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In-situ experiments and numerical simulation of ground vibration isolation using

concrete row-pile barriers

Ping Xu?®*, Fengyi Guo ?, Ruilin Zhang **
aSchool of Water Conservancy and Transportation, Zhengzhou University, Zhengzhou, 450001, PR.
China.

Abstract: In recent years, ground vibration induced by train operation and other rail-transit activities has
become increasingly prominent, creating a growing need for effective vibration isolation measures. This study
combines in-situ experiments with finite element simulations to systematically investigate the ground
vibration isolation performance of concrete row-pile barriers. Firstly, in-situ experiments were conducted
under no-barrier, single-row, and double-row configurations to examine the effects of the number of pile rows
and vibration direction on isolation performance. A finite element model was then established and validated
against the experimental results. Based on the validated model, parametric analyses were performed to
investigate the effects of pile length, pile diameter, pile spacing, number of pile rows, barrier location, and
source position. Further dimensionless analysis was conducted by normalizing the pile geometric parameters
and source-to-barrier distance with the characteristic Rayleigh wavelength of the site. The results show that
the isolation performance of row-pile barriers exhibits pronounced spatial non-uniformity. For single-row
barriers, pile length and spacing are the dominant parameters, with effective ranges of approximately 12—16
m and 1-2 m, respectively. For multiple-row barriers, increasing the number of rows improves vibration
attenuation but produces diminishing marginal benefits. Local vibration amplification is also observed behind
double-row barriers in the near-field oblique region. Finally, the findings provide a scientific basis and
engineering reference for the design of concrete row-pile barriers for ground vibration isolation.

Keywords: Ground vibration; Concrete row-pile barriers; Vibration isolation; In-situ experiments; Finite

element simulation; Wave propagation.

1. Introduction
In recent years, ground vibration associated with rail transit and other urban activities has

become an important environmental concern because vibration can propagate through the ground to

* Corresponding author.
Email address: plian127@163.com (P. Xu); ruilinzhang@zzu.edu.cn (R. Zhang)
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nearby buildings, precision laboratories, medical facilities, and other vibration-sensitive facilities.
Previous studies have documented the generation and propagation of traffic- and railway-induced
ground vibration, emphasizing the importance of source characteristics and transmission paths [1].
When the frequency content of ground vibration approaches the sensitive frequency range of a
structure or piece of equipment, significant dynamic responses may occur . Effective control
measures are therefore required along the propagation path . Experimental and field studies have
further highlighted the influence of wave propagation conditions and barrier-related transmission
characteristics on measured ground vibration . These findings provide the basis for investigating
practical measures for vibration reduction in the propagation path [2,3]. The practical performance
of such measures depends on the barrier configuration and excitation conditions.

Extensive studies have investigated wave barriers for ground-vibration isolation using
analytical, numerical, laboratory, and field approaches. Early work established the screening effects
of pile rows and clarified the importance of pile—soil interaction, barrier geometry, and impedance
contrast [4]. Subsequent studies examined pile rows under moving loads and demonstrated the
potential of pile barriers for reducing vibration transmission [5]. Numerical investigations of layered
and poroelastic media further showed that soil conditions and wave characteristics can affect the
isolation response . Studies of finite and periodic pile configurations have also demonstrated that
pile spacing, geometry, and periodicity influence surface-wave attenuation . Analytical and
numerical optimization approaches subsequently explored the design of wave barriers and the
characteristics of attenuation zones . Field experiments and coupled numerical-experimental studies
have provided additional evidence that barrier performance depends on the excitation and site
conditions [6]. Other studies have examined train-induced vibration mitigation and the performance
of filled or combined barriers, further broadening the range of practical barrier configurations
considered . Related studies have also examined dual in-filled trenches and periodic wave barriers
for vibration screening and surface-wave isolation.

More recent studies have extended this research toward practical vibration mitigation under
transportation and site-specific conditions. Investigations published in recent years have considered
topology-optimized barriers and periodic wave-impeding barriers, emphasizing the influence of

barrier geometry on vibration reduction . Field-based research has also assessed single and coupled
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wave barriers under realistic excitation conditions [7]. Partially embedded periodic piles and novel
periodic pile barriers have been investigated to improve surface-wave isolation and broaden the
applicable frequency range [8]. Composite barriers and complex band-structure approaches have
further clarified the roles of material composition and wave dispersion in vibration isolation . Recent
work has also addressed railway-induced vibration in tunnels and buildings, as well as site-specific
numerical validation [9]. Exact solutions and multi-row geometric effects have been examined for
periodic pile barriers under different wave-propagation conditions .

Recent investigations have also considered the effects of multi-row pile geometry and advanced
periodic pile barriers [10]. Other studies have examined composite periodic barriers and wave-
dispersion characteristics, including the effects of material composition and band structure [11].
Railway-specific applications and site-oriented numerical studies have further highlighted the
influence of soil conditions and propagation environments on vibration isolation [12].

Nevertheless, most existing mechanistic studies focus on idealized wave fields, periodic or
simplified barrier assumptions, or a limited set of geometric parameters . Systematic field-validated
evidence remains limited regarding how pile length, spacing, diameter, row number, barrier location,
and source position jointly affect the spatially non-uniform response of finite concrete row-pile
barriers . Several specific knowledge gaps therefore remain. First, although the effects of individual
pile parameters have been widely reported, the corresponding threshold behavior and diminishing
marginal benefits have rarely been evaluated within a single field-calibrated numerical framework.
In particular, the geometric effects of multi-row systems and their dependence on barrier
configuration remain incompletely characterized [13]. Second, the additional benefit of multiple pile
rows is generally assessed in terms of overall attenuation, whereas its dependence on propagation
distance and its spatial concentration in the near field have received less attention [14]. Third, most
existing studies consider normal or simplified incident-wave conditions; consequently, directional
non-uniformity and possible local amplification associated with oblique incidence of finite multi-
row barriers remain insufficiently characterized [15]. These issues motivate a field-validated
investigation that links geometric parameters, spatial response, and characteristic wavelength.

To address these gaps, this study combines in-situ experiments with a three-dimensional finite

element model to investigate the vibration isolation behavior of finite concrete row-pile barriers
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under controlled transient excitation. Field tests were conducted for no-pile, single-row, and double-
row configurations using a falling weight deflectometer (FWD), providing measurements of vertical
ground vibration at multiple source-to-receiver distances and propagation directions. The FWD is
treated here as a controlled transient excitation rather than a direct representation of moving train
loading; its dominant frequency is within the frequency range considered relevant to the present site
and provides a repeatable basis for comparing barrier configurations. The numerical model was
calibrated against the field measurements and subsequently used to quantify the effects of pile length,
pile diameter, pile spacing, number of rows, pile arrangement, barrier location, source position, and
concrete strength. Specifically, this study aims to: (i) identify threshold effects and diminishing
marginal benefits associated with the principal geometric parameters; (ii) clarify the spatial
dependence of the additional isolation benefit provided by multiple pile rows; and (iii) characterize
directional non-uniformity and local amplification that may arise under oblique incidence. Finally,
the numerical results are interpreted using dimensionless geometric parameters normalized by the
characteristic Rayleigh wavelength of the site [16]. The resulting field—numerical framework is
intended to clarify the scale dependence and spatial characteristics of pile-barrier isolation [17] and
to provide site-specific reference ranges for vibration-isolation applications under conditions

comparable to those investigated herein [18].

2. In-situ experiments

2.1 Experimental program

To quantitatively evaluate the vibration isolation effect of concrete row piles on ground
vibration, this section conducted in-situ tests at the outdoor field test site of the New Campus of
Zhengzhou University. The test site is about 40 m % 40 m. It is flat and open, with no other vibration
sources nearby. This effectively avoids interference from environmental vibration. The tests were
performed under natural site conditions for both excitation and data acquisition. This preserved the
natural soil structure, moisture condition, and stress history. As a result, the test results can capture
the actual working performance of the row-pile vibration isolation system.

Two pile layout cases were considered: a single-row barrier and a double-row barrier in a front-
to-back staggered arrangement, as shown in Figure 1. The pile diameter was 0.4 m, the pile length

was 4 m, and the pile spacing (center-to-center distance) was 1.4 m, corresponding to a clear gap of
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1.0 m between adjacent piles. For the double-row barrier, the two rows were arranged in a staggered
configuration with an inter-row spacing of 1.0 m. A mobile Luoyang shovel was used to drill the
holes, and concrete was poured manually to form the piles. Five measurement points were arranged
in a straight line along the vibration propagation direction. The first measurement point was 3 m
from the vibration source, and the subsequent points were spaced at 2 m intervals, giving source-to-

receiver distances of 3, 5, 7,9, and 11 m (Figure 1).
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Figure 1. Layout of the field test site and measurement points.

2.1.1 Instrumentation

A falling weight deflectometer (FWD) was used as the excitation source, applying a standard
transient impact load at a fixed location. The FWD provides controlled and repeatable excitation,
allowing the no-pile, single-row, and double-row configurations to be compared under identical
input conditions. The dominant frequency of the FWD impact load was approximately 30 Hz, which
partially overlaps with the rail-transit environmental vibration frequency range considered in this
study [19]. It should be noted that the FWD represents a localized transient excitation and differs
from the loading characteristics of an actual moving train [20]. Therefore, the present test should
not be regarded as a direct equivalent of train loading; rather, it was used to investigate the effects
of row-pile barriers on the propagation and scattering of ground vibration under controlled
conditions. Within the frequency range and site conditions considered in this study, the experimental

results provide a reference for understanding the vibration isolation mechanism of row-pile barriers
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Figure 2. Falling weight deflectometer (FWD) used for field excitation.

2.1.2 Test procedure

The tests followed a controlled comparative design: a no-pile baseline test was performed first,
followed by comparative tests with piles. The vibration isolation effect was evaluated by comparing
the vibration response data at the same measurement points under each case. The specific test
procedure was as follows:

(1) Site preparation: The test site was cleaned and leveled. The ground surface flatness was
ensured to meet the requirements for equipment installation and test operations. (Figure 3(a))

(2) Measurement point layout: The first measurement point was placed 3 m from the vibration
source. Additional points were then placed every 2 m toward the far field. A total of five
measurement points were used. They were located 3, 5, 7, 9, and 11 m from the vibration source,
respectively. Sensors were installed at each measurement point.

(3) No-pile baseline test: After the measurement points were arranged, a standard-weight
impact load was applied at the vibration source using the FWD. The vibration response data at each
measurement point were synchronously acquired and recorded. These data served as the baseline
for subsequent evaluation of the vibration isolation effect. (Figure 3(b))

(4) Pile installation: According to the pile positions determined by the test plan, a mobile
Luoyang shovel was used to drill the holes. Concrete was then poured manually to form the piles
(Figure 3(c)). The single-row barrier and double-row barrier were constructed according to their

prescribed layouts.
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(5) Post-pile test: After the concrete piles were cured to the required design strength, vibration
response tests were conducted again at each measurement point. The loading conditions and
measurement point positions were exactly the same as those used in the baseline test (Figure 3(d)).

(6) Data analysis: Test data were collected under each case. The acceleration reduction
percentage and amplitude ratio at each measurement point were calculated. The effects of parameters
such as the number of pile rows and propagation direction on vibration isolation performance were

compared and analyzed.

(a) site preparation and (b) Measurement Point
leveling Layout and No-Pile Baseline
Test

(c) Pile Construction (d) Post-Installation Test

Figure 3. Field test setup and pile installation procedure.

2.1.3 Site conditions

To determine the stratigraphic distribution at the test site and obtain the physical and
mechanical parameters of each soil layer, borehole drilling with coring and laboratory tests were
carried out at the site. The results show that, from top to bottom, the soil layers at the site are as
follows: Layer (1) cultivated soil (0.5 m thick), Layer (2) silty clay (2.5 m thick), Layer (3) silt (5.0
m thick), and Layer (4) silty clay (10.0 m thick). The stratigraphic identification results are listed in

Table 1, and the main physical and mechanical indices of each soil layer are listed in Table 2. The



177 row piles used in the tests were 4 m long, with pile tips embedded in Layer (3) (silt).

178 Table 1. Stratigraphic interpretation of the test site.
Relative .
Layer elevation of l;lélzrl;r;e Lithology description
layer bottom

Cultivated soil: yellowish brown, loose,
€ 0.0~-0.5 0.5 slightly moist, contains a small amount of plant
roots and humus.

Silty clay: yellowish brown, plastic, medium

2 -0.5~-3.0 2.5 dry strength, medium toughness, no shaking
reaction, slightly glossy.

Silt: yellowish brown, slightly dense, slightly
moist, contains a small amount of rust-colored

® -3.07~-8.0 >0 mottling, low dry strength, low toughness, no
gloss.
Silty clay: yellowish brown, plastic, contains a
small amount of calcareous concretions,
® -8.07~-18.0 10.0 medium dry strength, medium toughness, no
shaking reaction, slightly glossy.
179
180 Table 2. Physical and mechanical properties of the soil layers at the test site.
Layer Soil type Water Wet Compress Cohesion, Internal
content,  density, p ion c (kPa) friction
Wo (%) (g/em?®)  modulus, angle, @
E. (MPa) )
©) Silty clay 21.5 1.94 8.9 30.2 22
3 Silt 18.2 1.86 7.1 13.2 27
(3) Silty clay 21.7 1.96 9.8 25.2 21.3

181

182 2.2 Experimental results

183  2.2.1 Effect of pile-row configuration on vibration response

184 Figure 4 shows the measured peak vertical ground acceleration (PGA) at each measurement

185  point under the three cases: the no-pile case, single-row barrier, and double-row barrier.
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Figure 4. Measured peak vertical ground acceleration (PGA) under different pile-row
configurations.

The PGA at each measurement point was highest for the no-pile case, followed by the single-
row barrier and then the double-row barrier. This confirms that concrete row-pile barriers can
effectively attenuate surface-wave propagation through wave-impedance mismatch and wave
scattering [16].

The vibration-isolation benefit of increasing the number of pile rows was most pronounced in
the near-field region and gradually converged with increasing propagation distance. At 3 m, the PGA
reduction percentages for the single-row and double-row barriers relative to the no-pile case were
32.14% and 39.29%, respectively. The additional gain provided by the double-row barrier was 7.14
percentage points and peaked at approximately 11.7 percentage points at 5 m. This indicates that
multiple scattered waves generated by the staggered double-row barrier may have enhanced
destructive interference in this region. However, beyond 7 m, the PGA difference between the two
pile-barrier configurations narrowed to within 15 mm/s*. At 9 m, the difference was only 4 mm/s?,
indicating that the additional isolation benefit of the double-row barrier had become relatively small.
The two attenuation curves therefore gradually approached each other, indicating that the marginal
isolation benefit of increasing the number of rows decreases with propagation distance. In the far
field, wave field evolution is increasingly governed by diffracted-wave contributions and material
damping, making the influence of the pile-row configuration less pronounced [17].

2.2.2 Effect of vibration-wave propagation direction on vibration response

To investigate how the vibration response varies with the wave propagation direction,
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measurement points were arranged in two directions for comparative tests. One direction was

perpendicular to the pile alignment (90°). The other was oblique at 45° to the pile alignment. The

layout is shown in Figure 5. The measured results are shown in Figure 6(a) for the single-row barrier

and Figure 6(b) for the double-row barrier.
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Figure 5. Layout of measurement points for different propagation directions.
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Figure 6. Effect of propagation direction on peak vertical ground acceleration (PGA): (a) single-
row barrier; (b) double-row barrier.

For the single-row configuration, the differences in response between the two propagation

directions were negligible at all measured distances. At 3 m, the PGA in the 45° direction (146 mm/s?)

was only 3.9% lower than that in the perpendicular direction (152 mm/s?), indicating weak

directional dependence of the near-field response within the measurement directions and distance

range considered in this study [18].

The double-row configuration exhibited a markedly different response, with pronounced
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directional dependence in the near field. At 3 m, the PGA in the 45° direction reached 176 mm/s?,
approximately 29.4% higher than the 136 mm/s?> measured in the perpendicular direction, indicating
local vibration amplification rather than isolation. This phenomenon may be associated with
interference among multiple scattering paths generated by the staggered double-row arrangement.
In the field layout, the double-row barrier used a pile spacing of 1.4 m and an inter-row spacing of
1.0 m in a staggered arrangement. These geometric relationships, together with oblique wave
propagation, may alter the phase relationships among scattered waves and contribute to local
response amplification. However, the present experiments did not directly measure the phase
differences between individual scattering paths. Therefore, constructive interference should be
regarded as a possible mechanism consistent with the observations rather than as a phase condition
directly demonstrated by the experiments. Notably, the same amplification was not observed for the
single-row configuration. This difference is consistent with the possible contribution of mutual
scattering between the two pile rows, although its specific role requires further verification using
frequency-domain and phase information [19].

Consistent with the trend observed in Section 2.2.1, the response differences associated with
propagation direction rapidly diminished with increasing distance. At source-to-receiver distances
of 5 m and beyond, the relative PGA differences between the two directions were within 5% for both
pile configurations, indicating that the far-field radiation pattern became approximately isotropic
and was no longer strongly affected by the vibration-wave propagation direction.

Overall,this section investigated the effects of the number of pile rows and propagation
direction on ground-vibration response through in-situ experiments. The results show that both
single-row and double-row barriers can reduce near-field PGA, while the additional isolation benefit
associated with increasing the number of rows gradually converges with propagation distance.
Under the experimental conditions considered herein, the response difference between the two pile
configurations became markedly smaller beyond approximately 7 m. In addition, local vibration
amplification occurred in the 45° oblique near field at 3 m behind the double-row barrier, where the
PGA was approximately 29.4% higher than that in the perpendicular direction, whereas no
pronounced directional difference was observed for the single-row configuration. These results
provide a field basis for quantitative validation of the subsequent numerical model and for the

parameter analyses [20].
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3. Numerical Simulation

In-situ tests can capture the vibration isolation performance under specific site conditions.
However, they cannot systematically examine the coupled effects of multiple parameters. These
parameters include pile length, pile diameter, pile spacing, number of pile rows, and layout
configuration. To overcome these limitations, this section develops a three-dimensional dynamic
numerical model using the ABAQUS finite element platform [21]. All key parameters are obtained
from site investigation and test data.

3.1 Development of the Three-Dimensional Numerical Model

Based on a wavelength-based computational-domain criterion, the width and depth of the
computational domain should be 1-1.5 times the shear wavelength of interest. At this site, the shear-
wave velocity is about 350 m/s, and the dominant test frequency is about 30 Hz. The corresponding
Rayleigh wavelength is about 10.8 m, consistent with the wavelength-based attenuation
characteristics reported for soil-periodic pile systems [22]. On this basis, the model dimensions were
set to 80 m x 80 m x 70 m. The row piles were modeled using the actual field-test design parameters:
pile diameter of 0.4 m, pile length of 4 m, and pile spacing (center-to-center distance) of 1.4 m. For
the double-row configuration, a staggered arrangement with an inter-row spacing of 1.0 m was
adopted to reproduce the field layout. A total of nine piles formed a single-row barrier. The FWD
loading plate was simplified as a rigid circular loading surface with a diameter of 0.3 m. It was
placed on the ground surface 1 m from the first pile, consistent with the field layout. To avoid non-
physical reflections from artificially truncated boundaries, infinite elements were used at the outer
boundaries of the model. They were activated by modifying the input-file keywords in ABAQUS.
For the mesh size, Kuhlemeyer and Lysmer recommended that the element size should not exceed
one-tenth of the wavelength corresponding to the highest frequency of interest. The site Rayleigh
wavelength is about 10.8 m; therefore, a 1 m mesh meets this requirement. Trial calculations showed
that further refinement changed the PGA at key measurement points by less than 5%. This mesh size
was therefore adopted to balance accuracy and efficiency. The model was discretized entirely with

hexahedral elements (Figure 7) [23].
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Figure 7. Three-dimensional finite element model.

4m

The soil was modeled using an elastoplastic Mohr-Coulomb constitutive model. The physical

and mechanical parameters of each soil layer are listed in Table 3. Under FWD impact loading, the

soil strain level was low (y < 10™*). Therefore, a small-strain stiffness degradation curve was

introduced to modify the elastic modulus. This enabled accurate simulation of the dynamic nonlinear

behavior of the soil.

Table 3. Material parameters used in the numerical model.

Layer . Elastic . , .
Layer thickness g{er/lrs;})l modulus fa(z(s)son S gggp g
(m) ¢ (MPa)
1 3.0 1940 35 0.33 0.03
2 5.0 1860 30 0.33 0.03
3 10.0 1960 55 0.33 0.03
4 52.0 1960 100 0.33 0.03
concrete
orade C20 2400 25500 0.16

Rayleigh damping was used in the dynamic analysis to represent the material damping

characteristics of the soil. Based on the measured damping ratio of the site soil, the damping ratio
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was taken as ° = 0.03. The mass damping coefficient ¢ and the stiffness damping coefficient s

were determined by Equation (1):

{a=2ga)la)2 /o+o,)

L =2c/Cw+w,) )

, where “ and “z are the first two natural circular frequencies of the system. The corresponding

values of a and B were obtained after estimating the fundamental frequency range from modal
analysis. The adopted damping parameters were intended to approximate the energy dissipation
characteristics of the soil at the test site, and their adequacy was evaluated by comparing the
numerical attenuation response with the measured field response. The validation results indicate that
this damping representation adequately captures the wave-attenuation behavior under the site and
excitation conditions considered in this study.

The contact condition at the pile—soil interface directly affects the dissipation and transfer of
vibration energy between the piles and surrounding soil. A penalty-based frictional contact algorithm
was adopted to simulate the interface behavior, with hard contact specified in the normal direction
and a tangential friction coefficient of 0.38, calibrated from laboratory direct-shear tests. Unlike a
fully bonded assumption, this formulation allows interface separation and sliding, thereby reducing
potential distortion in stress transfer around the piles.

3.2 Model Validation and Error Analysis

The attenuation curves of the simulated surface vertical PGA with propagation distance were
compared with the field FWD measurements, as shown in Fig. 8 and Table 4. For all three
configurations, the numerical simulations reproduced the measured trend of decreasing PGA with
increasing propagation distance. The simulated and measured values showed good overall
agreement for the no-pile, single-row, and double-row configurations. These results indicate that the
numerical model can adequately reproduce the ground-vibration attenuation behavior under the
experimental conditions considered and is suitable for subsequent parameter analyses of row-pile

barriers [24].
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Figure 8. Comparison of measured and simulated peak vertical ground acceleration (PGA)
attenuation curves.

Table 4. Comparison of measured and simulated peak vertical ground acceleration (PGA) at
different source-to-receiver distances.

Configuration Data 3m 5m 7m 9m Il m
No-pile Measured 224 145 87 64 54
No-pile Simulated 219 146 90 65 56
Single-row Measured 152 103 76 57 47
Single-row Simulated 156 103 73 55 46
Double-row Measured 136 86 59 53 42
Double-row Simulated 135 89 62 51 41

Note: Values are vertical peak ground acceleration (PGA). Overall error metrics are calculated from all 15
measured—simulated data pairs: RMSE = 2.50 mm/s?2, MAE = 2.13 mm/s?, R? = 0.9974, mean relative error
=2.62%, and maximum relative error = 5.08%.

4. Numerical Results and Discussion

Based on the model validation, the vibration isolation behavior is discussed in the following
order: governing parameters and threshold effects; spatial arrangement and near-field response;
synergistic effects and marginal benefits of multiple pile rows; and integrated parameter implications
for design. The discussion focuses on identifying controlling factors, threshold effects, and marginal
benefits rather than simply listing parameter-dependent variations.

4.1 Numerical Analysis of Single-Row Pile Barriers

For the single-row simulations, the baseline conditions were a pile diameter of 0.4 m, pile
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spacing (center-to-center distance) of 1.4 m, pile length of 4 m, C20 concrete, and a barrier center
aligned with the vibration source. When a given parameter was investigated, only that parameter
was varied while all other baseline conditions were kept unchanged.

Pile length exhibited a clear effective range and diminishing marginal benefit. The
improvement in vibration isolation was relatively limited for pile lengths below 8 m, while the
reduction ratio increased progressively with increasing pile length. Once the pile length reached
approximately 16 m, the incremental benefit associated with further increases in pile length
decreased markedly (Fig. 9(a)). This indicates that sufficient embedment depth is important for
forming an effective scattering barrier, whereas beyond a certain depth, the additional contribution
of pile length to the surface wave field becomes increasingly limited [25].

Pile spacing exhibited a pronounced threshold effect. At small spacings, scattering between
adjacent piles maintained relatively strong coupling of the wave field. When the spacing increased
beyond 3.0 m, more wave energy could diffract through the gaps between piles, resulting in a marked
reduction in vibration isolation; at 4.0 m, the barrier effect became weak (Fig. 9(b)). Thus, pile
spacing primarily governs barrier continuity and represents a key geometric parameter for single-
row barriers [26].

Pile diameter showed a transition from a pronounced isolation benefit to a gradual saturation
effect. For diameters below 0.6 m, increasing the pile diameter enhanced the impedance contrast and
scattering between the piles and surrounding soil. Beyond approximately 0.6 m, further increases in
pile diameter produced only limited additional isolation benefit (Fig. 9(c)).

Within the parameter range investigated in this study, concrete strength grade had a relatively
small influence on the reduction ratio. The variation in reduction ratio from C20 to C60 was limited,
indicating that when the piles remain within their normal elastic working range and the geometric
conditions are comparable, the isolation response is less sensitive to concrete strength than to pile

length, pile spacing, and pile diameter (Fig. 9(d)).
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Figure 9. Effects of single-row pile parameters on vibration isolation performance: (a) pile length;
(b) pile spacing; (c) pile diameter; (d) concrete strength.

Overall, the vibration isolation performance of the single-row barrier was governed primarily
by pile length and pile spacing, followed by pile diameter, whereas the influence of concrete strength
was relatively limited within the parameter range considered. Under the conditions investigated in
this study, pile lengths of approximately 12—16 m, pile spacings of approximately 1.0-2.0 m, and a
pile diameter of approximately 0.6 m were associated with more pronounced improvements in
vibration isolation and may serve as reference ranges for the present study. These values should not
be interpreted as universal design values; practical applications still require verification against the

soil-wave velocity, target frequency, protection distance, and construction conditions of the specific

site.

4.2 Spatial Arrangement and Near-Field Response

In addition to geometric parameters such as pile length, pile spacing, and pile diameter, the

relative positions of the barrier, vibration source, and protected target can influence near-field wave
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propagation and scattering. This section therefore examines the effects of barrier location and the
lateral position of the vibration source on the isolation response, with particular emphasis on spatial

non-uniformity.

Vibration Source Case 1 Vibration Source Case 2

distance from the vibration source

O 000600 0O0

Row-pile barrier

Figure 10. Spatial layout of the vibration source, pile barrier, and measurement points.

The barrier location primarily affected the near-field response in the vicinity of the barrier.
[22,23] The numerical results show that when the barrier was located approximately 1.0 m from
the vibration source, the reduction ratio on the protected side was approximately 13.3%; when the
barrier was moved to approximately 2.5 m from the source, the reduction ratio increased to
approximately 20% (Fig. 11(a)). This result indicates that placing the barrier closer to the vibration
source does not necessarily lead to greater isolation, because changes in barrier location modify
the near-field wave-scattering field and the resulting spatial distribution of the vibration response.
When the barrier was located relatively close to the protected target, local vibration enhancement
could occur behind the barrier, indicating that the interaction between the barrier, diffracted waves,
and the protected-side response should be considered in the spatial arrangement. These
observations are specific to the site conditions and parameter ranges investigated in this study.

To further examine the influence of the lateral position of the vibration source, two
representative source locations were considered, as illustrated in Fig. 10. In Case 1, the vibration
source was aligned with the centerline of a pile, whereas in Case 2, the source was located on the

centerline between two adjacent piles.
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Figure 11. Effects of spatial layout parameters on vibration isolation performance: (a) barrier
location; (b) lateral position of the vibration source.

The results indicate that the sensitivity to the lateral source position depended on the center-to-
center pile spacing (Fig. 11(b)). [24,25] When the pile spacing was 2.0 m, the difference in the
reduction ratio between the two source positions was the most pronounced. As the pile spacing
decreased to 1.4 m, the sensitivity to the source position was reduced, although a noticeable
difference remained. When the pile spacing was further reduced to 1.0 m, the isolation responses
corresponding to the two source positions became relatively close. These 1.4 m and 1.0 m cases are
numerical parametric conditions; the field-test center-to-center spacing was 1.4 m, with a 1.0 m clear
gap between adjacent 0.4 m-diameter piles. The trend suggests that smaller pile spacing improves
the spatial continuity of the barrier and reduces the sensitivity of the isolation response to lateral
variations in the vibration-source position.

Overall, the spatial arrangement of the barrier and vibration source mainly affected the near-
field response, whereas the influence became less pronounced with increasing propagation distance.
The barrier location modifies the local scattering and diffraction field, while pile spacing affects the
sensitivity of the isolation response to the lateral position of the vibration source. Therefore, under
the conditions investigated in this study, spatial layout should be considered as a secondary design
variable after the principal geometric parameters have been determined, rather than represented by
a fixed universal spatial relationship. These findings also provide a basis for the subsequent analysis

of the synergistic effects and marginal benefits of multiple pile rows.
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4.3 Synergistic Effects and Marginal Benefits of Multiple Pile Rows

The multiple-row simulations used a pile diameter of 0.4 m, pile length of 4 m, pile spacing
(center-to-center distance) of 1.4 m, inter-row spacing of 1.0 m, a staggered arrangement, and C20
concrete as the baseline condition. Except for the parameter under investigation, all other conditions
were kept unchanged. The analysis focused on the effects of the number of rows, pile length, pile
spacing, and pile diameter on the vibration-isolation performance and marginal benefits of multiple-
row barriers.

Increasing the number of pile rows adds scattering and energy-dissipation paths, thereby further
improving near-field vibration isolation [22]. When the number of rows increased from one to three,
the reduction ratio increased from approximately 30% to nearly 50%, while the marginal benefit of
each additional row gradually decreased (Fig. 12(a)). This indicates that the isolation benefit of
multiple pile rows does not increase linearly with row number. Their principal advantage lies in
near-field wave field control, whereas the additional benefit generated by continuously adding
barriers becomes increasingly limited [27].

The effect of pile length in multiple-row barriers was generally consistent with that observed
for the single-row barrier, although the effective pile-length range occurred at a shorter length.
Increasing the pile length from 8 to 12 m resulted in a marked increase in the reduction ratio, whereas
the increase became more gradual beyond 12 m. When the pile length reached 30 m, the reduction
ratio was approximately 70% (Fig. 12(b)). The superposition of scattering between rows enables the
multiple-row system to achieve relatively high vibration isolation with shorter piles. Under the
conditions investigated in this study, 8—12 m may serve as one reference range for pile length in
multiple-row barriers; however, this range still requires verification against site stratigraphy, target
frequency, and protection distance [28].

The multiple-row system also exhibited a pronounced threshold effect associated with pile
spacing. The isolation performance improved continuously as the center-to-center pile spacing
decreased from 4 m to 1 m. When the spacing exceeded 2 m, the isolation effect became markedly
limited; at a center-to-center spacing of 1.0 m and below, the simulated reduction ratio reached
approximately 75% (Fig. 12(c)). Closely spaced piles enhance wave field coupling between adjacent
piles and form a more continuous propagation-path barrier. It should be emphasized that these results

reflect the response under the site, excitation conditions, and parameter ranges investigated in this
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study and should not be directly interpreted as universal engineering criteria [29].

Compared with the single-row barrier, the multiple-row system was less sensitive to the
diameter of an individual pile. A pile diameter of 0.2 m already produced a measurable isolation
effect, while increasing the diameter to 0.4 m resulted in a reduction ratio of approximately 50%
(Fig. 12(d)). This suggests that, in a multiple-row system, part of the limitation associated with a
smaller individual pile diameter may be compensated for by adding pile rows. However, the specific

trade-off remains dependent on soil conditions, excitation frequency, and geometric scale..
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Figure 12. Effects of multiple-row pile parameters on vibration isolation performance: (a) number
of rows; (b) pile length; (c) pile spacing; (d) pile diameter.

The difference in vibration isolation performance between staggered and aligned arrangements
was relatively limited, with the staggered arrangement providing only a slight improvement that was
not pronounced (Figs. 13 and 14). Therefore, under the conditions investigated in this study, the

number of rows and pile spacing had more pronounced effects on the isolation performance of the

multiple-row system, whereas the specific arrangement can be selected according to site conditions
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474
475 Under the conditions considered in this study, the multiple-row barrier was relatively

476  insensitive to changes in the lateral position of the vibration source. The isolation performance was
477  essentially the same when the source was aligned with the pile center or located on the centerline
478  between two piles (Fig. 15), indicating that multiple scattering in the multiple-row system can, to

479  some extent, reduce the dependence of the isolation response on the incident geometry.
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Within the investigated range of 0.5-1.5 m, variations in inter-row spacing produced no
pronounced change in the reduction ratio. Therefore, within the parameter range considered in this
study, inter-row spacing was not a primary controlling factor. This conclusion should not be

extrapolated to larger spacings or different frequency and soil conditions [31].
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Figure 16. Effect of inter-row spacing on vibration isolation performance.

Overall, under the conditions investigated in this study, two to three pile rows, pile lengths of
approximately 8—12 m, and relatively small pile spacing exhibited more pronounced synergistic
vibration isolation effects and may serve as reference ranges for the present study. These parameter
ranges apply only to the site, excitation frequency, and model parameters considered herein and
should not be interpreted as universal engineering recommendations. The principal advantage of the

multiple-row system lies in the synergistic isolation achieved through the number of rows and
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geometric arrangement rather than simply through increasing the strength of the pile material [32,33].
4.4 Dimensionless Analysis Based on the Characteristic Wavelength

"L/A"s /A" A /A" r JA"A" To further elucidate the relationship between the geometric
dimensions of the pile barrier and the wave characteristics of the site, a characteristic wavelength
was introduced to nondimensionalize the geometric parameters based on the numerical results
presented above. The pile length, pile spacing, pile diameter, and source-to-receiver distance were
normalized as "L/A""s/A""d /A"and"r /A", respectively, where"A"denotes the Rayleigh wavelength
corresponding to the dominant excitation frequency of approximately 30 Hz at the test site, which
was approximately 10.8 m. This analysis does not introduce additional numerical results; rather, it
provides a unified scale-based interpretation of the threshold effects and spatial response
characteristics identified in the preceding parameter analyses [15,34].

"L/A"The normalized pile length provides further insight into the effective scale of the pile
barrier relative to the characteristic wavelength. As the pile length increased from 8 to approximately
16 m, L/A increased from approximately 0.74 to 1.48. In conjunction with the pile-length analysis
presented above, the isolation benefit was found to increase progressively with pile length but to
exhibit a reduced marginal gain once the pile length reached approximately 16 m. In other words,
under the conditions investigated in this study, the marginal isolation benefit tends to decrease when
the pile length approaches the order of the characteristic wavelength. This finding suggests that the
effective depth of the pile barrier is governed not only by its geometric dimensions but also by the
characteristic wave scale of the site.

A similar scale-dependent behavior was observed for pile spacing. For pile spacings of 1-2 m,
"s/A" ranged from approximately 0.09 to 0.19, whereas increasing the spacing to 3—4 m resulted in
"s/A" values of approximately 0.28—0.37, accompanied by a pronounced reduction in isolation
performance. Under the conditions investigated herein, when the normalized pile spacing
approached approximately"”s/A" = 0.3, diffraction through the gaps between adjacent piles became
increasingly important, thereby weakening the continuity of the barrier. Thus, the relative scale of
pile spacing with respect to the characteristic wavelength may provide a more meaningful
interpretation of the observed threshold effect than the absolute pile spacing alone.

In contrast, the influence of pile diameter was relatively limited when expressed in terms of the

characteristic wavelength. Taking the response transition observed at a pile diameter of
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approximately 0.6 m as a reference, the corresponding normalized diameter was "d /A" = 0.056.
Further increases in pile diameter resulted in progressively smaller improvements in vibration
isolation. This trend is consistent with the preceding pile-diameter analysis and indicates that, within
the parameter range investigated in this study, the normalized pile length and pile spacing have a
more pronounced relationship with the observed isolation response than the normalized pile diameter.

For the propagation distance, the field measurement points located 3—11 m from the vibration
source corresponded to "r/A" values of approximately 0.28-1.02. As indicated by the field
measurements and numerical simulations, the differences in vibration response among the different
pile configurations were mainly concentrated in the near-field region and gradually diminished with
increasing propagation distance. After normalization by the characteristic wavelength, the same
trend remained evident: differences associated with the number of pile rows were more pronounced
at relatively small "r/A", whereas the isolation responses of the different pile configurations
gradually converged as"r/A"increased. This observation indicates that the additional isolation
benefit associated with increasing the number of pile rows is strongly dependent on the propagation
distance and is related, to some extent, to the characteristic wavelength of the site [35].

"L/A""s/A" Overall, the dimensionless analysis indicates that the wvibration isolation
performance of concrete row-pile barriers is governed not only by the absolute geometric
dimensions of the piles, but also by their relative scales with respect to the characteristic wavelength
of the site. In particular, the normalized pile length and pile spacing show a clear correspondence
with the threshold effects identified in the preceding analyses, while normalization of the
propagation distance helps explain why the additional isolation benefit of multiple pile rows is
primarily concentrated in the near-field region. It should be emphasized that the characteristic scales
and corresponding relationships identified herein are based on the test site, the dominant excitation
frequency of approximately 30 Hz, and the parameter ranges considered in this study. They are
therefore intended primarily to interpret and generalize the present results and should not be regarded
as universal critical values applicable to different sites, excitation frequencies, or geometric scales
[36,37].

4.5 Integrated Parameter Assessment and Design Implications
Taken together, the single-row and multiple-row analyses indicate that vibration isolation

design using row-pile barriers should prioritize the determination of effective pile length and pile
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spacing, followed by the selection of the number of rows and subsequent verification of the spatial
arrangement. Pile length governs the effective depth of the barrier, pile spacing controls barrier
continuity, and the number of rows determines the degree of multiple-scattering superposition,
whereas pile diameter and concrete strength are primarily associated with structural and construction
requirements. For engineering applications in which the protected target is located in the near field,
the source location, propagation direction, and relative distance between the barrier and protected
target should also be checked to avoid local wave field amplification. Because the parameter
analyses in this study are based on a single site and a dominant excitation frequency of
approximately 30 Hz, site-specific verification should be performed using the dynamic soil

parameters and target vibration frequency range of the actual project.

5. Conclusions

This study investigated the ground vibration isolation performance of concrete row-pile barriers
and their principal controlling factors through a combination of in-situ experiments and finite
element simulations. The numerical model was validated against the field measurements in terms of
vibration response under different pile-row configurations and propagation directions, and was
subsequently used to systematically examine the effects of pile geometry and spatial arrangement.
The main conclusions are as follows:

(1) Concrete row-pile barriers effectively attenuated ground vibration, and their isolation
performance exhibited pronounced spatial non-uniformity. Both single-row and double-row barriers
provided effective attenuation, while the additional benefit of multiple rows was concentrated
mainly in the near-field region and gradually decreased with propagation distance.

(2) Increasing the number of pile rows further improved vibration attenuation, but the marginal
isolation benefit decreased with propagation distance and row number. Under the conditions
investigated in this study, the additional benefit of the double-row barrier over the single-row barrier
was most evident in the near field, whereas the vibration responses of the two configurations
gradually converged with increasing propagation distance.

(3) Propagation direction had an important influence on the near-field response of the finite
multi-row barrier. At a source-to-receiver distance of 3 m, the PGA behind the double-row barrier

in the 45° direction was approximately 29.4% higher than that in the perpendicular direction,
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whereas the corresponding difference for the single-row barrier was approximately 3.9%. The
directional difference became markedly smaller with increasing propagation distance, demonstrating
the directional non-uniformity of the finite barrier response.

(4) Pile length, pile spacing, and the number of rows were the principal parameters governing
isolation performance and exhibited clear threshold effects and diminishing marginal benefits. For
the single-row barrier, under the conditions investigated herein, pile lengths of approximately 12—
16 m and pile spacings of approximately 1-2 m were associated with more pronounced
improvements in vibration isolation. The influence of pile diameter gradually approached saturation
beyond approximately 0.6 m, whereas concrete strength had a relatively limited influence within the
investigated range. For multiple-row barriers, increasing the number of rows and reducing pile
spacing further improved vibration attenuation, but the additional benefit gradually diminished.

(5) The scale-based analysis showed that the observed parameter thresholds can be interpreted
in relation to the characteristic Rayleigh wavelength of the site. Under the conditions investigated
in this study, the normalized pile length, pile spacing, and propagation distance provided a consistent
scale-based description of the parameter sensitivity and near-field concentration of the additional
benefit of multiple rows. These relationships are intended to interpret the present results and should
not be regarded as universal critical values for different sites, excitation frequencies, or geometric
scales.

The in-situ experiments employed transient FWD impact loading, which differs from the
loading characteristics of actual moving trains, and the parameter analyses were based on a single
site with a dominant excitation frequency of approximately 30 Hz. Future studies should therefore
incorporate realistic train loads, different geological conditions, and a broader range of excitation
frequencies, together with frequency-domain and wave-field analyses, to further verify the

applicability and mechanisms of finite multi-row pile barriers.
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