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Abstract
Full-scale shake table testing was conducted to evaluate the seismic performance of single 
and grouped helical piles. Eight circular and one square helical piles with different proper-
ties including length, radius and number of helices, as well as one driven circular pile were 
installed in dry sand enclosed in a laminar soil shear box that was situated on the shaking 
table. Dynamic properties of sand bed and its natural frequencies as well as natural fre-
quencies of single and grouped helical pile-soil systems were evaluated from the collected 
data during different shaking events. The effects of different pile configurations as well as 
successive shakings on the natural frequencies of the sand bed and pile-soil systems were 
also investigated. It was found that the soil’s disturbance increased as number of helices 
increased, which resulted in reduced pile-soil stiffness and natural frequency. Natural fre-
quencies of single piles and pile groups decreased due to successive shakings owing to the 
degradation in the pile-soil stiffness and gap forming around pile shafts near the ground 
surface. The pile’s free length significantly reduced the stiffness of single and grouped heli-
cal piles and gap opening further increased the free length and hence resulted in additional 
reduction in stiffness and natural frequencies. These effects must be considered in seis-
mic design of helical pile foundations. Furthermore, the seismic responses of single and 
grouped helical piles are greatly affected by the resonance condition, which causes large 
soil deformations and significant reduction in the stiffness of the pile-soil system. It was 
also demonstrated that the software DYNA6 could predict the single and grouped piles 
behaviour correctly by accounting for degradation of the soil’s stiffness and gap opening.
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1  Introduction

In recent years, helical piles have become an attractive alternative to conventional foun-
dations due to their ease and rapid installation, efficient use of material and the abil-
ity to estimate their axial capacity from installation torque measurements (Perko 2009). 
Owing to their configuration, which comprises a straight steel shaft with one or more 
helices, helical piles can be designed to place the load bearing helical plates below soft 
or liquefiable soil to ensure acceptable performance and capacity during and after an 
earthquake. Recent advances in helical pile installation equipment promoted the use of 
large diameter helical piles installed to large depths to achieve large capacity for sup-
porting high-rise buildings, bridges and offshore installations.

Helical piles offer safe and cost-effective foundation solutions for supporting struc-
tures in earthquake prone regions. They have performed well during recent large earth-
quakes (Cerato et  al. 2017). Anecdotal evidence from recent earthquakes in Christch-
urch, New Zealand (2011, 2012) and Alaska, USA (2016, 2018) revealed that structures 
supported on helical piles withstood earthquakes with limited or no structural damage. 
For example, Anchorage, Alaska, experienced back-to-back earthquakes and aftershocks 
of 7.0 and 5.7 magnitudes that damaged public buildings and houses causing significant 
foundation settlement, which damaged many structures. However, structures supported 
by helical piles remained intact and level. Surveys conducted after the earthquake 
revealed that all structures supported by helical piles have not experienced any damage 
or settlement due to the earthquake (Techno Metal Post n.d.).

In seismic regions, helical piles are designed to sustain both axial and lateral loading. 
Helical piles’ performance and design for axial loading are well investigated (Livneh 
and El Naggar 2008; Sakr 2009, 2011; Tsuha et al. 2012; Bagheri and El Naggar 2013, 
2015; Elkasabgy and El Naggar 2013, 2015; Elsherbiny and El Naggar 2013; Gavin 
et al. 2014; Ridgley 2015; Fahmy and El Naggar 2016a, 2017; Harnish and El Naggar 
2017; Schiavon et al. 2017, 2019; El Sharnouby and El Naggar 2018a; Guo and Deng 
2018; Li et  al. 2018; Perez et  al. 2018; Lanyi-Bennett and Deng 2019; Li and Deng 
2019; Nabizadeh and Choobbasti 2019; Alwalan and El Naggar 2020a,b). Many of these 
studies demonstrated that the axial capacity of helical piles is equal to or greater than 
that of an equivalent driven steel pile owing to the additional load carrying capacity 
offered by the helices.

The performance of single helical piles under lateral static, cyclic or seismic loading has 
attracted significant attention recently owing to the interest in their use in wind turbine 
foundations, offshore projects and to support structures subjected to earthquake loading. 
For example, Fahmy and El Naggar (2016b), Elsherbiny et al. (2017), El Sharnouby and El 
Naggar (2018a), Elkasabgy and El Naggar (2018, 2019) conducted full-scale helical pile 
loading programs involving static, cyclic or dynamic load tests. These studies demonstrated 
that the performance of helical piles under lateral loading is primarily governed by the 
soil’s resistance along the upper portion of the pile shaft, same as the case for driven piles.

Most of the full-scale cyclic and dynamic loads were applied at the pile’s head using 
mechanical actuators/shakers, which only represents the inertial loading conditions. 
Thus, these studies did not account for the kinematic soil-pile interaction. These alter-
native loading schemes are pursued because large shake table testing opportunities are 
rare and expensive. At the same time, Fleming et al. (2015) and Elkasabgy and El Nag-
gar (2018) argue that scaled models and field-scale cyclic and dynamic loading applied 
to the pile’s head still allow reasonable simulation of its dynamic behaviour.
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The seismic response of pile groups is governed by their dynamic characteristics, 
which are influenced by soil-structure interaction (Stewart et  al. 2012). The pile-soil 
interaction and group effects are governed by the  properties of the soil and the  piles 
as well as the group configuration (Miura 1997; Boulanger et  al. 1999; Jeremic et  al. 
2009). In addition, the characteristics of the supported structure may influence the soil-
structure interaction effects (Badry and Satyam 2017). These effects are generally sig-
nificant for rigid structures supported by relatively flexible foundations (Mylonakis and 
Gazetas 2000; Givens et al. 2012; Carbonari et al. 2017; Michel et al. 2018).

The pile-soil interaction under earthquake loading have been examined through 
scaled models (i.e., 1 g and centrifuge models) in controlled laboratory setting (Moss 
et  al. 1998; Bhattacharya et  al. 2011; Motamed et  al. 2013; Albaghdadi et  al. 2015; 
Newgard et al. 2019). However, Kagawa et al. (2004) listed several limitations of cen-
trifuge simulation of seismic response of soil-pile-structure systems, including scaling 
issues, variation of centrifuge acceleration within the model and boundary effects. On 
the other hand, full-scale shaking table facilities with large capacity actuators allow 
testing of almost full-scale piles and pile groups. There are a few well-documented seis-
mic studies of pile groups employing full-scale shake table tests. Shirato et al. (2008) 
examined the seismic response of 3 × 3 pile group embedded in dry sand employing 
large-scale shake table testing. Furthermore, Xu et al. (2020a, b) evaluated the response 
and failure mechanism of a large-model pile group involving 2 × 2 piles installed in liq-
uefiable and non-liquefiable sand. However, none of these studies examined the seis-
mic performance of helical piles. In addition, the group behaviour of helical piles under 
seismic loading has never been examined.

This literature review collectively indicates the clear advantages of helical piles and 
their significant potential as a viable and efficient foundation option in seismic regions. It 
also shows that full-scale testing provides the most realistic representation of the piles and 
shake table testing is an excellent means to investigate their seismic performance. How-
ever, there is a lack of realistic full-scale testing studies for grouped helical piles involving 
actual seismic loading. Therefore, in order to better understand the seismic response of 
grouped helical piles and to provide the basis of robust analytical and numerical models, 
the authors have undertaken a comprehensive large-scale shake table testing study of single 
and grouped helical piles. The test program was performed employing the Large High Per-
formance Outdoor Shake Table (LHPOST) located at The University of California – San 
Diego. Some aspects of this testing program have been already published in several arti-
cles. Elsawy et al. (2019a, b) evaluated the seismic performance of single helical piles in 
comparison with steel driven piles and presented detailed descriptions of the data reduc-
tion methods for interpreting the measured responses during the tests. In addition, Shah-
bazi et al. (2019) investigated the damping characteristics of grouped helical piles in dense 
sands under small and large shaking events. Furthermore, Shahbazi et al. (2020) analyzed 
the experimental observations to evaluate the structural natural frequency and pile-group 
stiffness, and used the experimental results to calibrate a numerical model that was then 
used to conduct a parametric study to gain a broader understanding of the seismic behav-
ior of structures supported by helical pile groups under varying conditions. This study 
evaluates the effects of SSI on the dynamic stiffness and natural frequencies of single and 
grouped helical pile-soil systems from the collected data during different shaking events. 
The effect of different pile and/or soil configurations is investigated. Moreover, the effect of 
successive shakings on the stiffness and natural frequencies of the piles and the soil mass is 
also explored through the variation of these properties during the testing program. Finally, 
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an analytical approach is proposed to simulate the dynamic characteristics of helical piles 
accounting for degradation of the soil’s stiffness and gapping at the pile-soil interface.

2 � Experimental setup

The testing program conducted to realistically represent the seismic loading of helical piles 
and provide essential information regarding the dynamic behaviour of single and grouped 
helical piles  is summarized herein. Single and grouped helical piles were installed in a 
dry dense sand bed enclosed in a laminar box situated on the 12 m by 7.6 m Large High 
Performance Outdoor Shake Table (LHPOST) at the University of California – San Diego 
(UCSD). Five testing stages were carried out during this research program: Testing Day 1 
(TD1) involved sand bed shaking; Testing Day 2 (TD2) included testing of single piles with 
no inertial masses; Testing Day 3 (TD3) included single piles shaking with inertial masses 
mounted on their heads; Testing Day 4 (TD4) involved pile group shaking with presumed 
fixed head connections supporting a model structure; and Testing Day 5 (TD5) encom-
passed pile group shaking with pinned head connections supporting the model structure.

The dry sand bed was placed into the laminar shear box and compacted in 0.25 m-lay-
ers. The sand unit weight, γ, was 19.5 kN/m3 and its average natural water content, wc, was 
5.5%. The sand bed was instrumented with accelerometers at various elevations on the east 
and west sides as well as in the center of the box. In addition, the laminar box was instru-
mented with accelerometers and Strain Potentiometers (SPs) at different elevations. More 
details about instrumentation and experimental setup are available in other studies (Elsawy 
et al. 2019a; Shahbazi et al. 2020).

Ten piles, including nine helical piles and one driven pile, were instrumented with strain 
gauges at different elevations and installed with a torque motor in the instrumented sand 
bed. Eight of the helical piles were installed in two groups of four piles (Shahbazi et al. 
2020). In this study, only the piles that were tied together and formed group 1 (PG1) and 
group 2 (PG2) are discussed. Table 1 presents the piles dimensions and material properties. 
Pile 5 (3.66 m length, 88 mm diameter) was a driven pile, and pile 6 (3.66 m length, 76 mm 
side length) was a square single-helix pile. On TD4, each group of four-piles with similar 
diameters were connected to a steel skid filled with sand to simulate a superstructure iner-
tial load. The 0.088 m-diameter piles were loaded with 62 kN and the 0.14 m-diameter 
piles were loaded with 98 kN. Accelerometers were placed on the outside of the skid at 
mid-height to record the acceleration of each skid. Fixed and pinned pile head connections 
were tested on TD4 and TD5, respectively. Figure 1 depicts the layout of piles while Fig. 2 
presents the piles’ instrumentation.  

During all the testing days, the input motions followed the same order and mag-
nitude. The first input motion each day consisted of white noise excitation (accelera-
tion Root-Mean-Square (RMS) of 0.05  g) followed by scaled shakings of two repli-
cated earthquake motions with known ground acceleration data; the 1994 Northridge 
California earthquake (Fire Station 108, 12,520 Mulholland Dr., USC station 5314, 
Component 35 degrees) and the 1995 Kobe earthquake (Takatori station, Component 
0 degree). Both earthquakes are denoted herein as NOR and TAK respectively. These 
ground motions were applied at graduating intensities of 50%, 75% and 100% of the 
Peak Ground Acceleration (PGA) amplitude for both earthquakes. In addition, a low 
amplitude pulse wave was applied prior to each shaking and at the end of each test-
ing day. Figure 3 presents a typical pulse wave and white noise signal as well as the 
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unscaled earthquake records considered in the tests. It should be noted that these input 
motions were those recorded by the accelerometer located at the base of the shaking 
table.

Table 1   Properties of test piles

*C (circular), S (square), H (single helical pile), HH (double helical pile), D (driven pile)
**For square pile, 76 mm is the side length

Pile Group Pile Type* Total Length/
depth (m)

Helix Level/helix 
diameter (m)

Outer Diameter/wall 
thickness (mm)

Yield 
strength 
(MPa)

PG1 P1 C–H 3.96/3.66 − 3.51/0.254 88/5.3 448.2
P2 C–H 3.66/3.35 − 3.20/0.254
P3
P4 C–HH 3.66/3.35 − 2.59/0.254

− 3.20/0.203
– P5 C–D 3.66/3.35 – 88/5.3 448.2

P6 S–H 3.66/3.35 − 3.20/0.254 76**/5.3 413.7
PG2 P7 C–H 4.22/3.35 − 3.20/0.254 140/10.5 551.6

P8
P9
P10

Fig. 1   Layout of test piles
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Fig. 2   Piles instrumentation: a North piles; b South piles
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Fig. 3   Different properties of input motions considered in the testing program: a Pulse wave; b White noise 
signal; c NOR earthquake; d TAK earthquake
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3 � Dynamic properties of sand bed

3.1 � Shear wave velocity

Pulse waves were applied prior to each shaking test and their measurements were used to 
calculate shear wave velocity of the sand bed. The shear wave velocity of each layer (i.e. 
between each two successive accelerometers) is calculated from:

where vsi is the shear wave velocity of layer i , h is the accelerometer elevation, t is the 
peak arrival time and subscripts u and l refer to the upper and lower accelerometers. Shear 
wave velocity profiles were constructed from the three accelerometer-arrays, east, center 
and west, and an average profile was computed. An example is presented in Fig. 4 for the 
first pulse on TD1. A weighted average for the shear wave velocity through the soil depth 
could be calculated from:

where H is the depth of sand bed, hi and vsi are the height and shear wave velocity of each 
layer. The nth natural frequency of the sand bed can then be approximated by:

(1)vsi =
hu − hl

tu − tl

(2)vs =
H

∑n

i=1

hi

vsi

(3)fn =
(2n − 1) × vs

4 × H

Fig. 4   Sand bed shear wave 
velocity profile on TD1
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Throughout the experimental program, 39 pulses were applied to the test setup denoted 

Pulse (A) to Pulse (MM). The average shear wave velocity and corresponding fundamental 
frequency of the sand bed calculated from the responses to these pulses were found to be 
100 m/s and 5.47 Hz, with slight changes through the testing program as can be seen from 
Fig. 5.

3.2 � Shear strain

In addition to the shear wave velocity, the shear strain through the soil depth was deter-
mined from Strain Potentiometers (SPs) installed to the side of the shaking table, in which 
15 of them were installed at different depths. These were used to record the time history of 
the soil block movement. It should be mentioned that the shear strain and damping ratio 
reported in this study are calculated from responses of the sand bed to pulse waves, which 
is a low amplitude excitation, in order to establish the dynamic properties of the sand bed 
at small strains. Damping ratios and corresponding soil shear strains due to large shakings 
were reported by Shahbazi et al. (2019).

A simple first order approximation was used to determine the shear strain between each 
two successive SPs from:

where �i is the shear strain in layer i , u is the displacement, z is the depth and subscripts 
u and l refer to the upper and lower SPs in the layer, respectively. Figure 6 presents the 
calculated absolute maximum shear strain in the soil depth from the first (Pulse A) and 

(4)�i(t) =
uu(t) − ul(t)

zu − zl

Fig. 5   Variation in sand bed’s average shear wave velocity throughout the five testing days
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last (Pulse B) pulses applied on TD1. As can be seen from Fig. 6, the shear strain did not 
show a clear trend throughout the soil depth. This could be attributed to non-uniformity 
in preparing the sand bed during the compaction process, especially closer to the laminar 
shear box borders, where the SPs used in the evaluation of the shear stress were installed. 
A very close trend was observed for the shear wave velocity as can be seen from Fig. 4. 
However, shear strains experienced by top soil layers were consistently larger because of 
the amplification of ground motion from bottom to top. The same observation was reported 
by Shahbazi et  al. (2019). The weighted average maximum shear strain through the soil 
depth is calculated by:

where H is the total depth of the sand bed, hi and �i are the height and shear strain of each 
layer, respectively. Table 2 provides a summary of maximum, minimum and average values 

(5)� =
H

∑n

i=1

hi

�i

Fig. 6   Maximum absolute shear 
strain through soil depth at the 
beginning (Pulse A) and end 
(Pulse B) of TD1

Table 2   Average soil shear 
strain and damping ratio during 
different testing days

Testing day Shear Strain (%) Damping Ratio

Max Min Avg Avg. (%)

TD1 0.0600 0.0574 0.0587 5.0
TD2 0.0602 0.0523 0.0558 5.0
TD3 0.0631 0.0503 0.0573 5.5
TD4 0.0721 0.0538 0.0614 11.0
TD5 0.0682 0.0513 0.0605 11.5
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of shear strain experienced by the sand bed due to low amplitude pulse waves during each 
testing day. The soil shear strain varied slightly through the testing program. 

3.3 � Small strain damping ratio

The small strain damping ratio of the sand bed was evaluated from the responses time his-
tory of soil accelerometers to pulse waves. The logarithmic decrement method was used in 
which an exponential decrement curve was fitted to peaks of the response and an appropri-
ate number of cycles was considered as recommended by Tweten et al. (2014). The appro-
priate number of cycles was 9 for the measurements taken on TD4 and TD5. The logarith-
mic decrement was calculated between each two peaks through the number of cycles in the 
range considered and the damping ratio was taken as the average value. The damping ratio 
profile through the  soil depth was calculated from the three accelerometer-arrays and an 
average profile was constructed. The average value of damping ratio through soil depth was 
determined for each testing day and the results are presented in Table 2.

It is noted that the soil damping ratio in the first 2 days was small because there was no 
inertial loading. Inertial masses were placed on pile heads in TD3, and the damping ratio 
increased by 10% due to the increase in the response of pile-soil systems associated with 
inertial forces. A substantial increase in the damping ratio occurred in TD4 and TD5 when 
pile groups were tested. This was due to the large weights of the pile caps, and the cor-
responding increase in soil response especially in the soil enclosed within the pile groups. 
The values of damping ratio are compared to the damping curves provided by Seed and 
Idriss (1970) in Fig. 7. As noted in Fig. 7, the calculated damping ratios fall within the 

Fig. 7   Comparison of damping ratio with Seed and Idriss (1970) damping curves
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minimum (TD1, TD2 and TD3) and mean (TD4 and TD5) damping curves suggested by 
Seed an Idriss (1970).

4 � Natural frequency

Response of pile-soil system to dynamic loads is mainly influenced by its natural fre-
quency, in which significantly larger responses would be expected whenever the natural 
frequency is matching, or close to, either the predominant frequency of the earthquake and/
or the natural frequency of the surrounding soil medium.

Natural frequencies of a pile-soil system can be obtained by subjecting the system to 
a sweep of harmonic loads with varying frequencies and observing the frequencies asso-
ciated with peaks of  the response, which correspond to the system’s natural frequencies. 
Alternatively, the natural frequency of a system can be determined from the response time 
history of the system subjected to a transient dynamic load. In that case, natural frequen-
cies could be determined through transferring the response time history to the frequency 
domain employing a Fast Fourier Transform (FFT) algorithm.

The FFT analysis can be used to evaluate the system’s natural frequencies accurately 
and clearly if the input signal has uniform and nearly constant amplitude for the range of 
frequencies under consideration, i.e., an ideal white noise signal. However, typical transient 
loading would have a wide range of frequencies with varying amplitudes. In such case, the 
response amplitudes at different frequencies should be compared with the input amplitudes 
at the same frequencies to determine locations of the peaks where maximum amplifications 
of the input signal occur. However, it can be difficult to establish the peaks and there would 
be some spurious peaks, especially at higher modes of vibration. The FFT comprises fewer 
steps and can provide a fast estimate of the fundamental natural frequency; however, it may 
not be accurate. Therefore, the FFT method is not recommended if higher modes of vibra-
tion are to be considered.

On the other hand, natural frequencies could also be evaluated from the Frequency 
Response Function (FRF), defined as the ratio between the response frequency amplitude 
to the input frequency amplitude. The FRF method yields a smooth curve with distinct 
peaks at frequencies that correspond to the natural frequencies of the system. It can also 
provide good results regardless of the input signal, i.e. it does not require a perfect white 
noise input signal. It is recommended to employ the FRF method to evaluate the natural 
frequencies of the system, as it is more accurate, especially for higher modes of vibration. 
Another advantage of the FRF is that it gives an indication of the amplification of the input 
ground motion.

The white noise signal employed in the experimental program did not have a constant 
frequency amplitude as can be seen from Fig. 3b. Hence, differences between the values 
of natural frequencies obtained from FFT and FRF for different systems were expected as 
would be shown in later sections.

Responses due to white noise signals were utilized in both methods. To evaluate the nat-
ural frequencies of the sand bed, responses of soil accelerometers were used. On the other 
hand, to assess the natural frequencies of single piles and pile groups, responses of pile 
accelerometers as well as strain gauges were utilized. It should be noted that white noise 
signals were applied only once at the beginning of each testing day; thus it provided one 
estimate for the natural frequency for each day representing soil and/or piles configurations 
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during the five testing days. Alternatively, natural frequencies were also evaluated from the 
response to pulse waves in order to evaluate the effect of successive shakings.

4.1 � Sand bed

Separating the natural frequencies of the pile foundation and the surrounding soil with an 
acceptable margin ensures the foundation response is not adversely affected by the reso-
nance condition, which could lead to large deformations and straining actions in the piles. 
Hence, it is essential to accurately determine different natural frequencies of the soil cor-
responding to different modes of vibration.

An example of the frequency response of the east array of accelerometers due to white 
noise signal applied on TD1 is shown in Fig. 8. It is noted from Fig. 8 that the values of 
natural frequencies evaluated from the FFT and FRF methods differ by 10% approximately. 
It is also noted that higher vibration modes are more pronounced from the measurements 
of lower accelerometers. This is because the soil box experienced more rotation at the bot-
tom near its connection to the shake table, while the top of sand bed experienced less rota-
tion but larger horizontal movement. Thus, the fundamental (horizontal) natural frequency 
was evaluated from the measurements of the top accelerometer, while higher modes were 
evaluated from the measurements of lower accelerometers. Finally, the FRF method pro-
vided a more identifiable second natural frequency compared to the FFT method, espe-
cially in top accelerometer.

The natural frequency was computed from the three accelerometer-arrays, and an aver-
age value was considered. Figure  9 compares the responses of the top accelerometer of 

Fig. 8   Frequency response of the east array of accelerometers due to white noise signal on TD1: a FFT; b 
FRF
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Fig. 9   Frequency response of the top accelerometer in east, center and west arrays due to white noise signal 
on TD1: a FFT; b FRF

Fig. 10   Frequency response of the east array of accelerometers due to white noise signal on TD2: a FFT; b 
FRF
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Fig. 11   Frequency response of the east array of accelerometers due to white noise signal on TD3: a FFT; b 
FRF

Fig. 12   Frequency response of the east array of accelerometers due to white noise signal on TD4: a FFT; b 
FRF
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the three arrays on TD1, which shows an excellent agreement in both the first and second 
natural frequencies.

Figures 10, 11, 12 and 13 present the soil frequency response obtained from the east 
array of accelerometers in TD2 to TD5, respectively. These figures indicate the effects of 
the installed piles in TD2, adding the inertial masses in TD3 and adding the model struc-
ture in TD4 and TD5. The soil Fourier spectra displayed more peaks due to the interaction 
with the piles and the influence of their natural frequencies. This is particularly evident on 
TD4 and TD5 where it is difficult to differentiate between peaks corresponding to differ-
ent natural frequencies of the surrounding sand bed and those corresponding to different 
pile group-soil systems. For example, Fig. 12 shows that the effect of PG2 response on the 
FFT spectra was even larger than that of the soil itself; the maximum peak is observed at 
around 4 Hz, which corresponds to the natural frequency of PG2. Given the multiple peaks 
exhibited by the FFT, the FRF results were obtained first and then the value of the nearest 

Fig. 13   Frequency response of the east array of accelerometers due to white noise signal on TD5: a FFT; b 
FRF

Table 3   First natural frequency of the sand bed

Testing day TD1 TD2 TD3 TD4 TD5

Average FFT Amplitude (g.s) Input 0.035 0.047 0.023 0.038 0.031
Response 0.354 0.507 0.255 0.168 0.144

Response Amplification (%) 1028 1087 1098 444 497
fn1 (Hz) FFT 5.07 5.09 5.19 6.60 5.12

FRF 5.61 5.67 5.80 6.74 5.64
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peak from FFT was evaluated. The difference between the natural frequencies of the sec-
ond mode of vibration evaluated from the FFT and FRF results on TD4 and TD5 was about 
20%.   

A summary of the first and second natural frequencies of the sand bed throughout the 
five testing days as well as Fourier amplitudes of the input and response and the amplifica-
tion ratio are shown in Tables 3 and 4, respectively, from the FFT and FRF methods. 

4.1.1 � Effect of successive shaking

In order to evaluate the effect of successive shaking on the natural frequency of the sys-
tem, pulse waves were used. The pulse wave measurements could only be used to evaluate 
the first natural frequency because the second natural frequency was outside its frequency 
range. The results obtained from the FRF for all pulse waves and white noise signals are 
plotted in Fig. 14. The approximate values of the natural frequency obtained from shear 

Table 4   Second natural frequency of the sand bed

Testing day TD1 TD2 TD3 TD4 TD5

Fourier Amplitude (g.s) Input 0.033 0.034 0.021 0.027 0.017
Response 0.110 0.128 0.067 0.074 0.055

Response Amplification (%) 358 383 324 284 334
fn2 (Hz) FFT 15.78 15.69 16.03 17.23 17.21

FRF 14.26 13.59 15.10 14.63 14.68

Fig. 14   Variation in the natural frequency of the sand bed throughout the testing program
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wave velocity using Eq. 3 are plotted as well. It is observed from Fig. 14 that the sand bed’s 
fundamental frequency remained nearly constant throughout the testing program. This 
means that successive shaking had negligible effect on the soil’s natural frequency, i.e., no 
degradation of the soil stiffness. It is also noted that the natural frequency values calculated 
from pulse waves responses were higher than the values evaluated from the measured shear 
wave velocity.

4.2 � Single piles with no head masses

Natural frequencies of single piles were evaluated employing their responses to white noise 
signals. On the other hand, pulse waves responses were used to explore the effect of suc-
cessive shaking. The responses recorded from pile accelerometers and strain gauges were 
analyzed and compared. Since, the focus of this study is on pile groups, only the results of 
piles (P1–P4) and (P7–P10) are presented herein.

Piles were installed in TD2 with no head masses. This means only kinematic interaction 
occurred between piles and the soil during the shaking, and piles responses are influenced 
by the vibration of the sand bed and its natural frequencies.

As an example, Fig. 15 presents the FRF of pile P10 to the white noise signal. Figure 15 
shows response peaks corresponding to the natural frequencies of the soil’s vibration 
modes. Moreover, responses from both accelerometer and strain gauges coincide; how-
ever, peaks at higher modes were more pronounced in the accelerometer response. This is 
attributed to the large rotation that occurred at the location of the accelerometer at the pile 
head, while the strain gauge was located at the ground surface. Table 5 presents the piles’ 

Fig. 15   FRF of P10 due to white noise signal on TD2
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first natural frequencies evaluated from the white noise signal for both accelerometers and 
strain gauges. 

4.2.1 � Effect of successive shaking

Responses of single piles to pulse waves were used to evaluate the effect of successive 
shaking on the fundamental frequency. Figure  16 displays the variation of the funda-
mental frequency of pile P10 evaluated from FRF throughout TD2 (Pulse (C) to Pulse 
(K)). It can be seen from Fig. 14 that the natural frequency remained almost constant 

Table 5   Fundamental frequency 
of piles during TD2

fn1 (Hz) Accelerometer Strain Gauge

FFT FRF FFT FRF

P1 – – 5.21 5.69
P2 5.09 5.67 5.26 5.68
P3 5.12 5.68 5.07 5.69
P4 5.12 5.68 5.11 5.70
P7 5.11 5.68 5.13 5.71
P8 5.12 5.68 5.15 5.69
P9 5.14 5.68 5.11 5.70
P10 5.14 5.68 5.03 5.65

Fig. 16   Variation in the fundamental natural frequency of P10 during TD2
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throughout all pulses and that values obtained from accelerometers and strain gauges 
were almost identical. It is noted that the pile’s natural frequency matched that of the 
sand bed. Similar results were obtained for all piles (P1–P4) and (P7–P10).

4.3 � Single piles with head masses

Different masses were placed on top of piles in TD3. Thus, both inertial and kinematic 
soil-pile interaction took place and influenced the response of the pile-soil systems. This 
was manifested in the soil vibration at a frequency close to the natural frequency of piles.

The pile responses to white noise signal recorded by accelerometer and strain gauges 
were analyzed to evaluate the natural frequencies. For example, Fig.  17 shows the 
responses of pile  P4. The following observations can be made from Fig.  15. The pile’s 
response exhibited peaks corresponding to the first and second natural frequencies of the 
sand bed due to the interaction between the soil and the pile. The fundamental frequencies 
obtained from accelerometer and strain gauges coincided; however, the spectral amplitudes 
at these frequencies were higher in the strain gauge response. It is also noted that the pile’s 
response was dominated by the horizontal vibration mode because its second natural fre-
quency was outside the frequency content of the white noise signal (i.e. 0–40 Hz).

4.3.1 � Effect of pile’s geometric properties on its natural frequency

Responses measured by strain gauges were utilized to investigate the effect of different 
pile’s gemoetric properties on its natural frequency as they featured clear peaks and were 

Fig. 17   Normalized FRF of P4 due to white noise signal on TD3
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less affected by the soil’s vibration. However, natural frequency values from both acceler-
ometers and strain gauges were close.

4.3.1.1  Effect of pile’s embedment depth  The pile’s embedment depth affects its natural 
frequency. It is expected that increasing the embedment depth would increase the stiffness 
and hence the natural frequency. This effect is explored by comparing the natural frequen-
cies of P1 (3.66 m) and P2 (3.35 m). Figure 18 shows that even though P1 had slightly larger 
pile head mass (768 kg) than P2 (749 kg), its natural frequency was greater than that of P2.

4.3.1.2  Effect of number of helices  To evaluate the effect of the number of helices on 
the pile’s natural frequency, responses of P2 and P4 are compared. Both piles had the 
same cross-section and pile head mass but P4 had two helices and P2 had one helix. As 
seen in Fig. 19, P4 had slightly lower natural frequency than P2. This is attributed to the 
additional disturbance of soil along the pile shaft owing to the passage of two helices 
for P4, hence reducing the stiffness of pile-soil system. Elsherbiny et al. (2017) reported 
similar observation from full scale testing of helical piles installed in dense sand and 
subjected to harmonic loading. It should be noted that the second helix was well below 
the effective depth for lateral resistance; thus, it did not contribute to the lateral stiffness 
of the pile.

4.3.1.3  Effect of pile’s free (stick‑out) length  The free (stick-out) length of the pile is defined 
as the distance from the ground surface to the center of gravity of the pile-head mass. To 
determine the effect of the pile’s free length on its natural frequency, the natural frequencies 
of P7 and P8 that had the same cross-section but different free length (1.72 m and 1.45 m 

Fig. 18   Normalized FRF for P1 and P2 due to white noise signal on TD3
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Fig. 19   Normalized FRF for P2 and P4 due to white noise signal on TD3

Fig. 20   Normalized FRF for P7 and P8 due to white noise signal on TD3
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for P7 and P8, respectively) are compared. As shown in Fig. 20, the natural frequencies for 
P7 and P8 were 1.4 Hz and 2.49 Hz, respectively. The head mass for P7 was 1236 kg and 
the head mass for P8 was 785 kg. In order to isolate the effect of free length, the natural 
frequency of P8 was adjusted considering the same mass as P7. The natural frequency, fn , 
of any system is given by:

where k and m are stiffness and mass, respectively. Using Eq. 6, the stiffness of P8 was 
determined, then its natural frequency was calculated considering a head mass of 1236 kg 
(same as P7), which yielded a natural frequency of 1.98 Hz. This large difference in natural 
frequency (1.98 Hz compared to 1.40 Hz) clearly demonstrates the significant impact of 
the pile’s free length on its lateral stiffness and natural frequency. This should be an impor-
tant consideration in design of piles subjected to dynamic lateral loads.

4.3.1.4  Effect of pile’s flexural rigidity  To evaluate the effect of pile’s flexural rigidity (stiff-
ness) on its natural frequency, piles of different cross-sections are considered. However, the 
two piles that had different cross-sections (88 mm and 140 mm) had different masses and 
free lengths as well. Thus, it was not possible to isolate the effect of the flexural stiffness, 
rather a combined effect of all three parameters could be evaluated.

Figure  21 presents the responses of piles P2, P8 and P10. P8 and P2 had pile head 
masses of 785 kg and 749 kg, and free lengths of 1.45 m and 0.86 m, respectively. The 
natural frequency of P8 was adjusted using Eq. 6 to consider the same mass as P2. The 

(6)fn =
1

2�

√

k

m

Fig. 21   Normalized FRF for P2, P8 and P10 due to white noise signal on TD3
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natural frequency of P2 was 2.38 Hz and the adjusted natural frequency of P8 was 2.55 Hz, 
which indicates that the increase in the stiffness of P8 due to its larger cross-section was 
more than the decrease due to the given larger free length. Meanwhile, head mass of P10 
was 1244  kg and its free length was 1.74  m. Its adjusted natural frequency considering 
head mass equal to that of P2 was 1.96 Hz. In that case, the much larger free length of P10 
(1.74 m compared to 0.86 m for P2) resulted in a substantial reduction in its natural fre-
quency regardless of its larger cross-section.

4.3.2 � Summary of natural frequencies of single piles

The natural frequencies computed from FFT and FRF varied slightly. On the other hand, 
the results from strain gauges and accelerometers were in good agreement, with the val-
ues from strain gauge responses slightly higher than those obtained from accelerometer 
responses. Table 6 summarizes the natural frequencies for piles P1–P4 and P7–P10. It is 
noted from Table 6 that all piles had natural frequencies in the range of 1–3 Hz, which is 
closer to the predominant frequency of TAK earthquake than that of the NOR earthquake. 
Therefore, the resonance effects would be expected to be higher, and consequently higher 
pile responses for the TAK earthquake. This is manifested in the spectral accelerations for 
each earthquake presented in Table 6.

4.3.3 � Effect of successive shakings

Piles responses to pulse waves were utilized to evaluate the effect of successive shakings 
on their fundamental frequencies. The natural frequencies obtained from measurements of 
accelerometers were slightly lower than those obtained from strain gauges measurement 
but exhibited the same trends. Therefore, only the natural frequencies obtained from strain 
gauge measurements for piles P1, P2, P4, P8 and P10 on TD3 (Pulse (L) to Pulse (T)) are 
shown in Fig. 22. Generally, the natural frequencies decreased through successive shakings 
as expected, which is attributed to multiple reasons. First, degradation in the pile-soil stiff-
ness due to the significant nonlinearity experienced by the soil adjacent to the pile shaft 
(especially the top portion) associated with gap opening then sand cave-in to fill the gap, 
which resulted in loosening the soil around the piles and hence a reduction in the soil’s 
stiffness. Second, the formation of gaps around the pile shaft at the top portion increased 

Table 6   Natural periods and expected spectral accelerations for piles in TD3

Pile Fundamental 
frequency (Hz)

Fundamental 
period (s)

Expected spectral acceleration 
for NOR earthquake (g)

Expected spectral accelera-
tion for TAK earthquake 
(g)

P1 2.69 0.372 0.98 1.52
P2 2.38 0.420 0.87 1.41
P3 1.84 0.543 0.57 1.64
P4 2.01 0.498 0.59 1.66
P7 1.40 0.714 0.38 1.76
P8 2.49 0.402 0.88 1.53
P9 2.99 0.334 1.00 1.13
P10 1.52 0.658 0.49 1.75
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the free length of the pile and in turn reduced its natural frequency. Finally, as the soil 
became softer, the volume of soil vibrating with the pile increased, which could further 
decrease the natural frequency. However, the natural frequency of some piles remained 
constant or even increased through successive shakings. This is attributed to closure of 
gaps around pile shaft and hence increased stiffness of the pile-soil system. The gap open-
ing and closure was confirmed by visual observations during the tests (through video cam-
era recordings).

4.3.4 � Analytical model

Several approaches are employed to analyze the Soil-Structure Interaction (SSI) and 
dynamic response of piles (El Naggar 2004). These approaches include: continuum meth-
ods, Boundary Element Methods (BEM), dynamic Beam on Nonlinear Winkler Founda-
tion (BNWF), and Finite-Element Models (FEM).

The continuum approach is generally rigorous, and its solution can be formulated in 
closed form equations to reduce the computational effort. Novak (1974)  and Novak and 
Aboul-Ella (1978) developed closed-form formulas to determine the complex impedance 
of single and grouped piles assuming linear visco-elastic behaviour of the pile and soil. 
Kaynia (1982) and Kaynia and Kausel (1982) have presented closed form solutions based 
on Green’s functions incorporated in the Boundary Element Method to determine the 
dynamic stiffness of pile groups.

In BNWF models, the pile is simulated as a series of discrete linear elastic beam-column 
elements and the surrounding soil is modeled by a series of non-linear detachable Winkler 
springs and dashpots on each side of the pile to represent the soil’s stiffness and damping 

Fig. 22   Variation in the fundamental frequency of P1, P2, P4, P8 and P10 with successive shakings during 
TD3
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(El Naggar and Novak 1994, 1995; Boulanger et al. 1999; Mostafa and El Naggar 2002; 
El Naggar et al. 2005). Owing to its simplicity, the BNWF approach is widely employed; 
however, coupling effects between different layers along the piles are not accounted for. It 
can be particularly efficient for modeling pile and soil nonlinearity, gapping between pile 
and soil as well as degradation of soil’s strength and stiffness (Allotey and El Naggar 2008; 
Heidari et al. 2014).

The Finite Element method (FEM) is a versatile approach, which is widely used for SSI 
problems. It can simulate the behavior of soil and structures with complex geometry subjected 
to varying loading conditions (Seed and Lysmer 1978; Maheshwari et  al. 2004, 2005; Lou 
et al. 2011; Stewart et al. 2012; Elsharnouby and El Naggar 2018b). FEM can be employed to 
simulate the nonlinear seismic response of piles embedded in layered soil considering different 
aspects of pile–soil interaction; however, it can be computationally very demanding.

The computer software DYNA6 (El Naggar et al. 2011) is used to evaluate the dynamic 
characteristics and responses of different types of foundations subjected to harmonic, tran-
sient or random loads. It evaluates the dynamic characteristics of single piles employing 
the plane strain solutions proposed by Novak (1974). The pile group’s stiffness and damp-
ing constants are then evaluated employing the superposition approach proposed by El 
Naggar and Novak (1994, 1995), which utilizes the interaction factors proposed by Kaynia 
and Kausel (1982). This approach can simulate piles with varying cross-section (to account 
for the helices), variation of soil properties along the pile shaft, and the pile and head fix-
ity conditions as well as the geometrical properties and mass of the structure placed on the 
pile head. DYNA6 can also approximate the gap opening and the degradation of soil stiff-
ness within the annular zone around the pile shaft (Elkasabgy and El Naggar 2018).

The program DYNA6 is employed in this study to evaluate the dynamic characteristics 
of the test single piles. Two models were constructed, one for the 88 mm-diameter pile and 
one for the 140 mm diameter pile. The soil profile was modeled as a homogenous layer 
with the measured soil properties from the experimental program, i.e., shear wave velocity, 
Vs = 100 m/s, damping ratio, D = 0.05, Poisson’s ratio, νs = 0.3 and unit weight, γs = 19.5 
kN/m3. To model the free length of the pile (length from the ground surface to the bottom 
of the pile cap), a soil layer with the same depth was defined and assigned zero stiffness 
(i.e., shear wave velocity = 0.0  m/s). Piles were modeled as steel pipes with their corre-
sponding lengths and inner and outer diameters. The helices were idealized as plates with 
the same thickness and modeled in the mid-height of the pitch. The pile’s material was 
modeled as linear with Young’s Modulus, Ep = 200 GPa, Poisson’s ratio, νp = 0.3, damping 
ratio, Dp = 0.02 and unit weight, γp = 77 kN/m3. The piles were considered as end bearing 
with a fixed pile head. The pile caps were modeled as cylinders with the corresponding 
dimensions and density as the actual mass used in the tests.

A harmonic loading scheme was employed in which a sweep of harmonic loads with 
frequencies ranging from 0.05 to 40 Hz with 0.05 Hz step were applied to the pile-soil sys-
tem and the corresponding response at the center of gravity of the pile mass was calculated. 
The natural frequency corresponded to the frequency at which the maximum response was 
calculated. Figures 23 and 24 compare the natural frequencies calculated using DYNA6 
with those evaluated from the experimental results on TD3 (Pulse (L) to Pulse (T)) for 
piles P1 and P10, respectively.

Figures 23 and 24 display the results from different analyses that were performed to cap-
ture the correct dynamic characteristics of the test piles. The initial analysis was performed 
considering the pile cap dimensions, pile cap mass and free length of the pile as well as the 
helix properties and considering the measured soil properties along the embedded length of 
the pile. The results from this analysis are denoted (DYNA6—no gap—no weak zone). As 
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can be noted from the figures, the calculated natural frequencies were far from the experi-
mental values. This discrepancy could be attributed to weakening of the soil surrounding 
the pile and/or development of a gap along the upper part of the pile. Consequently, another 

Fig. 23   Comparison of experimental natural frequency of P1 and DYNA6

Fig. 24   Comparison of experimental natural frequency of P10 and DYNA6
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analysis was conducted considering a weak zone around the pile shaft (denoted DYNA6—
no gap—weak zone) to account for the disturbance in the annular soil zone adjacent to the 
pile due to soil disturbance during pile installation and/or gap opening and closing at the 
pile-soil interface during shaking. This weak zone is characterized by its thickness as a ratio 
of pile’s radius and reduced shear modulus as a ratio of the shear modulus of the undis-
turbed soil. The thickness ratio used corresponded to the soil column above the helix which 
was 1.88 and 0.82 for 88 mm piles and 140 mm piles respectively, and the shear modulus 
ratio was taken as 0.5. Even though the natural frequency decreased for the case of weak 
zone but was still much higher than the experimental results.

The observations made from monitoring the soil around the piles indicated the forma-
tion of a gap that varied between 15 and 50 cm, and in some cases, these gaps closed par-
tially due to the soil caving in, resulting in loose soil zone around the piles (Allotey and El 
Naggar 2008). Therefore, further analyses were conducted considering gaps between the 
soil and the upper portion of the pile shaft. These gaps were modeled by increasing the free 
length of the pile. Due to successive shakings on TD2, although piles had no mass attached 
to their heads, soil around the pile experienced large deformations, and gaps opened around 
piles and the free length differed for each pile. DYNA6 models were established consider-
ing gaps of 15 cm and 45 cm for P1, and the results are presented in Fig. 23. The calculated 
natural frequencies from these cases are in good agreement with the recorded responses at 
the beginning and end  of TD3, respectively. This demonstrates that successive shakings 
during TD3 have promoted the formation of deeper gap around the pile.

P10 experienced more deformations during TD2 and TD3 shakings (especially during 
TAK earthquake which caused resonance) and experienced larger deformations due to its 
larger cross-section, pile head mass and free length, hence deeper gaps formed. This led 
to significant nonlinear deformations in the soil and very large gaps were observed at the 
end of testing. The results from DYNA6 models of P10 considering a gap of 90 cm (at 
the beginning of TD3) and 180 cm (at the end of TD3) bounded the experimental results 
as shown in Fig. 24. It is also noted that the difference between the cases with and without 
a weak zone is negligible because the thickness of soil column above the helix was small 
compared to P1 as the same helix diameter was used for both.

For all 88  mm diameter piles, the gap depth ranged from (15 to 45  cm), while for 
140 mm piles, the gap depth ranged from (60 to 180 cm) depending on the pile-head mass 
and free length.

4.4 � Pile groups

Two pile groups were formed on TD4; the first pile group (PG1) comprised four piles of 
88 mm diameter, and the second pile group (PG2) comprised four piles of 140 mm diam-
eter. Each pile group supported a cubic steel skid (box) filled with sand (pile cap). Each 
skid was fitted with two accelerometers located at the level of its center of gravity. The 
natural frequencies of the pile groups were determined from the responses measured by the 
two accelerometers as well as the top strain gauge in each of the piles. Figure 25 displays 
the FRF for PG2 in TD4. Several observations can be made from Fig. 25. The responses 
from the accelerometers and top strain gauges were in excellent agreement. The average of 
the two measurements can be used to define the natural frequency. The FRF curve exhibits 
a large peak associated with the first natural frequency of PG2 and two smaller peaks cor-
responding to the natural frequencies of the sand bed, which manifest the effect of SSI. 
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However, this effect is smaller than what was observed for single piles. The pile group’s 
behavior was dominated by the horizontal vibration mode because the rocking natural fre-
quency was outside the frequency range of the white noise signal (0–40 Hz).

4.4.1 � Effect of pile head’s connection

Two pile-head conditions were simulated in the testing program. On TD4, each pile was 
connected to the steel kid using two bolts so as to simulate a fixed head. On TD5, one 
bolt was removed from each connection in order to simulate pinned connection. However, 
a true pin connection was not achieved and the one bolt connection still provided some 
restraint to pile heads.

The responses of PG2 with fixed head and pinned head connections are shown in 
Fig. 26. As noted from Fig. 26, the natural frequency of PG2 decreased as the pile head 
condition changed from fixed (two bolts) to pinned (one bolt). However, the difference is 
small between the two values because the one bolt still provided restraint to the pile head 
rotation. This would be further verified by comparing the natural frequency with the results 
from DYNA6.

4.4.2 � Combined effect of stiffness, mass and free length

Since both pile groups had different pile cap masses (6350 kg for PG1 and 9979 kg for 
PG2), different pile diameters (i.e., different flexural stiffness) and different free lengths 
above the ground surface (1.17 m for PG1 and 1.73 m for PG2), the natural frequencies of 
the two groups cannot be compared directly. However, a combined effect of stiffness, pile 

Fig. 25   Normalized FRF for PG2 due to white noise on TD4 (fixed connection)
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Fig. 26   Comparison between fixed and pinned head connection for PG2

Fig. 27   Natural frequency of PG1 and PG2 on TD4 (fixed connection)
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cap mass as well as free length can be compared. Figure 27 compares the FRF of PG1 and 
PG2 on TD4 (fixed pile head). Figure 27 shows that, although PG1 comprised small diam-
eter piles, its natural frequency was nearly double that of PG2. The natural frequency of 
PG2 adjusted using Eq. 6 to account for the different mass effect would be 4.91 Hz, which 
is lower than that of PG1. Noting that the moment of inertia of PG2 piles was 7.5 times 
that of PG1 piles, but the free length of PG2 was larger than that of PG1, which resulted in 
a natural frequency lower than that of PG1. The same results were observed in single piles 
response, which illustrates the important effect of the free length (and the development of a 
gap) on natural frequency of pile-soil systems.

4.4.3 � Summary of natural frequencies of pile groups

Table  7 presents the fundamental frequencies computed from accelerometers as well as 
strain gauges using both FFT and FRF for both pile head conditions. It is noted from Table 7 
that the differences between the FFT and FRF results were generally less than 2%, except for 
PG1 in TD4 (fixed connection) were the difference was about 5%. Furthermore, the results 
obtained from the accelerometer and strain gauges responses were in good agreement. 
Table 7 also shows that the difference of fundamental frequency between fixed and pinned 
pile heads cases was about 5%, which clearly indicates that even one bolt provided sufficient 
restraint against rotation. This is an important observation as in many cases bolted connec-
tion of pile heads to steel skids supporting vibrating equipment is considered as pinned, 
which results in gross underestimation of the stiffness of the piled foundation and the natural 
frequency of the system. This can also have an important effect on the response of the sys-
tem to seismic loading depending on the frequency content of the earthquake signal.

4.4.4 � Effect of successive shakings

Responses of PG1 and PG2 to pulse waves were investigated to evaluate the effect of suc-
cessive shaking on their natural frequencies. Figure 28 shows the variation of the funda-
mental frequency of PG1 and PG2 through TD4 (Pulse (U) to Pulse (CC)) and TD5 (Pulse 
(DD) to Pulse (MM)) calculated from measurements of the pile cap accelerometers as well 

Table 7   Fundamental 
frequencies of fixed and pinned 
pile groups

Pile Group fn1 (Hz) Fixed Pinned

FFT FRF FFT FRF

PG1 Accelerometers ACP3E 6.09 6.41 5.91 5.94
ACP5E 6.09 6.36 5.75 5.86

Strain Gauges P1 6.09 6.38 5.78 5.87
P2 6.07 6.34 5.61 5.84
P3 6.05 6.44 5.89 5.93
P4 6.11 6.34 5.09 5.96

PG2 Accelerometers ACP8E 3.97 3.92 3.69 3.65
ACP9E 3.88 3.86 3.37 3.53

Strain Gauges P7 3.94 3.89 3.68 3.63
P8 3.95 3.9 3.69 3.64
P9 3.89 3.86 3.37 3.53
P10 3.90 3.87 3.36 3.56
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as the top strain gauge in one of the piles. Several observations can be made from these 
results. The value of natural frequency obtained from the response to pulse waves was gen-
erally higher than that computed from the response to white noise signals. It is also noted 
that the natural frequency decreased after each successive shaking, especially during TD4 
because the fixed pile group experienced larger responses, which led to stronger soil non-
linearity and gapping. Hence, the stiffness and natural frequency of the system decreased. 
This reduction was even more pronounced for PG2 than for PG1 for the fixed pile groups. 

Fig. 28   Variation in natural frequencies of pile groups with successive shakings during TD4 and TD5: a 
PG1; b PG2
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This was because the closeness of the natural frequency of PG2 to the predominant fre-
quency range of NOR earthquake signal, while the natural frequency of PG1 was outside 
that range. This means PG2 experienced significant resonance, which resulted in higher 
deflections. Figure 28 also shows that the natural frequency decreased the most in the first 
half of TD4 (NOR earthquake testing) then remained nearly constant afterwards. On the 
other hand, neither of the groups experienced resonance during TAK earthquake shakings 
because its predominant frequency range was lower than their natural frequencies. Thus, 
the natural frequency did not decrease during TAK shakings.

Table  8 provides a summary of the spectral accelerations for both pile groups. It is 
observed from Table 8 that the spectral acceleration for PG2 during NOR earthquake was 
very large (1.5–1.75 g) as its natural frequency was close to the predominant frequency 
range of NOR earthquake; however, the natural frequency of PG1 was outside that range 
and hence the spectral acceleration was lower. On the other hand, both pile groups had low 
spectral accelerations during TAK earthquake as their natural frequencies were far from 
the predominant frequency of TAK earthquake.

4.4.5 � Comparison with DYNA6 program

The dynamic characteristics of pile groups PG1 and PG2 were evaluated employing 
DYNA6 software. DYNA6 accounts for pile-soil-pile interaction within a pile group using 
frequency dependent dynamic interaction factors employing the superposition approach 
(El Naggar and Novak 1995). In addition, it can account for the actual dimensions of the 
pile cap and free lengths of piles. Two models were established considering the geometri-
cal properties of PG1 and PG2 and pile cap information. Pile caps were modeled as blocks 
with their actual dimensions of 2.13 m × 2.13 m × 1.73 m (L × W × H) and the applied 
masses of 6350 kg and 9979 kg for PG1 and PG2, respectively. The piles were arranged in 
square configuration with a center-to-center spacing of 1.07 m in both directions.

Different conditions were considered in the DYNA6 models to simulate the observed 
nonlinear response of the pile groups. This included considering a weak zone around the 
piles and/or gap opening along the top part of the piles. The calculated natural frequencies 
from DYNA6 models are compared with experimental values in Fig. 29.

The calculated natural frequency of the fixed pile groups obtained from DYNA6 
models had the same trends as those observed from the analysis of single piles. The 
model considering linear behaviour (no weak zone or gap) resulted in high natural fre-
quencies. The model that simulated nonlinearity by defining a weak zone around pile 
shafts resulted in slightly smaller natural frequency, especially for PG2. The model that 
simulated nonlinearity by introducing a gap of 15–30  cm provided natural frequency 
in good agreement with the experimental results for PG1. For PG2, the depth of the 

Table 8   Spectral accelerations of PG1 and PG2

Pile group Pile head condition Fundamental 
frequency 
(Hz)

Fundamen-
tal period 
(s)

Spectral acceleration 
for NOR-100-T0 (g)

Spectral acceleration 
for TAK-100-T0 (g)

PG1 Fixed 6.38 0.157 0.89 0.85
Pinned 5.90 0.169 1.00 1.05

PG2 Fixed 3.88 0.258 1.75 1.05
Pinned 3.59 0.279 1.49 1.07
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gap was 45  cm at the beginning of TD4 and 75  cm at the end of the day to achieve 
a good match with the observed experimental results. The range of gap considered in 
the analysis was supported by test observations. The calculated natural frequency for 
pinned pile groups using DYNA6 models were lower than the experimental values even 
without considering a gap or weak zone around the pile shafts. Introducing a weak zone 
or a gap similar to the fixed head piles case, the natural frequency values were much 
smaller than the experimental results. This confirms that the one-bolt pile head connec-
tion cannot be considered as a pinned connection, and still provided some significant 

Fig. 29   Experimental and calculated natural frequencies for pile groups using DYNA6: a PG1; b PG2
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rotational constraint, which resulted in higher lateral stiffness and correspondingly natu-
ral frequency.

In addition to capturing the correct dynamic properties of the pile groups, DYNA6 was 
employed to evaluate the responses of PG1 and PG2 due to NOR earthquake which are 
compared in Fig. 30 with the experimental results. The same considerations used in evaluat-
ing the natural frequency to simulate the nonlinearity in the soil were defined, i.e., a weak 

Fig. 30   Experimental and calculated response for pile groups due to NOR earthquake using DYNA6: a 
PG1; b PG2
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zone and a gap. However, an excellent match between DYNA6 results and experimental 
results was achieved at a gap depth of 75 cm for PG1 and 90 cm for PG2, which were higher 
than those values introduced to capture the correct natural frequency. Since, natural frequen-
cies obtained from the experimental results were due to pulse waves with low amplitude, 
higher shaking amplitudes during strong earthquakes would result in larger gap depths.

5 � Conclusions

The following conclusions can be drawn from the shake table testing results as well as the 
analytical solutions for the single and grouped helical piles.

1.	 The stiffness and natural frequency of the sand bed increased due to pile installation 
and corresponding SSI. This was more pronounced in the case of pile groups. However, 
due to large responses during TD4 (pile groups testing), soil deformations increased 
causing degradation of soil’s stiffness and gap forming along the upper portion of the 
piles, which reduced the natural frequency of the sand bed in the following day (TD5).

2.	 The number of helices increased the soil’s disturbance during pile installation, which 
resulted in reduced pile’s stiffness and natural frequency. On the other hand, as expected, 
increasing the pile’s embedment depth and/or flexural stiffness increased its natural 
frequency.

3.	 Natural frequency of single piles and pile groups decreased due to successive shakings. 
This is attributed to the degradation in the pile-soil stiffness and opening of deeper 
gaps. However, in some cases the gap depth decreased due to sand caving-in after some 
additional shaking, which resulted in increases of stiffness and natural frequency.

4.	 The pile’s free length significantly affects the stiffness of single and grouped helical 
piles. Gap opening further increases the free length and hence results in additional 
reduction in stiffness and natural frequencies. These effects must be considered in seis-
mic design of helical pile foundations.

5.	 The DYNA6 software predicted the single and grouped piles behaviour by accounting 
for degradation of the soil’s stiffness and gap opening. The gap depth ranged from (15 
to 60 cm) for 88 mm single piles, (60–180 cm) for 140 mm single piles, (15–30 cm) 
for PG1 and (45 cm to 75 cm) for PG2. It is evident that the gap depth increased as the 
pile’s diameter (and flexural stiffness) increased.

6.	 The seismic responses of single and grouped helical piles are greatly affected by the 
resonance condition (i.e., closeness of the natural frequency to the earthquake’s pre-
dominant frequency). This leads to increased spectral accelerations causing larger defor-
mations and decrease in the stiffness of the pile-soil system.

7.	 The observed behaviour of pile groups with a single-bolt connection indicated that 
the assumption of pin connection may not hold true in most cases, which can result in 
serious underestimation of the pile group’s stiffness and hence can result in erroneous 
prediction of its response to seismic loading.
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