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Estimating the lateral profile of helical piles using modified p-y springs
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Abstract. A growing trend of utilizing helical piles for soft soil strata to support infrastructure projects is currently observed in
Saemangeum, South Korea. Recognized mainly due to its ease of installation and reusability proves to be far more superior
compared to other foundation types in terms of sustainability. This study applies modified p-y springs to characterize the
behavior of a laterally loaded helical pile with a shaft diameter of §9.1 mm affixed with 3 helices evenly spaced along its
embedded length of 2.5 m. Geotechnical soil properties are correlated from CPT data near the test bed vicinity and strain gauges
mounted on the shaft surface. A modification factor is applied on the p-y springs to adjust the simulated data and match it to the
bending moment, soil resistance and deflection values from the strain gauge measurements. The predicted lateral behavior of the
helical pile through the numerical analysis method shows fairly good agreement to the recorded field test results.
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1. Introduction

Oil and coal have generally been used to generate power
since the early years of the industrial revolution. Soon,
these natural resources will eventually deplete, and
environmentally friendly alternatives such as wind and
sunlight will be sourced due to their eternal nature.
Currently, the government is investing in various onshore
photovoltaic projects (also known as solar farms) to utilize
the reclaimed areas in Saemangeum, South Korea. Since the
project is to be built on soft reclaimed soil, helical piles
were chosen as foundation alternatives to traditional
concrete pads and piles for the following reasons: the
unique feature of having helices along its shaft facilitates
ease of installation and removal, as mentioned by Brown et
al. (2019); they provide more considerable uplift and
compressive capacity due to the helix bearing area, as
mentioned by Spagnoli (2020); economic usage for soil
conditions with high groundwater table, as mentioned by
Vignesh and Mayakrishnan (2020); and concrete pads are
prone to differential settlement that leads to a tilting effect,
as mentioned by Kim et al. (2021) and Seo et al. (2022).

Concrete disposal also presents an environmental issue
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after the decommissioning or relocation of the structure. In
contrast, the helical piles can still be reused, justifying their
usage as an alternative foundation for sustainable
development venture projects.

Authors such as Puri et al. (1984), Prasad and
Narasimha Rao (1996), Sakr (2009, 2018), Mittal et al.
(2010), Abdrabbo and Wakil (2016), Dave and Soni (2019)
and Sinha et al. (2021) conducted extensive research on the
lateral behavior of helical piles through full-scale field tests
and developed mathematical models to estimate the lateral
capacity of a specific helical pile configuration. Their
research findings suggest that helical piles mobilize more
excellent lateral resistance than regular shaft piles. Their
mathematical models predicted results in good agreement
compared to the field test results. A Ph.D. dissertation done
by Elkasabgy (2011) first proposed the p-y approach by
numerical analysis of the lateral capacity of helical piles
using the LPILE program followed by Li and Yang (2017)
and by Elkasabgy and El Naggar (2019). The p-y approach
is much more preferred than the conventional field test as it
describes the lateral profile per depth (bending moment, soil
resistance, slope curvature, and pile deflection) rather than
just the measured pile head deflection of the latter.

Aside from quantifying the lateral behavior of helical
piles, examining the internal forces along the pile is
essential to determine whether the material's mechanical
properties and cross-section are enough to carry the design
loads. Usually, piles are designed to carry a combination of
axial and lateral loads (Khari et al. 2021) but focus on the
lateral aspect of the helical piles is explored in this paper.
Lateral forces are mainly generated by exposure to
environmental loads such as wind gusts, which result in
extreme overturning moments the pile must withstand.
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Fig. 1. Test bed area

Accurately evaluating the developed internal forces will
result in an efficient and cost-friendly design (Kim et al.
2022) that will generally contribute to the project's
sustainability goal.

This paper examines the developed internal forces
generated along the embedded pile length when the pile
head is subjected to static lateral loads. Regular helical piles
widely applied in the industry have a helix-to-pile shaft
diameter ratio (Dw/D;) of less than three and a total
embedment depth to first helix embedment depth ratio
(L/zy) of less than two are commonly presented in various
research studies. This study investigates the behavior of a
laterally loaded helical pile with a Dw/D, ratio of 4.5
(greater than three) and an L/z, ratio of 5 (greater than two).

The measured strains from a full-scale instrumented
helical pile is converted to bending moment and soil
resistance values and compared to the numerically
simulated results using the modified p-y springs method.

The theoretical p-y springs method from an earlier study
by Kim et al. (2022) incorporates the added lateral
resistance from the helix plates to the pile's overall lateral
capacity. The soil geotechnical properties are correlated
from gathered CPT data in the test field.

2. Subsurface Investigation

The area shown in Fig. 1 is part of the South Korean
government's proposed 300 MW Onshore Solar Power
Generation Project in the Saemangeum area of Jeollabuk-do
province. Two sets of Cone Penetration Tests (CPT) for a depth
up to 10.30 m below the ground surface were conducted at the
test bed area labeled BL-5 and BL-7. Aside from the two CPT
soundings, six boreholes were also commissioned to collect
SPT data at the research area with penetration depths varying
from 2550 m to 32.50 m. Also, disturbed and partially
disturbed soil samples were collected for routine laboratory
tests such as water content determination and sieve analysis.
Shown in Figs. 2 and 3 are the CPT data of BL-5 and BL-7,
respectively. According to the Guide of Cone Penetration
Testing, CPT cannot provide accurate predictions of the

physical characteristics of soils but rather offer a reliable guide
to its mechanical properties and soil behavior type (SBT).
Shown in Figs. 2(h) and 3(h) are the corresponding soil
behavior type of BL-5 and BL-7, estimated from the CPT data
and processed in a commercial geotechnical correlation
software, NovoCPT. The soil behavior type shows that the first
1.50m profile of BL-5 mostly behaves as a combination of
silty clay to clay and sandy silt to clayey silt followed by a
layer of silty clay to clay until a depth of 2.1m. In contrast, the
first 1.50 m profile of BL-7 is sandy silt to silty sand, which
can be approximated as a sandy layer followed by a clay layer
until a depth of 2.5 m. Both, however, share the same ground
water table level observed at a depth of 0.7m below the ground
surface.

For the numerical simulation, only the soil properties of
BL-7 area is considered since the strain gauges of area BL-5
are not usable and the measured helical pile profile cannot be
compared. In BL-7, the embedment depth of 2.5 m was
determined to be two layers of different soils; the first 1.5 m
was a sandy layer, while the remaining depth was
approximated to be a soft clay layer. The first layer had an
equivalent SPT (N)so value of 8, which was classified as an
equivalent silty sand layer by the SBT chart. In contrast, the
second layer had an equivalent SPT (N1)eo value of 2, which
was classified as an equivalent clay layer. For the first layer,
the p-y curve from Reese er al. (1974) determined the soil
layer type being sandy soil, while for layer two, the p-y
curve of Matlock (1960) was chosen to represent the clay
layer. The unit weight for both soil layers was determined
by using Eq. (1) (Robertson 2010), since the soil layer in
the test bed had a 0.7 m groundwater table, the effective
unit weight was taken for analysis

L = 027]logR,] +0.36 [log (ﬂ)] +1236 (1)

YW p(l
where Ry is the friction ratio [(fs/q.)x100], y,, is the unit
weight of water, and p,, is the atmospheric pressure

qt — 0y
S =
“ Ny

2



Tip Resistance, c (MPa)
2 4 6 8

wT,

©

10 1

s s M VR ||

(a) Tip Resistance, qc

Friction Ratio (%)
0 4 3

Op——— T

8

Estimating the lateral profile of helical piles using modified p-y springs

(e) Friction Ratio

(w) e

Corrected Tip Resistance, gt (MPa)
2 4 6 8

10 0

wT.

Sleeve Resistance, fs (kPa)
60 80 100

1 10

(b) Corrected Tip Resistance, qt

Overconsolidation Ratio
20 40 80 8

120

W.T.

100

Depth (m)

(f) Overconsolidation Ratio

Soil

Type
6

(c) Sleeve Resistance, fs

Pore Pressure, u2 (kPa)
40 40 120 200 280

WT.

©
T

G | S S

(d) Pore Pressure, uz

Estimated N-Values
8 12

(g) Estimated N-Values

B 1 Sensitive fine grained
B 2 Organic material

=

I 4 Silty clay toclay

[ 5 Clayey silttosilty clay

B 6 Sandy silt to clayey silt

[ 7 Silty sand to sandy silt

[ 8 Sandtosilty sand
9Sand

[0 10 Gravelly sand to sand

[ 11 Very stifffine grained
B 12Sand toclayey sand

(h) Soil Behavior Type (SBT)
Fig. 2 Geotechnical parameters for site BL-5



Depth (m)

Hyeong-Joo Kim et al.

Tip Resistance. qc (MPa) Corrected Tip Resistance, qt (MPa) Sleeve Resistance, fs (kPa) Pore Pressure, u2 (kPa)
- 2 4 6 8 10 2 a 6 ? o 20 40 60 8‘0 100 120 040 40 120 200 2?0 60 420
=
wT. W.T. &‘ . .W.T4 Lo . o . . wW.T.
1 — 1 1 W‘“? 1
f \f
- ] oF :
: ‘
ziL 1 . o |
b= 4 4 4 i%_ al B
2 € B =§> £
i = 1 I8l =— £
- 2 3 g |— g
P & 8 |% a8
6 ‘; B B 6 ?{ 6
e
7+ )/_/f 4 7 é 7t
8 -% -+ 4 8t % 4 8t
9 -s-‘ E ‘ ] 1 ]
10 K¥ B 10 k\7»¥_7 | 10 —~— 10 )
(a) Tip Resistance, qc (b) Corrected Tip Resistance, qt (c) Sleeve Resistance, fs (d) Pore Pressure, uz
Friction Ratio (%) Overconsolidation Ratio Estimated N-Values
00 4 ? 10 00 20 40 6(3 . 80 100 aﬂ 8 12 16 20
W, ('/7_ WT. wT
i 1 L /{2_ T e =
2k by 4 2 ;/( 2 '"E:
3 g = 3 3 r—_: 1
| = ] o ik ]
T g | z
3
b= e 4 it £
i o g 2
[ g 6l 6
Y
, 7? f
8 ~ 8 8F 4
9 - 4 of L s
10l 4 10 g . . . 1of e
(e) Friction Ratio (f) Overconsolidation Ratio (g) Estimated N-Values

Soil Type
0 1 2 3 4 5 6 7

B 1 Sensitive fine grained
[ 2 Organic material
3Clay

45Silty clay to clay

5 Clayey silttosilty clay
[ 6 Sandy silt to clayey silt
[ 7Silty sand to sandy silt
[ 8Sand tosilty sand
[ 9 Sand

[ 10 Gravelly sandto sand
[ 11 Very stiff fine arained
[ 12 Sand to clayey sand

(w) tdeq

(h) Soil Behavior Type (SBT)
Fig. 3 Geotechnical parameters for site BL-7



Estimating the lateral profile of helical piles using modified p-y springs 5

where q, is the corrected tip resistance, o, is the overburden
pressure, and Ny, is the preliminary cone factor (adopted
the average coefficient value of 14 for the correlations)

¢ = 20(N1)go + 20 3)

The undrained shear strength of clay was determined
using Eq. (2) (Robertson 2010). The soil friction angle for
sandy soils was taken from Eq. (3) (Hatanaka and Uchida
1996) using the equivalent SPT (N)¢o value estimated from
CPT. The selection soil friction angle is based on the
designer’s preference and discretion as mentioned by
Sancak and Cinicioglu (2020), in this analysis, the peak soil
friction angle is used. The €5, values were taken from the
LPile Technical Manual, which has representative values
for each clay consistency. The empirical constant (J) was
provided by Matlock (1970) to have a value equal to 0.5 for
soft clays and 0.25 for medium clay. The empirical constant
used in this study is 0.5 since the clay soil in the test field
was observed to be soft clay and proven by the conducted
routine soil experiments in the laboratory.

3. Lateral load test and pile instrumentation

The acceptance criteria for helical pile foundations follow
the established general requirements for deep foundations as
stated by the Acceptance Criteria for Helical Pile Foundations,
Systems and Devices (AC358). The lateral load tests were
conducted in compliance with Procedure A (Standard Loading)
and following the technical specifications stated in ASTM
D3966-07 (ASTM, 2007), Standard Test Methods for Deep
Foundations Under Lateral Loading.

The laterally loaded helical piles have a shaft diameter of
89.1 mm and 3.2 mm thickness, with three helices welded onto
the central shaft having 400 mm, 200 mm, and 200 mm
diameters, respectively as shown in Fig. 4. The first helix is
located 0.7 m below the pile head, and the succeeding helices
are spaced 0.9m apart. The helical test piles have a total length
of 2.7 m, an embedment depth of 2.5 m, and the pile head is
0.2 m above ground. The helical piles were spaced 2.5 m apart
center to center longitudinally from each other and 2.5 m
laterally from the reaction piles. The same test set-up was
conducted for both BL-5 and BL-7 test sites. Reaction piles
have an embedment length of 3.0 m with a 0.5 m protruding
portion for a total of 3.5 m, have a central shaft diameter of
139.8 mm and a thickness of 4.5 mm, fitted with 3-400 mm
diameter helices with 4.0 mm thickness spaced at 1.0 m
intervals along its length. The steel material used in
manufacturing the helical pile shaft and reaction piles has a
yield strength of 355 MPa and modulus of elasticity of 210
GPa. The load applied on the pile head was monitored by an
electronic load cell with 300 kN capacity and delivered by a
hydraulic jack at approximately 0.1 m above the ground
surface. To measure the displacement of the pile head, one
LVDT (linear variable differential transformer) with 0.01 mm
accuracy and 150 mm travel distance was attached to the
opposite side of the pile head parallel to the load direction. All
field data were collected using an electronic data logger and
monitored by personnel on site. The static pile head loads were
applied in increments where each increment was maintained

Table 1 Geometrical properties of test and reaction piles

Test Pile Reaction Pile
Embedment ratio, L/Le 1.08 1.17
. . . 3.002 2502
Inter-helix spacing ratio, S/Dn 4503 2503
. . 4502 2902
Helix to shaft ratio, Dn/Dp 2903 2909

Note L = total pile length; L.= embedment length; S = inter-helix spacing; Dj,
= helix diameter; D, = pile shaft diameter ? represents the first helix and the
second helix ®® represents the second helix and the third helix
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Fig. 5 Strain gauge instrumentation set-up

for a period of five minutes. A total of 9 and 4 load steps
(increments) were applied during the loading and unloading
phase, respectively and the whole test duration was 65 minutes.

The helical test piles were instrumented with three pairs of
electrical resistance-type strain gauges on diametrical opposites
along the embedded shaft length. The 60 mm longitudinal
gauge length is parallel to the shaft length and is aligned
perpendicular to the application of loads to measure the
bending strains developed during loading. Shown in Fig. 5, the
point of application of lateral loads is at the left side of the pile
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Fig. 6 Field test load-displacement graph

where strain gauges CH-005, CH-008, and CH-010 are
situated, while at the right side are strain gauges CH-004, CH-
009, and CH-011. The strain gauges were installed on the outer
surface diameter using a special-purpose adhesive. To ensure
the survival of the strain gauges during pile installation, SB
tape (butyl rubber) was placed above the strain gauges as the
first coating, followed by another coating of VM (butyl rubber)
tape. Protective tape was applied throughout its embedded
length to ensure that the strain gauge wires would survive the
installation phase. The raw strains generated during the load
test were recorded using an electronic data logger and
monitored on-site.

Raw strain readings show the positive and negative strains
developed at the points where the gauges were located.
Unfortunately, none of the strain gauges in the BL-5 test bed
were working, hence strain data was unavailable. Only the
strain gauges of the BL-7 test bed were usable. CH-005, CH-
008, and CH-010 display positive strains due to the tensile
behavior of the pile shaft, while CH-004, CH-009, and CH-011
display negative strains due to the compressive behavior
exhibited by the pile shaft during flexure. The assumption of
the pile bending profile proves to be correct, as verified by the
strain readings recorded.

Shown in Fig. 6 is the lateral load-displacement graph for
test areas BL-5 and BL-7. The graph displays the measured
lateral displacements of the pile head corresponding to the
applied static loads. As observed, the test result of area BL-5 is
weaker than area BL-7, which backs up the soil type profile
interpreted from the CPT tests and the tip resistance values
between the two. The first few meters of BL-5 contain mostly
soft clay soil type; the small values of corrected tip and sleeve
resistance indicate a weak layer of cohesive soil properties that
the pile depends on mobilizing strength. On the other hand, the
soil type composition of BL-7 has a sand layer and relatively
larger corrected tip and sleeve resistance values. It may not be
much, but this influences the difference between the overall
mobilized lateral capacity of the pile of the two test bed
locations.

4. Numerical modeling and analysis

4.1. Modified p-y springs method

To numerically model the lateral behavior of the helical
piles, this study employs the use of modified p-y springs
established from an earlier study conducted by Kim et al
(2022). A laterally loaded helical pile is treated as a beam-
column inserted in an elastic foundation. The soil is discretized
as a series of independent non-linear springs that store the soil
resistance and pile deflection values (p-y curve) as a function
for each depth. The soil resistance values depend on the soil
type and geotechnical properties. The soil resistance (pg) value
is computed using Eq. (4), where the minimum value between
Eqgs. 5(a) and 5(b) for sand and Egs. 7(a) and 7(b) for soft clay
is considered. For an in-depth understanding, the authors
highly suggest referring to the work done by Reese et al
(1974) for sand and Matlock (1960) for soft clay which the p-y
curve procedure is used to model the soil in this study. Once
the soil resistance value is established, the springs within the
zone of influence are applied with a soil resistance factor
(Pmurt) shown in Eq. (8) and the reinforced soil resistance
value (p,s) shown in Eq. (9), is used in the computation.
Fig. 7 shows the concept of zone of influence of a helical
plate and the p-multiplier distribution. The full value of the
p-multiplier is applied at the center where the helix plate is
located and gradually decreases in value to a minimum
value of 1.0, which indicates that the boundary of the zone
of influence of the helix plate is reached. The numerical
solution is based on the fourth-order differential equation
derived by Hetenyi (1946) and is solved using the finite
difference method, coded using the commercial software
MATLAB.

Ps = min[pa: pb] 4)
For sand,
[ Koz tan ¢ sin 3 1
I tan(B — ¢) cosa I
P, =yz tan 8 (5a)
+m(b + ztan B tan a)

+Kyztan B(tan ¢p sin B — tan o) — Kb

P, = K, byz(tan® B — 1) + K byz tan* 8 (5b)

o= % (6a)
p=4s+2 (6b)
2
K, = 0.4 (6¢)
B ¢
K, = tan? (45 - 5) (6d)

where z represents the depth relative to the ground line and
b is the pile shaft diameter. Best estimates of: friction angle,
¢ and soil unit weight, y (for soils below water table, the
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Table 2 Soil properties used to model the soil layer

SAND CLAY

Depth Ave. Ave. SBT SBT, p-y curve

(m) Neo (N1)60
00~1.5 5 8 Silty Sand 6 Reese
1.5~25 1 2 Clay 3 Matlock

¢ (kN/m?) ko
33 8.4
. ; - 28.0 7.7 002 05

,yl Sua ,yl c b ]C
(kN/m?) (kN/m3) 50
0.4 - - - -

Note: * Undrained shear strength of clay, ® Strain corresponding to one-half the maximum principal stress difference, ¢ Matlock (1970) empirical constant; 0.5

for soft clays and 0.25 for medium clays
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Fig. 7 Modified p-y springs concept by Kim ef al. (2022)

effective unit weight must be used; while for soil above
water table, the total unit weight) are used in the analysis
For soft clay,

vz Jz
Pa=cb[3+?+g (7a)
P, = 9cb (7b)

where c is the shear strength, z represents the depth relative to
the ground line and b is the pile shaft diameter and J is the
empirical constant by Matlock (1970)

D, — D
Pruie = 2 (D—p)

where Dy, is the helix plate diameter, D,, represents the pile
shaft diameter, and (2 is the empirical pile coefficient

®)

p

Prs = l)mult (ps) (9)

4.3 Strain gauge interpretation

The bending moments developed along the pile shaft were
determined by converting strain gauge readings using Eq. 10 to
moment values that display the bending moment profile of a
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Fig. 8 Converted strains to bending moment

laterally loaded helical pile. Each moment value per depth
corresponds to an applied load on the pile, as shown in Fig. 8.

El
M= (e)7 (10)

4.4 Polynomial approximation through curve-fitting

Based on the theory of a beam on an elastic foundation,
the fundamental relationships between bending moment
(M), soil resistance (p), and pile deflection (y) of a beam
under constant flexural rigidity (£7) is given by Egs. (11)-
(13), respectively. The soil resistance is the double
derivative of the bending moment, while the pile deflection
is the double integral of the bending moment.

d*m
- 11
M = El— (11
av d*m d*y
p=— El — EI o (12)
_ 1 ﬂ Md (13)
Y= E x

A curve fitting procedure is used to approximate a laterally
loaded pile's soil resistance distribution and deflection; a
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fourth-order polynomial function curve is fitted to the bending
moment profile. This curve-fitting procedure uses a similar
approach to the experiments and studies conducted by authors
Matlock and Ripperger (1956), Nip and Ng (2005) and Rathod
et al. (2018). To obtain the soil resistance along the pile shaft,
the bending moment function from curve fitting (Eq. (14)) is
doubly differentiated, which yields the form in (Eq. (15)). And
to obtain the deflection profile along the pile length, the
bending moment function (Eq. (14)) is doubly integrated
which yields the form displayed in (Eq. (16)). As a
consequence of integration, two constants are produced during
the process (Cj, and C5). The value of these constants can be
obtained from the pile boundary conditions. As each load
produces its distinct moment curve profiles (i.e., the value and
location of the maximum moment is a function dependent on
the applied load), values for the integrating constants vary.
Therefore, differentiations and integrations were done
accordingly for all loading cases. The values from the field
experiment will be cross-referenced with a simulated
numerical model with the same parameters

M(x) =ax*+bx3+cx? +dx+e (14)

where x is the depth below the pile head; a, b, ¢, d, e are the
curve fitting constants

p = 12ax? + 6bx + 2¢ (15)
1(% 6,0 s, ¢ 4,435, €,
y(x)=ﬁ<30x Tttt ted T (16)
+ Cix+C,

4.5 Empirical pile coefficient used in simulation

The helix coefficient for this study was determined to be a
value equal to 1.3 from visual examination of the comparison
between the simulated data with no Py, simulated data with
Prule, and field test data. As displayed in Fig. 10, the difference
can be seen in that a Py, is needed to adjust the simulated
data to match the field test displacement results. The helix
coefficient value was adjusted from 1.0 until a match of 1.3
was reached. For each value adjustment, points were graphed
and examined if they touched the field test results curve. The
best fit value was determined to be 1.3, as values lower or
higher would produce unsatisfactory load-displacement plots.

5. Results and discussion

For a shaft diameter of 89.1 mm with a thickness of 3.2
mm and a yield strength of 355 MPa, the ultimate elastic
moment capacity and the plastic moment capacity is 5.72
kN-m and 7.55 kN-m respectively (considering a reduction
factor of 0.9). The elastic limit is reached when a lateral
load of 7.66 kN is applied, loads beyond this is already on
the plastic region. One of the assumptions in deriving the
differential equation for the p-y analysis is that the pile
material must remain in its elastic region and must not
exceed its proportional limit. Hence, for this study, loads
beyond 7.66 kN are discarded.

Figs. 10 and 11 shows the comparison between the
simulated and measured values of the bending moment and
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Fig. 10 Simulated vs. measured pile bending moment

soil resistance, respectively. As shown, the simulated data
shows a fairly reliable predicted behavior compared to the
measured test data which was converted from the strain gauge
readings.

The maximum bending moment generated in the helical
pile is observed to be around the range of 0.5 m ~ 0.6 m below
the ground line (depending on the applied pile head loading).

This can be explained by the presence of the helix plate in
the region. The helix plate acts as an intermediate lateral
stiffener on the pile shaft as it resists pile movement by
resisting in compression to the soil on its contact surfaces.
Since the movement of the shaft is partially restricted, this
allows the region to condense larger internal forces before
translating and transferring the excess forces further along the
shaft length. For a regular shaft pile, the shaft continuously
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Fig. 11 Simulated vs. measured pile soil resistance

translates until enough shaft soil resistance is mobilized (which
is generally further beneath the soil layer, depending on the soil
type and its geotechnical properties) to partially restrict the
shaft movement, that is why the maximum bending moment of
a regular shaft pile is usually around further beneath the soil
layer.

The soil resistance in the simulated model has observable
spiking values where the helix plate is located. This is only
natural and expected due to the added soil resistance provided
by the helix plates incorporated to the over-all shaft resistance
of the helical pile. The maximum soil resistance is observed to
be in the range of 0.5 m ~ 0.6 m below the ground line which
is within the region where the helix plate influences. For
regular piles, the maximum soil resistance is located in a much
lower depth as the pile shaft is still mobilizing adequate soil
resistance, while for helical piles, the presence of the helix
plates shifts the location of the maximum soil resistance to a
closer depth below the ground line (or rather depends on the
location of the first helix plate which generally controls the
shaft soil resistance of the helical pile). Also observed in the
soil resistance distribution for the depths ground line to 0.25 m
is that the soil resistance plot for all cases appears to have the
same slope until a further increase in depth that the slopes have
distinct differences. This can be explained as the maximum soil
resistance analytically computed from the soil type and its
geotechnical properties in those depths have been reached
already. Each discretized spring contains information of p-y
curve function for each respective depth, when the maximum
soil resistance value is reached, the maximum value is
displayed and springs below are being mobilized. It is a rather
complex and reiterative process that requires the use of
numerical processing. In a general sense, soil resistance
increases with depth and the presence of the helix plates further
increases the soil resistance the shaft can mobilize in that
specific depth.

As shown in Fig. 11, the helical pile has two inflection
points (first point is around ~1.1m below the ground line and

second point is around ~2.2 m from the ground line) observed
which provides an idea of how the soil resistance distribution
along the embedded pile length is acting on the helical pile
shaft.

Due to the limited field instrumentation, the pile deflection
per depth is not shown as it displays unsatisfactory results. This
is attributed to the magnified errors from integrating the
bending moment curve which requires the solution of
integration constants, C; and Cs. Due to the flawed curve fitting
procedure to approximate the bending moment distribution
along the pile, scatter was observed which contributes to data
errors. Nip and Ng (2005) suggested that the integration of
rotation measurements yields fairly reliable deflection values,
their suggestion can be credited to the fact that only one
integration constant is needed to satisfy the deflection equation
whereas integrating the bending moment measurements would
require two integration constants to be solved and contributes
to significant errors.

The equations used in this study come from the derived and
integrated bending moment measurements recorded during
field test. The method suggested by Nip and Ng (2005) could
not be used as lack of experiment data could not satisfy the
necessary boundary conditions which would lead to the
solution of the necessary integration constant to plot the
deflection profile of the helical pile.

A numerical simulation was conducted to compare the
behavior profile between a helical pile and a regular shaft
pile. Both the regular pile and helical pile have an applied
load of 5.46 kN and a shaft diameter of 89.1 mm with 3.2
mm wall thickness. The helical pile simulated is fitted with
three helices (see Section 3). The soil properties used in this

6. Conclusions

Presented in this research is the characterized lateral
behavior of helical piles using modified p-y springs, soil
properties from correlated CPT data, and field strain gauge
instrumentation. Full scale lateral load tests were conducted
with an instrumented helical pile using electrical resistance
strain gauges to measure the bending moment of the pile at
every load increment. The fourth-order polynomial curve
fitting method was used to approximate the developed
bending moment along the pile to extract the shear, soil
resistance, slope and deflection functions. The measured
test results were then compared to the simulated data from a
numerical analysis program using the finite difference
method and coded in a commercial software, MATLAB.
The numerical analysis method was based on the theory of
an embedded beam-column element connected to non-linear
springs. The springs within the zone of influence are
supplemented with p-multipliers to account the presence of
helix plates and incorporates its effects to the overall lateral
resistance of the shaft.

Established in this study are the following observations
and key points in the behavior of a laterally loaded helical
pile:

+ The geometric configuration of the helical piles

mobilize greater lateral resistance compared to
regular shaft piles as the latter requires p-multipliers
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Fig. 12 Comparative behavior profile between a helical pile vs. regular pile

to fit the measured field test results and also from
observing the pile head deflection comparison

e There is no general relation for the helix coefficient,
it is determined empirically from conducted field
experiments and varies from site-to-site depending
on the soil type and conditions

» The instrumentation using electrical resistance
strain gauges on the test helical piles has captured
the embedded lateral behavior and is fairly in
agreement with the simulated data

e The predicted lateral displacements generated
through the numerical simulation shows fairly in
good agreement to the recorded field test results

The results presented in this study should be used with

caution and scrutiny when applied for other projects as it
depends on the geometrical characteristics of the test pile,
site specific and field conditions differ from their respective
locations.
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