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ABSTRACT: This study focuses on evaluating the dynamic response of helical piles in dry
soils using a series of scaled 1g shake table experiments conducted at the University of
Nevada, Reno (UNR). Helical piles are used extensively throughout the world to support new
structures as well as underpinning of existing foundations. They are often regarded as a cost-
effective solution for construction and repair of foundations. In our experiments, we built a
scaled model of a full-scale shake table experiment conducted at University of California, San
Diego (UCSD). The model ground consisted of a uniform dense sand layer with relative dens-
ity of 70% and subjected to cyclic input motions. The input motions had varying amplitude
(0.03g ~ 0.40g) for duration ranging from 6 to 8 seconds with fundamental frequency of 3 Hz.
Three types of helical piles were used in each experiment including single-, double- and triple-
helix piles allowing us to investigate the effects of number of helices on the dynamic response
of the soil-pile system. In addition to the effects of multi-helix, we evaluated the influence of
model structure weight on the dynamic response of soil-pile system by running tests with dif-
ferent masses on the top of helical piles.

1 INTRODUCTION

Due to the increasing demands on utilization of helical piles, evaluation of seismic response of
helical piles is of great importance. Case histories in earthquake prone areas indicated cata-
strophic foundation failures when subjected to liquefaction-induced settlement during strong
ground motions. On the other hand, reconnaissance reports for structures founded on helical
piles indicated sufficient performance during New Zealand and California earthquake events.
This observation arouse the question on the dynamic behavior of helical piles in recent years.
Although there are different terms used for helical piles around the world such as screw piers,
screw piles, helix piers, helical piers, and torque piles, in this study we refer to them as “helical
piles” to avoid any confusion. Past research is limited to dynamic behavior of helical piles
mainly in cohesive soils using hydraulic actuator to apply cyclic or dynamic load on top of
pile head which is not a true representative as full scale shake table test (El-sawy 2017,
El-sawy et al. 2019). One of the most recent experiments conducted at the University of Cali-
fornia, San Diego (UCSD) outdoor shake table facility shed light to the dynamic behavior of
helical piles when subjected to real-time earthquake motions. In the current study, a series of
scaled 1g shake table experiments conducted using helical piles in dense sandy layer to simu-
late and verify the UCSD outdoor shake table experiments. These set of experiments are the
benchmark standpoint in understanding the dynamic behavior of helical piles in dense sandy
soil, and the effects of liquefiable soil profile will be examined in future studies to fill the gap
in the use of helical piles in variable ground conditions in high seismic areas.

2 BACKGROUND

Several progressive helical pile design procedures have been made through past several years
and have been implemented in the 2009 International Building Code (IBC). Nonetheless, the
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ICC-ES (International Code Council Evaluation Service) limited the applicability of helical
screw piles to generally non-seismic areas. In contrast to the anecdotal case histories of well-
performed helical piles during past earthquakes in New Zealand, Japan, and the U.S., the
above-mentioned restrictions impede the industrial use of helical piles in seismic areas (Cerato
et al. 2017)
Past published studies on the dynamic behavior of helix piers, examined the post-cyclic or

post-dynamic axial capacity considering variable parameters such as helix number, helix size,
shaft size and helical pile type, including reinforced and unreinforced grouted pulldown micro-
piles (El Naggar & Abdelghany 2007a, b, Abdelghany 2008, Cerato & Victor 2008, 2009).
Past research has expanded the knowledge on the behavior of helical piles under axial loading
(static and dynamic) in various subsurface ground conditions.
The growing research in the past few years such as the full-scale test at UCSD has increased

the hope of establishing a robust design methodology in building codes for the application of
helical piles in high seismic areas owing to the observed performance in the past earthquakes
along with the full-scale testing to verify their adequate and satisfactory performance.
El-sawy et al. (2019) conducted a series of full-scale 1g shake table experiments using

UCSD large high performance outdoor shake table (LHPOST) to evaluate the dynamic
behavior of different helical piles with different shaft shape, length and size with variable top
weights and number of helices along the length of the pile. Ten steel piles (9 helical and 1
driven pile) with a center to center distance of 1 meter installed in a uniform dense sand layer.
Two different schemes of loading including a white noise and two earthquake time histories
including Northridge (1994) and Kobe (1995) with different intensities and frequency content
used to excite the shake table. Different aspects of helical pile behavior during earthquake
motions were studied including: (1) loading frequency and intensity effects, (2) effects of
installation method, (3) effects of number of helices, (4) effect of pile shaft shape.
In the current study, the medium-scale 1g shake table at UNR was used to replicate similar

conditions at UCSD experiment considering the fact that the scaled parameters were utilized
based on UCSD test to simulate the dynamic behavior of helical piles in a dry dense sand
layer. The main objective is to simulate the conditions of the UCSD experiment to substanti-
ate the results as well as providing insight and recommendations for future studies.

3 EXPERIMENTAL PROGRAM

Two series of 1-g shake table experiments were conducted to evaluate the dynamic behavior of
helical piles in dense dry sand. In each test series, five different harmonic ground motions with
PGA’s ranging from 0.03g to 0.4g were exerted using a shake table. Test series no.1 and no.2
include light and heavy weight masses of about 1.80 kg and 2.95 kg at the top of each pile
respectively. Different shaking intensities as well as predominant shake frequencies for each
series of experiments are provided in Table 1. The model was scaled down to a factor of N =
7.5 to simulate the UCSD shake table experiment. Figure 1 illustrates the experimental setup
used for this study.
A total of 24 strain gauges, 8 accelerometers, and 5 LVDTs were utilized to measure bend-

ing strains along each pile, acceleration time histories on pile head and along the profile of the
uniform dense sand layer, and top deflection of each pile.

3.1 Similitude law

The similitude law presented by Iai (1989) was used to establish representative model param-
eters in our 1g shake table experiments. Based on our pile properties, a scaling factor of 7.5
(N = 7.5) was assumed to scale down flexural rigidity of model piles based on their dimensions
and material properties. This scaling factor was also applied to dense sand layer thickness to
satisfy scaling conditions with respect to the full-scale UCSD experiments. Table 2 presents
the scaled values as well as prototype values (i.e. UCSD test) used for pile design, top weight
for each test series and soil layer thickness.
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3.2 Soil box

A transparent soil box with approximate dimensions of 204 cm × 64 cm × 82 cm (length,
width, height) was used for this series of experiments (Figure 2a). The height of the soil box is

Table 1. PGA and predominant frequency for Ground Motion ID.

PGA (g) fn (Hz)

Ground Motion ID Test Series 1* Test Series 2** Test Series 1* Test Series 2**

Shake 0 0.037 0.032 - -

Shake 1 0.15 0.14 2.49 2.49

Shake 2 0.23 0.19 2.66 2.64

Shake 3 0.35 0.35 2.81 2.83

Shake 4 0.42 0.42 2.9 2.9

* Top weight on each pile is 1.80 kg,
** Top weight on each pile is 2.95 kg.

Figure 1. Instrumentation layout for helical piles in dense sand layer.

Table 2. Scaled model properties (N = 7.5).

Model Properties Scaled Values Prototype Values (El-sawy 2017)

Pile Length (cm) 38.00 366.00

Pile Diameter (cm) 0.90 8.80

Top Mass (Light Weight)(kg) 1.78 750.00

Top Mass (Heavy Weight)(kg) 2.95 1245.00

E (Pile) (Aluminum)(GPa) 68.90 200.00

I (pile) (cm4) 0.03 119.90

A (pile) (cm2) 0.64 13.20

Soil Layer Thickness (cm) 60.00 450.00

Helix Diameter (cm) 3.00 25.40

Helix Level 1 (cm) -37.50 -340.00

Spacing Between Helices (cm) 9.00 60.00

Pile to Pile Distance(cm) 15.00 100.00

Weight to Ground Dist.(cm) 3.67 27.50
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approximately 0.8 m and is considered a medium scale soil box with respect to the full-scale
laminar box in UCSD outdoor facility (height: 4.5 m) (Figure 2b). This soil box was previ-
ously used at UNR to study liquefaction-induced foupndation settlements and shown to be
effective to reproduce the field observations (Jahed Orang et al. 2019). The walls of this rigid
box were made of 2.5 cm thickness Acrylic glass and a rigid steel frame for its reinforcement.
The saturation and drainage of the soil were achieved through two drains installed along the
base of the soil box. In order to reduce boundary effects during dynamic excitation, two high-
density foam paddings each with 7.6 cm thickness were installed at each side of the box (Toth
& Motamed 2017).

3.3 Material properties and model preparation

Fine to medium grained Sierra Silica #60 mesh sand was used for our 1g shake table experi-
ments. Sierra Silica sand is a poorly graded sandy material with D50 = 0.32, Cu = 1.75, Cc =
1.04, emax = 1.01, and emin = 0.73. The soil is compacted with 5% moisture content to reach
the target relative density of 70% and is representative of a dense sand layer. The total thick-
ness of soil layer is 60 cm which is calculated based on scaled thickness from UCSD experi-
ment. After the construction of soil layer, 4 instrumented helical piles with varying number of
helices (including two single helix, one double helix and one triple helix) were screwed into the
soil. Two sets of steel weights including 1.80 kg light weight and 2.95 kg heavy weight masses
were mounted on each pile. The connection between pile head and the overlying weight was
achieved with a high compressive capacity glue which is considered as a fixed connection.
Accelerometers as well as horizontal LVDT’s were utilized to capture the response of each pile
during shaking. Figure 1 illustrates the instrumented piles as well as soil layer used in this
study.

3.4 Helical piles

Helical piles are one of the deep foundation types, consisting of mainly a lead section, an
extension part, helical plates, and coupling connection. These foundation elements are most
commonly used for foundation repair, underpinning new urban construction, and strengthen-
ing existing buildings especially in low headroom areas (Perko 2009). In this study a total of 4
screw helical piles was used to investigate their dynamic behavior under varying PGA between
0.03 to 0.40g. The center to center spacing between different helical piles with varying number
of helices is about 15 cm (more than five times the shaft diameter) which is scaled distance
from UCSD experiments (distance between P2, P3 and P4). The material used for pile shaft is
cylindrical aluminum elements with 0.9 cm shaft diameter and 38 cm length. The helices
designed with the aid of 3D printing equipment using special high strength plastic. All of the

Figure 2. (a) Soil box used for shake table experiments at UNR, (b) Full-scale test at UCSD
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helices glued to the pile shaft using high strength glue. The reason for using different material
for the helices is the slenderness and also small shaft diameter which impedes welding metallic
helices to the pile shaft. Each pile instrumented with 3 pairs of strain gauges to measure bend-
ing strain along length of the piles. Strain gauge measurement was obtained using a half
bridge connection. All of the strain gauges glued to the sleeve of the pile and each strain gauge
protected from abrasion using special tapes. Each pile was calibrated using hanging masses
with different weights to relate the theoretical bending moment to the measured bending
strain. Figure 3 presents an instrumented helical pile used in this study.

4 RESULTS

In this section, a brief discussion about UCSD helical pile experiment is presented and the
analogy between UNR experiment and UCSD tests are discussed. The results obtained from
1g shake table test will be presented subsequently. Different aspects of helical pile behavior
when subjected to dynamic excitation is also presented, and results pertaining to the effects of
shaking intensity, effect of top mass weight on helical pile response as well as the impact of
number of helices on dynamic pile responses in dense sand material is discussed in more
detail.

4.1 UCSD dry sand helical pile experiment

The recent experiment at UCSD outdoor shake table test is already discussed and some of the
test conditions, helical pile characteristics, and selected ground motions for this study is pre-
sented in background section. The objective of this study is to simulate the overall conditions
at UCSD experiments and validate some of the important observations made in these
experiments.
Based on the results obtained from UCSD tests, the effect of loading intensity as well as the

influence of number of helices in helical pile behavior will be discussed in more details and the
analogy between the UNR and UCSD test results is established through the following sec-
tions. Three different loading scales (100%, 75% and 50%) for both Northridge and Kobe
earthquakes were examined to evaluate the effect of loading intensity on the maximum bend-
ing moment along length of the pile. As the loading intensity increased, the Mmax values along
length of the pile increased for the double helix pile. Another important observation made
regarding the influence of number of helices on top deflection of a single helix and double
helix pile which indicating no or minor difference between single and double helix piles top
deflection in both Takatori and Northridge earthquake motions (El-sawy 2019).

Figure 3. (a) Instrumented helical piles, (b) Model single, double and triple helix piles.
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4.2 Typical test results

Figure 4 illustrates the typical test results for the highest shaking intensity (i.e. PGA = 0.42g)
for test series 1 (light mass). Figure 4a presents acceleration time histories for input motion as
well as soil layer at different depths. In Figure 4b acceleration time histories measured by top
accelerometers for helical piles with different number of helices is presented. Bending strain-
time histories measured from top strain gauges for helical piles P1, P2, P3 and P4 also illus-
trated in Figure 4c. All of the typical time histories in Figure 4 are for the highest shaking
intensity with light weight masses connected to top of each pile. Maximum bending moment
values are selected based on the maximum measured strain from bending strain-time histories
for each pile at respective depth (i.e. respective depths correspond to the installation depths of
strain gauges which depicted in Figure 1).

4.3 Effects of shaking intensity

Five different ground motions with different PGAs were used in each series of tests (i.e. light
weight and heavy weight) to evaluate the effect of loading intensity on the induced bending
moment along length of each pile. As mentioned before, three pairs of strain gauges were used
to measure bending strain and these bending strains were calibrated to calculate the bending
moment in different depths along each pile. All of the bottom strain gauges were damaged
severely due to denseness of the sand layer, therefore no measured bending moments were
achieved at the bottom of each pile. Thus, the bending moment magnitude at the bottom of
each pile assumed to be zero. All other bending strains were measured properly and the cor-
responding bending moments were calculated to capture the variation of bending moment
along length of each pile.
Figure 5 illustrates the variation of bending moment along length of P1 (single helix) and

P4 (triple helix) for different input ground motions in test series 2. Variation of bending
moment along P1 and P4 indicates that the bending moment magnitude is higher for triple
helix compared to single helix pile. This is contributed to the higher disturbance of triple helix
screw piers with respect to single helix helical pile. Overall, the trend of bending moment vari-
ation along length of these two piles are similar, and increased bending moment values were
obtained as a result of increased shaking intensity. Another important observation based on
Figure 5 is the depth of maximum bending moment. As the shaking intensity increases, the

Figure 4. (a) Acceleration time histories for input motion and soil layer at different depths, (b) acceler-

ation time histories for helical piles P1, P2, P3 and P4, (c) strain-time histories for helical piles P1, P2, P3

and P4 for top strain gauges.
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depth of maximum bending moment increase which is in line with the observations from past
studies and UCSD experiment (Boulanger et al. 1999, Rovithis et al. 2009, Heidari et al.
2014b, El-sawy 2017).
The variation of maximum bending moment along length of each pile for test series 1 and 2

for different free-field PGAs are presented in Figure 6. The maximum bending moment values
are higher for test series 2 due to the higher top weight on each pile. Results from both test
series indicating an increasing Mmax due to the increase in free-field PGA. This effect is more
pronounced in helical piles P2, P3 and P4. The effect of number of helices is become insignifi-
cant when considering the effect of disturbance due to the decreased pile to pile distance. In
other words, maximum bending moment along P2 (single helix), P3 (double helix) and P4
(triple helix) for different shaking exhibit smaller variation as a result of higher disturbance
effect and lower pile to pile distance (the P2, P3 and P4 helical piles located 15 cm away from
each other.).

4.4 Effects of number of helices

In order to evaluate the effect of number of helices, the response acceleration for each pile is
calculated based on second peak of FFT for Shake 0. Second peak correspond to the natural

Figure 5. Variation of bending moment for helical piles p1 and p4 along length for different shaking

intensities in test series 2 (heavy mass).

Figure 6. Effect of free-field acceleration on maximum moment for different helical piles (a) Test series

1 (light mass) (b) Test series 2 (heavy mass).
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frequency of the rotational degree of freedom which is more pronounced when obtaining
pile’s natural frequency based on acceleration time history of the white noise record (El-sawy
2017). In this study the shaking with lowest intensity is considered as white noise (i.e. Shake
0), although this input motion does not include a band pass of frequencies due to the limita-
tion of our eccentric mass shaker. Considering this fact, the f2 (second mode) of each pile is
evaluated to determine response acceleration to calculate forces on top of each pile.
The force on top of each pile is simply calculated by multiplying response acceleration and

top mass for each pile. The variation of forces on top of each pile for two test series with dif-
ferent free-field PGAs is illustrated in Figure 7. Higher forces generated for test series 2 based
on their heavier top mass. As presented in Figure 7, the force on top of each pile increases
with the increase in free-field PGA (i.e. the higher the intensity the greater the response accel-
eration on top of each pile). Results also present approximately the same top force magnitudes
for all of the helical piles with the same free-field PGA. There is no meaningful difference
between forces on top of each pile irrespective of different number of helices on each pile.

5 SUMMARY AND CONCLUSION

In this study, two series of medium-scale 1g shake table tests consisting of different helical
piles with different helix number and different top weights in a dense sand layer were con-
ducted to evaluate the dynamic behavior of helical piles. The main objective is to replicate the
1g full-scale shake table experiments conducted at UCSD, and also compare different results
pertaining to helical piles dynamic behavior.
Results from this study mainly encompass two different aspects of helical piles dynamic

behavior: (1) The effects of shaking intensity, (2) The effects of number of helices, which are
summarized below.
As the shaking intensity increased, the measured maximum bending moment in each piles

increased. It is also worth mentioning that the depth of maximum bending moment increased
with the increase in PGA for different input motions. This observation is in line with previous
studies.
The calculated top forces for each pile with different number of helices indicate negligible

difference in each input motion. In other words, there was no pronounced difference when
considering the induced force on top of each pile with different number of helices, indicating
helical pile response is insensitive to the number of helices based on generated forces on top of
each pile.
The force on top of a pile is correlated to the top deflection of it. Based on this force-deflec-

tion dependency we can conclude that the top deflection for each pile is also independent
from number of helices. This important observation is also made from UCSD experiments

Figure 7. Force applied on top of each pile for different free-field acceleration for (a) test series 1 (light

mass), (b) test series 2 (heavy mass).
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which is indicating no meaningful difference on single and double helix helical piles top deflec-
tion for two different earthquake motions with different intensities.
Finally, considering all of the limitations of this study, results from UNR experiments indi-

cate good consistency with the UCSD full scale shake table tests. Nonetheless, the dynamic
behavior of helical piles especially in the case of group application and also rehabilitative char-
acteristics of helical piles in liquefiable ground still needs to be addressed in future studies.
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