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Abstract

This study presents novel research on the impact of vertical vibration on the dynamic response of pile groups embedded in
stratified soil under seismic loading conditions. An experimental setup was employed wherein the piled machine foundation
was subjected to vertical vibrations at three operating frequencies (10, 20, and 30 Hz) and subsequently exposed to four
levels of seismic acceleration (0.1 g, 0.34 g, 0.77 g, and 0.82 g). Piles with a length-to-diameter ratio of 25 were embedded
in a stratified soil profile, with an upper loose layer (30% relative density) and a lower dense layer (80% relative density)
acting as end-bearing. Measurements and analyses of horizontal and vertical accelerations, and amplification factors were
conducted using the Fast Fourier Transform (FFT), spectral acceleration (Sa), and variation of acceleration with depth. The
results demonstrated a significant reduction in horizontal acceleration, with a peak ground acceleration (PGA) reduction of
up to 64% in average, particularly at higher frequencies such as 30 Hz. The mitigation efficiency at 30Hz improved with
increasing PGA, showing reductions of 42, 68, 75, and 63% for seismic accelerations of 0.1 g, 0.34 g, 0.77 g, and 0.82 g,
respectively. The analysis further revealed harmonic resonance and higher mode effects at lower frequencies, with nonlinear
soil behavior affecting the resonance and amplification patterns. Additionally, the results demonstrate that the far-field
accelerations exceeded the near-field accelerations within the pile group, particularly in the surface layer. The results
indicated that the initial vibration amplitudes exceeded the safe operating limits outlined in ACI 351.3R-18 under seismic
loading, particularly at higher seismic acceleration levels and lower frequencies. Additional modified charts were presented
to account for these conditions. The results presented promising evidence for using vertical vibrations as an earthquake-
mitigation strategy. However, avoiding operating at frequencies less than 10 Hz is recommended because of the potential
resonance and interaction with horizontal accelerations during earthquakes.

Keywords: Seismic Mitigation; Vertical Vibration; Machine Vibration Charts; Pile Foundations; Spectral Acceleration (SA); Fast Fourier
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1. Introduction

Pile foundations are extensively employed in weak soil deposits to support various structures. Pile foundations are
frequently exposed to dynamic loads generated by machinery-induced vibrations, ocean waves, seismic events, and
static loads. As infrastructure projects continue to grow in scale and complexity, including offshore platforms,
skyscrapers, nuclear power facilities, electric power stations, and other applications, there has been an increased
emphasis on understanding the dynamic behavior of pile foundations. Despite numerous theoretical models and
experimental investigations of pile-soil-pile systems, a significant gap exists in understanding the combined effects of
vertical vibrations and seismic loading on pile foundations.
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Numerous analytical and semi-analytical methodologies have been proposed to investigate pile dynamic response,
with Novak's continuum approach [1] gaining widespread practical adoption. This approach incorporates radiation
damping and provides valuable insights into pile behavior under dynamic loading conditions. Novak [2] and Novak &
Sharnouby [3] employed similar models to establish impedance functions for all vibration modes. Novak & Aboul-Ella
[4, 5] further extended this approach to accommodate layered soil profiles with varying soil and pile properties across
different layers. To account for nonlinear response, Novak [6] introduced the boundary zone concept, a simplified
method for integrating modified properties into linear theory for practical applications. Additionally, several studies [7-
9] employed continuum approach analysis to determine the dynamic response of soil-pile systems, considering soil
nonlinearity, slippage, and separation at the system interface to establish pile responses under various vibration modes.
Chau & Yang [10] extended the continuum approach to three-dimensional pile foundation analysis, incorporating soil
nonlinearity into the modeling process.

The finite element (FE) method has gained significant prominence in addressing dynamic soil-pile-structure
interaction challenges. Krishnan et al. [11] and Wu & Finn [12] have conducted FE analyses to investigate the
dynamic response of single piles and pile groups. Kaynia [13] as well as Banerjee et al. [14] presented rigorous
boundary element formulations to evaluate pile foundation dynamic response. Ayothiraman & Boominathan [15]
employed the FE software PLAXIS to predict pile response to dynamic lateral loads. Finite element analysis has
been employed to investigate the behavior of vertically vibrating machines in sand [16-18] to study the behavior of
vertical vibrations induced by machines in sand and closed-end pipe piles under seismic loads [19-21]. Experimental
studies have also explored the dynamic response of single piles embedded in dry and saturated sandy soil subjected
to opposing rotary machine excitation using small-scale physical models [22—24]. Choudhary et al. [25] conducted
an experimental and analytical investigation on the dynamic coupled response of 6-pile groups with different
patterns.

The efficacy of analytical models has been validated through experimental test results, with dynamic forced vibration
tests on piles categorized as either full-scale or small-scale. Due to their lower cost, shorter duration, and greater control
over field conditions, small-scale tests are generally favoured for understanding pile dynamic response. Khandelwa et
al. [26] investigated the behavior of short piles under lateral vibration, while Biswas and Manna [27] conducted model
tests on single and group piles to determine soil-pile separation length during lateral vibration. Bhowmik et al. [28] and
Bhowmik et al. [29] performed model tests on hollow steel piles under lateral and vertical harmonic loading. Bharathi
et al. [30] studied the dynamic response of batter piles subjected to vertical vibration. The recent evolution of structures
has expanded research to include pile groups. Choudhary et al. [31] conducted experimental tests to understand the
impact of soil-pile interaction on different pile group configurations under coupled vibration, while Choudhary et al.
[32] investigated the influence of pile arrangements on the dynamic response of pile groups. Additionally, recent full-
scale tests by Sudhi et al. [33] have investigated the dynamic performance of floating piles under coupled vibrations.
The studies extended in this area are scant due to its complexity in analysis.

Building on the insights gained from vertical vibration studies, it is imperative to address the behavior of pile
foundations under seismic loading. The combined influence of vertical vibrations and earthquakes presents unique
challenges and has been less thoroughly examined. Observations from major earthquakes (e.g., Mexico City 1985, Kobe
1995, Chi-Chi 1999, Bhuj 2001, Niigata 2004) [34] and Kahramanmaras 2023 [35] have revealed significant settlement
and tilting in pile-supported structures on loose to dense sands or layered soils. Damage often occurs at pile interfaces
or soil-layer boundaries. Modern theories recognize the influence of both inertial effects from superstructures and
kinematic effects from surrounding soils on pile seismic behavior. Analytical studies using Winkler foundation models
have explored soil nonlinearity and stiffness degradation [36—39].

Expanding on the knowledge gained from studying seismic loading, it becomes crucial to address the combined
effects of vertical vibrations and earthquakes on pile foundations. Although substantial research has been devoted to
seismic effects, the interaction between vertical vibrations and seismic loading remains underexplored. Liu [40]
provides a contribution by examining the foundation design of large dynamic equipment in high-seismic areas.
Through finite element modeling and modal analysis, Liu's study addresses dynamic and seismic loads on foundation-
supporting equipment such as combustion turbine generators (CTG) and steam turbine generators (STG). The key
seismic risks identified included ground shaking, liquefaction, and differential settlement, highlighting the necessity
of deep foundations for mitigating these risks. Liu's findings align with recommendations in ACI 351-3R (2018),
which suggest reducing the load ratio by a factor of 2.5 for block foundations with piles or springs. Arya et al. [41]
suggested that the pile cap mass should be 1.5 to 2.5 times that of centrifugal machines and 2.5 to 4 times for
reciprocating machines.
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Tripathy & Desa [42] further analyzed the impact of seismically induced vibrations on turbomachinery foundations
across various soil conditions using SAP 2000 software. They applied earthquake loading in northeast and southwest
directions. They concluded that barrettes with rafts are optimal for high-seismic areas across all soil conditions, as they
effectively transfer seismic reactions through columns to barrettes, thereby enhancing stability and durability. During
strong-motion earthquakes, the turbomachinery foundation operating at a frequency of 65 Hz often vibrates out of phase
owing to differing dynamic characteristics, leading to relative displacement if the top deck lacks sufficient capacity to
handle the dynamic motions of machinery parts. Under poor soil conditions, such as those classified as NEHRP D, the
foundation experiences increased displacement, bending moment, and base shear. The study recommends using
geosynthetics with barrettes to minimize the displacement at the top deck under such conditions. Noman & Albusoda
[43, 44] reviewed experimental studies and numerical models for machine foundations under seismic loads and
concluded that the soil-structure interaction (SSI) can either enhance performance by reducing dynamic stiffness or
cause failure owing to nonlinear soil behavior.

Despite extensive studies and significant efforts in this field, critical questions remain: What happens when vertical
vibration is combined with seismic loading? Are the behaviors observed under each dynamic load individually consistent
when both are applied together? Current research that addresses this complex and realistic scenario in theory and practice
is limited. This study presents an innovative experimental investigation into the combined effects of vertical vibrations
and seismic loading on mass pile foundations, aiming to bridge this significant gap in understanding.

2. Experimental Setup and Testing
2.1. Shaking Table Test

The shaking table used in the experiments resulted from the collaborative efforts between the author and the College
of Engineering at the University of Diyala. The devices were manufactured according to technical specifications and
calibrated under the supervision of the author. The shake table, as shown in Figure 1, is attached to a servo motor with
a maximum acceleration of 1.8 g under a 10kN payload and 2 g when running empty and has an input wave frequency
range of 0.1 Hz to 50 Hz. The shaking table has a base plate measuring 1 m x 0.8 m the maximum displacement capacity
of the vibrating table was extended to £250 mm. In this study, the total weight of the stack, sand, and pile with the pile
cap, including the machine foundation, was 9kN. The servomotor of the shake table was controlled by a controller
capable of generating sine waves and real-time historical data to drive the shake table.
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Figure 1. Photograph of shaking table test component (a) Laminar shear box and machine foundation model; (b) Shaking
table control and data acquisition hardware

2.2. Laminar Soil Container

The laminar soil box is designed to simulate seismic wave propagation within a finite soil layer [45-48]. It consists
of 16 aluminum frames, each with a 40 x 40 mm cross-section, bolted together to form a rectangular container measuring
950 mm x 800 mm x 800 mm. The frames can move unidirectional and are separated by slide ball bearings, allowing
relative movement up to £150 mm, as shown in Figures 1 and 2. All laminae within the experimental apparatus were
permitted unrestricted movement in the shaking direction, except the base lamina, which was rigidly fixed to the steel
plate of the shaking table to simulate bedrock conditions. The mass of the container is 2.7% of the total soil mass. Tests
are conducted at room temperature (25 °C). The rigid base of the stack was roughened using coarse sand to prevent the
sand mass from sliding. A latex membrane was applied to the inside surface of the longitudinal walls of the stack. The
latex membrane allows the soil to move freely in the longitudinal direction; similar arrangements have been reported in
the literature [34, 46-52]. According to previous studies [53-57], the lateral boundary of the soil container should extend
to at least 15D (D: pile diameter) (currently 22.5D) from the side of the system, and the vertical influence zone beneath
the pile tip should extend to at least 10D (currently 22D). These criteria were satisfied in the present study.
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Figure 2. Schematic shaking table, test setup of, accelerometers, piles, pile cap, and machine foundation

2.3. Sensors Arrangement

Figure 2 illustrates the sensor arrangement employed during the vibration table test, providing both lateral and vertical
perspectives of the monitoring zone. Data acquisition was achieved using a National Instruments (NI) system operating
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at a sampling rate of 40,000 Hz. To capture the acceleration of the machine foundation, accelerometers Al (the Bosch
Piezoelectric Vibration Sensor (Model: 0 261 231 007)) and A2 were strategically positioned along the x (parallel to
wave propagation) and z (vertical axes), respectively. An additional four accelerometers (A3, A4, A5, and A6) were
installed within and adjacent to the pile assembly to assess the acceleration profiles at both near- and far-field locations.
The shaking table was equipped with an accelerometer to record the input wave characteristics. The specifications of
the sensors used in this study are listed in Table 1.

Table 1. Sensor Specifications

Sensor Measurement Type Code name Specifications
Piezoelectric Vibration Acceleration (g) Al Bosch Model: 0 261 231 007; Sensitivity: 15 mV/g;
Accelerometer Acceleration (g) A2-A7 Model: ADXL335; Sensitivity:300mV/g
LVDT Displacement (mm) LVDT 1-3 Model: (KTC-500); Linear accuracy :0.1%-0.05%

2.4. Similarity Ratio

The experimental model employed in this study was based on the scaling factors [45], as detailed in Table 2. The
model piles consisted of hollow circular aluminium pipes with an outer diameter of 16 mm and a wall thickness of 1.2
mm with a young’s modulus of 67GPa and 400-mm-length which corresponds to a prototype of a 300-mm-diameter
concrete pile with a young’s modulus of 25GPa and 7.5-m-length [34, 58]. To prevent soil intrusion, the bottoms of the
hollow pile columns were capped with 3-millimeter aluminum plates. The upper layer is loose soil of Dr 30% and the
bottom layer is dense soil of Dr 80%. The piles were inserted into the dense layer up to 8 cm (5D, as reported by Das &
Sivakugan [59] to represent end bearing). A 1/10 scale model was selected due to the constraints of the apparatus of
machine. In which applying the frequency scaling factor (model/prototype = 3.16), a prototype frequency of 30 Hz
translates to 94.8 Hz in the model. Given that the max operating frequency of machine is up to 120 Hz, the 1/10 scale
ensures that the machine can achieve the required frequencies. A schematic diagram of a group of piles with machine
foundation and pile cap setup is shown in Figure 2. The amplitude scaling was derived based on the scaled frequency.
When projecting the scaled frequency onto the chart for the prototype in ACI 351-3R-18 [60], it is imperative to employ
the scaled model frequency. The author-derived displacement amplitude scaling equation is as follows:

Amplitude prototype (1)

Amplitude 401 = n2a

where n is the scaling factor, and (o) is the scaling exponent related to frequency scaling. In existing literature, values
for a typically range between 0.5 and 0.75 [61, 62].

Table 2. Scaling factor utilized in the shaking table for some variable as per [45]

Property Quantity Symbol  Formula  Scaling factors (Model/Prototype)
Length (1) Sl Sl 1/10
Linear Displacement (r) Sr SI™t. Se 1/10
Strain (g) Se / 1
Mass (M) SM SM. -S13 0.001
Geometry Density (q) Sq / 1
Stress (r) Sr / 1
Poisson’s ratio (1) Su / 1
El SL SI5. Sq/ Se 100000
Acceleration(a) Sa Sa 1
Frequency (f) (a=0.5) Sf SI™* - Sa 3.16
Dynamic Amplitude (mm) (current study) Sn Si?% - Sa 0.1
Velocity (V) Sv Sv 1
Time St S1°5 - Sg 0.316

2.5. Soil Model Utilized in the Study

The sand used in this study was locally sourced from Karbala, Iraq, and thoroughly cleaned and dried before testing.
The soil was then poured into the model box in 10 cm thick layers using tamping to achieve a dense state of 80% Dr.
After each layer was added, the surface was leveled using a steel board. To create a loose state, the upper layer of soil
was deposited using air pluviation from a traveling hopper at a specified height. Soil samples were collected and
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measured to ensure consistency across the layers. The properties of the tested soils are listed in Table 3. According to
the Unified Soil Classification System (USCS), the soil was classified as poorly graded sand, as shown in Figure 3.

Table 3. Soil physical characteristic

Characteristic Value Standard
D10, D30, D60 (mm) 0.16, 0.25, 0.41
curvature coefficient (Cc) 0.84
Uniformity coefficient (Cu) 2.35 ASTM D422-02
Percentage Passing Sieve No. 200 0.58
Soil Classification According to USCS SP
Specific gravity (Gs) 2.68 ASTM D 854
Maximum density (yd max) (KN/m®) 18.55 ASTM D 4253-00
Minimum density (yd min) (KN/m?) 15.85 ASTM D 4254-00
Density in loose state (30%) (kN/m?) 16.67
Density in dense state (80%) (kN/m3) 18.03
Internal Friction Angle (@) in Dry State 36 ASTM D 3080
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Figure 3. Particle size distribution of the tested soil
2.6. Testing Program
2.6.1. System Setup

The model has steel plates sized 200 mm by 200 mm by 8 mm to represent the machine foundation bolted on pile
cap, which has the same thickness (8 mm) but dimensions of 150 mm by 150 mm. The pile cap was positioned 40 mm
above the soil surface and bolted to a group of four piles; the group of four piles with spacing of 5D was employed based
on ACI 351-3R [60]. The calculated foundation-to-machine mass ratio of 3.5 exceeded the minimum code-specified
requirement outlined in ACI 351.3R-18. The vertical load was simulated by two DC spindle motors with an eccentric
mass of 5 g and an eccentric distance of 25 mm in each motor for the opposite direction. Each motor has two eccentric
masses, so the total mass will be 20 g in the whole system machine. As revealed in Figure 4, a special technique for
rotating two motors using plastic gear to keep the two motors rotating in the reverse direction is placed inside a steel
closed box that contains oil filled to 25% of its height. That would help to reduce friction and noise due to high-speed
operation and facilitate the interaction between the two plastic gears. The principle of the rotating mass-type oscillator
is mentioned in the literature [63, 64]. The amplitude of the vertical force generated is:

Fy = mee.wy 2
where w,, represent the dynamic force circular frequency (rad/sec), m. represent the mass laid on disk (gram), and e

represent the eccentric distance of mass (mm). The harmonic vertical mode of vibration for this kind of oscillator has a
sinusoidal function. As a result, the dynamic force that is being applied at any time (t) is given by:
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F(t) = Fysin w,t 3)

The reliability of the piled machine foundation was ensured by conducting a single pile load test prior to the testing
program, which confirmed that the load-carrying capacity of the system, with a factor of safety (FOS) of 4, met the
design requirements.

Foug eccentric mass

m, = rotating mass
€ = eccentricity

@ (b) (©

Figure 4. Model of vertical vibration: (a) Two plastic gears, (b) An overview (current study), and (c) Principle of Rotating
mass-type excitation [63, 65]

2.6.2. Frequency and Amplitude Selection

The selection of operating frequencies and displacement amplitudes follows the recommendations of ACI 351-3R
[60], using Richart et al. [66] and Blake charts as modified by Arya et al. [41] and ACI 351.3R [60] to determine the
allowable vertical vibration amplitudes. A speed control unit is required to induce vibrations. The speed of the oscillator
can be varied by varying the voltage supplied to the motor, and is regulated by the speed control unit, thereby modulating
the frequency of the vibration induced by the oscillator. To measure the frequency, a tachometer was connected to a
mechanical assembly fixed to the disc oscillator. This oscillator induces a force that is frequency-dependent for a given
mass. Even at the same frequency, the amplitude of dynamic force can be changed by manipulating the mass (me) using
external control. The scaling law was applied to convert the three prototype frequencies (10, 20, and 30 Hz) into model
frequencies of 31.6, 64.2, and 94.8 Hz, respectively. Figure 5 shows the variation in the amplitude with frequency by
changing the operating frequency of the machine, with each stage lasting for at least 60 s to observe the amplitude
changes and determine the resonant frequency of the system. Figure 5-a shows the selected model frequency, and Figure
5-b shows the frequency ratio of the system, presenting the resonant regions and the high- and low-tuned frequencies.
Notably, the frequencies were strategically selected to remain outside the resonant range.
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Figure 5. Variation of Amplitude with Frequency: (a) Amplitude vs. frequency, (b) Frequency Ratio and Resonance Regions

2.6.3. Classification of Frequencies

Amplitude scaling was performed prior to frequency classification. By projecting the selected frequencies onto
charts, the frequencies can be classified according to machine severity and vibration criteria. As shown in Figure 6-a,
the frequencies of 10 Hz and 20 Hz fall within the (good) region, and the frequency of 30 Hz is in the (very good)
region. In parallel, in Figure 6-b, the frequency of 10 Hz is in (Region B), and the frequencies of 20 Hz and 30 Hz are
in (Region A).
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2.6.4. Selection and Scaling of Seismic Input Motions for Experimental Analysis

The prevailing approach to scientific research in this field involves the use of historical earthquake records [67]. The
machine was operated for 10 min at each frequency before being subjected to four earthquake excitations. Halabja, EI-
Centro, Kahramanmaras, and Kobe were selected as the input ground. The time of earthquake ground motion was scaled
by a factor of 3.16. The scale factor should typically range from (2-4 to), as reported by [49, 67, 68] to avoid unrealistic
ground motion. The model earthquake records and details are listed in Table 4 and depicted in Figure 7. The testing
program, detailed in Table 5, consists of 12 tests across three distinct phases.
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Figure 7. Time histories of prototype earthquake and model signals inputted to shaking table: (a) Halabja, (b) El Centro, (c)
Kahramanmaras, (d) Kobe

Table 4. Overview of seismic event data

Parameter Halabja El-Centro Kahramanmaras Kobe
Geographical Area Irag-Iran Border California, USA southern Turkey Japan
Recorded Date (in UTC) 2017-11-12 18:18:17 1940-05-19 04:36:41 2023-02-06 01:17:34.342 UTC 1995-01-16 20:46:52
Magnitude (Mw) 7.3 6.9 7.7 6.9
Duration of Tremors (seconds) 84 35 125 48
Peak Ground Acceleration (g) East-West North-South East-West North-South
Depth of Epicenter (km) 19 8.8 8.6 7.9
Distance to Epicenter (km) 218.8 12.2 106.49 1.0
Reference Iragi Meteorological Seismology [69, 70] [71] AFAD [35, 72] [73]

Table 5. Testing program overview: vibration frequencies and seismic events

Test No. Initial vibration (Hz) Seismic event
1 10 Halabja (0.19)
2 10 El Centro (0.34g)
3 10 Kahramanmaras (0.779)
4 10 Kobe (0.829)
5 20 Halabja (0.1g)
6 20 El Centro (0.349)
7 20 Kahramanmaras (0.77g)
8 20 Kobe (0.829)
9 30 Halabja (0.19)
10 30 El Centro (0.349)
11 30 Kahramanmaras (0.77g)
12 30 Kobe (0.82g)
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3. Result and Discussion of Acceleration Response of Piled Machine Foundation
3.1. Effect of Varying Frequency under Earthquake Excitation

The input motion propagates through the soil layers. It undergoes amplification or attenuation at the ground surface
based on the dynamic properties of the soil column and the frequency content [74-76]. Figure 7 presents a comparative
analysis of the representative time histories and their corresponding peak ground accelerations (PGA) measured using
two accelerometers (HA and VA) attached to the machine foundation surface at operating frequencies of 10, 20, and 30
Hz. Each frequency was subjected to maximum shaking accelerations of 0.1 g (Halabja), 0.34 g (El Centro), 0.77 g
(Kahramanmaras), and 0.823 g (Kobe). The results were obtained at a fixed pile spacing of 5D under dry conditions.
These figures illustrate three phases:

o Initial vibration: This phase represents the regular operation of machine which lasts for 20 minutes and only a few
seconds are shown in the figures.

e Seismic event: The system was subjected to an earthquake (input motion).
¢ Recovery phase: This represents the period after the earthquake ends (post-earthquake).

As illustrated in Figure 8-a to 8-d, the average time history response of the acceleration exhibits nonlinear behavior.
In this case, the HA can amplify from 0.1 g and 0.34 g to 0.29 g and 0.43 g due to the high shear modulus of the soil,
which provides greater rigidity and less damping, thus allowing greater energy to be transferred and motion amplification
[77].
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Figure 8. Acceleration response of piled machine foundation at 5D spacing and 10 Hz under various earthquake intensities:
(a) 0.1g Halabja, (b) 0.34g El Centro, (c) 0.77g Kahramanmaras, (d) 0.82g Kobe

In the case of higher input acceleration, the HA of 0.77 g and 0.82 g are reduced to 0.56 g and 0.65 g, respectively,
due to the soil undergoing plastic deformation or partial shear failure, the shear modulus decreases and the material
damping increases, resulting in more energy absorption and reduced wave transmission. The same trend in Figure 9, the
HA amplified to 0.25 g at an input acceleration of 0.1 g and reduced to 0.33 g, 0.5 g, and 0.58 g at input acceleration of
0.34 ¢, 0.77 g, and 0.823 g, respectively.
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Figure 9. Acceleration response of piled machine foundation at 5D spacing and 20 Hz under various earthquake intensities:
(a) 0.1g Halabja, (b) 0.34g El Centro, (c) 0.77g Kahramanmaras, (d) 0.82g Kobe

As shown in Figures 11-a and 11-b, the general pattern indicates that HA and VA are directly proportional to the
increase in the frequency. The HA increased by 129%, 132%, and 168% for 10 Hz, 20 Hz, and 30 Hz, respectively, with
increasing input shaking accelerations from 0.1 g to 0.82 g, respectively. In parallel, the VA shows an increase of 68%,
100%, and 125% for 10 Hz, 20 Hz, and 30 Hz, respectively, with increasing input shaking acceleration from 0.1 g to
0.82 g, respectively.
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Figure 10. Acceleration response of piled machine foundation at 5D spacing and 30 Hz under various earthquake
intensities: (a) 0.1g Halabja, (b) 0.34g EI Centro, (c) 0.76g Kahramanmaras, (d) 0.83g Kobe
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Figure 11. Comparison of (a) horizontal and vertical acceleration across different intensities and (b) the effect of frequency
variation on earthquake-induced accelerations

This reduction is due to the increased system stiffness at higher frequencies, which reduces vibration amplitudes.
Additionally, higher frequencies enhance energy dissipation through material and radiation damping, and the gyroscopic
effects of rotating machinery further reduce horizontal accelerations.

3.2. Amplification Ratios
3.2.1. Horizontal Amplification Factor (HAF)

The HAF is defined as the ratio of the horizontal acceleration response to the horizontal input motion as follows:

Horizontal Acceleration Response
HAF = (4)

Horizontal Input Motion

Figures 12-a and 13 show that the HAF exhibits attenuation, which increases with increasing frequency. HAF showed
an attenuation of 2.9 times at 10 Hz and 1.9 times at 30 Hz for 0.1 g. As the input motion increased to 0.34 g, the HAF
at 10 Hz showed a significant reduction of approximately 47%. This reduction trend continues with a further increase
in seismic intensity up to 0.82 g. However, this reduction increases slightly with increasing frequency but remains less
than one except at 0.34 g, where the HAF shows an amplification of 1.25 times at 10 Hz. Figure 13 shows that the HAF
increased by 34%, 47%, 32%, and 22% for input shaking accelerations of 0.1 g, 0.34 g, 0.77 g, and 0.82 g, respectively,
when frequency increased from 10 Hz to 30 Hz.

In addition, the observed results, as shown in Figure 12-a for the HAF, indicate that as the frequency increases, the
damping effect increases significantly, reaching a maximum reduction at 30 Hz, especially for 0.34 g, 0.77 g, and 0.82
g. This phenomenon can be explained by the properties of the interaction between the soil and mechanical damping
dynamics. Higher frequencies correspond to shorter wavelengths in the seismic waves. As the wavelength becomes
shorter, the waves tend to interact more with the pile group as a whole rather than individual piles, reducing the
amplification effects seen at lower frequencies. This results in lower acceleration levels at higher frequencies [78, 79].

Furthermore, the reduction in horizontal acceleration (HA) can be attributed to the frequency-dependent behaviour
of pile stiffness and damping, which become more effective at higher frequencies. As frequency increases, the system's
stiffness enhances, and the damping mechanisms become more efficient in dissipating energy. Which may attribute to
higher frequencies result in a greater conversion of the soil material damping (f) and frequency (®) into an equivalent
viscous damping coefficient, reducing vibration amplitudes and subsequently lowering accelerations, as reported by
Garala & Madabhushi [52] and Manna & Baidya [80]:

c=2 Q)

3.2.2. Vertical Amplification Ratio (VAR)

Since vertical vibration (amplitude of acceleration) is measured in the vertical direction and may amplify during an
earthquake, this ratio may be called the vertical amplification factor (VAF). VAF is defined as the ratio of the vertical
acceleration response during the earthquake to the vertical acceleration before the earthquake, as follows:

Max peak of VA during earthquake
VAF = p f g q (6)

Initial VA before earthquake
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The VAF in Figures 12-b and 13 shows nonlinear behavior, but decreases with increasing frequency. VAF decreased
by 32%, 13%, 10%, and 5% for 0.1 g, 0.34 g, 0.77 g, and 0.82 g, respectively, when frequency increased from 10 Hz to
30 Hz. As the operating frequency of the rotating machine increases, the displacement amplitude decreases. Despite a
decrease in the displacement amplitude with increasing frequency, the dynamic force associated with the high-frequency
machine vibrations was amplified. This can be explained by the basic principles of vibration and dynamics [63, 81-83].

Vol. 10, Special Issue, 2024

The following relationship expresses the dynamic force generated by the rotating machine:

FDynamic = an XA

where: F pynamic: dynamic force (N), f: is the operating frequency (Hz), A: is the amplitude of the vibration (mm).
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Figure 13. Percentage change in amplification factors from 10Hz to 30Hz for different earthquakes

As shown in Figures 12-a and 13, the vertical vibrations (VA) induced by the machine can reduce the horizontal

amplification in the system through the following mechanisms:

o First, vertical vibrations destructively interfere with horizontal seismic waves, thus reducing the overall amplitude;
such evidence was reported by Crouse & Jennings [84], Wolf [85] that for specific wavelengths (1) and angles of
incidence (a), the ground beneath the building tends to move in opposite directions. The concept of wave filtering
by the foundation is illustrated in Figure 14 The ground beneath the building tends to move in opposite directions.
Owing to the high stiffness of the foundation, the wavelengths were effectively filtered. When waves hit the
foundation, their energy is partially absorbed and redirected or reflected, thereby decreasing the amplitude of the
horizontal motion transmitted to the building. Gazetas [86] observed that group piles could alter and reduce the
seismic waves transmitted to the structure; at high frequencies, the group piles may not be able to follow the wavy
movement of the free field. Filtering or kinematic interaction, as described by Crouse & McGuire [87], is attributed
to (1) seismic waves incident at angles less than 90°, and (2) spatial variability in ground motion due to wave
scattering caused by geological heterogeneities and energy dissipation. In parallel, previous studies [88-91] observed
that differential earthquake responses across foundation slabs with amplified ground motion at the points of later
wave arrival, where the input wave reaches later, are more significant than at the other end.
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Figure 14. Filtering by foundation of a plane harmonic wave incident at an angle [84]

e Second, the interaction between soil structures can dissipate energy as vertical movements change the proportion
of the horizontal movement of the ground and can lead to the creation of shear forces that dissipate energy through
friction and hysteresis [85, 92-94]. However, this interaction helps destroy seismic energy more effectively,
reducing amplification in the area adjacent to the piles. Therefore, continuing vertical vibrations provide stability
by changing the resonance patterns and promoting continuous energy dissipation, which is consistent with the
increased damping ratios and hysteresis behaviour in the soil during cyclic loading.

o Third, the inertia of the elevated cap plays a vital role in the dynamic behavior. The soils behaved elastically at
low PGA levels (less than 0.1 g), increasing amplification. However, at PGA levels greater than 0.34 g, inertia
can reduce the direct transmission of seismic waves from the soil to the foundation. The mass of the elevated cap
and the rigidity of the machine foundation led to dynamic interactions that changed the natural frequency of the
system, particularly shifting it away from the dominant frequencies of the seismic waves.

In the passive state, where the machine is off (zero Hz), as shown in Figure 14a, the piled machine foundation is
subjected to an input motion to evaluate the typical response (reference) without the influence of the operating frequency.
Observations indicated a significant reduction from the passive to the active state, especially at an operating frequency
of 30 Hz. The reduction in horizontal acceleration (HA), called mitigation efficiency, represents the percentage reduction
from the negative state (0 Hz) to other frequencies. The mitigation efficiency is quantified using the following equation:

R static—R dynamic
ZSTatle R CynamE « 100

ME = R static (8)

where ME is Mitigation efficiency, R static is Response without dynamic load, R dynamic is Response with dynamic
load.

As illustrated in Figure 15-b, the mitigation efficiency increases with increasing peak ground acceleration, for
instance, showing mitigation efficiency of 42%, 68%, 75%, and 63% at 30 Hz for earthquake intensities of 0.1 g, 0.34
g, 0.77 g, and 0.82 g, respectively. This shows that the mitigation efficiency is more effective at high frequencies. A
similar trend was observed at 10 Hz and 20 Hz, but this trend decreased as the frequency decreased.
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Figure 15. Analysis of amplification and vibration mitigation at various operating frequencies and Seismic Intensities: (a)
HAF and, (b) Mitigation Efficiency (%)
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3.2.3. Analysis of Displacement Amplitudes Relative to Vibration charts

The displacement amplitudes of the machine foundation system under various seismic intensities were analysed. The
initial non-seismic condition (0 g) served as a baseline, adhering to the standard vibration limits outlined in the ACI
351.3R-18 charts. The results illustrated in Figures 16-a and 16-b are discussed below:

1. Displacement Amplitudes at 10 Hz:

The initial displacement amplitude fell within Zone B (Minor Faults), as shown in Figure 16-a. Under a seismic
intensity of 0.1 g, the amplitude shifts to Zone C (Faulty), with a corresponding transition from the (Very Good) zone
to the (Fair) zone on the vibration severity chart. At higher seismic intensities (0.34 g, 0.77 g, and 0.82 g), the amplitude
shifts from Zone B to Zone D (Fault in Near) and from (Very Good) to (Slightly Rough) on the severity chart, as shown
in Figure 16-b.

2. Displacement Amplitudes at 20 Hz:

The amplitude initially fell within Zone A (No Fault), as shown in Figure 16-a. Under a seismic intensity of 0.1 g, it
shifts to Zone B (Minor Faults), with a corresponding move from the (Very Good) zone to the (Good) zone on the
severity chart. At seismic intensities of 0.34 g, 0.77 g, and 0.82 g, the amplitude transitions from Zone A to Zones B-C
(Minor Faults to Faults in Near) on Blake's chart and from Very Good to Good-Fair on the severity chart as shown in
Figure 16-b.

3. Displacement Amplitudes at 30 Hz:

The amplitude remains within Zone A (No Fault) under seismic intensities of 0.1 g and 0.34 g. However, at 0.77 g
and 0.82 g, it shifts from Zone A to Zone B, as shown in Figure 15a. On the severity chart, at 0.1 g, 0.34 g, and 0.77 g,
the amplitude transitions from the Very Smooth-Smooth zone to the Very Good zone, except at 0.82 g, where it moves
to the Good zone, as shown in Figure 16-b.
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Figure 16. Extended vibration severity analysis under seismic loading: (a) Modified vibration criteria chart (ACI 351.3R-18
[60]), (b) Modified vibration severity chart (ACI 351.3R-18 [60])

3.3. Fast Fourier Transform and Spectral Acceleration Analysis
3.3.1. Fast Fourier Transform (FFT)

The frequency content characteristics of the acceleration response of a piled machine foundation subjected to three
distinct operating frequencies under various seismic excitations were analyzed. Figures 17 and 18 illustrate the results
of the Fast Fourier Transform (FFT) and spectral acceleration analyses performed on seismic signals from four prototype
earthquake events. The original time-domain signals were scaled by a factor of 3.16, increasing their frequency content
by the same factor when inputted into the shaking table. The resulting model signals were analyzed using FFT to identify
and characterize the dominant frequencies.
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Fast Fourier Transform (FFT) analysis of the Halabja earthquake signal identified dominant frequency components
at 2.6 Hz and 6.7 Hz, as shown in Figures 17-a and 17-b. In contrast, the corresponding model signal exhibited 8.2 Hz
and 21.2 Hz frequency peaks. The prototype signal revealed a dominant frequency of 1.46 Hz for the El Centro
Earthquake. In contrast, the model displayed three peaks at 3.7 Hz, 4.63 Hz (dominant), and 7 Hz, as illustrated in
Figures 18-a and 18-b. The prototype earthquake signal for Kahramanmaras showed dominant frequencies at 0.3 Hz,
0.8 Hz (dominant), and 2.34 Hz. However, the model exhibited a broader frequency spectrum, with peaks at 1, 2.5 Hz
(dominant), and 7.4 Hz. The prototype signal displayed dominant frequencies at 1.4 Hz and 2.9 Hz for the Kobe
earthquake, while the model indicated peaks at 1 Hz and 4.5 Hz (dominant).

Vol. 10, Special Issue, 2024

Figure 17. Time histories, frequency contents and spectral acceleration of prototype earthquake and model signals inputted

to shaking table (£=5%) :(a) Halabja, (b) El Centro
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Figure 18. Time histories, frequency contents of prototype earthquake and model signals inputted to shaking table (&=5%):
(a) Kahramanmaras, (b) Kobe

As illustrated in Figure 19, the frequency content of the piled machine foundation (5D spacing, 10 Hz) under various
seismic intensities is analyzed as follows:

Halabja (0.1g): Fourier analysis reveals a prominent peak at approximately 7 Hz, attributed to soil resonance, with
the Fourier amplitude being three times higher than the dominant frequency of the input motion. The vertical acceleration
displays peaks at 3.6 Hz, 9.75 Hz, and 17 Hz, with the highest peak occurring at 10 Hz. This is likely due to the potential
resonance within the piled machine foundation, where the Fourier amplitude slightly exceeds that of the input motion,
indicating the presence of harmonic resonance. This suggests that vertical vibrations interfere with the vertically
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propagating waves caused by horizontal motion [95]. Horizontal acceleration also exhibits multiple peaks, with the
maximum occurring at 19.6 Hz, where the Fourier amplitude is 2.15 times greater than that of the dominant input motion
frequency. This can be explained by the higher mode effects or interactions that induce significant responses at these
frequencies, as shown in Figure 19-a.
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Figure 19. Frequency contents of piled machine foundation (5D,10Hz) under Various Intensities: (a) Halabja (0.1g), (b) El
Centro (0.34g), (c¢) Kahramanmaras (0.77g), (d) Kobe (0.82¢g)

El Centro (0.349): As illustrated in Figure 19-b, the soil exhibits resonance between 5-7 Hz, with the maximum peak
amplitude reaching twice that of the dominant input motion. The horizontal acceleration shows resonance with peaks at
13 Hz, 17 Hz, and 19 Hz, although each is lower than the amplitude of the input motion. The vertical acceleration
resonates at 7 and 12 Hz; however, the peak amplitudes are less than those of the input motion.

Kahramanmarag (0.77g): As shown in Figure 19-c, the soil also resonates at 5-6 Hz. The horizontal acceleration
exhibited a peak in this frequency range, although the amplitude remained below that of the input motion. Beyond this
range, the frequency component decreased. The horizontal acceleration slightly underperforms the dominant frequency
before tapering off, whereas the vertical acceleration shows no resonance, indicating a minimal impact.

Kobe (0.82g): As shown in Figure 19-d, the soil resonates at 7 Hz, whereas the horizontal acceleration exhibits peaks
at 7, 13, 17, and 23 Hz, with the most significant resonance occurring at 7 Hz. No substantial change in vertical
acceleration was observed, indicating a limited vertical dynamic response.

As can be seen in Figure 20-a for Halabja (0.1g), Fourier analysis revealed that the soil resonated with a peak at
approximately 7 Hz. The horizontal acceleration initially attenuates before showing multiple peaks at 6, 8, 10, 19, and
22 Hz, with the highest peak at 22 Hz amplified 1.5 times compared to the dominant input motion. The vertical
acceleration resonates with a maximum peak at 19 Hz, slightly above the dominant frequency. This is likely because of
the higher harmonic components of the input motion, which is consistent with the principles of wave interference and
harmonic resonance.
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Figure 20. Frequency contents of piled machine foundation (5D, 20Hz) under Various Intensities: (a) Halabja (0.1g), (b) El
Centro (0.34g), (c) Kahramanmaras (0.77g), (d) Kobe (0.82g)

El Centro (0.349): As illustrated in Figure 20-b, the soil exhibits resonance between 5-7 Hz, with the peak amplitude
reaching twice that of the dominant input motion. The horizontal acceleration resonated prominently at 7 Hz, followed
by diminishing peaks at higher frequencies. In contrast, vertical acceleration showed negligible effects, indicating no
significant resonance in this component.

Kahramanmaras (0.77g): As shown in Figure 20-c, the soil resonates at 6-7 Hz, displaying an amplified response
compared to the dominant frequency in the Fourier amplitude. The horizontal acceleration also resonates at this
frequency, although with a slightly lower Fourier amplitude than the dominant frequency, whereas the vertical
acceleration remains unaffected by significant resonance.

Kobe (0.829): As depicted in Figure 20-d, the soil and horizontal acceleration demonstrate resonance at 9.3 Hz, with
the soil response slightly below the dominant frequency in the Fourier amplitude. The vertical acceleration showed no
significant effects, indicating that the primary dynamic response was concentrated in the soil and horizontal components.

As illustrated in Figure 21-a, during the Halabja earthquake (0.1 g) at an operating frequency of 30 Hz, resonance
was observed within the soil and machine foundation system, particularly in the 6-8 Hz frequency range. The soil
acceleration and the horizontal and vertical accelerations of the machine were amplified by factors of 4.5, 1.5, and 1,
respectively, relative to the Fourier amplitude at the dominant frequency.

El Centro (0.349): As depicted in Figure 21-b, resonance occurs in both the soil and horizontal acceleration at 6-7
Hz, with Fourier amplitudes reaching twice that of the dominant frequency. Vertical acceleration exhibits marginal
resonance at the same frequency, with an amplification of less than twice the Fourier amplitude of the dominant
frequency.

Kahramanmaras (0.77g): As shown in Figure 21-c, the soil resonates at 6-7 Hz, with amplification exceeding that of
the dominant frequency. The horizontal acceleration also resonates at this frequency but with a lower Fourier amplitude
than the dominant frequency. The vertical acceleration shows no significant resonance effect.

Kobe (0.829): Asillustrated in Figure 21-d, the soil exhibits resonance at two distinct peaks, 5 and 9 Hz, with Fourier
amplitudes surpassing the dominant frequency. The horizontal acceleration exhibits peak at 5 Hz, 9.5 Hz, 17, and 22
Hz, with the highest amplification at 9.5 Hz. However, the vertical acceleration showed no significant resonance effect.
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Figure 21. Frequency contents of piled machine foundation (5D, 30Hz) under Various Intensities: (a) Halabja (0.1g), (b) El

Centro (0.34g), (c) Kahramanmaras (0.77g), (d) Kobe (0.82g)

This phenomenon can be attributed to non-stationary frequency effects, as detailed in previous studies [96-98] which
was evident in test results. The non-stationary frequency refers to the variation in dominant seismic frequencies across
different phases, resulting in each frequency component reaching its peak at different times. The dynamic response and
resonance behaviour of the piled machine foundation system are notably more pronounced at lower frequencies and
seismic intensities. At low intensities, such as 0.1 g, the soil and horizontal accelerations exhibit significant amplification
owing to the elastic behaviour of the soil, resulting in peak acceleration values consistent with the previous discussions.
Conversely, vertical acceleration showed less sensitivity to higher intensities, whereas soil and horizontal accelerations
increased with greater seismic intensities.

Examination of the dynamic response of the piled machine foundation revealed the following key observations:

Harmonic Resonance: The peaks of the vertical acceleration indicate the occurrence of harmonic resonance,
where vertical vibrations interact with vertically propagating waves induced by horizontal motion, resulting in
complex dynamic responses [41, 95].

Higher Mode Effects: The multiple peaks in the HA indicate the occurrence of higher mode effects, where
different frequencies excite various vibrational modes of the foundation system, which impact the dynamic
response [99].

Nonlinear Behaviour: The varying resonance and amplification patterns across different frequencies and
earthquake intensities may be due to the nonlinear behaviour of the soil and foundation system, which is
influenced by the soil-structure interaction and higher harmonic components [87, 100-102].

Rotating machinery with eccentric masses can induce gyroscopic and circulatory forces that significantly
influence system stability. Gyroscopic forces, generated by the angular momentum of the rotating components,
can stabilize the system by counteracting destabilizing influences, similar to how a spinning top maintains
balance. Circulatory forces, which arise from the interaction between the rotating parts and surrounding medium,
further contribute to this dynamic behaviour. In piled machine foundations, these forces help mitigate excessive
horizontal accelerations under harmonic and seismic loads, thereby ensuring the stability of the foundation and
supported structure. Different circumstances under which these types of forces may arise have been reported in
the literature [103]. Gyroscopic and circulatory forces are represented by skew-symmetric components of the
damping and stiffness matrices of rotating machinery structures, respectively [104-105].

193



Civil Engineering Journal Vol. 10, Special Issue, 2024
To address how harmonic resonance was identified in the experimental data, | have elaborated on the following

points:

1. Introduction to Resonance:

Resonance occurs when a system is subjected to a frequency that matches its natural frequency, leading to amplified
oscillations. This phenomenon can be identified by observing significant increases in amplitude at specific frequencies.

2. Types of Motion:

e Simple Harmonic Motion (SHM): Characterized by repetitive oscillatory movement at consistent intervals,
described by trigonometric functions.

¢ Subharmonic Motion: Frequencies that are fractions of the fundamental excitation frequency, often observed in
nonlinear systems.

¢ Superharmonic Motion: Frequencies that are integer multiples of the fundamental frequency, occurring in systems
with nonlinearities (Figure 22).

X{wt) =Asine! + Bsin2u! @
. ( (PERIODIC MOTION)
3

Asinwt (HARMONIC)

.\
\

(A) Asinwt (HARMONIC)

Bsin2wt (SUPERHARMONIC)

x{wt)= (A) + (B),(PERIODIC)
(b) ©

Figure 22. (a) Harmonic motion A sin wt and its vector representation, (b) Subharmonic, harmonic, and periodic motions,
(c) Superharmonic, harmonic, and periodic motions [41]

3. Detection in Experimental Data:

o Three-Axis Acceleration Measurement: To capture comprehensive data on vibrations, accelerometers were
placed along three axes. The vertical axis showed the highest amplitude acceleration, indicating significant
vertical vibration.as shown in Figure 23.
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Figure 23. Comparative Analysis of Measured Acceleration Components at three axes
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o Frequency Analysis: Fast Fourier Transform (FFT) was used to analyze frequency components. Resonance was
identified by observing amplification at specific frequencies corresponding to the system’s natural frequencies.
If multiple curves in the FFT analysis coincide, it suggests that resonance is occurring.

3.4. Spectral Acceleration Analysis (Sa)

Spectral acceleration analysis was employed to investigate the dynamic responses across different frequencies. Figure
24-a illustrates the spectral response of the Halabja earthquake at 10 Hz. The input motion exhibits two peaks: a primary
peak at 0.06 seconds (0.28 g) and a secondary peak at 0.12 seconds (0.24 g). The soil response demonstrates significant
resonance with peaks at 0.04 seconds (0.36 g) and 0.16 seconds (0.36 g). The horizontal acceleration (HA) reaches two
notable peaks: the primary at 0.06 seconds (0.57 g) and a secondary peak at 0.14 seconds (0.44 g), with a smaller peak
at 0.30 seconds (0.25 g), indicating substantial amplification. The vertical acceleration (VA) is highest at 0.06 seconds
(0.10 g).
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Figure 24. Spectral acceleration of piled machine foundation ((=5%,5D, 10Hz) under Various Intensities: (a) Halabja (0.1g),
(b) El Centro (0.34g), (c) Kahramanmaras (0.77g), (d) Kobe (0.82g)

In the El Centro earthquake, as shown in Figure 24-b, the input motion peaks at 0.06 seconds (0.85 g) and 0.16
seconds (0.68 g). The soil response peaks at 0.06 seconds (0.74 g), reflecting significant resonance. The horizontal
acceleration (HA) exhibits two peaks: the primary at 0.04 seconds (1.17 g) and a secondary peak at 0.14 seconds (0.74
g), indicating substantial amplification. The vertical acceleration (VA) peaks at 0.02 seconds with 0.29 g.

Figure 24-c depicts the Kahramanmaras earthquake response, showing intensity measures (IM) with peaks at 0.08
seconds (2.3 g) and 0.12 seconds (1.84 g). The soil response peaks at 0.06 seconds (1.5 g) and 0.14 seconds (1.95 g),
indicating significant soil resonance. The horizontal acceleration (HA) exhibits peaks at 0.08 seconds (0.97 g) and 0.14
seconds (1.18 g), reflecting substantial amplification compared to the input motion. The vertical acceleration (VA) peaks
at 0.12 seconds with 0.22 g.

In Figure 24-d for the Kobe earthquake, the input mation shows initial peaks at 0.06 seconds (2.5 g) and 0.14 seconds
(2 g). The soil response exhibits peak at 0.06 seconds (1.74 g) and 0.14 seconds (2 g), indicating significant resonance.
The horizontal acceleration (HA) has primary peaks at 0.10 seconds (1.5 g) and another 0.22 seconds (0.6 g), resulting

195



Civil Engineering Journal Vol. 10, Special Issue, 2024

from considerable amplification. The vertical acceleration (VA) peaks at 0.06 seconds (0.22 g) and 0.12 seconds (0.26
g), show some damping effects.

Figure 25-a illustrates the spectral acceleration characteristics of the Halabja earthquake at 20 Hz. The input motion
peaks at 0.06 seconds (0.28 g) and 0.12 seconds (0.24 g). The soil response shows resonance with peaks at 0.04 seconds
(0.36 g) and 0.16 seconds (0.36 g). The horizontal acceleration (HA) reaches its maximum at 0.06 seconds with 0.47 g,
indicating amplification effects. The vertical acceleration (VA) peaks at 0.08 seconds with 0.21 g, reflecting the presence
of damping. Figure 25-b shows the response of the El Centro earthquake. The input motion peaks at 0.06 seconds (0.85
g) and 0.16 seconds (0.68 g). The soil response peaks at 0.06 seconds with 0.74 g, indicating some amplification, but
remains slightly lower than the input motion. The horizontal acceleration (HA) peaks at 0.08 seconds with 0.56 g. The
vertical acceleration (VA) shows peaks at 0.10 seconds (0.26 g) and 0.20 seconds (0.16 g), demonstrating the effects of
both amplification and damping. For the Kahramanmaras earthquake, Figure 25-c reveals intensity measures (IM) with
peaks at 0.08 seconds (2.3 g) and 0.12 seconds (1.84 g). The soil acceleration response exhibited peaks at 0.06 seconds
(1.5 g) and 0.14 seconds (1.95 g), suggesting resonance. The horizontal acceleration (HA) shows peaks at 0.08 seconds
(1.084 g), 0.12 seconds (1 g), and 0.20 seconds (0.62 g). The vertical acceleration (VA) reaches its highest value at 0.12
seconds with 0.22 g, indicating minimal amplification.
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Figure 25. Spectral acceleration of piled machine foundation ((=5%,5D, 20Hz) under Various Intensities: (a) Halabja (0.1g),
(b) El Centro (0.34g), (c) Kahramanmaras (0.77g), (d) Kobe (0.82g)

Figure 25-d for the Kobe earthquake displays two peaks at 0.06 seconds (2.5 g) and 0.14 seconds (2 g). The soil
response also shows peaks at 0.06 seconds (1.74 g) and 0.14 seconds (2 g), indicating significant soil resonance. The
horizontal acceleration (HA) reaches primary peaks at 0.02 seconds (0.84 g) and 0.12 seconds (1 g), resulting from
amplification. The vertical acceleration (VA) peaks at 0.14 seconds with 0.26 g, which is lower than the peak intensity
measures.

Figure 26-a illustrates the spectral response of the Halabja earthquake at 30 Hz. The input motion exhibits two peaks:
a primary peak at 0.06 seconds (0.28 g) and a secondary peak at 0.12 seconds (0.24 g). The soil response demonstrates
significant resonance with peaks at 0.04 seconds (0.36 g) and 0.16 seconds (0.36 g). The horizontal acceleration (HA)
reaches two notable peaks: the primary at 0.06 seconds (0.57 g) and a secondary peak at 0.14 seconds (0.44 g), with a
smaller peak at 0.30 seconds (0.25 g), indicating substantial amplification. The vertical acceleration (VA) is highest at
0.06 seconds (0.10 g). In the El Centro earthquake, as shown in Figure 26-b, the input motion peaks at 0.06 seconds
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(0.85 g) and 0.16 seconds (0.68 g). The soil response peaks at 0.06 seconds (0.74 g), reflecting significant resonance.
The horizontal acceleration (HA) exhibits two peaks: the primary at 0.04 seconds (1.17 g) and a secondary peak at 0.14
seconds (0.74 g), indicating substantial amplification. The vertical acceleration (VA) peaks at 0.02 seconds with 0.29 g.
Figure 26-c depicts the Kahramanmaras earthquake response, showing intensity measures (IM) with peaks at 0.08
seconds (2.3 g) and 0.12 seconds (1.84 g). The soil response peaks at 0.06 seconds (1.5 g) and 0.14 seconds (1.95 g),
indicating significant soil resonance. The horizontal acceleration (HA) exhibits peaks at 0.08 seconds (0.97 g) and 0.14
seconds (1.18 g), reflecting substantial amplification compared to the input motion. The vertical acceleration (VA) peaks
at 0.12 seconds with 0.22 g. In Figure 26-d for the Kobe earthquake, the input motion shows initial peaks at 0.06 seconds
(2.5 g) and 0.14 seconds (2 g). The soil response exhibits peak at 0.06 seconds (1.74 g) and 0.14 seconds (2 g), indicating
significant resonance. The horizontal acceleration (HA) has primary peaks at 0.10 seconds (1.5 g) and another 0.22
seconds (0.6 g), resulting from considerable amplification. The vertical acceleration (VA) peaks at 0.06 seconds (0.22
g) and 0.12 seconds (0.26 g), show some damping effects.
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Figure 26. Spectral acceleration of piled machine foundation ((=5%,5D, 30Hz) under Various Intensities: (a) Halabja (0.1g),
(b) El Centro (0.34g), (c¢) Kahramanmaras (0.77g), (d) Kobe (0.82g)

Figure 26-a illustrates the results of the Halabja earthquake. The soil response exhibits a peak period of approximately
0.1 seconds, indicating resonance and amplification of seismic waves up to 0.35 g, exceeding the input motion. The
horizontal acceleration demonstrated multiple peaks, with the maximum occurring just beyond 0.1 seconds, reaching
approximately 0.45 g. Which is attributed to significant resonance effects and higher-mode interactions within the
foundation system. In contrast, the vertical acceleration presents a comparatively weak response, with an initial peak of
around 0.07 seconds and a spectral acceleration of about 0.25 g. The soil response exhibits a peak period of
approximately 0.1 seconds, indicating resonance and amplification of seismic waves up to 0.35 g, exceeding the input
motion. The horizontal acceleration demonstrated multiple peaks, with the maximum occurring just beyond 0.1 seconds,
reaching approximately 0.45 g due to resonance effects and higher-mode interactions within the foundation system. In
contrast, the vertical acceleration presents a comparatively weak response, with an initial peak of around 0.07 seconds
and a spectral acceleration of about 0.25 g, indicating effective damping and reduced resonance in the vertical direction
at this intensity.

Figure 26-b illustrates the spectral acceleration analysis for the EI Centro Earthquake. The soil exhibits a peak spectral
acceleration at approximately 0.14 seconds, reaching 1.26 g, indicating resonance effects. The horizontal acceleration
(HA) peaks at 0.08 seconds with a spectral acceleration of 0.48 g, while the input motion shows multiple peaks at 0.06
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seconds (0.84 g) and 0.14 seconds (0.79 g). The vertical acceleration (VA) shows peaks at 0.10 seconds (0.26 g) and
0.16 seconds (0.20 g), suggesting effective damping. Figure 26-c shows the results of the Kahramanmaras earthquake.
Intensity measures (IM) exhibited peaks at 0.08 seconds (2.31 g) and 0.12 seconds (1.84 g). The horizontal acceleration
(HA) peaks at 0.08 seconds with 1.07 g, while the soil response peaks at 0.14 seconds with 1.94 g. The vertical
acceleration (VA) peaks at 0.20 seconds with 0.27 g. Figure 26-d shows the spectral acceleration characteristics of the
Kobe Earthquake. Intensity measures (IM) peak at 0.06 seconds (1.45 g). The soil response peaks at 0.14 seconds with
2.0 g, and the horizontal acceleration (HA) peaks at 0.12 seconds with 1.41 g. The vertical acceleration (VA) peaks at
0.14 seconds with 0.26 g

Figure 27 illustrates the observed response variations as a function of changes in the machine operating frequency
and intensity of the historical earthquake input. A detailed analysis of these relationships is presented below:

Changing in machine operating frequency (10, 20, 30 Hz) as shown in Figure 27:

o Soil Resonance: At all frequencies (10, 20, and 30 Hz), the soil showed an amplification relative to the input
motion (IM), particularly at lower intensities. The soil response was highest at all frequency with a 1.29 times
amplification at 0.1 g and 0.34 g intensities, and it generally decreased as the intensity increased at 0.77 g and
0.82 g. The soil resonates at lower seismic intensities owing to nonlinear soil behavior. The same trend was
observed by Kaynia [79] that the higher amplification factor can occurs due to the interference within the group
pile.

o Horizontal Acceleration (HA): The HA shows amplification across all frequencies, especially at 10 Hz, where it
reaches 2.8 times the input motion at a density of 0.1 g due to the fact that increasing the frequency increases the
vertical dynamic force induced by the rotating machine, as the amplification decreases with increasing frequency.

o Vertical Acceleration (VA): Generally, shows less amplification than soil acceleration and horizontal acceleration.
At higher frequencies (30 Hz), VA showed the least amplification, which decreased with increasing frequency
owing that the effective damping is in the vertical direction across all intensities.

2. Changing in input motion (earthquake) Intensities as shown in Figure 27:

e Low Intensity (0.1g): Both soil and HA spectral acceleration results showed significant amplification, with HA
showing the highest amplification at 10 Hz (2 times IM). Observations show that low-intensity seismic waves
can induce strong resonance in the HA region, particularly at low frequencies. It can be explained that the soil
exhibits elastic behavior leading to high amplification of acceleration values as reported by Hussein & Naggar
[50], that the soil behave linear till 0.1 g, whereas it exhibits nonlinear at 0.3 g and above.

o Moderate Intensity (0.349): In the case of moderate intensity, the results showed that the amplification of soil
and HA was significant, but less than that of low intensity. The vertical acceleration appears to show minimal
resonance effects. The behavior can be explained by the soil and horizontal acceleration, which exhibit a stronger
response at low intensity than at moderate acceleration. In addition, the soil behaves nonlinearly in this range, as
discussed by Hussein & Naggar [50].

¢ High Intensity (0.77g and 0.82g): At high intensities, both soil and HA showed a marginal increase in
amplification, but the amplification was less than that at low intensities [52]. IM becomes the dominant factor in
amplification at high frequencies (30 Hz). VA showed minimal amplification, indicating effective damping
mechanisms in the vertical direction, even during high-intensity seismic events.
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Figure 27. Seismic spectral ratio comparison across different frequencies and intensities
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3.5. Acceleration Variation with Depth

Figure 28 to 35 illustrate the variation in acceleration with depth for both near-field (kinematic effects) and far-field
(inertia of soil) conditions across different frequencies (0 Hz, 10 Hz, 20 Hz, and 30 Hz). This section specifically
examines depths of D/H=0.3D/H = 0.3D/H=0.3 and D/H=0.5D/H = 0.5D/H=0.5, corresponding to 30 cm and 50 cm
from the top surface of the machine, which equate to 10 cm and 30 cm below the soil surface, respectively (see Figure
28). The analysis aimed to elucidate the acceleration behavior near and far from the vibration source, highlighting the
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phase differences between the inertial and kinematic effects.
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Figure 28. Amplification factor vs. normalized depth for near and far field at different intensities under passive state (0Hz)

Passive state (OHz)
3.50 -
300 JF BDMH=0 ED/H=0.3 @D/MH=05 OD/MH=1
5 250 -
3
C 200 4
=
8 150 A
% Ratio
g 1.00 - -m--
<
0.50 -
0.00 -
0.1g | 0.34g | 0.779 | 0.82g 0.1g | 0.34g | 0.779 | 0.82g
Near Far
Earthquake Intensity (g)
Figure 29. Amplification factor variation with earthquake intensity under passive state (O0Hz)
Active state (10 Hz)
0 1 I\H 1 1 1 1 /’O 1 ]
L 025 =77 [ --o-- 0.g Near
S o°
- .- ---¢---- 0.34g Near
& ---&--- 0,779 Near
2 05 --%x-- 0.82
3 .829g Near
N
= —— 0.1g Far
g 0.75 —e— 0.34g Far
z —a— 0.77g Far
—— 0.82¢g Far
1 J
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Amplification factor

Figure 30. Amplification factor vs. normalized depth for near and far field at different earthquake intensity under

operating frequency of (10Hz)

199




Civil Engineering Journal

3.50 -
3.00 A
2.50 A
2.00 A
1.50 1

1.00 -

Amplification factor

0.50 -

0.00 A

Vol. 10, Special Issue, 2024

Active state (10Hz)

BD/H=0 @D/H=0.3 ®BD/H=05 ®BD/H=1

0.1g | 0.34g | 0.77g | 0.82g

Far

0.1g | 0.34g | 0.77g | 0.82g

Near

Earthquake Intensity (g)

T

igure 31. Amplification factor variation with earthquake intensity at operating frequency of (10Hz)

Active state (20 Hz)

0.25 A

0.5 1

Normalized depth (D/H)

0.75 1

0.00

--0-- 0.1g Near

---¢---0.34g Near
---&---0.77g Near
--x-- 0.82g Near

—e— 0.1g Far
—&— 0.34g Far
—a&— 0.779g Far

—*%— 0.82g Far

0.50

1.50

2.00 2.50 3.00 3.50

Amplification factor

Figure 32. Amplification factor vs. normalized depth for near and far field at different earthquake intensity under

3.00 -

2.00

1.50

1.00

Amplification factor

0.50

250 {pm

0.00

operating frequency of (20Hz)

Active state (20Hz)

OD/H=0 ®D/H=0.3 ®D/H=05 ED/H=1

0.1g | 0.34g | 0.779 | 0.82g
Far

0.1g | 0.34g | 0.779 | 0.82g
Near

Earthquake Intensity ()

Figure 33. Amplification factor variation with earthquake intensity at operating frequency of (20Hz)

200




Civil Engineering Journal Vol. 10, Special Issue, 2024

Active state (30 Hz)
0 O 1 1 1 )
--0-- 0.1g Near

_ ---¢---- 0349 Near
T 0.25 A
Ia) ---&---0.77g Near
= --x-- 0.82g Near
o)
g 0.5 A —e— 0.1g Far
ﬁ —&— 0.34g Far
[
IS —A—
5 0.75 | 0.779g Far
z —*— 0.82g Far

1 i

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Amplification factor

Figure 34. Amplification factor vs. normalized depth for near and far field at different earthquake intensity under
operating frequency of (30Hz)

Active state (30Hz)
2.00 -

@D/H=0 BD/H=03 ®@D/H=05 ‘D/H=1
1.50
100 {[EES bo - -~y - - - - p— - - - -

0.50

Amplification factor

0.00 -

0..34g | 0..77g | d.éZg (.)..19 | 0.34g | d.??g | 6.82g

Near Far

Earthquake Intensity (g)

Figure 35. Amplification factor vs. normalized depth for near and far field at operating frequency of (30Hz)

3.5.1. Passive State (0 Hz)

Figures 28 and 29 present the acceleration profiles at 0 Hz, highlighting the distinct inertial and kinematic phase
differences observed at depths of D/H = 0.3 and D/H = 0.5 under various earthquake intensities. At an intensity of 0.1
g, the near field exhibits a 3% reduction in acceleration compared to the far field. However, as the earthquake intensity
increases to 0.34 g, 0.77 g, and 0.82 g, the near field acceleration decreases by 11%, 5%, and 3%, respectively, relative
to the far field. This trend indicates that the discrepancy in acceleration between the near and far fields diminished as
the earthquake intensity increased.

3.5.2. Active State (10 Hz)

Figures 30 and 31 show the acceleration profiles at 10 Hz. At a depth of D/H = 0.3, the near-field acceleration
consistently registers lower values than the far-field acceleration. For instance, at an intensity of 0.1 g, the near-field
acceleration is reduced by 16% relative to the far field. This trend becomes more pronounced with increasing earthquake
intensities, particularly at 0.77 g. The observed attenuation is attributed to the interference between machine vibrations
and seismic waves, as discussed by Gazetas [86]. This interference effect amplifies the difference in the acceleration
between the near and far fields.

3.5.3. Active State (20 Hz)

Figures 32 and 33 show the acceleration profiles at 20 Hz, respectively. Consistent with the observations at 10 Hz,
the near-field acceleration was generally lower than that of the far field. Specifically, at an intensity of 0.34 g, the near-
field acceleration is reduced by 47% compared to the far field. This attenuation effect became more pronounced at higher
intensities, reflecting a significant interaction between machine-induced vibrations and seismic waves.
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3.5.4. Active State (30 Hz)

Figures 34 and 35 show the acceleration profiles at 30 Hz. The near-field acceleration remained lower than that in
the far-field. At an intensity of 0.34 g, the near field shows a 28% reduction in acceleration compared to the far field.
The attenuation effect is less pronounced than that at 20 Hz.

Figures 36 details the percentage differences in amplification factors between the far-field and near-field conditions
across various earthquake intensities and frequencies. The figure highlights the extent to which the inertial response of
the soil layer surpasses the kinematic response of the piled system, a trend also observed by Garala & Madabhushi [52].
Normalized depths (D/H) of 0.3 and 0.5 were used to analyze changes in the amplification factor at different depths.
The percentage difference was calculated using the following formula.

PD = Afar—Anear % 100 (9)
Anear
(a) D/H=0.3 (b) D/H=0.5
100% - 40% -
BO0Hz ®@10Hz ®20Hz ®B30Hz BH0Hz ®10Hz ®20Hz 30 Hz
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Figure 36. percentage difference in acceleration between far field and near field across various frequencies and earthquake

intensities, (a) D/H=0.3, (b) D/H =0.5

The observations of acceleration in both the far and near fields, as depicted in Figure 33, reveal the following
key points:

= Inertial vs. Kinematic Responses: The near field generally exhibits less acceleration compared to the far field,
indicating that the inertial response of the soil layer is greater than the kinematic response of the piled system.
This phase difference, as discussed by Garala & Madabhushi [52], tends to increase at higher frequencies,
reaching a maximum value at 10 Hz at D/H = 0.3.

= At D/H=0.3, the trend line indicates that at shallower depths, there was a noticeable reduction in the horizontal
acceleration values across different earthquake intensities and frequencies. This could be attributed to several
factors:

1.

Interference and Harmonics: Seismic waves interacting with harmonic waves induced by the machine within
the pile group.

Resonance Effects: Under low frequencies especially at (10Hz), resonance effects might cause attenuation of
acceleration due to wave interference.

Inertial and Kinematic Effects: The configuration of the piled machine foundation (elevated cap, foundation
mass and height) can affect on the propagation and absorption or transmission of seismic energy in the system.

Nonlinear Soil Behavior: Nonlinear soil behavior can affect the way waves propagate and affect the
appearance of acceleration values at varying depths.

The far field in general trend shows acceleration values more than the near field, which indicates that it is less
affected by harmonic waves induced by the machine compared to the near field.

= At D/H=0.5, at deeper depths, the convergence of the acceleration values indicates a significant response to
seismic events. The influencing factors can be listed as follows [88, 92, 94, 106]:

1.

Mitigating Surface Effects: Deeper depths can mitigate seismic waves through shallower depths, which can
amplify or attenuate.

Propagation dynamics: Seismic waves can propagate differently at different depths, which affects acceleration
values.

Reflection of wave and absorption: Interaction between incoming seismic waves and the foundation system
effects on the energy is reflected or absorbed within the group piles.
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4. Conclusions

This study advances our understanding of the impact of vertical vibrations on the dynamic response of pile groups
embedded in sandy soil under seismic loading conditions. Using an experimental setup with a piled machine foundation
subjected to vertical vibrations at frequencies of 10, 20, and 30 Hz, and sequentially exposed to varying seismic
accelerations, the following conclusions were drawn:

o Mitigation efficiency: The results showed a significant reduction in the horizontal acceleration, reaching 64% at
30 Hz. The mitigation efficiency increased with increasing PGA levels, showing decreases of 42, 68, 75, and 63%
at PGA values of 0.1 g, 0.34 g, 0.77 g and 0.82 g, respectively. The damping system proved effective at high
frequencies. Moreover, the damping efficiency at 30 Hz exceeded those at both 10 and 20 Hz.

e The Horizontal Amplification Factor (HAF) shows a large amplification that depends on the frequency. The HAF
decreases from 2.9 times to 1.9 times as the frequency increased from 10 Hz to 30 Hz for the lowest seismic
intensity of 0.1 g. The HAF increased by 43%, 47%, 32% and 22% for input shaking accelerations of 0.1g, 0.34g,
0.77g and 0.82¢g respectively when frequency increased from 10Hz to 30Hz.

e The VAF decreased with increasing frequency. The VAF decreased from 32% to 5% with an increase in frequency
from 10 Hz to 30 Hz, indicating that low frequencies can be significantly affected by earthquakes.

e Harmonic Resonance: Peaks in vertical acceleration indicate the occurrence of harmonic resonance, where vertical
vibrations interact with vertically propagating waves induced by horizontal motion.

e The elastic behavior of the soil at low intensities (0.1 g) may lead to the soil being amplified to the highest value
at a low frequency of 10 Hz.

e Seismic excitation may amplify displacement amplitudes beyond the limit thresholds established by Blake (1964)
and the ACI standards. Amplification was greater at lower frequencies and higher seismic intensity levels.

o Far-field accelerations exceed near-field accelerations, particularly in surface layers. This difference is attributed
to the predominance of soil inertial movement over the kinematic response of the pile system. Contributing factors
include interference effects, resonance phenomena, and nonlinear soil dynamics.

¢ Practical Implications for Earthquake Mitigation: This study supports the use of vertical vibrations as an effective
method for reducing horizontal acceleration and enhancing seismic resilience. Vertical vibrations can be employed
in various applications, such as pendulum-based damping systems in skyscrapers or spring-based base isolation
tuned to low frequencies.

e However, caution is required when operating at frequencies below 10 Hz, as these lower frequencies may induce
resonance and interact adversely with horizontal accelerations during earthquakes. Practical considerations should
include designing systems to avoid these frequencies or implementing additional damping measures to mitigate
the potential resonance effects.

e The displacement severity increases with decreasing frequency, peaking at 10 Hz, increasing the risk of faults
owing to seismic wave interference. Maintaining displacement limits is critical for preventing structural and
operational failures of machine components. Rigorous design and maintenance protocols are essential for ensuring
resilience during seismic events.
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