedown. 

• LPILE proved to be a suitable tool for estimating the performance of single plate 

piles subject to lateral loading. It is recommended to use the relationship from 

Salgado (2008) for estimating the k soil modulus parameter and the relationships 

from Liang (2002) for estimating ε50. 

• The plated section of the novel pile can be modelled as a purely elastic 

rectangular section in LPILE with user inputted area, moment of inertia, and 

width equivalent to the pile. 

• In general, the plate width has greater influence on a pile’s lateral capacity 

compared to plate length, especially in cohesive soils. For cohesionless soils, the 

different in increase/decrease between plate width and length equalizes as the soil 

density increases. 
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• Modified H-piles with plates may be utilized in cases where lateral loads govern 

the selection of pile dimensions. A smaller pile section may be selected and fitted 

with a plate to satisfy lateral force requirements. In the case of a 3.5 m pile in stiff 

to very stiff clay (same soil profile as the field tests), the novel pile requires 

approximately 15% less steel than an unmodified H-pile with an equivalent lateral 

capacity at 25 mm of deflection. 

• The lateral stiffness degradation stabilizes at approximately 100 or less cycles at 

low-level loads. The lateral stiffness dropped to approximately 78% of its first 

cycle value for unmodified H-piles and 71% for single plate piles, which is 

approximately 9% lower. This indicates that single plate piles experience a minor 

increase in degradation compared to unmodified piles. 

• The benefit of adding a second plate to a pile for improving cyclic performance 

was not conclusively observed due to installation problems of the double plate 

piles which directly affected the results. 

• The calibrated GSNAP model was used to simulate a single plate pile subjected to 

cyclic lateral loads. The model was analyzed assuming one and two times the 

design wind load applied to the pile in succession for 100 cycles each. The model 

was also analyzed simulating the design wind load applied for 1000 cycles. The 

maximum deflection did not exceed 10 mm regardless of how many cycles of the 

design load was applied to the pile. However, the pile was estimated to have 

excessive deflection after only a few cycles at two times the design load 

indicating the foundation may exceed response tolerances when subjected to 

extreme loads. 



77 

 

Chapter 5  

5 Performance of Novel Piles Subject to Uplift Loading 

5.1 Introduction 

Piles supporting sound walls sustain very low axial compression loads due to the low 

weight of the supported wall. However, in certain regions, these piles may experience 

significant uplift forces due to adfreeze bond stresses caused by the soil’s seasonal freeze 

and thaw. Due to the low axial compression forces, the uplift forces may well exceed the 

net uplift capacity of the piles resulting in frost jacking. Therefore, piles supporting sound 

walls in these regions must be designed to sustain adfreeze forces. 

In order to evaluate the performance of the proposed novel pile configurations, a total of 

16 instrumented piles were subjected to full scale axial tension load tests. The pile load 

test data, including strain readings from strain gauges, will provide information to 

evaluate the load transfer mechanism along the pile and its ultimate uplift capacity. Some 

of the novel piles were modified with nodes (small anchors) to explore the potential 

increase in their uplift capacity when installed in cohesive soil. 

5.2 Testing Setup and Procedure 

The piles were tested under uplift loading employing the test setup according to ASTM 

D3689 (2013) method 3 as shown in Figures 5-1 and 5-2. The load was applied using a 

model RRH 1006 Enerpac hydraulic jack reacting against a reaction beam, which was 

supported on cribbing placed on either end of the test pile. The hydraulic jack was 

connected to an Enerpac ZE3 class hydraulic electric pump. The reaction beam was 

composed of a back-to-back channel section welded together with a series of plates 

(stiffeners) to form a singular relatively rigid beam. A 76 mm solid bar threaded on both 

ends was passed through the reaction beam and hydraulic jack and was threaded with a 

hex nut at the top. The bar was connected to a model 1244 CLX-270K-B Interface high 

capacity load cell on the other end, which was connected to the top of the pile by means 

of a connection designed to bolt onto the pile web. The uplift displacement of each pile 
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was measured employing four HLP 190 linear potentiometers and secured to a reference 

frame that was independent of the pile and loading system. The potentiometers had a 100 

mm stroke and measure displacement to an accuracy of 0.1 mm. All instrumentation was 

connected to a 7000 series Sciemetric data acquisition system to record all instruments 

simultaneously. The data acquisition system collected readings every 5 sec for all tests. 

 

Figure 5-1: Uplift load test setup. 

 

Figure 5-2: Linear potentiometer and reference beam setup for uplift tests. 
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A quick maintained load test procedure was employed according to ASTM D3689 

(2013). The load was applied in increasing increments of 5% of the anticipated failure 

load which was estimated by calculating the pile’s uplift capacity with the alpha method. 

Each load increment was maintained for four minutes. The load was advanced until 

excessive displacement occurred, or the load could not be maintained. 

5.3 Uplift Load Test Results 

The results of the uplift load tests are discussed in this section. All piles were tested in 

uplift before lateral load testing except for the drilled shafts, which were tested eight days 

after lateral testing. The load displacement curves are grouped into similar types of piles: 

plain piles, single plate piles, single plate piles with nodes, double plate piles, and drilled 

shafts. The failure criterion used to establish the uplift capacity from the load-

displacement curves was the load corresponding to 10 mm of displacement at the pile 

head. The plain piles were tested 8 days after installation, which was deemed as a 

sufficient waiting period for porewater pressure dissipation due to the relatively high silt 

and sand content. The load-displacement curves for plain pile uplift tests are presented in 

Figure 5-3. All four plain piles exhibited similar behaviour except for PP-01, which had a 

lower stiffness (initial slope of the curve) and uplift capacity. This may be attributed to 

the variability in the soil strength and the difference in installation quality that was 

observed during installation. The average uplift resistance of the plain piles was 96.5 kN. 

The test for PP-04 was terminated at approximately 4 mm because the cribbing had 

become unbalanced and it was deemed unsafe to continue the test.  

The single plate piles were tested 10 days after installation. The load-displacement curves 

for SP-01, 02, and 04 are shown in Figure 5-4. The results for SP-03 are not available due 

to a malfunction in the load cell during testing. The actual load was not recorded by the 

data acquisition system, and the pile was displaced over an inch before recognizing there 

was an issue. Additionally, the malfunctioning load cell interfered with the other 

instruments causing them to produce nonsensical readings and therefore the load could 

not be back calculated from the strain gauge data.  The pile could not be re-tested within 

the available time of the testing period. The average uplift resistance of the single plate 
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piles was 128 kN, which is about 32% higher than the plain piles. This increase in 

resistance can be attributed to the increased pile surface area in contact with the soil. 

 

Figure 5-3: Uplift load-displacement curve for plain piles (PP-01,02,03,04). 

 

Figure 5-4: Uplift load-displacement curve for single plate piles (SP-01,02,04). 

The single plate piles modified with nodes were tested two weeks after installation. The 

load-displacement curve for these piles are shown in Figure 5-5. The average uplift 

capacity for the node piles was 76.5 kN, which was significantly lower than both the 

plain piles and single plate piles without nodes. The nodes did not anchor the pile into the 

soil, rather they produced significant disturbance in the clay adjacent to the pile, which 

reduced the strength of soil. The effect of the nodes will be explored further in subsection 

5.5 of this chapter. The quality of installation also had some effect on the pile 
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performance, as only pile SN-03 had an ideal installation while other piles had some 

notable issues as explained in Chapter three. 

The double plate piles DP-01 and DP-02 were tested and the load displacement curves 

are shown in Figure 5-6. The average uplift capacity was 78 kN, which was significantly 

lower than the single plate piles. This reduction in uplift capacity may be attributed to the 

severe disturbance of the soil surrounding the pile caused by the problematic installation 

of these piles, which included re-lifting and re-driving the piles. 

 

Figure 5-5: Uplift load-displacement curve for single plate piles with nodes (SN-

01,02,03,04). 

 

Figure 5-6: Uplift load-displacement curve for double plate piles (DP-01,02). 
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The drilled shafts were subjected to uplift loading following the completion of all lateral 

load tests, and their load-displacement curves are shown in Figure 5-7. The load tests 

were terminated at approximately 3 mm of displacement due to the high uplift capacity of 

the pile, which exceeded the safe limit of certain components of the load resisting frame. 

The remainder of the curve up to 10 mm was extrapolated assuming the rate of change of 

the slope is consistent with the original curve. The average estimated uplift capacity of 

the drilled shafts was 330 kN. The drilled shafts were expected to have higher uplift 

capacity due to the additional weight of their concrete shaft and the significantly larger 

surface area in contact with the supporting soil. 

 

Figure 5-7: Uplift load-displacement curve for drilled shafts (DS-01,02). 

The ultimate capacity of all tested piles is compiled in Table 5-1. For each pile, the 

ultimate capacity is accompanied with the installation quality rating (from 1 – 3) as 

discussed in Table 3-6 in chapter 3. Three indicates the installation went smoothly with 

little to no issues during driving, two indicates there were some minor issues during 

installation which may affect the performance of the pile, one indicates an overall poor 

installation which will significantly affect the performance of the pile. Table 5-1 shows 

that the installation quality of the pile has a direct effect on the ultimate uplift capacity of 

the piles. Piles with an installation quality rating of three generally have the highest uplift 

capacities and the opposite is true for most piles with a rating of one. The main exception 

is the drilled shafts; however, the installation quality rating was one for DS-02 due to the 
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misplacement in the position of steel reinforcement, which would affect lateral capacity 

and not uplift capacity. 

Table 5-1: Summary of pile load test results accompanied with installation quality. 

 

5.4 Calculating Uplift Resistance 

The ultimate uplift capacity of the piles was estimated using the alpha method 

considering only the side resistance of the pile which is calculated using Equation 5-1: 

𝑄 = 𝑄 = 𝑓 𝑃 𝐿 = 𝛼𝑆 𝑃 𝐿  (5-1) 

where fs is the unit shaft resistance of the soil layer, α is the adhesion factor, Pp is the 

perimeter of the pile, and Lp is the length of the pile in the soil layer. The adhesion factor 

can be estimated from Equation 5-2 (Canadian Geotechnical Society, 2006): 

𝛼 = 0.21 +
0.26𝑝

𝑆
 ≤ 1 (5-2) 
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This was done for both the minimum and maximum undrained shear strength values 

measured in the field and laboratory.  The alpha method was deemed as appropriate for 

determining the pile capacity given the nature of soil, i.e., cohesive soil, and the rate of 

loading (undrained conditions). The effective perimeter (the perimeter of the pile in 

contact with soil) of the pile sections was taken as the outside perimeter of the H section 

(square) which calculated an uplift capacity closer to the measured capacity than the 

values obtained using the actual perimeter of the pile.  Table 5-2 presents the calculated 

uplift capacity of the single plate piles as well as the undrained shear strength and α 

values used in the calculation. The minimum undrained shear strength estimate correlated 

well with SP-01 (134.6 kN estimated vs. 132 measured) and the maximum correlated 

well with SP-02 (151.5 kN estimated vs. 144 kN measured). 

Table 5-2: Single plate pile axial uplift resistance calculated using alpha method. 

 

The load transfer mechanism for a single plate pile subject to uplift loading is shown in 

Figure 5-8. SP-01 was selected for the comparison because it had the most functioning 

strain gauges at the time of testing and therefore could give the most accurate data for the 

load transfer mechanism. The strain gauges for the other single plate piles provided either 

very limited or noisy data and therefore were not considered. The force transferred from 

the pile to the supporting soil was calculated by taking the difference between the axial 

force in the pile at the top and bottom of each soil layer. For the first two layers (the 

plated section of the pile, of which 0.9 m is in the first soil layer and 0.05 m is in the 

second layer), the load transfer was approximated as linear following the center of data 

points from the strain gauges. A best estimate line matching the data points was selected 

for the remainder of the pile. The unit shaft resistance values were then calculated for 

each layer and are summarized in Table 5-3. These values were then compared to the 
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load distributed from the pile to the soil layer as estimated from the alpha method as 

shown in Table 5-4.  

 

Figure 5-8: Approximation of load transfer mechanism for SP-01. 

The calculated unit shaft resistance along the plated section is higher than the measured 

resistance, while the calculated shaft resistance on the lower part of the pile is less than 

the observed results. The good match between the calculated and measured ultimate 

capacity and load transfer mechanism of the pile indicate that the soil was not overly 

disturbed during installation, and that alpha method is suitable for estimating the ultimate 

uplift capacity of a single plate pile in clay. 
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Table 5-3: Back-calculated unit shaft resistance from single plate pile uplift load 

test. 

 

 

Table 5-4: Comparison of measured unit shaft resistance along single plate pile to 

calculated values. 

 

5.5 Assessment of Node Modification 

The load test results clearly demonstrated that installing nodes along the pile flange had a 

negative effect on the uplift capacity of the piles installed in clay. The load distribution 

along the shaft for the single plate pile with and without nodes, which is shown in Figure 

5-9, were compared to identify whether the cause of the lower uplift capacity is due to the 

nodes or the poor installation since the node piles faced issues during driving. It is 

observed that the slope of the curve (unit shaft resistance) is almost identical up to two 

meters. However, for the last 1.5 m of the node pile, the slope is much more vertical than 

the pile without nodes. This indicates that the axial load transferred to the soil in this 

region is lower.  

The unit shaft resistance of both piles is calculated and compared in Table 5-5 which 

confirms that the node attachments are directly responsible for lowering the pile’s uplift 
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capacity. The transferred load and corresponding side resistance are very similar between 

both piles up to approximately two meters, at which point, the transferred load and 

corresponding shaft resistance is less than half for the rest of the pile. 

 

Figure 5-9: Axial load distribution of single plate pile a) without and b) with nodes. 

This reduction of shaft resistance is attributed to the significant disturbance of the clay 

adjacent to the pile caused by the nodes during the driving process.  Disturbed clays 

however may regain some strength over time and therefore the node modification may be 

practical after sufficient time has passed to allow the disturbed clay to regain its strength 

(Lommler, 2012). This concept may prove successful for piles installed in sand. When 

sand is disturbed, it does not remold like clay and therefore will not suffer strength loss 

like clay. However, the node modification must be tested for piles installed in sand to 

verify the effect of nodes on uplift capacity. 
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Table 5-5: Calculated transferred load and unit shaft resistance for a single plate 

pile with and without nodes. 

 

 

5.6 Comparison of Pile Uplift Capacity to Adfreeze Loads 

The adfreeze loads imposed on piles vary greatly and are dependent on pile type, pile 

material, soil type, water content, and frost depth. As an example, the performance of 

piles subject to adfreeze was evaluated for a similar soil type with adfreeze loads 

measured within the region of the test site. A case study in Southwestern Ontario 

involved measuring the ultimate adfreeze bond stress of steel piles installed in fine-

grained silty soils (USCS classification CL) which is the same classification as the soil at 

the testing site. The measured adfreeze stress ranged from 30 – 80 kPa with a frost 

penetration depth of 1.2 m (Levasseur et al., 2015). The comparison of adfreeze force to 

the pile’s uplift resistance will be made at the maximum value of 80 kPa. The adfreeze 

force for concrete was selected as 65 kPa (Canadian Geotechnical Society, 2006). The net 

axial uplift load for each pile type is summarized in Table 5-6. The adfreeze force 

includes the stress acting along the perimeter of the pile up to a depth of 1.2 m, taking 

into account both the plated and non-plated section of the pile. The dead load includes the 

weight of the sound wall panel and the post above the ground surface (minus 1.35 m 

which was already considered during the test) assuming a maximum wall height of 5.0 m 

and a pile spacing of 3.053 m (10 ft). The ice accretion load was neglected since its 

presence is not reliable and therefore may not contribute force to counteract adfreeze. 

Note that all the loads presented are unfactored. The net uplift loads from Table 5-6 are 

compared to the capacity of each tested pile and the results are presented in Table 5-7. 
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Table 5-6: Net axial uplift load for each pile type. 

 

With the current dimensions, the plate piles lack the required uplift capacity to resist 

adfreeze forces. A major contributing factor for this is the enlarged pile surface area from 

the plate attachment existing entirely in the frost zone. This increases the pile-soil contact 

area resulting in a higher uplift force. The results of the uplift tests suggest that the novel 

piles with their current dimensions are better suited for soils that are not frost susceptible 

or in regions that experience minimal to no freeze-thaw cycles. For areas with high 

adfreeze forces, the pile embedded depth should be increased to provide the required 

uplift capacity. For this specific soil profile, the total length of the pile would have to be 

approximately 8 m to reach a safety factor of 2.5 for uplift resistance considering the 

minimum value of Su for each soil layer. 

Table 5-7: Comparison of uplift resistance to uplift loading. 
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5.7 Summary 

A total of 16 piles were subjected to axial tension load tests to evaluate their performance 

under uplift loading. Adfreeze bond stresses may produce uplift forces that are significant 

enough to jack the piles out of the ground. The addition of nodes and their effect on uplift 

capacity was also evaluated which included a comparison of the load distribution 

between piles with and without nodes. The uplift resistance of the piles was compared by 

type and also evaluated based on adfreeze forces back-calculated in the same region for 

steel piles in fine-grained silty soils. The key findings and design recommendations are as 

follows: 

• The plate piles with the tested dimensions did not offer the required capacity to 

resist uplift forces caused by adfreeze bond stresses. One major reason for this is 

that the addition of the plate, which exists entirely in the frost zone, increases the 

pile’s surface area in contact with adfreeze bond and thus significantly increases 

uplift forces. The results of the uplift tests suggest that the novel piles with their 

current dimensions are better suited for soils that are not frost susceptible or in 

regions that experience minimal to no freeze-thaw cycles. For this soil profile, the 

pile length can be increased to 8 m to provide a safety factor of 2.5 against 

adfreeze loading, assuming the minimum measured Su for each soil layer. 

• The alpha method is suitable for estimating the uplift capacity of the novel piles. 

The estimated tension capacity of the piles assuming the minimum and maximum 

undrained shear strengths measured in the field and laboratory was 134.6 kN and 

151.5 kN, respectively. This matches the ultimate capacities of SP-01 and SP-02 

of 132 kN and 144 kN. Furthermore, the distribution of shaft resistance from the 

calculations is consistent with the load transfer mechanism measured by the strain 

gauges. 

• Adding nodes to the novel piles resulted in a reduced uplift capacity. A 

comparison of the load distribution along the pile shaft for a single plate pile with 

and without nodes demonstrated that the nodes significantly disturbed the 

cohesive soils during installation, which lowered the uplift capacity of the pile. 
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The section of the pile without nodes showed very similar load transfer values for 

both piles, whereas the portion of the pile with nodes reduced the load transfer to 

less than half of the pile without nodes. It is therefore not recommended to use 

nodes in cohesive soils. While it is speculated that the nodes would be better 

suited for piles in cohesionless soils, this needs to be confirmed with field testing. 
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Chapter 6  

6 Summary and Conclusions 

6.1 Summary 

The main objective of this research program is to investigate the suitability of simple 

modifications to steel H-piles for sound wall applications. Pile foundations supporting 

sound walls are typically subjected to lateral forces from wind and uplift forces from 

adfreeze bond stresses in regions where seasonal freeze and thaw occur. The first 

modification studied is the addition of one or two steel plates welded to the pile flange for 

a portion of the pile immediately below the ground surface, which was expected to 

increase the lateral capacity of the pile. The second modification is the addition of small 

anchors (or nodes) which are welded to the pile flange near the bottom of the pile, with 

the goal of increasing the pile’s uplift capacity.  

A full-scale pile load testing program was designed and executed on sixteen piles, which 

included four unmodified (plain) H-piles, four single plate piles without nodes, four 

single plate piles with nodes, two double plate piles, and two drilled shafts. The plain 

piles were tested to characterize the effect of the plate on H-piles. The drilled shafts were 

sized according to currently used design dimensions for sound wall applications. All 

sixteen piles were subjected to axial tensions load tests and loaded until failure. Eight 

piles (SP-03, SP-04, SN-03, SN-04, PP-01, PP-02, DS-01, and DS-02) were subjected to 

monotonic lateral load testing and the remaining eight piles (SP-01, SP-02, SN-01, SN-

02, PP-03, PP-04, DP-01, and DP-02) were subjected to cyclic lateral load testing. Most 

piles were instrumented with strain gauges to measure the load transfer mechanism 

during testing. 

The results of the field tests were used to develop a numerical model for single plate piles 

under monotonic lateral loading using LPILE. The model was calibrated with single plate 

pile test data and was validated against the plain pile test results and the preliminary tests 

performed by Atlantic Industries Limited (AIL). The calibrated model was then used to 

perform a parametric study considering the effect of varying plate dimensions on the 
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pile’s capacity in a range of practical soil conditions. A second numerical model was 

developed for single plate piles subjected to cyclic lateral loading using the computer 

program GSNAP. The model was used to estimate the performance of a single plate pile 

when subjected to larger loads and a higher number of cycles. 

6.2 Conclusions 

6.2.1 Pile Installation 

The main observations made during the installation of the piles are as follows: 

• Vibratory driving is suitable for cohesive soil profiles but may experience driving   

problems if cobbles or boulders are present. Pre-drilling the soil with a diameter 

less than the pile can address this issue but will sacrifice the overall efficiency of 

the installation.  

• Installing novel piles with vibratory driving proved to be 3.0 – 4.4 times faster 

than installing drilled shafts. This can lead to significant time and cost savings, 

especially for large projects requiring many piles. 

• The installation of the drilled shafts produced large amounts of soil waste which 

would ordinarily need to be collected and removed. Using steel piles foregoes this 

requirement thereby saving additional costs. 

• Using vibratory driving is preferable if restriction on noise levels is a requirement. 

However, observers in an adjacent building approximately 75 m away from the 

installation mentioned the installation could be readily heard. 

6.2.2 Monotonic and Cyclic Lateral Load Testing 

The main findings from the lateral load testing program and numerical modelling are as 

follow: 

• The addition of the plate increased the lateral capacity of the piles by 

approximately 22%. The drilled shafts lateral capacity was approximately twice 

the magnitude of the single plate piles. 
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• The single plate piles had a safety factor of 2.2 against the design lateral wind 

force, which took into account the maximum design pile spacing and wall height 

and a wind pressure with a 25-year return period. 

• With the current dimensions, the top 12B or 4.75W of the pile primarily 

contributes to the lateral load resistance of the pile, where B is equals the width of 

the pile flange and W equals the width of the plate. The pile experiences 

negligible movement below this point. 

• The installation quality of the pile had a direct effect on its performance when 

subjected to monotonic and cyclic lateral loads. Piles with an unideal installation 

typically suffered from reduced lateral capacities and a higher degree of 

shakedown. 

• LPILE proved to be a suitable tool for estimating the performance of single plate 

piles subject to lateral loading. It is recommended to use the relationship from 

Salgado (2008) for estimating the k soil modulus parameter and the relationships 

from Liang (2002) for estimating ε50. 

• The plated section of the novel pile can be modelled as a purely elastic 

rectangular section in LPILE with user inputted area, moment of inertia, and 

width equivalent to the pile. 

• The plate width generally has a greater influence on a pile’s lateral capacity 

compared to plate length, especially in cohesive soils. For cohesionless soils, the 

different in increase/decrease between plate width and length equalizes as the soil 

density increases. 

• Modified H-piles may be an effective solutions where lateral capacity governs the 

design. A smaller pile section may be selected and fitted with a plate to satisfy 

lateral force requirements. 

• The lateral stiffness of all tested piles stabilized within 100 cycles of low-

magnitude lateral load. The ratio of kL/kLo was approximately 9% lower for single 
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plate piles compared to unmodified H-piles at the 100th cycle indicating the novel 

piles experience a minor increase in degradation over unmodified piles. 

• The benefit of adding a second plate to a pile for improving cyclic performance 

was not conclusively observed due to installation problems of the double plate 

piles which directly affected the results. 

• The limited parametric study using GSNAP indicated that the maximum 

deflection of a single plate pile will not exceed 10 mm regardless of how many 

cycles of the design load is applied to the pile. However, the pile was estimated to 

have excessive deflection after only a few cycles at two times the design load 

indicating the foundation maybe exceed response tolerances if subjected to 

repeated extreme loads. 

6.2.3 Monotonic Axial Tension Load Testing 

The main findings from the axial tension load testing program are as follows: 

• The novel piles with their current dimensions are better suited for soils that are 

not frost susceptible or in regions that experience minimal to no freeze-thaw 

cycles. This is partly due to the enlarged surface area of the pile within the frost-

susceptible zone leading to an increase in adfreeze force. For this soil profile, the 

pile length can be increased to approximately 8.0 m to provide a safety factor of 

2.5 against adfreeze loading, assuming the minimum measured Su for each soil 

layer. 

• The alpha method is suitable for estimating the uplift capacity of the novel piles. 

The distribution of skin friction from the calculations is consistent with the load 

transfer mechanism measured by the strain gauges. 

• Adding nodes to the pile decreases the ultimate axial tension capacity for piles 

installed in cohesive soil. An analysis of the load transfer mechanism reveals that 

the section of the pile with nodes had a reduced skin friction. This reduction in 



96 

 

capacity is linked to the significant disturbance of the soil caused by the nodes 

during installation. 

6.3 Recommendations for Future Research Work 

The field testing provided a valuable assessment of the novel pile concept. However, 

suggestions for additional testing have been provided to more fully evaluate the 

performance of the piles for sound wall applications: 

• Test a variety of plate and pile dimensions to validate the results of the parametric 

study, which was based on a singular plate and pile dimension.  

• Test the piles in cohesionless material to better characterize their performance in 

other soil types. The node concept is expected to perform better in sand than in 

clay.  

• Re-test the double plate pile concept under cyclic lateral load conditions ensuring 

an ideal installation is achieved to provide an accurate assessment of its 

performance. 
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Appendix A 

 

Figure A-1: Preliminary test load-displacement curve of Plain Pile 1. 

 

Figure A-2: Preliminary test load-displacement curve of Plain Pile 2. 
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Figure A-3: Preliminary test load-displacement curve of Paddle Pile 1. 

 

Figure A-4: Preliminary test load-displacement curve of Paddle Pile 2. 
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Appendix B 

 

Figure B-1: Borehole log 1 from Drbe and El Naggar (2015). 
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Figure B-2: Borehole log 2 from Drbe and El Naggar (2015). 
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Figure B-3: Borehole log no. 3 from Atkinson Davies in 2008 (Drbe, 2013). 
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Figure B-4: Borehole log no. 4 from Atkinson Davies in 2008 (Drbe, 2013) 
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