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Abstract. This paper investigates the effectiveness of layered foundation systems in mitigating 7 

railway-induced vibrations using a Finite Element/Infinite Element (FE/IE) model and a scaled-8 

down laboratory model. Traditional single-layer isolators often face bearing capacity limitations, 9 

prompting the use of layered under-foundation isolators (LUFI) as a practical alternative. Five 10 

different isolator configurations, including single-layer (SUFI) and multi-layer (LUFI) setups, were 11 

assessed under varying soil conditions and building characteristics. The study employed a 12 

parametric analysis to evaluate vibration reduction performance, measured by the Insertion Loss 13 

(IL) index. Results indicate that single-layer isolators generally outperform multi-layer isolators of 14 

equivalent total thickness, particularly in stiffer soil conditions. However, when the rubber thickness 15 

is increased proportionally across multiple layers, multi-layer isolators demonstrate superior 16 

vibration attenuation. The effectiveness of the proposed isolation method in a real-world situation 17 

was then confirmed by developing a 3D numerical model and a scaled-down laboratory model of a 18 

building adjacent to a railway track. The accuracy of the numerical approach was also validated by 19 

comparing its results with those from the laboratory model. The study underscores the importance 20 

of considering soil-structure interaction, isolation frequency, and isolation layers in the design of 21 

effective vibration mitigation systems. 22 
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1. Introduction 27 

Urban environments are increasingly challenged by ground-borne vibrations, particularly 28 

those induced by train traffic (Hanson et al., 2006; Khajehdezfuly et al., 2023; Standard and ISO, 29 

2005). As railway networks expand, the impact of these vibrations on buildings and their occupants 30 

becomes a significant concern. Ground-borne vibrations, propagating as elastic waves through the 31 

soil, can cause discomfort to inhabitants, damage to sensitive and historic structures, and disruption 32 

to equipment in facilities like hospitals and laboratories (Farahani et al., 2023; Sadeghi et al., 2023; 33 

Sadeghi and Esmaeili, 2017; Sadeghi and Vasheghani, 2021, 2022; Standard, 1989). Addressing 34 

these challenges requires innovative solutions that can effectively mitigate vibrations and protect 35 

urban infrastructure. 36 

Traditional methods for mitigating train-induced vibrations include track modifications, soil 37 

treatments, and building isolation techniques. Track modifications, such as resilient rail fasteners 38 

and under-sleeper pads, aim to reduce vibrations at the source (Lei and Jiang, 2016; Li et al., 2019; 39 

Sadeghi et al., 2024; Sol-Sánchez et al., 2015; Yuan et al., 2020; Zhao et al., 2022). However, these 40 

solutions often have limitations, including effectiveness at specific frequencies and potential adverse 41 

effects on track performance. Soil treatments and barriers, such as trenches and wave-impeding 42 

blocks, attempt to block or attenuate vibrations in the transmission path (Celebi and Göktepe, 2012; 43 

Pu and Shi, 2020; Ribes-Llario et al., 2017; Toygar and Ulgen, 2021; Zhou et al., 2022). While 44 

effective, these methods can be impractical in dense urban areas due to space constraints and high 45 

costs. 46 

Building isolation techniques have gained popularity as a means to decouple structures from 47 

ground vibrations. This method involves placing isolators such as rubber bearings (Talbot, 2007) 48 

between a building and its foundation or a resilient layer (Sadeghi et al., 2021) between the 49 

foundations and the ground. These isolators absorb and dissipate energy, reducing the amplitude of 50 

vibrations transmitted to the structure. Elastic bearings have been widely used in the isolation of 51 

buildings against ground-borne vibrations since the 1960s (Newland and Hunt, 1991). These 52 

bearings, typically made of rubber or similar resilient materials, act as shock absorbers that decouple 53 

the building from ground motion (Kelly and Konstantinidis, 2011; Newland, 2013). The efficiency 54 

of elastic bearings has been thoroughly examined in several analytical (Newland, 2013), numerical 55 

(Soares et al., 2024; T. L. Edirisinghe and J. P. Talbot, 2022; Talbot et al., 2014; J Yang et al., 2019), 56 

and experimental (Pan et al., 2018; Sheng et al., 2020; Soares et al., 2024) studies. While elastic 57 
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bearings are effective, they can be expensive and require precise installation to achieve the desired 58 

performance. An alternative and innovative approach to vibration isolation is the implementation of 59 

resilient layers beneath the foundation. This method is practical and cost-effective compared to 60 

elastic bearings and has been shown to be efficacious in mitigating ground-borne vibrations 61 

(Haghighi et al., 2023, 2024; Sadeghi et al., 2021, 2022). Recent numerical and experimental 62 

research by (Haghighi et al., 2023, 2024; Sadeghi et al., 2021, 2022) demonstrated the effectiveness 63 

of this method, highlighting its potential as a practical solution for urban environments. 64 

Despite the proven efficiency of under-foundation layers in reducing railway vibrations, 65 

their implementation is sometimes constrained by the bearing capacity limitations of the rubber mat 66 

(Isolgomma, 2024). In such cases, a single thick isolation layer may not be feasible. To overcome 67 

this challenge, the required thickness for effective isolation can be divided into several thinner 68 

layers, creating a layered foundation. Implementing layered structures, originally developed for 69 

seismic isolation (Cheng et al., 2020), offers a promising new approach to mitigating train-induced 70 

vibrations. These layered structures have also recently been used as layered wave barriers to mitigate 71 

traffic-induced vibrations (Pu et al., 2018; Pu and Shi, 2020). The application of layered structures 72 

as layered foundations for seismic isolation and as wave barriers for mitigating traffic-induced 73 

vibrations is schematically illustrated in Figure 1. As observed, these kinds of isolators are composed 74 

of alternating layers of materials with different elastic properties, such as concrete and rubber. 75 

Therefore, this approach not only enhances the bearing capacity of the under-foundation rubber mat 76 

but also maintains the vibration isolation effectiveness. 77 

 78 

 79 

Figure 1. Schematic view of layered foundations and layered wave barriers (adopt from Cheng et al., 2020). 80 
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 81 

This paper encompasses a blend of numerical and experimental modeling analysis to 82 

investigate the efficacy of layered foundations in mitigating railway-induced vibrations, a novel 83 

approach that extends their proven effectiveness in seismic isolation to a new domain. To this end, 84 

initially, a 2D finite element model was developed to simulate the dynamic behavior of soil-structure 85 

interaction under railway loading conditions. Various configurations of Single Under Foundation 86 

Isolators (SUFI) and Layered Under Foundation Isolators (LUFI) were analyzed to assess their 87 

performance against train-induced vibration. The numerical models considered parameters such as 88 

isolation frequency, soil stiffness, building’s floor natural frequency, and the number and thickness 89 

of isolator layers. Additionally, a detailed laboratory study was conducted on a five-story concrete 90 

building near a railway line to confirm the effectiveness of layered foundations in a real-world 91 

situation and validate the numerical modeling approach employed in this research. The combined 92 

approach of numerical and physical simulations of a real-world problem provided a robust 93 

framework to evaluate the performance of different isolation strategies and their practical 94 

implications. 95 

 96 

2. Model description 97 

Assessing vibrations caused by railways in nearby buildings poses a complex 3D soil-98 

structure interaction challenge. Nevertheless, when assessing the effectiveness of vibration reduction 99 

systems by comparing dynamic responses in isolated and unisolated scenarios, 2D models 100 

demonstrate reliability and cost-effectiveness for conducting parametric analyses (Haghighi et al., 101 

2023; Sadeghi et al., 2021, 2022). Additionally, it is common practice to use a simplified frame 102 

model to represent a complex building when evaluating vibration levels near railway tracks. 103 

(Sadeghi et al., 2021; Yang et al., 2017; Yang and Hung, 2009). This approach facilitates more in-104 

depth discussions based on the study results. In this context, a 2D Finite Element/Infinite Element 105 

(FE/IE) plane-strain numerical model has been established using ABAQUS (Dassault Systèmes, 106 

2014) to evaluate the dynamic response of an isolated building with Singular Under Foundation 107 

Isolator (SUFI) and Layered Under Foundation Isolators (LUFI).  108 

 109 



5 
 

2.1. Geometrical dimensions and model meshing 110 

Figure 2a illustrates the conceptual model comprising a single-story concrete building with 111 

a foundation, vibration isolators (SUFI and LUFI), and a surrounding soil medium. Detailed in 112 

Figure 2b, the building features two columns (0.25 m × 3.6 m) connected by a beam (5.5 m × 0.25 113 

m), all resting on a foundation (6 m × 0.4 m). The simulation utilized the 4-node plane strain element 114 

of CPE4 for these components, while the infinite element of CINPE4 was utilized at the model 115 

boundaries to prevent wave reflection, ensuring that the finite domain dimensions did not affect the 116 

results. To ensure adequate space, the finite domain was established at 60 meters wide and 40 meters 117 

deep. Considering the softest soil's properties, it was established that the mesh element size should 118 

not exceed one-fifth of the Rayleigh wavelength (Xu et al., 2015; Zhang et al., 2019); thus, element 119 

dimensions were kept under 0.5 m. 120 

 121 

 
 

(a) whole model (b) unisolated frame 

Fig 2. Details of the 2D numerical model 122 

 123 

2.2. Building isolation assumptions and methods 124 

To investigate the performance of layered foundations, five different configurations were 125 

considered in the parametric study, as shown in Figure 3. These configurations aim to evaluate how 126 

varying the number of layers and overall thickness affects the foundation's performance. The first 127 

type is a single-layer isolator with a rubber thickness of t equal to 0.2m, referred to as SUFI-t. The 128 

second type includes two-layer and four-layer isolators, each with a total rubber thickness of 0.2m, 129 

denoted as 2LUFI-t and 4LUFI-t, respectively, with 0.1m-thick concrete layers between them. 130 

Therefore, the two-layer and four-layer models achieve total thicknesses of 0.3m and 0.5m, 131 
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respectively. The third isolator type consists of two-layer and four-layer isolators with total rubber 132 

thicknesses of 0.4m and 0.8m, referred to as 2LUFI-2t and 4LUFI-4t, respectively, also interspersed 133 

with 0.1m-thick concrete layers. Notably, the total thicknesses of these two-layer and four-layer 134 

models are 0.5m and 1.1m, respectively. 135 

 136 

   

 

 
 

(a) isolation with a single-layer 

isolator of t thick rubber 

(b) isolation with layered isolators 

having a total rubber thickness of t 

(c) isolation with layered isolators 

where each layer has a rubber 

thickness of t. 

Figure 3. Building isolation with different types of isolators  

 137 

2.3. Simulating train load 138 

To evaluate the performance of under-foundation isolators, a simplified simulation was 139 

conducted to replicate the dynamic loads generated by train movements. The interaction between 140 

train wheels and rails induces vibrations that propagate through the surrounding environment in both 141 

vertical and horizontal directions. These vibrations typically are less than 80Hz, annoying for 142 

building residents (Sadeghi et al., 2021; Standard, 2010; Zhang et al., 2021). To simulate these 143 

vibrations accurately, an impulse load of 150kN was exerted at a distance of 20 meters from the 144 

center of the building. This impulse load is defined by the function (Kouroussis et al., 2013; Sadeghi 145 

et al., 2021): 146 

SUFI-t 2LUFI-t 2LUFI-2t

4LUFI-t 4LUFI-4t
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𝑃(𝑡) = {
0                 , 𝑡 < 𝑡0

𝑃0ⅇ
(

−(𝑡−𝑡0)
𝑡𝑑

)
, 𝑡 ≥ 𝑡0

 (1) 

In this equation, 𝑃0 represents the load amplitude, 𝑡0 signifies the time delay, and 𝑡𝑑 denotes the load 147 

duration. The parameters chosen for this study were 𝑃0=1N, 𝑡0 = 0.02s and 𝑡𝑑 = 0.00125s, ensuring 148 

the simulation accurately captures the frequency characteristics up to 80Hz. Figure 4 provides a 149 

graphical representation of this impulse load in both the time and frequency domains, illustrating 150 

how the applied load effectively stimulates the desired frequency range for assessing the structural 151 

response. 152 

 153 

  

(a) (b) 

Fig 4. Impulse loading, (a) time history and (b) frequency content 

 154 

2.4. Properties of materials in the parametric analysis 155 

A detailed parametric study was conducted to assess the impact of building characteristics, 156 

isolator properties, and soil media on the efficiency of SUFIs and LUFIs in mitigating railway-157 

induced vibrations. 158 

To investigate the effect of soil type on the efficiency of the isolators, four soil types 159 

including soft (S1), medium (S2), stiff (S3), and high-dense (S4) were selected based on 160 

international codes (Engineers, 2010). These soils were chosen to cover a realistic range of 161 

conditions encountered in practice. In numerical modeling, the Yang modulus is a crucial parameter 162 

required to characterize the soil properties, which can be calculated by (Towhata, 2008): 163 

𝐸𝑠 = 2𝜌(1 + 𝑣)𝑉𝑠
2
 (2) 
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in which Vs is the shear wave velocity of the soil media, 𝐸𝑠 is the elastic modulus of the soil,  is the 164 

soil density and  is the soil Poisson’s ratio. Additionally, the soil damping ratio, which is 165 

approximately 2% for small strains (Mousavi-Rahimi et al., 2022; Towhata, 2008), is also required. 166 

The specifications of selected soil types are detailed in Table 1. 167 

 168 

Table 1. Specifications of soil types in parametric analysis (partially adapted from Haghighi et al., 2023) 169 

Soil type Density modulus of 

elasticity 

Poisson’s 

ratio 

Shear wave 

velocity 

Damping ratio 

ρ (kg/m3) 𝐸𝑠 (MPa) ν (-) 𝑽𝒔 (m/s) ξ (%) 

S1 (soft) 1750 100 0.33 147 2 

S2 (medium) 1750 200 0.33 207 2 

S3 (stiff) 1750 400 0.33 293 2 

S4 (high dense) 1750 800 0.33 415 2 

 170 

 171 

The dynamic response of a building to ground-borne vibrations is critically influenced by 172 

the natural frequency of its floors, which can be precisely determined through numerical analysis. 173 

This frequency typically ranges from 7 to 25 Hz (Bachmann and Ammann, 1987; Zakeri et al., 2020). 174 

To conduct a comprehensive parametric analysis, four types of buildings, designated as B1 to B4, 175 

were considered, each incorporating floors with varying elastic modulus values. Based on the 176 

previous research (Haghighi et al., 2023; Mousavi-Rahimi et al., 2022), the  buildings’ floor were 177 

specifically designed to ensure that their natural frequencies fall within the desired range of 7 to 25 178 

Hz range. The detailed properties of the buildings, including the characteristics of their floors, 179 

foundation, and walls, are summarized in Table 2. 180 

 181 

Table 2. Properties of buildings in the parametric analysis (partially adapted from Haghighi et al., 2023) 182 

Building 

name 

Component Mass density Natural 

frequency 

of floor 

Modulus of 

elasticity  

Poisson’s 

ratio 

Damping 

ratio 

ρ (kg/m3) f_n (Hz) E (GPa) ν (-) ξ (%) 

B1 Floor 2500 8 10 0.2 2 
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B2 Floor 2500 12 30 0.2 2 

B3 Floor 2500 18 90 0.2 2 

B4 Floor 2500 24 270 0.2 2 

B1-B4 
Foundation 

& Walls 
2500 - 30 0.2 2 

 183 

The performance of an isolation systems highly dependent on its isolation frequency (Talbot, 184 

2007). The isolation frequency can be calculated with the following equation (Talbot, 2007):  185 

 186 

𝑓𝑖𝑠𝑜 =
1

2𝜋
√

𝐸𝑖 × 𝐴

𝑡𝑖 × 𝑚𝑠𝑡
 (3) 

where 𝐸𝑖  and 𝑡𝑖 are the elastic modulus and the total thickness of the isolator, mst is the total mass of 187 

the building, and A is the total area of foundations. In general, the isolation frequency should be kept 188 

significantly lower than the natural frequency of the floor to maximize the effectiveness of isolation 189 

systems (Haghighi et al., 2023; Sadeghi et al., 2021, 2022). To this end, four types of rubber mats 190 

(named M1 to M4) with a thickness of 0.2m were considered to be utilized as SUFI or LUFI in the 191 

parametric study. Details of the isolators and their corresponding isolation frequencies are provided 192 

in Table 3. 193 

 194 

Table 3. Characteristics of rubber mats in parametric study. 195 

Rubber mat Mass density Elastic modulus Isolation frequency 

ρ (kg/m3) 𝑬𝒊 (kPa) fiso (Hz) 

M1 700 150 3 

M2 700 415 5 

M3 700 810 7 

M4 700 2400 12 

 196 

3. Parametric analysis on the 2D model 197 

As stated in the previous section, soil stiffness, the natural frequency of the floor and the 198 

isolation frequency influence the dynamic response of the isolated building. In this research, the 199 



10 
 

performance of SUFIs and LUFIs in mitigation railway-induced vibrations is evaluated in both 200 

horizontal and vertical directions. To evaluate efficiency of isolation systems, the dynamic responses 201 

of the floor’s midpoint was measured. The index of Insertion Loss which can be calculated as below 202 

(Talbot, 2002) was used to assess the efficiency of SUFIs and LUFIs:  203 

 204 

𝐼𝐿 = −20 × 𝐿𝑜𝑔10 (
𝑣𝑖𝑠𝑜

𝑣𝑢𝑛𝑖𝑠𝑜
) (4) 

where viso and vunsio are the roots mean square (RMS) velocity amplitudes in the states where the 205 

building is isolated and unisolated. The value of insertion loss index indicates the ability of the 206 

isolator in vibration mitigation. More precisely, the higher the values obtained for this index, the 207 

better the isolator performs in reduction the vibration level. It should be noted that the values 208 

calculated from Equation 4 can be negative. The negativity of the index actually highlights the 209 

reverse performance of the isolator. In other words, the isolator in such cases not only is unable 210 

decrease vibrations, but also leads to increasing it. Therefore, similar to previous studies (Haghighi 211 

et al., 2023; Sadeghi et al., 2021; Talbot, 2002), it can be inferred that layered isolators do not always 212 

mitigate the vibration level. 213 

To achieve the research objectives, a parametric analysis was conducted across two distinct 214 

scenarios. In the first scenario, the performance of single-layer isolators with a rubber thickness of t 215 

(SUFI-t) was compared to that of multi-layer isolators, each with a total rubber thickness of t 216 

(2LUFI-t and 4LUF-t). In the second scenario, the performance of SUFI-t was compared to that of 217 

multi-layer isolators where each individual layer had a rubber thickness of t (2LUFI-2t and 4LUFI-218 

4t). This comparative analysis allowed for a comprehensive evaluation of isolator performance 219 

across different structural configurations. 220 

 221 

3.1. Results of the first scenario (SUFI-t, 2LUFI-t, and 4LUFI-t) 222 

The curves of insertion loss index for various types of isolators, when the thickness of rubber 223 

mats in all types is equal against shear wave velocity of soil under B1 to B4 in horizontal and vertical 224 

directions, are illustrated in Figures 5 and 6.  225 

As illustrated, increasing the frequency of isolation from 3 Hz to 12 Hz for all isolator types 226 

results in a noticeable decrease in isolation efficiency, with an average reduction of about 20 dB in 227 
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both horizontal and vertical directions. This demonstrates that lower isolation frequencies are more 228 

effective in mitigating vibrations. The trend suggests that as the isolation frequency increases, the 229 

ability of the isolator to dampen vibrations diminishes, likely due to the reduced flexibility of the 230 

isolator at higher frequencies. 231 

The stiffness of the beneath soil, characterized by the shear wave speed of soil, significantly 232 

impacts the isolators' performance. As soil stiffness increases (from 130 m/s to 390 m/s), the 233 

insertion loss improves, indicating better isolation efficiency. This trend underscores the importance 234 

of considering soil conditions in the design of vibration isolation systems. Stiffer soils enhance the 235 

effectiveness of isolators by providing a more stable base, which better supports the isolation system. 236 

The frequency of first mode in the building's floor also plays a crucial role in the effectiveness of 237 

the isolators. The figures suggest that buildings with higher natural frequencies (B3 and B4) exhibit 238 

different trends in isolation efficiency compared to those with lower natural frequencies (B1 and 239 

B2). For instance, in B4, the efficiency initially decreases before improving in the horizontal 240 

direction, whereas in B1, a consistent increase in efficiency is observed. This indicates that the 241 

interaction between soil and structure is crucial in determining the performance of vibration 242 

isolators. The efficiency of the isolator can vary significantly (by about 5 dB to 15 dB) with changes 243 

in soil shear wave velocity and natural frequency of the floor. This variability highlights the need 244 

for a comprehensive understanding of soil-structure interaction effects in the design process. 245 

Neglecting these interactions can lead to suboptimal isolator performance, where in some cases, the 246 

vibration levels in isolated buildings could exceed those in unisolated buildings. 247 

When comparing different types of isolators, it is evident that single-layer isolators (SUFI-248 

t) outperform multi-layer isolators (2LUFI-t and 4LUFI-t) across most buildings and isolation 249 

frequencies. This suggests that when the total thickness of the isolator is constant, a single-layer 250 

configuration provides better vibration isolation than a multi-layer configuration. This could be due 251 

to the incurrence of internal resonance in SUFI-t compared to the multi-layer isolators, providing 252 

more uniform deformation and energy dissipation in the SUFI-t configuration. Nonetheless, this 253 

difference is insignificant, and a multi-layered foundation is feasible when the rubber layer's bearing 254 

capacity is constrained. 255 

 256 
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b) B2 a) B1 

  

d) B4 c) B3 

Fig 5. Insertion loss against shear wave velocity of soil for various isolator types in horizontal direction for 257 

the first scenario. 258 

 259 

  

b) B2 a) B1 
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d) B4 c) B3 

Fig 6. Insertion loss against shear wave velocity of soil for various isolator types in vertical direction for the 260 

first scenario. 261 

 262 

3.2. Results of the second scenario (SUFI-t, 2LUFI-2t, and 4LUFI-4t) 263 

Figures 7 and 8 illustrate the curves of the insertion loss index for three types of isolators 264 

(SUFI-t, 2LUFI-2t, and 4LUFI-4t). In this scenario, each isolator layer has a rubber thickness of t 265 

(see Figure 3), and the curves are shown with respect to soil shear wave velocity under conditions 266 

B1 to B4, in both horizontal and vertical directions. 267 

Like the first scenario of analysis, increasing the isolation frequency from 3 Hz to 12 Hz 268 

decreases isolation efficiency by about 20 dB in both directions, highlighting the effectiveness of 269 

lower isolation frequencies in mitigating vibrations. Soil stiffness significantly affects performance, 270 

generally with stiffer soils improving insertion loss. The building's natural frequency also influences 271 

efficiency, with higher frequencies (B3 and B4) showing varied trends compared to lower ones (B1 272 

and B2). These findings again underscore the importance of considering soil-structure interactions 273 

in designing vibration isolation systems to ensure optimal performance of isolators. 274 

Another important finding is that unlike in the first scenario, increasing the number of 275 

isolator layers significantly improves performance of isolators. Specifically, the 4LUFI-4t isolator 276 

outperforms the 2LUFI-2t isolator, which in turn outperforms the SUFI-t isolator. On average, 277 

4LUFI-4t reduced vibration levels by approximately 3 decibels more than 2LUFI-2t, while 2LUFI-278 

2t achieved about a 3-decibel greater reduction compared to SUFI-t. This trend suggests that adding 279 

more layers enhances the isolator's ability to dampen vibrations effectively. The increased number 280 

-10

0

10

20

30

40

125 175 225 275 325 375 425 475

In
se

rt
io

n
 L

o
ss

 (
d

B
)

Shear wave velocity of soil (m/s)

SUFI-t (12Hz)

2LUFI-t (12Hz)

4LUFI-t (12Hz)

SUFI-t (7Hz)

2LUFI-t (7Hz)

4LUFI-t (7Hz)

SUFI-t (5Hz)

2LUFI-t (5Hz)

4LUFI-t (5Hz)

SUFI-t (3Hz)

2LUFI-t (3Hz)

4LUFI-t (3Hz)

-10

0

10

20

30

40

125 175 225 275 325 375 425 475

In
se

rt
io

n
 L

o
ss

 (
d

B
)

Shear wave velocity of soil (m/s)

SUFI-t (12Hz)

2LUFI-t (12Hz)

4LUFI-t (12Hz)

SUFI-t (7Hz)

2LUFI-t (7Hz)

4LUFI-t (7Hz)

SUFI-t (5Hz)

2LUFI-t (5Hz)

4LUFI-t (5Hz)

SUFI-t (3Hz)

2LUFI-t (3Hz)

4LUFI-t (3Hz)



14 
 

of layers provides greater flexibility and improved damping capacity, allowing the isolator to better 281 

absorb and mitigate vibrational energy. This result highlights the advantage of multi-layered 282 

isolators in applications where superior vibration isolation is crucial. 283 

 284 

  

b) B2 a) B1 

 
 

d) B4 c) B3 

Fig 7. Insertion loss against shear wave velocity of soil for various isolator types in horizontal direction for 285 

the second scenario. 286 
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b) B2 a) B1 

  

d) B4 c) B3 

Fig 8. Insertion loss against shear wave velocity of soil for various isolator types in vertical direction for the 288 

second scenario. 289 

 290 

4. Practical evaluation of proposed isolator 291 

While a comprehensive parametric analysis of the 2D numerical model has demonstrated 292 

the potential efficacy of the proposed layered foundation as an isolator of ground-borne vibrations, 293 

it is imperative to validate these findings in real-world conditions. Conventional buildings generally 294 

exhibit natural floor frequencies between 7 and 15 Hz (Bachmann and Ammann, 1987; Zakeri et al., 295 

2020). Considering this range, to assess the effectiveness of the layered foundations in practical 296 

applications, we selected a typical five-story concrete building located adjacent to a railway track as 297 

a prototype. The selected prototype has been previously examined in the literature for various 298 

purposes, such as analyzing the effects of foundation geometry on vibration levels inside the building 299 
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(Mousavi-Rahimi et al., 2022) and assessing the impacts of soil-structure interaction on the 300 

performance of isolators (Haghighi et al., 2023, 2024). 301 

The prototype building features four columns placed above four separate foundations. The 302 

dimensions of each foundation are 2 meters in length, 2 meters in width, and 1 meter in depth. Each 303 

column has a cross-sectional area of 0.5 meters by 0.5 meters and a net height of 3 meters. The slabs 304 

measure 6 meters by 6 meters in plane dimensions and had a thickness of 0.15 meters. Thus, the 305 

total height of the building from the foundation to the top is 15.75 meters. The material properties 306 

of the building include a Young’s modulus of 25 GPa, a Poisson’s ratio of 0.2, and a density of 2550 307 

kg/m³, resulting in a total mass of 148.1 tons. These parameters were essential in constructing an 308 

accurate numerical model to simulate the building's response to train-induced vibrations. An impact 309 

excitation, represented by Equation 1, was exerted at a distance of 20 meters from the middle of the 310 

building. In accordance with the reverse engineering approach, the soil medium was considered with 311 

specific properties to satisfy the scale factors in the laboratory model (refer to Section 4.1). It was 312 

assumed that the soil had a density of 1630 kg/m³, a shear wave velocity of 590 m/s, and that the 313 

bedrock was located 14 meters below the surface. These assumptions were critical in ensuring the 314 

accuracy and relevance of soil medium in the physical and numerical models. 315 

The isolation strategy for the building involved two parts. In the first part, single resilient 316 

layers with a thickness of 9 cm and an elastic modulus of 400 kPa were inserted beneath the building 317 

foundation. In the second part, these resilient layers were replaced with a three-layer foundation, 318 

where each rubber mat utilized had a thickness of 3 cm. These two scenarios allow for analyzing the 319 

effectiveness of single resilient layers versus layered foundations in mitigating ground-born 320 

vibrations. The isolation frequency for these isolators can be calculated using Equation 3, as under:   321 

 322 

𝑓𝑖𝑠𝑜 =
1

2𝜋
√

𝐸𝑖 × 𝐴

𝑡𝑖 × 𝑚𝑠𝑡
=

1

2𝜋
√

40000 × 16

0.09 × 148100
= 3.5 Hz (5) 

The described prototype was modeled both numerically and physically to achieve two main 323 

objectives: confirming the effectiveness of layered foundations in a real-world situation and 324 

validating the numerical modeling approach employed in this research. 325 

 326 
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4.1. Physical modeling of the prototype 327 

Physical modeling involves creating a scaled-down version of a large, complex structure, 328 

known as a "prototype," while preserving the same physical characteristics and interactions with the 329 

environment (Harris and Sabnis, 1999). This method is used to replicate the behavior of the 330 

prototype under relevant loading and boundary conditions. A successful physical model must be 331 

designed, loaded, and interpreted based on similitude requirements that establish the relationship 332 

between the model and the prototype (Harris and Sabnis, 1999). In laboratory settings, physical 333 

modeling under 1-g conditions is particularly useful for studying railway-induced vibrations 334 

(Haghighi et al., 2023, 2024; W Yang et al., 2019; Yang et al., 2018).  335 

To achieve the research objectives, a suitable physical model under 1-g conditions was 336 

developed. This approach has previously been utilized to analyze the impact of foundation geometry 337 

on building vibrations and to assess the effects of soil-structure interactions on the performance of 338 

isolation systems (Haghighi et al., 2023; Mousavi-Rahimi et al., 2022). Here, we enhance this model 339 

to evaluate the performance of a layered foundation. 340 

Similitude requirements, which govern the dynamic relationships between the model and 341 

prototype, depend on the geometric and material properties of the prototype and the type of loading. 342 

Railway-induced vibrations typically produce small shear strains, allowing material behavior to be 343 

considered linearly elastic (Akbarov et al., 2018; Chen, 2015; Ling et al., 2019; Sun et al., 2015). 344 

Nine critical physical parameters are involved: geometry size (l), force (F), elastic modulus (E), 345 

Poisson’s ratio (ν), mass density (ρ), displacement (δ), stress (σ), frequency (f), and gravity (g) 346 

(Harris & Sabnis, 1999). Scale factors are derived by equating the π terms in the model and 347 

prototype. The scale factor Si = Sp/Sm is defined for each quantity i, with subscripts p and m denoting 348 

prototype and model, respectively. Under 1-g conditions, the gravity similitude law ensures identical 349 

gravitational acceleration for both the model and prototype (Sg=1), known as the Cauchy condition. 350 

This condition requires that SE equals Sρ times Sl. Moreover, the mass density of soil is approximately 351 

the same in both the prototype and model (Yang et al., 2018, 2019), necessitating that Sρ equals one 352 

(Sρ=1). Consequently, all scaling factors are derived in terms of the geometric scaling factor (Sl=S), 353 

as shown in Table 4. Choosing a geometric scaling factor between 10 and 30, as recommended by 354 

Yang et al. (2018, 2019), the scale factor of 20 was selected in this study to balance cost and accuracy. 355 

 356 
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Table 4. Scaling factors for elastic vibrations (adapted from Haghighi et al., 2023) 357 

 358 

Achieving perfect similarity (i.e., “true” modeling) between the model and prototype is 359 

challenging, especially in dynamic systems with multiple material types (e.g., soil-structure 360 

interaction). By focusing on first-order effects and neglecting some second-order effects, an 361 

"adequate" model can often accurately predict prototype behavior (Harris & Sabnis, 1999). In this 362 

regard, the building floor’s natural frequency is a crucial factor influencing vertical vibration 363 

response (Allen, 1999), which should be equal between the true and adequate models. To account 364 

for soil-structure interaction, the building’s total mass and the foundation-ground interfaces should 365 

also match between the models. 366 

Simulations in ABACUS determined the prototype floor's natural frequencies to be 10 to 11 367 

Hz. Scaling laws indicated that the model floor's frequencies should be about 45 to 50 Hz (Sf=1/√20), 368 

and the model's total mass should be approximately 18.5 kg (SF=203). To meet these conditions, a 369 

building model (see Figure 9) was constructed using steel, comprising thin steel plates as floors, 370 

rebars as columns, and thick plates as foundations. Hence, all members of the adequate building 371 

model have a Young's modulus of 200 GPa, a Poisson's ratio of 0.3, and a density of 7850 kg/m³. 372 

Through trial and error and numerical simulations, the required mass and natural frequency were 373 

achieved, resulting in floor frequencies around 46-48 Hz. The floors have dimensions of 300 × 300 374 

× 1 mm and a mass of 3.55 kg. The columns have a diameter of 10 mm and a mass of 2.38 kg. The 375 

Properties Quantity Symbol Scale factors 

Geometry Length L Sl = S = 20 

Dynamic 

response 

 

Frequency F 1/√𝑆 

Time T √𝑆 

Displacement  S 

Velocity V √𝑆 

Stress  S 

Loading Force F S3 

Gravity G 1 

Material Density Ρ 1 

Young’s modulus E S 

Poisson’s ratio Ν 1 
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foundations measure 100 × 100 × 40 mm and have a mass of 12.56 kg. Altogether, the total mass of 376 

the model is 18.50 kg, meeting the scaling laws. 377 

To simulate three-dimensional wave propagation in soil, we built a rectangular steel 378 

container measuring 200×100×80 cm, as shown in Figure 9. To minimize wave reflections from the 379 

container's rigid boundaries, 5 cm thick foam layers were installed on the inner walls, based on 380 

practical guidelines (Lombardi et al., 2015). Dynamic testing confirmed these foam layers 381 

effectively absorbed wave reflections (Haghighi et al., 2024). For the soil medium, Firuzkuh’s 382 

uniformly graded (SP) sand was used, known for its consistency in geotechnical studies (Esmaeili 383 

& Khajehei 2016, Haghighi et al. 2023). This type of poorly-graded sand, characterized by a particle 384 

size range of 0.4 to 1 mm, was layered in 10 cm increments and compacted to maintain a density of 385 

1570 kg/m³. The container was filled to a depth of 70 cm, representing a bedrock located at a depth 386 

of 14 meters. The soil model features a Poisson’s ratio of 0.3 and a shear wave velocity of 132 m/s 387 

(Esmaeili and Khajehei, 2016; Mousavi-Rahimi et al., 2022), equivalent to 590 m/s in the prototype. 388 

For the two isolation scenarios, a layer of polystyrene foam, measuring 10×10 cm and 389 

possessing a dynamic Young's modulus of 112 kPa, was utilized. Based on scaling laws, the isolation 390 

frequency in both isolation states should be around 16 Hz (Sf = 1/√20). The isolator layer's thickness 391 

was calculated to be 2.4 cm for a single layer scenario, while three 0.8 cm thick layers were used in 392 

the multi-layered scenario. 393 

To perform the experiments, an impulsive load with an amplitude of about 18-20 N (SF = 394 

203) was applied at a distance of 100cm (Sl = 20) the building's center.  The experiments utilized a 395 

variety of equipment including a PC, shaker, amplifier, data logger, and accelerometer. The 396 

accelerometer had a capacity of 500 m/s² within a frequency range of 1–5000 Hz, which covered 397 

the desired vibration range. To achieve maximum measurement precision, the sampling frequency 398 

was arranged to 1280 Hz. Furthermore, frequencies exceeding 312 Hz were removed from the 399 

measured data using an 8th-order low-pass digital filter of the MATLAB signal processing toolbox. 400 

Figure 9 provides a detailed view of the test instrumentation setup and different isolation 401 

configurations. 402 

 403 
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(a) instrumentation and test setup 

  

(b) isolated building with single under foundation 

isolator 

(c) isolated building with layered under foundation 

isolator. 

Figure 9. Details of the physical model  404 

4.2. Numerical modeling of the prototype 405 

A 3D numerical model combining finite and infinite elements was created in ABAQUS to 406 

analyze the building, its isolators, and the underneath soil. As depicted in Figure 10, 4-node linear 407 

shell elements of S4 were used to represent the building's slabs, while solid elements of C3D8 (8-408 
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node cubic 3-dimensional) were employed for the other components of the building, isolators, and 409 

the near-field underneath soil. To simulate the infinite expanse of the far-field soil and avoid wave 410 

reflections at the model's boundaries, 8-node cubic infinite 3-dimensional elements of CIN3D8 were 411 

incorporated (Systèmes, 2014; Zhang et al., 2019). The finite domain was designed to be 40 meters 412 

in both length and width, ensuring adequate space for the entire model configuration. 413 

The depth of the finite domain was fixed at 14 m to represent the bedrock, aligning with the 414 

soil depth used in physical modeling. All material properties of the prototype were incorporated into 415 

the numerical model. Material damping was modeled using Rayleigh damping, which is particularly 416 

effective for time-domain analysis (Chopra, 1995). In this approach, the damping matrix is a linear 417 

combination of the mass and stiffness matrices. To simulate the dynamic response, an impulsive 418 

load with an amplitude of 150 kN (Equation 1) was implemented to the soil surface at a point 20 419 

meters away from the center of the building. The resulting responses were measured at the middle 420 

of the first floor to assess the effectiveness of the isolation system. 421 

 422 

 423 

Figure 10. Geometry of the 3D finite/infinite numerical model. 424 

 425 

4.3. Results of the physical and numerical models 426 

The dynamic vertical responses at the midpoint of the first floor were measured for both 427 

experimental and 3D numerical models under isolated and unisolated conditions. The root mean 428 

square (RMS) values for the unisolated states were 0.066 mm/s for the physical model and 0.072 429 

mm/s for the numerical model. In the single-layer isolated state, the RMS values decreased to 0.015 430 
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mm/s for the physical model and 0.017 mm/s for the numerical model, while the three-layer isolated 431 

state yielded RMS values of 0.019 mm/s and 0.021 mm/s, respectively.  432 

The close agreement between the physical and numerical models, with differences under 433 

10%, validates the employed numerical approach, ensuring reliability in predicting dynamic 434 

responses of a soil-structure interaction problem. Both isolation techniques significantly reduced 435 

vibrations, with single-layer isolators reducing levels by 12.5 dB and three-layer isolators by 10.7 436 

dB, demonstrating their efficacy in mitigating train-induced vibrations. Although the single-layer 437 

isolators performed marginally better by 1.8 dB, the minimal difference suggests that multi-layer 438 

isolators with equivalent total rubber thickness are a practical alternative when the rubber mat's 439 

bearing capacity is a constraint. 440 

 441 

  

a) b) 

Figure 11. Comparison of numerical and physical model responses at the middle point of the first floor (in 442 

prototype scale): (a) unisolated building isolated building and isolated building with single under foundation 443 

isolator and (b) unisolated building isolated building and isolated building with layered under foundation 444 

isolator. 445 

 446 

5. Conclusion  447 

Performance of layered foundations in reducing railway-induced vibrations was thoroughly 448 

evaluated using both numerical and physical models. The study investigated various configurations 449 

of Single Under Foundation Isolators (SUFI) and Layered Under Foundation Isolators (LUFI) to 450 

determine their effectiveness in mitigating vibrations. The findings indicate that increasing the 451 
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isolation frequency from 3 Hz to 12 Hz results in a significant reduction in isolation efficiency, with 452 

an average decrease of about 20 dB in both horizontal and vertical directions. This highlights the 453 

importance of maintaining lower isolation frequencies for effective vibration mitigation. 454 

Additionally, the stiffness of the underlying soil, characterized by the soil shear wave velocity, 455 

significantly impacts the isolators' performance, with stiffer soils enhancing the effectiveness of the 456 

isolation systems. The natural frequency of the building's floor also plays a crucial role in the 457 

effectiveness of the isolators. Buildings with higher natural frequencies exhibited different trends in 458 

isolation efficiency compared to those with lower frequencies, underscoring the complex interaction 459 

between soil and structure.  460 

When comparing different types of isolators, single-layer isolators (SUFI-t) generally 461 

outperformed 2-layer and 4-layer isolators when the total thickness of the isolator was constant 462 

(2LUFI-t and 4LUFI-t). This suggests that a single-layer configuration provides better vibration 463 

isolation due to more uniform deformation and energy dissipation. In the scenarios where each 464 

isolator layer had a rubber thickness of t, multi-layer isolators significantly improved the 465 

performance compared to single-layer isolators. Specifically, the 4LUFI-4t isolator outperformed 466 

the 2LUFI-2t and SUFI-t isolators, demonstrating that adding more layers enhances the isolator's 467 

ability to dampen vibrations effectively. This improvement is attributed to the increased flexibility 468 

and improved damping capacity provided by additional layers, allowing the isolator to better absorb 469 

and mitigate vibrational energy. These results emphasize the advantage of multi-layered isolators in 470 

the applications where superior vibration isolation is crucial. 471 

The proposed isolation method's effectiveness in a real-world setting was examined by 472 

creating both a 3D numerical model and a scaled-down laboratory model of a building near a railway 473 

track. In this regard, the performance of single resilient layers and three-layer foundations in 474 

mitigating ground-borne vibrations were compared. Both isolation techniques effectively reduced 475 

vibrations: single-layer isolators cut levels by 12.5 dB, while three-layer isolators reduced them by 476 

10.7 dB. Single-layer isolators were slightly more effective, by 1.8 dB, but the difference is minor. 477 

Thus, multi-layer isolators with the same total rubber thickness are a viable option when bearing 478 

capacity is a concern. The accuracy of the numerical approach was also validated by comparing its 479 

results to those from the laboratory model, revealing differences of less than 10%. 480 

Overall, the study highlights that multi-layered isolators can offer superior performance in 481 

reducing railway-induced vibrations, especially in scenarios where maintaining low isolation 482 
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frequencies is critical while bearing capacity is constrained. These findings contribute to the 483 

development of more effective strategies for mitigating vibrations in buildings located near railway 484 

tracks, enhancing the comfort and safety of building occupants. 485 
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