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Chapter 1

Introduction

1.1 Overview

Pile foundations are usually used to support superstructures and transfer their loads to deeper
and stronger soil layers. Such a foundation system is typically considered in the case of
shallow soft soil deposits. Conventional pile foundations are generally made of timber,
concrete, steel, or composite materials, and they can be installed into the ground by driving,

drilling, jetting, or by applying torque to the pile head.

The helical pile is a deep foundation that has been widely used in many engineering
applications (e.g. residential buildings, solar panels, telecommunication towers) in the past
decades. In general, the pile is composed of a hollow steel shaft fitted with one or more
helical blades. The steel shaft can have either a circular shape or a square cross-section with
rounded corners. The popularity of this deep foundation option is attributed to its cost-
effectiveness, easy and rapid installation in restricted access areas, low levels of noise and
vibrations, and the ability to be installed through groundwater without casing. Besides, it can
be used in repairing deficient foundations of existing structures. Moreover, helical piles can
be installed into the ground at any angle by applying a mechanical torque to its head. By
monitoring the installation torque, the pile capacity can be empirically estimated through
some capacity-torque correlations (Perko 2009, Sakr 2011, Elsherbiny & EI Naggar 2013,
and Harnish & EI Naggar 2017), which provides a means for quality control during the pile

construction.

The installation of helical piles, however, can cause soil disturbance that may affect the pile
capacity and performance. Screwing the pile into the ground causes torsional and vertical
shearing accompanied by soil displacement and stress changes. Moreover, the helical pile
rotation loosens the soil within the zone circumscribed by its helix creating a cylindrical
failure surface (Vesic 1971). This effect is more pronounced for multi-helix and large

diameter anchors (Bagheri and EI Naggar 2013). Other drawbacks of helical piles include



the potential for large displacement to fully mobilize the end-bearing contributions of their
plates, low buckling resistance of helical piles with slender hollow shafts, and reduced

rigidity at the coupling joints for segmented helical piles (Vickars and Clemence 2000).

Different practical solutions have been developed to address the drawbacks of conventional
helical piles; e.g. large diameter helical piles (Elkasabgy and El Naggar 2015), tapered helical
piles (Fahmy and El Naggar 2017) and grouted helical piles (Elsharnouby and EI Naggar
2018). This study investigates the superiority of grouted helical piles over conventional
helical piles, and how it can improve the pile capacity and performance. In grouted helical
foundations, grouting is utilized as a means for soil improvement to mitigate the disturbance
associated with the installation process, enhance the soil properties within the disturbed zone

and increase the size and stiffness of the pile cross-section (Mansour et al., 2016).

Several techniques have been used to install grouted helical foundations (Dyche 1952, Perko
2000, Vicars & Clemence 2000, and Nasr 2008). Recently, a new technology, denoted
pressure grouted displacement piles (PGDP), has been developed for pressure grouting
hollow shaft helical piles during installation. In this method, a grout pump and a patented
rotary driver (Suver 2005) are used for the pile installation. The rotary driver allows the
injection of flowable grout into the hollow pipe shaft simultaneously while applying a
mechanical torque to the pile head that screws the pile into the ground. The grout is injected
into the surrounding soil through two grout ports (nozzles) welded to the pile shaft near the
helices. This study refers to grouted helical piles installed with this technique as pressure
grouted helical piles (PGHPs).

1.2 Research objectives

Although PGHPs are expected to be successful in many engineering applications with
different soil conditions, they are not used in practice due to the lack of knowledge regarding
the formed grout column around the pile, which affects the load transfer mechanism and the
pile performance under different loading conditions. To better understand the behavior of the

new piling system, the following objectives were set for this research:



i.  Study the effect of nozzle configurations on the shape of PGHPs installed in sand
considering three different configurations.

ii.  Assess the axial load carrying capacity and the load transfer mechanism of PGHPs
constructed using the three nozzle configurations to determine the best
configuration for PGHP construction.

iii. Study the effect of grouting pressure and soil density on the axial and lateral
performance of PGHP installed with the chosen nozzle configuration.

iv.  Provide design guidelines to estimate the ultimate capacity of PGHPs analytically.
1.3 Statement of novelty

In this research, the monotonic axial and lateral behavior of PGHP in sand is investigated for
the first time. The thesis elevates the knowledge about the PGHP capacity, its load transfer
mechanism, and the pile failure mode under different loading (i.e. uplift, compression, and
lateral loads) and testing (i.e. nozzle configurations, soil densities, and grouting pressures)
conditions. The research also supports the development of design guidelines to analytically

estimate the monotonic axial and lateral capacities of PGHP in sand.
1.4 Thesis organization

The thesis consists of eight chapters that have been organized according to the guidelines
provided by the School of Graduate and Postdoctoral studies at Western University. The

descriptions of these chapters are summarized below:

Chapter 1: Summarizes the advantages and disadvantages of conventional helical piles, and
introduces and discusses the innovative installation technique for grouted helical

foundations. It also outlines the research objectives and scope of work for this study.

Chapter 2: Provides a survey of the existing literature on conventional and grouted helical
piles. The first part of this chapter provides a review of the history of helical piles, the soil
disturbance accompanying the pile installation, and the methods developed to determine the
pile behavior under monotonic axial and lateral loads. The second part of the chapter

introduces grouted helical foundations, describes the different grouting techniques used for



their installation, and discusses the improvement in the pile performance they can offer over

the conventional helical piles.

Chapter 3: addresses the different configurations of the tested piles, testing equipment, and
the instrumentation employed to collect relevant data during pile load testing. It also
describes the soil preparation process, provides the representative soil parameters, and
includes a detailed description of the model PGHP installation technique. Moreover, it
presents the pile load testing setups and testing procedures followed during the monotonic
compression, uplift, and lateral pile load testing. Furthermore, it includes a detailed
description of the created grout mass along PGHP shaft based on visual observations.

Chapter 4: reports on the laboratory pile load testing of the monotonic uplift loading of
PGHPs installed in sand and their performance compared to that of un-grouted helical piles.

The results are compared to those reported in the literature where applicable.

Chapter 5: describes the performance of PGHPs installed in sand under monotonic
compressive loading and compares it with the behavior of un-grouted piles under the same
testing conditions. The results are compared to those reported in the literature where

applicable.

Chapter 6: presents the numerical analysis of PGHPs under axial monotonic loading to
better understand the pile behavior and the load transfer mechanism. The results are then
compared with those available in the literature as well as uplift and compression load testing
results presented in Chapters 4 and 5. Finally, a parametric study was conducted to evaluate

the performance of prototype PGHPs.

Chapter 7: reports on the laboratory pile load testing of the monotonic lateral loading of
PGHPs installed in sand and their performance compared to that of un-grouted helical piles
under the same testing conditions. This is followed by a numerical investigation of the lateral
behaviour of PGHPs using a nonlinear three-dimensional finite element model of the system.

The obtained results are compared to those available in the literature where applicable.

Chapter_8: summarizes the main conclusions drawn from the previous chapters, and

provides some recommendations for future studies.



Chapter 2

Literature review

2.1 Helical piles

2.1.1 Introduction

Helical (screw) piles were first introduced as a deep foundation option by Alexander Mitchell
in 1833. The first helical pile was made from wrought iron and was installed into the ground
via manual torque provided by human or animal power using a large wood handle wheel
called capstan (Perko 2009). The applications of early helical piles were limited by low
bearing and uplift capacities. However, owing to the continuous development of powerful
installation equipment and practical knowledge in the past decades, the helical pile
applications developed substantially, and it was utilized as an appropriate anchorage system
for structures with medium to high axial forces and overturning moments (Harnish 2015).

Many engineers and construction industry professionals have recently promoted helical piles
in many engineering applications (e.g. power transmission towers, solar panels, bridges, and
residential and commercials buildings). This can be attributed to their many advantages
including the quick and easy installation with reduced associated disturbance and soil spoils,
the ability to verify the load carrying capacity by monitoring the installation torque, the
possibility of reusing the piles, and the suitability of installing the piles in remote areas
(Perko, 2009). In many of these applications, helical piles are subjected to compressive,
uplift, and lateral loading schemes (Elsherbiny and El Naggar 2013).

The installation of helical piles into the ground, however, can cause soil disturbance that may
affect the pile capacity and performance. Moreover, helical piles have other drawbacks
including the potential for large displacement (i.e. 5.0 to 10.0% of the helix diameter) to fully
mobilize the end-bearing contributions of their plates (Terzaghi 1942, and O’Neil & Reese
1999), low buckling resistance of those with slender shafts, and the reduced rigidity at

coupling joints for segmented helical piles (Vickars and Clemence 2000).



2.1.2 Load transfer mechanism

Within the bounds of traditional soil mechanics, the axial helical pile capacity can be
computed as the sum of the pile shaft resistance and the load carrying capacity of the leading
section. In general, the resistance of the leading section can be obtained using two methods
as demonstrated in Figure 2.1: the individual plate bearing method and the cylindrical shear
method. The usage of either method depends on the ratio of the spacing between two
successive helices (S) to the helix diameter (Dn), which is defined herein as the inter-helical
spacing ratio (S/Dn).

(a) ultimate (b) ultimate
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Figure 2.1: The load transfer mechanism of helical piles under compression loading a)
Individual plate bearing, and b) Cylindrical shear

When the helical plates are relatively far apart along the pile shaft, the individual bearing
method is employed. In this method, no interaction between the helices occurs, and hence,
the axial capacity of the leading section is the summation of the end-bearing components of
the helical plates. On the other hand, when the pile helices are relatively close, the helical

plates act as a group creating a cylindrical failure surface of the soil enclosed between the



top and bottom helices. Thus, the resistance of the leading section can be calculated as the
summation of the developed shear stresses along the surface of the enclosed soil cylinder and

the bearing resistance of the bottom helix in compression, or the top helix in uplift.

The limiting inter-helical spacing (SL) that ensures an individual plate bearing response is a
function of several factors including the soil type, the average helix diameter, and the
direction of loading. For helical piles in sand, a minimum Sc equal to three times the largest
helix diameter was observed by Bagheri and EI Naggar (2013) to avoid the cylindrical failure
mode, which was in good agreement with the recommendations of the Canadian Foundation
Engineering Manual (CGS, 2006). The same limiting value was suggested by Zhang (1999)
for helical piles in cohesive soils. For those installed in cohesionless soils, Zhang observed
an inter-helical spacing ratios (S/Dn) of 2 and 3 for helical piles under compression and uplift

loading, respectively.

Rao and Prasad (1993) explored the Si. for model helical piles installed in cohesive soils with
different (S/Dn) ratios. The results revealed that the cylindrical shear failure mechanism
should be used for all multi-helix piles with S/Dn < 1.5 for both compression and uplift
loading. However, for S/Dn > 1.5, the cylindrical failure surface between the adjacent plates
will not be fully mobilized, and a correction factor (Fc) has to be applied to the resistance

component at the cylindrical failure surface as illustrated by Equations 2-1 through 2-3.

Fc=1for S/IDn< 1.5 eq. 2-1
Fc = 0.863 + 0.069 (3.5 - S/Dn) for (1.5 < S/Dnh < 3.5) eq. 2-2
Fc=0.7 + 0.148 (4.6 - S/Dn) for (3.5 < S/Dn < 4.6) eq. 2-3

The correction factor (Fc) accounts for the cylindrical shearing surface, which is not going to
be fully mobilized, resulting in a condition where there are partial individual bearing and
partial cylindrical shear. It should be noted that although the inter-helical spacing between
the pile helices exhibited considerable effects when testing small scale (model) helical piles,
it may not have the same effect for large helical piles in the field. Thus, the application of

these correction factors should be used with caution.



2.1.3 Installation disturbance

According to Mooney et al. (1985) and Ghaly & Clemence (1998), helical piles have the
same load transfer mechanism under compression and pullout loading. Thus, their
compressive and uplift load capacities are theoretically expected to be equal. However,
Trofimenkov and Mariupolski (1965) investigated the performance of helical anchors with
single helix under uplift and compression loading and reported that the pile compressive
capacity is 1.4 to 1.5 times its pullout capacity in both sand and clay. They attributed the
variation in the axial pile resistance to the disturbed soil zone along the installation path.

Zhang (1999) came to the same conclusion for identical multi-helix anchors.
2.1.3.1 Causes and solutions

The degree of soil disturbance depends on the soil type, the pile configuration, and the pile
geometry. For helical piles installed in sand, the installation process causes torsional and
vertical shearing accompanied by sand displacement and stress changes. Moreover, the pile
rotation may loosen the sand within the zone circumscribed by its helix creating a cylindrical
failure surface around the pile (Vesic 1971). This effect is more pronounced for multi-helix
and large diameter anchors (Bagheri and EI Naggar 2013). For helical piles in cohesive soils,
the installation technique can cause soil remoulding within the affected zone introducing
fissures and weakened soil regions within the pile cylindrical failure surface (Mooney et al.
1985, Zhang 1999, Elkasabgy & El Naggar 2015, and Harnish & EI Naggar 2017). These
fissures reduce the shear strength of the soil and decrease the total pile capacity. Bagheri and
El Naggar (2015) studied the installation effects of screw anchors in structured clay. They
reported that the helical pile capacity and performance are significantly affected by the
degree of soil remoulding caused by the penetration of the pile shaft and helices.

Several practical solutions have been developed to minimize the installation disturbance of
helical anchors. First, it is recommended to use the same pitch for all helices. Second, keep
the inter-helical spacing between the helices as multiples of their pitch to force all the plates
to track a single path during installation (Seider, 2004). Moreover, Ghally and Hanna (1992)

reported that helical piles with a larger pitch to helix diameter ratio (P/Dn) cause less soil
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m (= 39% of the rotation depth), and Pu at the pile tip is approximately equal to the value at

the curve threshold.

Two other sections were defined at the opposite sides of the pile cross-section to measure the
vertical stresses (Ss3) acting on the pile shaft under lateral loading as illustrated in Figure
7.9a. The measured Sss values were then used to determine the bending moment profile along
the pile depth

+:0@? Uy;
0

M; = eq. 7-7
where M is the bending moment at any depth (z), Ip is the pile moment of inertia, S331 and
S33: are the vertical stresses at the opposite sides of the pile cross-section, and D is the pile

diameter.

Figure 7.9b presents the obtained bending moment profile as well as those measured by the
strain gauges during different loading stages (i.e. Pu/4, Put/2, and Put, where Pui is the

maximum lateral resistance).
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Figure 7.9: Estimated bending moment along the pile shaft a) vertical stresses along the

pile shaft, and b) bending moment profile

Figure 7.9b shows a good agreement between the calculated and measured bending moment
profiles at the first and third levels of strain gauges (i.e. depth = 0.01 m and 0.79 m). The
calculated bending moment at the second strain gauges level (i.e. depth = 0.39 m) was 35.0%
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Chapter 8

Conclusions and Recommendations

8.1 Summary

Pressure grouted helical pile (PGHP) is an innovative deep foundation system that involves
grout injection under high pressure during the installation of a closed ended helical pile with
a hollow pipe shaft. The grout is injected into the surrounding soil through two grout nozzles
welded to the pile shaft. Although PGHPs are expected to be successful in many engineering
applications with different soil conditions, they are not used in practice due to the lack of
knowledge regarding the shape of the created grout column around the pile and its

performance under different loading conditions.

A comprehensive investigation program was designed and implemented that included
laboratory experiments and three-dimensional finite element modelling. The laboratory
experiments comprised the installation of 5 small helical piles and 17 model PGHPs into
cylindrical sand beds with different relative densities to represent loose, medium, and dense
soil conditions. The PGHPs were installed with two different grouting pressures; 70 psi (480
kPa) and 100 psi (690 kPa). The piles were subjected to monotonic uplift, compression, and
lateral load tests, then the PGHPs were extracted from the sand bed to provide a visual

description of the created grout mass along their shafts.

The commercial software ABAQUS (SIMULIA, 2013) was then used to simulate the
laboratory experiments to further understand the load transfer mechanism during loading and
also to quantify the effects of the novel installation technique on the pile capacity and
behavior. Following the calibration and the validation of the created models with the
experimental data, the FE models were used to analyze the PGHP performance under
different testing (i.e. relative density and grouting pressure) and loading (uplift, compression,
and lateral) conditions. Finally, the FE models were extended to simulate the response of
full-scale PGHPs and full-scale conventional helical pile under monotonic compression

loading considering different shaft and helix diameters.
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8.2 Conclusions

Based on the results of our investigation program, the following conclusions can be drawn:

8.2.1 Visual description of the created grout mass

1.

2.

3.

PGHPs were installed with three different nozzle configurations (i.e. PGHPL1,
PGHP2, and PGHP3) to determine the best configuration for PGHP construction.
Among the three nozzle configurations, PGHP3 was found to have the largest pile
diameter, the highest grouting efficiency, and the lowest clogging susceptibility.
Thus, it is recommended for PGHP construction.

When the grout nozzles were placed above the pile helix (i.e. PGHP1), a solid grout
column was formed along the PGHP shaft. The diameter of such column was the
same as the cavity created by the grout nozzles multiplied by an appropriate
enlargement factor to take into account the effect of the grouting pressure and the
relative density of the surrounding soil.

When the grout nozzles were placed below the pile helix (i.e. PGHP2 and PGHP3),
a continuous spiral column with a solid grout core was created along the pile shaft.
The diameter of the core and the dimensions of the ribs (i.e. thickness and height) are

functions in nozzles configuration, grouting pressure, and soil density.

8.2.2 Monotonic uplift performance

1.

The uplift resistance of PGHPs was primarily due to the shaft friction along the pile-
soil interface, and it can be fully mobilized at low displacement levels (= 2.1 of Dshaft).
A reduction of 27.5% and 6.3% in the uplift capacity of PGHP1 and PGHP2,
respectively, was observed compared to the conventional helical piles. While for the
other PGHP groups, the uplift capacity was found to increase.

Although PGHP1 and PGHP2 had lower uplift capacities than the conventional
helical piles, they developed their maximum resistances at lower displacement levels

(i.e. friction piles), which indicates better performance under design loads.
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4. The configuration of the grout nozzles was found to have a minor effect on the unit
shaft resistance, fs, at the pile-soil interface. On the contrary, fs was found to increase
with increasing the grouting pressure and the sand relative density.

5. Screwing PGHP into the ground allows the grout nozzles to create a cavity around
the steel pile shaft. At the same time, the injection of pressurized grout and the helix
rotation displace the soil laterally (i.e. cavity expansion) and increase the lateral earth
pressure and the unit shaft resistance at the pile-soil interface.

6. The unit shaft resistance of PGHPs under pullout loading can be analytically
estimated using the B-method given by Burland (1973) multiplied by a placement
method coefficient, kmo, to account for the installation effect on the surrounding soil.

7. The placement method coefficient was found to vary with the grouting pressure. For
PGHPs installed with a grouting pressure of 70 psi, kmo 0f 2.0 can be used. While for
those installed with a grouting pressure of 100 psi, the kmo value increased to 2.6.

8.2.3 Monotonic compression performance

1. PGHP offers a significant increase in the pile capacity, over the un-grouted helical
piles. This increase was more pronounced for piles installed in looser sand beds and
those constructed with higher grouting pressure.

2. The increase in the pile capacity is related to the significant improvement in the pile
shaft resistance (Qs) and the end-bearing capacity of the supporting soil (fb).

3. The observed increase in Qs is attributed to the formation of a larger diameter grout
column, the higher friction angle (3) at the pile-soil interface, and the higher lateral
earth pressure around the pile shaft.

4. The configuration of the grout nozzles was found to have a minor effect on the unit
shaft resistance. On the contrary, fs was found to increase with increasing the grouting
pressure and the sand relative density.

5. The unit shaft resistance of PGHPs under compression loading can be analytically
estimated using the B-method given by Burland (1973) multiplied by a placement
method coefficient (kmo) equal to 3.72 for PGHPs installed with a grouting pressure

of 70 psi and 4.14 if we increased the grouting pressure of 100 psi.
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6. The higher f, observed for PGHPs is attributed to the weight of the grout tank that
caused some densification at the soil directly below the pile helix, and/or the injected
grout permeated through the soil voids and increased its strength.

7. The improvement in f, associated with the installation of PGHP is a function of the
relative density (i.e. voids size) of the sand bed. Looser sand beds with higher voids
ratio can be easily densified under the grout tank weight. Besides, larger voids
allowed more grout permeation, and hence; more increase in the fo.

8. For full-scale PGHPs installed to a deeper depth, the densification effect will be
minor, and the permeation of grout into the soil voids cannot be controlled. Thus, it

is not safe to rely on this increase for conservative design purposes.
8.2.4 Numerical analysis of axial load testing

1. Screwing PGHP into the ground allows the grout nozzles to create a cavity around
the steel pile shaft. The cavity then got expanded under the effect of pressurized grout
and helix rotation.

2. A strong relationship was observed between the cavity expansion (Ar), the grouting
pressure (Pg), and the sand relative density (R.D). It was found that Ar is directly
proportional to Pg and inversely proportional to R.D.

3. The results revealed a substantial increase in the radial stresses, and consequently,
the friction resistance at the pile-soil interface due to the cavity expansion. Thus, a
placement method coefficient (kmo) has to be considered to account for the effect of
the PGHP installation method on the surrounding soil.

4. The placement method coefficient (kmo) can be determined by estimating the cavity
expansion (Ar) form Equations 6-4, then use Equation 6-7 to calculate the increase
in the radial stresses around the pile shaft.

5. The comparison between the results considering the actual soil boundary (ASB) and
those for extended soil boundary (ESB) revealed 10% and 19.5% reductions in the
pullout and compressive resistances of PGHP due to the influence of rigid tank
boundary on the pile load test results.

6. For full-scale piles, an increase between 106% and 141% in the PGHP capacity over

the conventional helical pile was observed due to the formation of a grout column



181

with slightly bigger diameter and the significant increase in the radial stresses at the
pile-soil interface after installation.
7. The improvement in the PGHP capacity was found to be directly proportional with

the shaft diameter to helix diameter ratio.
8.2.5 Monotonic lateral performance

1. PGHP has a significantly higher lateral capacity over the un-grouted helical piles.
This considerable increase in the pile capacity is attributed to the larger shaft
diameter, the existence of a disturbed soil zone around the un-grouted pile shaft, and
the presence of the tank boundary at a relatively small distance.

2. The improvement is more pronounced for PGHPs installed in dense sand and those
with larger shaft diameters.

3. The confining pressure in the annular zone around the pile (i.e. grouting pressure) did
not have noticeable effect on the lateral pile capacity because the lateral pile response
is primarily controlled by the soil properties within a wedge that extends to a distance
~ 6.1Dsnaft from the pile surface.

4. Under lateral loading, PGHPs rotated as a rigid body around a point at depth (x =
0.57 m), which is approximately equal to 71% of the embedded pile length (L).

5. For PGHPs, the soil resistance (pu) increases linearly to a depth = 0.22 m (= 0.39 the
rotation depth, x), then it starts to increase in the opposite disrection until it reaches
the pile toe with a pu value equal to the one recorded at the curve threshold (i.e. 0.39x).

6. Good predictions of the lateral resistance and the maximum bending moment acting
along the pile shaft can be obtained by Petrasovits & Award (1972) and Prasad &
Chari (1999) methods, respectively.

7. The effect of rigid tank boundary is more critical for large diameter piles and those
installed in dense soil strata. However, for the PGHPs under discussion, the boundary
effect was less than 11.0%. Hence, the measured data can be considered a good

representative of the actual pile response.
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8.3 Recommendations for future research

The results of the present study revealed the improved performance of model PGHPs in sand
over conventional helical piles under various loading conditions (i.e. monotonic uplift,
compression, and lateral loading). To further evaluate the system’s efficiency and the validity

of the proposed design guidelines, the following are recommended for future research:

1. Monotonic axial and lateral full-scale field testing of the proposed pile in sand.

2. Monotonic axial and lateral full-scale field testing of the proposed pile in clay.

3. Perform full-scale field testing on pile groups to examine the group effect on the piles'
performance.

4. Evaluate the PGHP’s performance under cyclic and dynamic loads.
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