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In-situ experiments and numerical simulation of ground vibration isolation using 1 

concrete row-pile barriers 2 

Ping Xu a,, Fengyi Guo a, Ruilin Zhang a, 
3 

aSchool of Water Conservancy and Transportation, Zhengzhou University, Zhengzhou, 450001, P.R. 4 

China.  5 

Abstract: In recent years, ground vibration induced by train operation and other rail-transit activities has 6 

become increasingly prominent, creating a growing need for effective vibration isolation measures. This study 7 

combines in-situ experiments with finite element simulations to systematically investigate the ground 8 

vibration isolation performance of concrete row-pile barriers. Firstly, in-situ experiments were conducted 9 

under no-barrier, single-row, and double-row configurations to examine the effects of the number of pile rows 10 

and vibration direction on isolation performance. A finite element model was then established and validated 11 

against the experimental results. Based on the validated model, parametric analyses were performed to 12 

investigate the effects of pile length, pile diameter, pile spacing, number of pile rows, barrier location, and 13 

source position. Further dimensionless analysis was conducted by normalizing the pile geometric parameters 14 

and source-to-barrier distance with the characteristic Rayleigh wavelength of the site. The results show that 15 

the isolation performance of row-pile barriers exhibits pronounced spatial non-uniformity. For single-row 16 

barriers, pile length and spacing are the dominant parameters, with effective ranges of approximately 12–16 17 

m and 1–2 m, respectively. For multiple-row barriers, increasing the number of rows improves vibration 18 

attenuation but produces diminishing marginal benefits. Local vibration amplification is also observed behind 19 

double-row barriers in the near-field oblique region. Finally, the findings provide a scientific basis and 20 

engineering reference for the design of concrete row-pile barriers for ground vibration isolation. 21 

Keywords: Ground vibration; Concrete row-pile barriers; Vibration isolation; In-situ experiments; Finite 22 

element simulation; Wave propagation. 23 

 24 

1. Introduction 25 

In recent years, ground vibration associated with rail transit and other urban activities has 26 

become an important environmental concern because vibration can propagate through the ground to 27 

 

 Corresponding author. 
Email address: plian127@163.com (P. Xu); ruilinzhang@zzu.edu.cn (R. Zhang) 
 



 

 

nearby buildings, precision laboratories, medical facilities, and other vibration-sensitive facilities. 28 

Previous studies have documented the generation and propagation of traffic- and railway-induced 29 

ground vibration, emphasizing the importance of source characteristics and transmission paths [1]. 30 

When the frequency content of ground vibration approaches the sensitive frequency range of a 31 

structure or piece of equipment, significant dynamic responses may occur  . Effective control 32 

measures are therefore required along the propagation path . Experimental and field studies have 33 

further highlighted the influence of wave propagation conditions and barrier-related transmission 34 

characteristics on measured ground vibration  . These findings provide the basis for investigating 35 

practical measures for vibration reduction in the propagation path [2,3]. The practical performance 36 

of such measures depends on the barrier configuration and excitation conditions. 37 

Extensive studies have investigated wave barriers for ground-vibration isolation using 38 

analytical, numerical, laboratory, and field approaches. Early work established the screening effects 39 

of pile rows and clarified the importance of pile–soil interaction, barrier geometry, and impedance 40 

contrast [4]. Subsequent studies examined pile rows under moving loads and demonstrated the 41 

potential of pile barriers for reducing vibration transmission [5]. Numerical investigations of layered 42 

and poroelastic media further showed that soil conditions and wave characteristics can affect the 43 

isolation response . Studies of finite and periodic pile configurations have also demonstrated that 44 

pile spacing, geometry, and periodicity influence surface-wave attenuation . Analytical and 45 

numerical optimization approaches subsequently explored the design of wave barriers and the 46 

characteristics of attenuation zones . Field experiments and coupled numerical–experimental studies 47 

have provided additional evidence that barrier performance depends on the excitation and site 48 

conditions [6]. Other studies have examined train-induced vibration mitigation and the performance 49 

of filled or combined barriers, further broadening the range of practical barrier configurations 50 

considered . Related studies have also examined dual in-filled trenches and periodic wave barriers 51 

for vibration screening and surface-wave isolation. 52 

More recent studies have extended this research toward practical vibration mitigation under 53 

transportation and site-specific conditions. Investigations published in recent years have considered 54 

topology-optimized barriers and periodic wave-impeding barriers, emphasizing the influence of 55 

barrier geometry on vibration reduction . Field-based research has also assessed single and coupled 56 



 

 

wave barriers under realistic excitation conditions [7]. Partially embedded periodic piles and novel 57 

periodic pile barriers have been investigated to improve surface-wave isolation and broaden the 58 

applicable frequency range [8]. Composite barriers and complex band-structure approaches have 59 

further clarified the roles of material composition and wave dispersion in vibration isolation . Recent 60 

work has also addressed railway-induced vibration in tunnels and buildings, as well as site-specific 61 

numerical validation [9]. Exact solutions and multi-row geometric effects have been examined for 62 

periodic pile barriers under different wave-propagation conditions .  63 

Recent investigations have also considered the effects of multi-row pile geometry and advanced 64 

periodic pile barriers [10]. Other studies have examined composite periodic barriers and wave-65 

dispersion characteristics, including the effects of material composition and band structure [11]. 66 

Railway-specific applications and site-oriented numerical studies have further highlighted the 67 

influence of soil conditions and propagation environments on vibration isolation [12]. 68 

Nevertheless, most existing mechanistic studies focus on idealized wave fields, periodic or 69 

simplified barrier assumptions, or a limited set of geometric parameters . Systematic field-validated 70 

evidence remains limited regarding how pile length, spacing, diameter, row number, barrier location, 71 

and source position jointly affect the spatially non-uniform response of finite concrete row-pile 72 

barriers . Several specific knowledge gaps therefore remain. First, although the effects of individual 73 

pile parameters have been widely reported, the corresponding threshold behavior and diminishing 74 

marginal benefits have rarely been evaluated within a single field-calibrated numerical framework. 75 

In particular, the geometric effects of multi-row systems and their dependence on barrier 76 

configuration remain incompletely characterized [13]. Second, the additional benefit of multiple pile 77 

rows is generally assessed in terms of overall attenuation, whereas its dependence on propagation 78 

distance and its spatial concentration in the near field have received less attention [14]. Third, most 79 

existing studies consider normal or simplified incident-wave conditions; consequently, directional 80 

non-uniformity and possible local amplification associated with oblique incidence of finite multi-81 

row barriers remain insufficiently characterized [15]. These issues motivate a field-validated 82 

investigation that links geometric parameters, spatial response, and characteristic wavelength. 83 

To address these gaps, this study combines in-situ experiments with a three-dimensional finite 84 

element model to investigate the vibration isolation behavior of finite concrete row-pile barriers 85 



 

 

under controlled transient excitation. Field tests were conducted for no-pile, single-row, and double-86 

row configurations using a falling weight deflectometer (FWD), providing measurements of vertical 87 

ground vibration at multiple source-to-receiver distances and propagation directions. The FWD is 88 

treated here as a controlled transient excitation rather than a direct representation of moving train 89 

loading; its dominant frequency is within the frequency range considered relevant to the present site 90 

and provides a repeatable basis for comparing barrier configurations. The numerical model was 91 

calibrated against the field measurements and subsequently used to quantify the effects of pile length, 92 

pile diameter, pile spacing, number of rows, pile arrangement, barrier location, source position, and 93 

concrete strength. Specifically, this study aims to: (i) identify threshold effects and diminishing 94 

marginal benefits associated with the principal geometric parameters; (ii) clarify the spatial 95 

dependence of the additional isolation benefit provided by multiple pile rows; and (iii) characterize 96 

directional non-uniformity and local amplification that may arise under oblique incidence. Finally, 97 

the numerical results are interpreted using dimensionless geometric parameters normalized by the 98 

characteristic Rayleigh wavelength of the site [16]. The resulting field–numerical framework is 99 

intended to clarify the scale dependence and spatial characteristics of pile-barrier isolation [17] and 100 

to provide site-specific reference ranges for vibration-isolation applications under conditions 101 

comparable to those investigated herein [18]. 102 

 103 

2. In-situ experiments 104 

2.1 Experimental program 105 

To quantitatively evaluate the vibration isolation effect of concrete row piles on ground 106 

vibration, this section conducted in-situ tests at the outdoor field test site of the New Campus of 107 

Zhengzhou University. The test site is about 40 m × 40 m. It is flat and open, with no other vibration 108 

sources nearby. This effectively avoids interference from environmental vibration. The tests were 109 

performed under natural site conditions for both excitation and data acquisition. This preserved the 110 

natural soil structure, moisture condition, and stress history. As a result, the test results can capture 111 

the actual working performance of the row-pile vibration isolation system. 112 

Two pile layout cases were considered: a single-row barrier and a double-row barrier in a front-113 

to-back staggered arrangement, as shown in Figure 1. The pile diameter was 0.4 m, the pile length 114 

was 4 m, and the pile spacing (center-to-center distance) was 1.4 m, corresponding to a clear gap of 115 



 

 

1.0 m between adjacent piles. For the double-row barrier, the two rows were arranged in a staggered 116 

configuration with an inter-row spacing of 1.0 m. A mobile Luoyang shovel was used to drill the 117 

holes, and concrete was poured manually to form the piles. Five measurement points were arranged 118 

in a straight line along the vibration propagation direction. The first measurement point was 3 m 119 

from the vibration source, and the subsequent points were spaced at 2 m intervals, giving source-to-120 

receiver distances of 3, 5, 7, 9, and 11 m (Figure 1). 121 

 122 

Figure 1. Layout of the field test site and measurement points. 123 

 124 

2.1.1 Instrumentation 125 

A falling weight deflectometer (FWD) was used as the excitation source, applying a standard 126 

transient impact load at a fixed location. The FWD provides controlled and repeatable excitation, 127 

allowing the no-pile, single-row, and double-row configurations to be compared under identical 128 

input conditions. The dominant frequency of the FWD impact load was approximately 30 Hz, which 129 

partially overlaps with the rail-transit environmental vibration frequency range considered in this 130 

study [19]. It should be noted that the FWD represents a localized transient excitation and differs 131 

from the loading characteristics of an actual moving train [20]. Therefore, the present test should 132 

not be regarded as a direct equivalent of train loading; rather, it was used to investigate the effects 133 

of row-pile barriers on the propagation and scattering of ground vibration under controlled 134 

conditions. Within the frequency range and site conditions considered in this study, the experimental 135 

results provide a reference for understanding the vibration isolation mechanism of row-pile barriers 136 



 

 

under rail-transit-induced environmental vibration. 137 

 138 

Figure 2. Falling weight deflectometer (FWD) used for field excitation. 139 

 140 

2.1.2 Test procedure 141 

The tests followed a controlled comparative design: a no-pile baseline test was performed first, 142 

followed by comparative tests with piles. The vibration isolation effect was evaluated by comparing 143 

the vibration response data at the same measurement points under each case. The specific test 144 

procedure was as follows: 145 

(1) Site preparation: The test site was cleaned and leveled. The ground surface flatness was 146 

ensured to meet the requirements for equipment installation and test operations. (Figure 3(a)) 147 

(2) Measurement point layout: The first measurement point was placed 3 m from the vibration 148 

source. Additional points were then placed every 2 m toward the far field. A total of five 149 

measurement points were used. They were located 3, 5, 7, 9, and 11 m from the vibration source, 150 

respectively. Sensors were installed at each measurement point. 151 

(3) No-pile baseline test: After the measurement points were arranged, a standard-weight 152 

impact load was applied at the vibration source using the FWD. The vibration response data at each 153 

measurement point were synchronously acquired and recorded. These data served as the baseline 154 

for subsequent evaluation of the vibration isolation effect. (Figure 3(b)) 155 

(4) Pile installation: According to the pile positions determined by the test plan, a mobile 156 

Luoyang shovel was used to drill the holes. Concrete was then poured manually to form the piles 157 

(Figure 3(c)). The single-row barrier and double-row barrier were constructed according to their 158 

prescribed layouts. 159 



 

 

(5) Post-pile test: After the concrete piles were cured to the required design strength, vibration 160 

response tests were conducted again at each measurement point. The loading conditions and 161 

measurement point positions were exactly the same as those used in the baseline test (Figure 3(d)). 162 

(6) Data analysis: Test data were collected under each case. The acceleration reduction 163 

percentage and amplitude ratio at each measurement point were calculated. The effects of parameters 164 

such as the number of pile rows and propagation direction on vibration isolation performance were 165 

compared and analyzed. 166 

 167 

Figure 3. Field test setup and pile installation procedure. 168 

 169 

2.1.3 Site conditions 170 

To determine the stratigraphic distribution at the test site and obtain the physical and 171 

mechanical parameters of each soil layer, borehole drilling with coring and laboratory tests were 172 

carried out at the site. The results show that, from top to bottom, the soil layers at the site are as 173 

follows: Layer ① cultivated soil (0.5 m thick), Layer ② silty clay (2.5 m thick), Layer ③ silt (5.0 174 

m thick), and Layer ④ silty clay (10.0 m thick). The stratigraphic identification results are listed in 175 

Table 1, and the main physical and mechanical indices of each soil layer are listed in Table 2. The 176 



 

 

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

Table 1. Stratigraphic interpretation of the test site. 178 

Layer  
Relative 

elevation of 
layer bottom 

Thickne
ss (m) Lithology description 

① 0.0～-0.5 0.5 

Cultivated soil: yellowish brown, loose, 
slightly moist, contains a small amount of plant 

roots and humus. ② -0.5～-3.0 2.5 

Silty clay: yellowish brown, plastic, medium 
dry strength, medium toughness, no shaking 

reaction, slightly glossy. 

③ -3.0～-8.0 5.0 

Silt: yellowish brown, slightly dense, slightly 
moist, contains a small amount of rust-colored 
mottling, low dry strength, low toughness, no 

gloss. 

④ -8.0～-18.0 10.0 

Silty clay: yellowish brown, plastic, contains a 
small amount of calcareous concretions, 

medium dry strength, medium toughness, no 
shaking reaction, slightly glossy. 

 179 

Table 2. Physical and mechanical properties of the soil layers at the test site. 180 

Layer Soil type Water 
content, 
W₀ (%) 

Wet 
density, ρ 
(g/cm³) 

Compress
ion 

modulus, 
Eₛ (MPa) 

Cohesion, 
c (kPa) 

Internal 
friction 
angle, φ 

(°) ② Silty clay 21.5 1.94 8.9 30.2 22 ③ Silt 18.2 1.86 7.1 13.2 27 ④ Silty clay 21.7 1.96 9.8 25.2 21.3 

 181 

2.2 Experimental results 182 

2.2.1 Effect of pile-row configuration on vibration response 183 

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

point under the three cases: the no-pile case, single-row barrier, and double-row barrier. 185 



 

 

 186 

Figure 4. Measured peak vertical ground acceleration (PGA) under different pile-row 187 

configurations. 188 

 189 

The PGA at each measurement point was highest for the no-pile case, followed by the single-190 

row barrier and then the double-row barrier. This confirms that concrete row-pile barriers can 191 

effectively attenuate surface-wave propagation through wave-impedance mismatch and wave 192 

scattering [16]. 193 

The vibration-isolation benefit of increasing the number of pile rows was most pronounced in 194 

the near-field region and gradually converged with increasing propagation distance. At 3 m, the PGA 195 

reduction percentages for the single-row and double-row barriers relative to the no-pile case were 196 

32.14% and 39.29%, respectively. The additional gain provided by the double-row barrier was 7.14 197 

percentage points and peaked at approximately 11.7 percentage points at 5 m. This indicates that 198 

multiple scattered waves generated by the staggered double-row barrier may have enhanced 199 

destructive interference in this region. However, beyond 7 m, the PGA difference between the two 200 

pile-barrier configurations narrowed to within 15 mm/s². At 9 m, the difference was only 4 mm/s², 201 

indicating that the additional isolation benefit of the double-row barrier had become relatively small. 202 

The two attenuation curves therefore gradually approached each other, indicating that the marginal 203 

isolation benefit of increasing the number of rows decreases with propagation distance. In the far 204 

field, wave field evolution is increasingly governed by diffracted-wave contributions and material 205 

damping, making the influence of the pile-row configuration less pronounced [17]. 206 

2.2.2 Effect of vibration-wave propagation direction on vibration response 207 

To investigate how the vibration response varies with the wave propagation direction, 208 



 

 

measurement points were arranged in two directions for comparative tests. One direction was 209 

perpendicular to the pile alignment (90°). The other was oblique at 45° to the pile alignment. The 210 

layout is shown in Figure 5. The measured results are shown in Figure 6(a) for the single-row barrier 211 

and Figure 6(b) for the double-row barrier. 212 

 213 

Figure 5. Layout of measurement points for different propagation directions. 214 

 215 

Figure 6. Effect of propagation direction on peak vertical ground acceleration (PGA): (a) single-216 

row barrier; (b) double-row barrier. 217 

 218 

For the single-row configuration, the differences in response between the two propagation 219 

directions were negligible at all measured distances. At 3 m, the PGA in the 45° direction (146 mm/s²) 220 

was only 3.9% lower than that in the perpendicular direction (152 mm/s²), indicating weak 221 

directional dependence of the near-field response within the measurement directions and distance 222 

range considered in this study [18]. 223 

The double-row configuration exhibited a markedly different response, with pronounced 224 



 

 

directional dependence in the near field. At 3 m, the PGA in the 45° direction reached 176 mm/s², 225 

approximately 29.4% higher than the 136 mm/s² measured in the perpendicular direction, indicating 226 

local vibration amplification rather than isolation. This phenomenon may be associated with 227 

interference among multiple scattering paths generated by the staggered double-row arrangement. 228 

In the field layout, the double-row barrier used a pile spacing of 1.4 m and an inter-row spacing of 229 

1.0 m in a staggered arrangement. These geometric relationships, together with oblique wave 230 

propagation, may alter the phase relationships among scattered waves and contribute to local 231 

response amplification. However, the present experiments did not directly measure the phase 232 

differences between individual scattering paths. Therefore, constructive interference should be 233 

regarded as a possible mechanism consistent with the observations rather than as a phase condition 234 

directly demonstrated by the experiments. Notably, the same amplification was not observed for the 235 

single-row configuration. This difference is consistent with the possible contribution of mutual 236 

scattering between the two pile rows, although its specific role requires further verification using 237 

frequency-domain and phase information [19]. 238 

Consistent with the trend observed in Section 2.2.1, the response differences associated with 239 

propagation direction rapidly diminished with increasing distance. At source-to-receiver distances 240 

of 5 m and beyond, the relative PGA differences between the two directions were within 5% for both 241 

pile configurations, indicating that the far-field radiation pattern became approximately isotropic 242 

and was no longer strongly affected by the vibration-wave propagation direction. 243 

Overall,this section investigated the effects of the number of pile rows and propagation 244 

direction on ground-vibration response through in-situ experiments. The results show that both 245 

single-row and double-row barriers can reduce near-field PGA, while the additional isolation benefit 246 

associated with increasing the number of rows gradually converges with propagation distance. 247 

Under the experimental conditions considered herein, the response difference between the two pile 248 

configurations became markedly smaller beyond approximately 7 m. In addition, local vibration 249 

amplification occurred in the 45° oblique near field at 3 m behind the double-row barrier, where the 250 

PGA was approximately 29.4% higher than that in the perpendicular direction, whereas no 251 

pronounced directional difference was observed for the single-row configuration. These results 252 

provide a field basis for quantitative validation of the subsequent numerical model and for the 253 

parameter analyses [20]. 254 

 255 



 

 

3. Numerical Simulation 256 

In-situ tests can capture the vibration isolation performance under specific site conditions. 257 

However, they cannot systematically examine the coupled effects of multiple parameters. These 258 

parameters include pile length, pile diameter, pile spacing, number of pile rows, and layout 259 

configuration. To overcome these limitations, this section develops a three-dimensional dynamic 260 

numerical model using the ABAQUS finite element platform [21]. All key parameters are obtained 261 

from site investigation and test data. 262 

3.1 Development of the Three-Dimensional Numerical Model 263 

Based on a wavelength-based computational-domain criterion, the width and depth of the 264 

computational domain should be 1–1.5 times the shear wavelength of interest. At this site, the shear-265 

wave velocity is about 350 m/s, and the dominant test frequency is about 30 Hz. The corresponding 266 

Rayleigh wavelength is about 10.8 m, consistent with the wavelength-based attenuation 267 

characteristics reported for soil-periodic pile systems [22]. On this basis, the model dimensions were 268 

set to 80 m × 80 m × 70 m. The row piles were modeled using the actual field-test design parameters: 269 

pile diameter of 0.4 m, pile length of 4 m, and pile spacing (center-to-center distance) of 1.4 m. For 270 

the double-row configuration, a staggered arrangement with an inter-row spacing of 1.0 m was 271 

adopted to reproduce the field layout. A total of nine piles formed a single-row barrier. The FWD 272 

loading plate was simplified as a rigid circular loading surface with a diameter of 0.3 m. It was 273 

placed on the ground surface 1 m from the first pile, consistent with the field layout. To avoid non-274 

physical reflections from artificially truncated boundaries, infinite elements were used at the outer 275 

boundaries of the model. They were activated by modifying the input-file keywords in ABAQUS. 276 

For the mesh size, Kuhlemeyer and Lysmer  recommended that the element size should not exceed 277 

one-tenth of the wavelength corresponding to the highest frequency of interest. The site Rayleigh 278 

wavelength is about 10.8 m; therefore, a 1 m mesh meets this requirement. Trial calculations showed 279 

that further refinement changed the PGA at key measurement points by less than 5%. This mesh size 280 

was therefore adopted to balance accuracy and efficiency. The model was discretized entirely with 281 

hexahedral elements (Figure 7) [23]. 282 

 283 



 

 

 284 

Figure 7. Three-dimensional finite element model. 285 

 286 

The soil was modeled using an elastoplastic Mohr-Coulomb constitutive model. The physical 287 

and mechanical parameters of each soil layer are listed in Table 3. Under FWD impact loading, the 288 

soil strain level was low (γ < 10⁻⁴). Therefore, a small-strain stiffness degradation curve was 289 

introduced to modify the elastic modulus. This enabled accurate simulation of the dynamic nonlinear 290 

behavior of the soil. 291 

Table 3. Material parameters used in the numerical model. 292 

Layer 
Layer 
thickness 
(m) 

Density 
(kg/m³) 

Elastic 
modulus 
(MPa) 

Poisson's 
ratio 

Damping 
ratio 

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 
grade C20 

 2400 25500 0.16 
 

 293 

Rayleigh damping was used in the dynamic analysis to represent the material damping 294 

characteristics of the soil. Based on the measured damping ratio of the site soil, the damping ratio 295 



 

 

was taken as   = 0.03. The mass damping coefficient   and the stiffness damping coefficient   296 

were determined by Equation (1): 297 

 

1 2 1 2

1 2

2

2

= / +

/ +

   
   

 =

（ ）

（ ）
 (1) 298 

，where 1
  and 2

 are the first two natural circular frequencies of the system. The corresponding 299 

values of α and β were obtained after estimating the fundamental frequency range from modal 300 

analysis. The adopted damping parameters were intended to approximate the energy dissipation 301 

characteristics of the soil at the test site, and their adequacy was evaluated by comparing the 302 

numerical attenuation response with the measured field response. The validation results indicate that 303 

this damping representation adequately captures the wave-attenuation behavior under the site and 304 

excitation conditions considered in this study. 305 

The contact condition at the pile–soil interface directly affects the dissipation and transfer of 306 

vibration energy between the piles and surrounding soil. A penalty-based frictional contact algorithm 307 

was adopted to simulate the interface behavior, with hard contact specified in the normal direction 308 

and a tangential friction coefficient of 0.38, calibrated from laboratory direct-shear tests. Unlike a 309 

fully bonded assumption, this formulation allows interface separation and sliding, thereby reducing 310 

potential distortion in stress transfer around the piles. 311 

3.2 Model Validation and Error Analysis 312 

The attenuation curves of the simulated surface vertical PGA with propagation distance were 313 

compared with the field FWD measurements, as shown in Fig. 8 and Table 4. For all three 314 

configurations, the numerical simulations reproduced the measured trend of decreasing PGA with 315 

increasing propagation distance. The simulated and measured values showed good overall 316 

agreement for the no-pile, single-row, and double-row configurations. These results indicate that the 317 

numerical model can adequately reproduce the ground-vibration attenuation behavior under the 318 

experimental conditions considered and is suitable for subsequent parameter analyses of row-pile 319 

barriers [24]. 320 



 

 

  321 

Figure 8. Comparison of measured and simulated peak vertical ground acceleration (PGA) 322 

attenuation curves. 323 

 324 

Table 4. Comparison of measured and simulated peak vertical ground acceleration (PGA) at 325 

different source-to-receiver distances. 326 

Configuration Data 3 m 5 m 7 m 9 m 11 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 15 327 

measured–simulated data pairs: RMSE = 2.50 mm/s², MAE = 2.13 mm/s², R² = 0.9974, mean relative error 328 

= 2.62%, and maximum relative error = 5.08%. 329 

4. Numerical Results and Discussion 330 

Based on the model validation, the vibration isolation behavior is discussed in the following 331 

order: governing parameters and threshold effects; spatial arrangement and near-field response; 332 

synergistic effects and marginal benefits of multiple pile rows; and integrated parameter implications 333 

for design. The discussion focuses on identifying controlling factors, threshold effects, and marginal 334 

benefits rather than simply listing parameter-dependent variations. 335 

4.1 Numerical Analysis of Single-Row Pile Barriers 336 

For the single-row simulations, the baseline conditions were a pile diameter of 0.4 m, pile 337 



 

 

spacing (center-to-center distance) of 1.4 m, pile length of 4 m, C20 concrete, and a barrier center 338 

aligned with the vibration source. When a given parameter was investigated, only that parameter 339 

was varied while all other baseline conditions were kept unchanged. 340 

Pile length exhibited a clear effective range and diminishing marginal benefit. The 341 

improvement in vibration isolation was relatively limited for pile lengths below 8 m, while the 342 

reduction ratio increased progressively with increasing pile length. Once the pile length reached 343 

approximately 16 m, the incremental benefit associated with further increases in pile length 344 

decreased markedly (Fig. 9(a)). This indicates that sufficient embedment depth is important for 345 

forming an effective scattering barrier, whereas beyond a certain depth, the additional contribution 346 

of pile length to the surface wave field becomes increasingly limited [25]. 347 

Pile spacing exhibited a pronounced threshold effect. At small spacings, scattering between 348 

adjacent piles maintained relatively strong coupling of the wave field. When the spacing increased 349 

beyond 3.0 m, more wave energy could diffract through the gaps between piles, resulting in a marked 350 

reduction in vibration isolation; at 4.0 m, the barrier effect became weak (Fig. 9(b)). Thus, pile 351 

spacing primarily governs barrier continuity and represents a key geometric parameter for single-352 

row barriers [26]. 353 

Pile diameter showed a transition from a pronounced isolation benefit to a gradual saturation 354 

effect. For diameters below 0.6 m, increasing the pile diameter enhanced the impedance contrast and 355 

scattering between the piles and surrounding soil. Beyond approximately 0.6 m, further increases in 356 

pile diameter produced only limited additional isolation benefit (Fig. 9(c)). 357 

Within the parameter range investigated in this study, concrete strength grade had a relatively 358 

small influence on the reduction ratio. The variation in reduction ratio from C20 to C60 was limited, 359 

indicating that when the piles remain within their normal elastic working range and the geometric 360 

conditions are comparable, the isolation response is less sensitive to concrete strength than to pile 361 

length, pile spacing, and pile diameter (Fig. 9(d)). 362 



 

 

 363 

Figure 9. Effects of single-row pile parameters on vibration isolation performance: (a) pile length; 364 

(b) pile spacing; (c) pile diameter; (d) concrete strength. 365 

 366 

Overall, the vibration isolation performance of the single-row barrier was governed primarily 367 

by pile length and pile spacing, followed by pile diameter, whereas the influence of concrete strength 368 

was relatively limited within the parameter range considered. Under the conditions investigated in 369 

this study, pile lengths of approximately 12–16 m, pile spacings of approximately 1.0–2.0 m, and a 370 

pile diameter of approximately 0.6 m were associated with more pronounced improvements in 371 

vibration isolation and may serve as reference ranges for the present study. These values should not 372 

be interpreted as universal design values; practical applications still require verification against the 373 

soil-wave velocity, target frequency, protection distance, and construction conditions of the specific 374 

site. 375 

4.2 Spatial Arrangement and Near-Field Response 376 

In addition to geometric parameters such as pile length, pile spacing, and pile diameter, the 377 

relative positions of the barrier, vibration source, and protected target can influence near-field wave 378 



 

 

propagation and scattering. This section therefore examines the effects of barrier location and the 379 

lateral position of the vibration source on the isolation response, with particular emphasis on spatial 380 

non-uniformity. 381 

 382 

Figure 10. Spatial layout of the vibration source, pile barrier, and measurement points. 383 

 384 

The barrier location primarily affected the near-field response in the vicinity of the barrier. 385 

[22,23] The numerical results show that when the barrier was located approximately 1.0 m from 386 

the vibration source, the reduction ratio on the protected side was approximately 13.3%; when the 387 

barrier was moved to approximately 2.5 m from the source, the reduction ratio increased to 388 

approximately 20% (Fig. 11(a)). This result indicates that placing the barrier closer to the vibration 389 

source does not necessarily lead to greater isolation, because changes in barrier location modify 390 

the near-field wave-scattering field and the resulting spatial distribution of the vibration response. 391 

When the barrier was located relatively close to the protected target, local vibration enhancement 392 

could occur behind the barrier, indicating that the interaction between the barrier, diffracted waves, 393 

and the protected-side response should be considered in the spatial arrangement. These 394 

observations are specific to the site conditions and parameter ranges investigated in this study. 395 

To further examine the influence of the lateral position of the vibration source, two 396 

representative source locations were considered, as illustrated in Fig. 10. In Case 1, the vibration 397 

source was aligned with the centerline of a pile, whereas in Case 2, the source was located on the 398 

centerline between two adjacent piles. 399 



 

 

 400 

Figure 11. Effects of spatial layout parameters on vibration isolation performance: (a) barrier 401 

location; (b) lateral position of the vibration source. 402 

 403 

The results indicate that the sensitivity to the lateral source position depended on the center-to-404 

center pile spacing (Fig. 11(b)). [24,25] When the pile spacing was 2.0 m, the difference in the 405 

reduction ratio between the two source positions was the most pronounced. As the pile spacing 406 

decreased to 1.4 m, the sensitivity to the source position was reduced, although a noticeable 407 

difference remained. When the pile spacing was further reduced to 1.0 m, the isolation responses 408 

corresponding to the two source positions became relatively close. These 1.4 m and 1.0 m cases are 409 

numerical parametric conditions; the field-test center-to-center spacing was 1.4 m, with a 1.0 m clear 410 

gap between adjacent 0.4 m-diameter piles. The trend suggests that smaller pile spacing improves 411 

the spatial continuity of the barrier and reduces the sensitivity of the isolation response to lateral 412 

variations in the vibration-source position. 413 

Overall, the spatial arrangement of the barrier and vibration source mainly affected the near-414 

field response, whereas the influence became less pronounced with increasing propagation distance. 415 

The barrier location modifies the local scattering and diffraction field, while pile spacing affects the 416 

sensitivity of the isolation response to the lateral position of the vibration source. Therefore, under 417 

the conditions investigated in this study, spatial layout should be considered as a secondary design 418 

variable after the principal geometric parameters have been determined, rather than represented by 419 

a fixed universal spatial relationship. These findings also provide a basis for the subsequent analysis 420 

of the synergistic effects and marginal benefits of multiple pile rows. 421 



 

 

4.3 Synergistic Effects and Marginal Benefits of Multiple Pile Rows 422 

The multiple-row simulations used a pile diameter of 0.4 m, pile length of 4 m, pile spacing 423 

(center-to-center distance) of 1.4 m, inter-row spacing of 1.0 m, a staggered arrangement, and C20 424 

concrete as the baseline condition. Except for the parameter under investigation, all other conditions 425 

were kept unchanged. The analysis focused on the effects of the number of rows, pile length, pile 426 

spacing, and pile diameter on the vibration-isolation performance and marginal benefits of multiple-427 

row barriers. 428 

Increasing the number of pile rows adds scattering and energy-dissipation paths, thereby further 429 

improving near-field vibration isolation [22]. When the number of rows increased from one to three, 430 

the reduction ratio increased from approximately 30% to nearly 50%, while the marginal benefit of 431 

each additional row gradually decreased (Fig. 12(a)). This indicates that the isolation benefit of 432 

multiple pile rows does not increase linearly with row number. Their principal advantage lies in 433 

near-field wave field control, whereas the additional benefit generated by continuously adding 434 

barriers becomes increasingly limited [27]. 435 

The effect of pile length in multiple-row barriers was generally consistent with that observed 436 

for the single-row barrier, although the effective pile-length range occurred at a shorter length. 437 

Increasing the pile length from 8 to 12 m resulted in a marked increase in the reduction ratio, whereas 438 

the increase became more gradual beyond 12 m. When the pile length reached 30 m, the reduction 439 

ratio was approximately 70% (Fig. 12(b)). The superposition of scattering between rows enables the 440 

multiple-row system to achieve relatively high vibration isolation with shorter piles. Under the 441 

conditions investigated in this study, 8–12 m may serve as one reference range for pile length in 442 

multiple-row barriers; however, this range still requires verification against site stratigraphy, target 443 

frequency, and protection distance [28]. 444 

The multiple-row system also exhibited a pronounced threshold effect associated with pile 445 

spacing. The isolation performance improved continuously as the center-to-center pile spacing 446 

decreased from 4 m to 1 m. When the spacing exceeded 2 m, the isolation effect became markedly 447 

limited; at a center-to-center spacing of 1.0 m and below, the simulated reduction ratio reached 448 

approximately 75% (Fig. 12(c)). Closely spaced piles enhance wave field coupling between adjacent 449 

piles and form a more continuous propagation-path barrier. It should be emphasized that these results 450 

reflect the response under the site, excitation conditions, and parameter ranges investigated in this 451 



 

 

study and should not be directly interpreted as universal engineering criteria [29]. 452 

Compared with the single-row barrier, the multiple-row system was less sensitive to the 453 

diameter of an individual pile. A pile diameter of 0.2 m already produced a measurable isolation 454 

effect, while increasing the diameter to 0.4 m resulted in a reduction ratio of approximately 50% 455 

(Fig. 12(d)). This suggests that, in a multiple-row system, part of the limitation associated with a 456 

smaller individual pile diameter may be compensated for by adding pile rows. However, the specific 457 

trade-off remains dependent on soil conditions, excitation frequency, and geometric scale.. 458 

 459 

Figure 12. Effects of multiple-row pile parameters on vibration isolation performance: (a) number 460 

of rows; (b) pile length; (c) pile spacing; (d) pile diameter. 461 

 462 

The difference in vibration isolation performance between staggered and aligned arrangements 463 

was relatively limited, with the staggered arrangement providing only a slight improvement that was 464 

not pronounced (Figs. 13 and 14). Therefore, under the conditions investigated in this study, the 465 

number of rows and pile spacing had more pronounced effects on the isolation performance of the 466 

multiple-row system, whereas the specific arrangement can be selected according to site conditions 467 



 

 

and construction requirements [30]. 468 

 469 

Figure 13. Schematic of staggered and aligned multiple-row pile arrangements. 470 

 471 

   472 

Figure 14. Effect of pile arrangement on vibration isolation performance. 473 

 474 

Under the conditions considered in this study, the multiple-row barrier was relatively 475 

insensitive to changes in the lateral position of the vibration source. The isolation performance was 476 

essentially the same when the source was aligned with the pile center or located on the centerline 477 

between two piles (Fig. 15), indicating that multiple scattering in the multiple-row system can, to 478 

some extent, reduce the dependence of the isolation response on the incident geometry. 479 



 

 

  480 

Figure 15. Effect of lateral vibration-source position on vibration isolation performance. 481 

 482 

Within the investigated range of 0.5–1.5 m, variations in inter-row spacing produced no 483 

pronounced change in the reduction ratio. Therefore, within the parameter range considered in this 484 

study, inter-row spacing was not a primary controlling factor. This conclusion should not be 485 

extrapolated to larger spacings or different frequency and soil conditions [31]. 486 

  487 

Figure 16. Effect of inter-row spacing on vibration isolation performance. 488 

 489 

Overall, under the conditions investigated in this study, two to three pile rows, pile lengths of 490 

approximately 8–12 m, and relatively small pile spacing exhibited more pronounced synergistic 491 

vibration isolation effects and may serve as reference ranges for the present study. These parameter 492 

ranges apply only to the site, excitation frequency, and model parameters considered herein and 493 

should not be interpreted as universal engineering recommendations. The principal advantage of the 494 

multiple-row system lies in the synergistic isolation achieved through the number of rows and 495 



 

 

geometric arrangement rather than simply through increasing the strength of the pile material [32,33]. 496 

4.4 Dimensionless Analysis Based on the Characteristic Wavelength 497 "�/�""	/�""
/�""�/�""�"To f urther e lucidate t he r elationship b etween t he g eometric  498 

dimensions of the pile barrier and the wave characteristics of the site, a characteristic wavelength 499 

was introduced to nondimensionalize the geometric parameters based on the numerical results 500 

presented above. The pile length, pile spacing, pile diameter, and source-to-receiver distance were 501 

normalized as "�/�""	/�""
/�"and"�/�", respectively, where"�"denotes the Rayleigh wavelength 502 

corresponding to the dominant excitation frequency of approximately 30 Hz at the test site, which 503 

was approximately 10.8 m. This analysis does not introduce additional numerical results; rather, it 504 

provides a unified scale-based interpretation of the threshold effects and spatial response 505 

characteristics identified in the preceding parameter analyses [15,34]. 506 "�/�"The normalized pile length provides further insight into the effective scale of the pile 507 

barrier relative to the characteristic wavelength. As the pile length increased from 8 to approximately 508 

16 m, L/λ increased from approximately 0.74 to 1.48. In conjunction with the pile-length analysis 509 

presented above, the isolation benefit was found to increase progressively with pile length but to 510 

exhibit a reduced marginal gain once the pile length reached approximately 16 m. In other words, 511 

under the conditions investigated in this study, the marginal isolation benefit tends to decrease when 512 

the pile length approaches the order of the characteristic wavelength. This finding suggests that the 513 

effective depth of the pile barrier is governed not only by its geometric dimensions but also by the 514 

characteristic wave scale of the site. 515 

A similar scale-dependent behavior was observed for pile spacing. For pile spacings of 1–2 m, 516 "	/�" ranged from approximately 0.09 to 0.19, whereas increasing the spacing to 3–4 m resulted in 517 "	/�"  values of approximately 0.28–0.37, accompanied by a pronounced reduction in isolation 518 

performance. Under the conditions investigated herein, when the normalized pile spacing 519 

approached approximately"	/�" = 0.3, diffraction through the gaps between adjacent piles became 520 

increasingly important, thereby weakening the continuity of the barrier. Thus, the relative scale of 521 

pile spacing with respect to the characteristic wavelength may provide a more meaningful 522 

interpretation of the observed threshold effect than the absolute pile spacing alone. 523 

In contrast, the influence of pile diameter was relatively limited when expressed in terms of the 524 

characteristic wavelength. Taking the response transition observed at a pile diameter of 525 



 

 

approximately 0.6 m as a reference, the corresponding normalized diameter was "
/�"  ≈ 0.056. 526 

Further increases in pile diameter resulted in progressively smaller improvements in vibration 527 

isolation. This trend is consistent with the preceding pile-diameter analysis and indicates that, within 528 

the parameter range investigated in this study, the normalized pile length and pile spacing have a 529 

more pronounced relationship with the observed isolation response than the normalized pile diameter. 530 

For the propagation distance, the field measurement points located 3–11 m from the vibration 531 

source corresponded to "�/�"values o f a pproximately 0 .28 –1.02. As indicated by the field 532 

measurements and numerical simulations, the differences in vibration response among the different 533 

pile configurations were mainly concentrated in the near-field region and gradually diminished with 534 

increasing propagation distance. After normalization by the characteristic wavelength, the same 535 

trend remained evident: differences associated with the number of pile rows were more pronounced 536 

at relatively small "�/�", w hereas t he i solation r esponses o f t he d ifferent p ile c onfigurations  537 

gradually converged as "�/�"increased. T his o bservation i ndicates t hat t he a dditional i solation  538 

benefit associated with increasing the number of pile rows is strongly dependent on the propagation 539 

distance and is related, to some extent, to the characteristic wavelength of the site [35]. 540 "�/�""	/�"Overall, t he d imensionless a nalysis i ndicates t hat t he v ibration i solation  541 

performance of concrete row-pile barriers is governed not only by the absolute geometric 542 

dimensions of the piles, but also by their relative scales with respect to the characteristic wavelength 543 

of the site. In particular, the normalized pile length and pile spacing show a clear correspondence 544 

with the threshold effects identified in the preceding analyses, while normalization of the 545 

propagation distance helps explain why the additional isolation benefit of multiple pile rows is 546 

primarily concentrated in the near-field region. It should be emphasized that the characteristic scales 547 

and corresponding relationships identified herein are based on the test site, the dominant excitation 548 

frequency of approximately 30 Hz, and the parameter ranges considered in this study. They are 549 

therefore intended primarily to interpret and generalize the present results and should not be regarded 550 

as universal critical values applicable to different sites, excitation frequencies, or geometric scales 551 

[36,37]. 552 

4.5 Integrated Parameter Assessment and Design Implications 553 

Taken together, the single-row and multiple-row analyses indicate that vibration isolation 554 

design using row-pile barriers should prioritize the determination of effective pile length and pile 555 



 

 

spacing, followed by the selection of the number of rows and subsequent verification of the spatial 556 

arrangement. Pile length governs the effective depth of the barrier, pile spacing controls barrier 557 

continuity, and the number of rows determines the degree of multiple-scattering superposition, 558 

whereas pile diameter and concrete strength are primarily associated with structural and construction 559 

requirements. For engineering applications in which the protected target is located in the near field, 560 

the source location, propagation direction, and relative distance between the barrier and protected 561 

target should also be checked to avoid local wave field amplification. Because the parameter 562 

analyses in this study are based on a single site and a dominant excitation frequency of 563 

approximately 30 Hz, site-specific verification should be performed using the dynamic soil 564 

parameters and target vibration frequency range of the actual project. 565 

 566 

5. Conclusions 567 

This study investigated the ground vibration isolation performance of concrete row-pile barriers 568 

and their principal controlling factors through a combination of in-situ experiments and finite 569 

element simulations. The numerical model was validated against the field measurements in terms of 570 

vibration response under different pile-row configurations and propagation directions, and was 571 

subsequently used to systematically examine the effects of pile geometry and spatial arrangement. 572 

The main conclusions are as follows: 573 

(1) Concrete row-pile barriers effectively attenuated ground vibration, and their isolation 574 

performance exhibited pronounced spatial non-uniformity. Both single-row and double-row barriers 575 

provided effective attenuation, while the additional benefit of multiple rows was concentrated 576 

mainly in the near-field region and gradually decreased with propagation distance. 577 

(2) Increasing the number of pile rows further improved vibration attenuation, but the marginal 578 

isolation benefit decreased with propagation distance and row number. Under the conditions 579 

investigated in this study, the additional benefit of the double-row barrier over the single-row barrier 580 

was most evident in the near field, whereas the vibration responses of the two configurations 581 

gradually converged with increasing propagation distance. 582 

(3) Propagation direction had an important influence on the near-field response of the finite 583 

multi-row barrier. At a source-to-receiver distance of 3 m, the PGA behind the double-row barrier 584 

in the 45° direction was approximately 29.4% higher than that in the perpendicular direction, 585 



 

 

whereas the corresponding difference for the single-row barrier was approximately 3.9%. The 586 

directional difference became markedly smaller with increasing propagation distance, demonstrating 587 

the directional non-uniformity of the finite barrier response. 588 

(4) Pile length, pile spacing, and the number of rows were the principal parameters governing 589 

isolation performance and exhibited clear threshold effects and diminishing marginal benefits. For 590 

the single-row barrier, under the conditions investigated herein, pile lengths of approximately 12–591 

16 m and pile spacings of approximately 1–2 m were associated with more pronounced 592 

improvements in vibration isolation. The influence of pile diameter gradually approached saturation 593 

beyond approximately 0.6 m, whereas concrete strength had a relatively limited influence within the 594 

investigated range. For multiple-row barriers, increasing the number of rows and reducing pile 595 

spacing further improved vibration attenuation, but the additional benefit gradually diminished. 596 

(5) The scale-based analysis showed that the observed parameter thresholds can be interpreted 597 

in relation to the characteristic Rayleigh wavelength of the site. Under the conditions investigated 598 

in this study, the normalized pile length, pile spacing, and propagation distance provided a consistent 599 

scale-based description of the parameter sensitivity and near-field concentration of the additional 600 

benefit of multiple rows. These relationships are intended to interpret the present results and should 601 

not be regarded as universal critical values for different sites, excitation frequencies, or geometric 602 

scales. 603 

The in-situ experiments employed transient FWD impact loading, which differs from the 604 

loading characteristics of actual moving trains, and the parameter analyses were based on a single 605 

site with a dominant excitation frequency of approximately 30 Hz. Future studies should therefore 606 

incorporate realistic train loads, different geological conditions, and a broader range of excitation 607 

frequencies, together with frequency-domain and wave-field analyses, to further verify the 608 

applicability and mechanisms of finite multi-row pile barriers. 609 
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