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Abstract: Vibrations generated by railways may undergo amplification or reduction while traversing
the foundations, floors, and spans of adjacent structures. This fluctuation in the vibration intensity,
identified as a building’s coupling loss, is commonly considered in vibration forecasts through
the utilization of universal frequency-independent adjustment parameters. This article employs
a theoretical analytical approach to investigate the propagation characteristics of Rayleigh waves
in elastic foundation soil, as well as the variations at the contact surface of buildings’ foundations.
Analytical expressions for the coupling loss coefficient are derived to explore the displacement
transfer relationship in the soil-structure interaction. To accurately and efficiently analyze the
proposed buildings and site, the entire vibration propagation system is decoupled into substructure
systems for independent analytical calculations. Theoretical analytical methods are utilized to obtain
the displacement transfer functions between the soil and the structures through the refraction and
transmission of waves. From a theoretical perspective, a thorough understanding of the interaction
between soil and buildings is achieved. The influence of various variables related to railways and
foundations on the building responses is analyzed. By comparing with measured data, the correctness
of the analytical form of the coupling loss coefficient is validated, filling a gap in the literature due to
the lack of analytical research on displacement transfer losses in soil-structure interactions.

Keywords: coupling loss; Rayleigh wave; soil vibration; vibration isolation; theoretical study

1. Introduction

The propagation of vibrations generated by railway systems can significantly im-
pact the structural integrity and comfort levels of adjacent buildings. These vibrations,
which may amplify or attenuate as they travel through soil and building foundations, are
quantified by the coupling loss coefficient, a critical factor when predicting and managing
building responses to environmental vibrations.

In the 1960s and 1970s, the gradual development of high-speed railways emerged as a
convenient and efficient transportation infrastructure in developed countries. A significant
focus of scholarly inquiry during this period involved the examination of the environmental
vibration responses induced by rail transit. In 1850, Professor Krylov et al. [1-3] in the
United Kingdom pioneered the establishment of a ground vibration prediction model,
basing it on the dynamic loads derived from vehicle loads. Utilizing the classical Green
function equation, their work delved into the study of ground vibration responses resulting
from rail transit. In 1970, Lang and Kurzweil [4] contributed a predictive Equation for
train-induced vibrations through extensive research, correlating the vibration levels and
distances with low-frequency vibrations. In 1988, Takemiya Hirokazu [5] employed a quasi-
static method to analyze the vibration response of the Shinkansen track system caused
by high-speed trains. This comprehensive analysis included the examination of viaduct
and pile foundation vibrations. Takemiya studied the resistance surrounding the vibration
source and the influence of layered soil on elastic wave propagation in the foundation
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soil, and then proposed a damping scheme. By comparing three different arrangements
encompassing diverse materials, damping effects, and wave damping zones, the optimal
damping effect was determined.

In 2020, Yue Jianyong et al. [6] employed a test method to measure the tunnel and
surrounding building accelerations before and after subway vibration reduction. This
facilitated the analysis and evaluation of subway vibration reduction effects. Building
on this, a finite element and infinite element coupling numerical simulation method was
employed to simulate the vibration response of surrounding buildings during subway
operations. The resulting vibration characteristics were then compared with measured
data. Fang Lei’s work in 2020 [7] involved simulating soil-structure interaction through
the derivation of the stiffness coefficients between soil and building. Additionally, an
enhancement to the prediction model’s accuracy was achieved through the application of
the random forest algorithm. In 2021, Colaco et al. [8-10] predicted the vibration generation
and propagation in the track—ground-building system using the 2.5DFEM-MFS method
for tracks and the 3DFEM method for buildings. In the same year, Sadeghi et al. [11-13]
established and verified a vibration acoustic model for buildings based on field test results.
The building parameters were categorized based on the structural and non-structural
characteristics, and a model parameter analysis was conducted to study the influence of
the building structural and acoustic parameters on structural noise. The derived prediction
model facilitated establishing the functional relationship between train-induced vibration
acceleration and buildings. In 2021, Yasser E. Ibrahim et al. [14] conducted a detailed three-
dimensional finite element analysis of a 10-story reinforced concrete frame structure based
on a raft, utilizing ABAQUS 2020. The study, employing a moving point load to simplify
the train load, investigated the effects of the train speed and the distance between the
train and the building on the vibration response of the foundation structure. The research
concluded that the use of open ditches and filled foam ditches mitigated the vibration
response induced by trains.

Presently, the numerical simulation method necessitates simplifications and assump-
tions within the overall finite element model, compromising the accuracy of the calculation
results. Although the test methods yield accurate and reliable results, they are time-
consuming and expensive. The test method is also susceptible to external factors, such
as the environmental conditions, sensor instability, and background noise, introducing
interference to the test data and thereby imposing limitations on the derived prediction
equations. In light of these considerations, this study derives the coupling loss coefficient
of an elastic soil foundation through theoretical analysis.

2. Theoretical Study of the Transfer Function Method

During the operation of a high-speed train, the vibrations generated by the interaction
between the train and the track propagate through the roadbed to the surrounding soil
and buildings, giving rise to a vibration transmission system involving the train, subgrade,
foundation soil, building foundation, and the building itself, as depicted in Figure 1.
The ISO14837-1 standard [15] defines the frequency domain function expression A(f) for
building vibration, consisting of the source term S(f), the propagation term P(f), and
the receiving term R(f). The magnitude of the building vibration A(f) is mathematically
represented as A(f) = S(f)P(f)R(f). Consequently, employing the transfer function method,
the entire vibration propagation system is decomposed into sub-structural systems for
independent analysis and calculation (Equation (1)). These sub-structural systems include
the train—track-site soil system (refer to Figure 2), soil-structure dynamic interaction system
(refer to Figure 3), and building structural system (refer to Figure 4).

Uy(f) = U™ (f) - Ci(f) - Fa(f) 1)
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Figure 1. Vibration propagation diagram induced by a high-speed train.
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Figure 2. Train-track-site soil system.
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Figure 3. Soil-structure dynamic interaction system.

Figure 4. Building structure system.

Equation (1) represents the calculation equation for the transfer function method.
Examining the equation, it becomes evident that the vibration response, Uy*°!, of the free
field comprises the vibration source term, S(f), and the propagation term, P(f). Simulta-
neously, the receiving term, R(f), comprises the coupling loss coefficient, Cj, and the floor
amplification coefficient, F,. Notably, the floor amplification factor is solely determined
by the structural form and material characteristics of the building. To elaborate, once
the inherent properties, such as the structural form of the building, are established, the
floor amplification factor is determined accordingly. Consequently, the acceptance term,
R(f), is solely dependent on the coupling loss coefficient, C;. This paper focuses on the
investigation of the reflection and transmission law of Rayleigh waves propagating through
the building foundation. The relationship between incident waves, reflected waves, and
transmitted waves is thoroughly analyzed. Subsequently, the coupling loss coefficient
of the soil-structure transfer function is derived at the contact surface between the soil
and the structure. This approach eliminates the need for a complex modeling process and
measurement methods, ensuring both efficiency and accuracy in the calculation process.

2.1. Propagation Law of Rayleigh Waves

The propagation of waves through elastic materials is subject to geometric damping,
where, following the principle of the conservation of energy, the amplitude of the wave
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gradually decreases with increasing wave intensity and diffusion. Miller [16] was the first
to characterize the wave field under a concentrated load. Importantly, the acceptance term,
R(f), is exclusively determined by the coupling loss coefficient, C; [17].

Consequently, in incorporating the soil-structure interaction into the process of re-
solving the vibration response of a building, the floor amplification factor is determined
subsequent to establishing the building’s form. The determination of the floor amplifica-
tion factor is integral to comprehensively understanding and applying the soil-structure
interaction in the context of solving building vibration responses. On the free interface,
when the incidence angle of the SV wave is substantial, a Rayleigh surface waveform
manifests on the free interface, propagating along it with its amplitude diminishing as the
distance from the interface increases. While there are alternative methods for generating
Rayleigh surface waves, in a half space containing layered media, considering the free
surface boundary conditions, interlayer continuity, and amplitude limits of an infinite
domain, two distinct types of special solutions to waves emerge. One is confined solely
within the half space containing layered media, while the other extends beyond the plane.
Both categories of special solutions propagate along the free surface, with their amplitudes
gradually decreasing to zero at greater depths. These special solutions are identified as
Rayleigh surface waves and Love surface waves.

The decay of the vibration is influenced by the properties of the medium and increases
with the vertical distance. When the vertical distance is infinite, the displacement tends
toward zero, indicating that Rayleigh waves exclusively propagate on the soil surface [18].
While surface waves propagate along the free surface, the energy of body waves not only
travels along the free surface but also diffuses deeply within the medium. Consequently,
the amplitude of surface waves decays at a much slower rate than that of body waves.
Given that Rayleigh waves contribute to over two-thirds of environmental vibration during
the propagation process, an examination of the attenuation characteristics of Rayleigh
waves aids in understanding the laws governing vibration propagation. Consequently, this
paper exclusively focuses on studying the propagation and attenuation of Rayleigh waves.

2.2. Equation Derivation of Coupling Loss Coefficients

Currently, there is a deficiency in the theoretical research on the propagation of
Rayleigh waves in discontinuous media, both domestically and internationally. Previ-
ous efforts have predominantly relied on numerical methods, yielding specific outcomes.
The determination of the amplitude and angle of reflected and refracted waves generated
by P-waves and S-waves at the discontinuities of two media is achieved through precise
consideration of six boundary conditions at these interfaces.

However, owing to the unique nature of Rayleigh waves, the amplitude of the wave
mode transition from surface wave to body wave is also contingent upon the angle formed
by the interface of the medium. Simply addressing the reflection and refraction of Rayleigh
waves does not fully satisfy the requisite boundary conditions. Consequently, whether it is
a reflected or transmitted Rayleigh wave, the mathematical challenges are more intricate,
and the analytical methods are more demanding.

In 1961, Lapwood [19] delved into the reflection and transmission of Rayleigh waves
at specific angles, presenting theoretical conclusions. Building on these findings, Maurice
James [20] conducted an in-depth study on the reflection and transmission of Rayleigh
waves. The foundational concept in Maurice James’ work is that the residual difference
between the corresponding stress and displacement on either side of the contact surface
should be zero. Given the intricate waveform transformations of Rayleigh waves at in-
terfaces, including their potential transformation into Love waves or Stoneley waves,
achieving this residual condition is challenging. Jafar, Zarastvand and Zhou [21] developed
an analytical model to determine the sound transmission loss of a doubly curved sandwich
shell with various truss core configurations.

Recent studies on building vibrations from train operations highlight key advance-
ments. Qiu et al. [22] and Hu et al. [23] developed models for predicting and mitigating
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vibrations in elevated metro depots and over-track buildings, validated by field measure-
ments. He and Tao [24] created a prediction method for urban environments, considering
soil-structure interactions. Ma et al. [25] proposed a semi-analytical model for underground
train-induced vibrations, validated in the Hefei metro. These studies underscore the im-
portance of predictive modeling and validation in designing effective vibration mitigation
strategies for improved urban living conditions.

While the residual cannot feasibly reach zero if Rayleigh waves only assume trans-
mission or reflection forms, Maurice James proposed the selection of suitable transmission
and reflection coefficients to minimize the relevant equation. This approach aims to bring
the residual as close as possible to the zero condition, acknowledging the complexity of
Rayleigh wave transformations and providing a pragmatic solution to enhance the accuracy
of theoretical considerations.

1
Ih = Tlfooo{|‘7xx - ‘73/cx|2 + [ Tex — Tylcx‘z}dz

1 ) 1124 )

- u—1u w—w z=0
A R A

In Equation (2), 0xx, 0/xx, Txz, Txz', 4, t/, and w, w' are the normal stresses, shear

stresses, vertical displacements and horizontal displacements in the two different media,
respectively. The residual I represents the disparity between stress and displacement
at the interface, while I; and I, denote integral expressions of stress and displacement,
respectively. These expressions in Equation (3) specifically account for the contributions
solely arising from the incident Rayleigh waves at the medium’s discontinuity.

L = fooo |Uxx0|2 + |Tx20|2}dz

3)
2 2 (
b = J5*{ luo* + [wo[* }dz = 0
where xxo, Txzo, Uo, and w, are the normal stresses, shear stresses, vertical displacements
and horizontal displacements at the interface position, respectively.

The illustration in Figure 5 depicts the propagation of Rayleigh waves on the discon-
tinuous surface of a quarter-space medium.

F(f)

| A

wave .
Foundation

Figure 5. Schematic diagram of Rayleigh wave propagation on the discontinuous surface of a
quarter-space medium.

After simplification, the expression for Ij is obtained:

Ip=(A+])1+R)?+(B+G)(1—R)*+ (F+1)T(1—R)

+(C+E+H+K)T>+ (D +L)T(1+R) @

In Equation (4), the functions designated by the letters A to L are solely dependent on
two media parameters, which can be computed to fixed values. Consequently, within the
equation, only R and T remain as the two unknowns.

To minimize the value of I, the reflection coefficient R and transmission coefficient T
can finally be calculated and determined by 3—113 =0, % =0.

During the simplification of the equation, the wave circular frequency w is factored
out, and as a result, the widely used transmission coefficient R and reflection coefficient T
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are only affected by the elastic modulus on both sides of the medium. This is significant
because the expression for these coefficients is not limited to simple harmonic waves but can
be extended to non-periodic waveforms as well. Any wave, through the Fourier transform,
can be decomposed into the superposition of several simple harmonic waves. Each of
these simple harmonic waves possesses reflection and transmission coefficients that are
independent of the circular frequency. Consequently, the integrals of these simple harmonic
waves also have reflection and transmission coefficients that are irrelevant to the circular
frequency.

When Rayleigh waves interact with a quarter space, the primary outcomes include
the generation of reflected Rayleigh waves (y», ¢,) and refracted Rayleigh waves (y3, ¢3).
Specifically, 1 and ¢; represent vertically incident waves originating from the positive
direction of the x-axis toward the interface between the building foundation and the soil
mass (at x = 0). Relevant expressions can be listed from Equations (5) to (7):

P = Ale—rzei(wt—er),q)1 _ Ble—szei(wt—er) (5)
o Azeﬂzzei(threr),qD2 — Bzefszei(threr) (6)
Py = A3€—r’zei(wt—k/x)’q)3 _ BBE—s/zei(wt—k/x) (7)

where Aj~A3 and B;~Bs are constants, while ¢1, ¢, ¢3 and ¥y, Y5, ¥3 are the wave
potential functions of incident wave, reflected wave and transmitted wave in two different
medias, respectively.

According to the boundary conditions, the left-travelling wave B; = —b-A;/(2ik;s) and
the right-travelling wave B; = b-A;/(2ik.s), where (i =1, 2, 3).

The stress and displacement on the left side of the axis x = 0 can be expressed in the
following Equations from (8) to (11):

_aﬁiaj_' o @—szi —rz
u=ar -5 = ik, (A A2)< 5 ¢ e (8)
_ a(P a‘P _ _2k% —sz —rz
W=t = V(A1+A2)( -5 ¢ T ©)
w | 2 d
Gee = A(F8+ 30 ) + b (10)
= —u(Ay + Ay)(—be ** +ae™"*)
w | 2
T = (3 + %) (11)

= 2uirk, (A1 — Ap)(—e 5 +e77%)

where A and y are the Lame constants of elastic medium one.
The stress and displacement on the right side of the axis x=0 can be expressed in the
following Equations from (12) to (15):

' = ik (As — Ag) <2S;r/e5’z - ef’Z) (12)
W = —7' (A3 + Ay) (-”‘fﬂ’z +e "7 (13)
oy = —1'(As + Ay) (—b’e_slZ + a’e_rlz) (14)

T, = pirk,(As — Ay) (—e—S'Z + e—”z) (15)

where the parameters with the superscript symbol ' represent the parameters of medium
two, which have the same meaning as the parameters in medium one.
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The residual expression of stress and displacement caused by incident Rayleigh waves
on both sides of the interface x = 0 are:

lkrAl(Zsr =Sz _ o rz)
wy = —rA1(— 2kb' e e 17

16
Oxx0 = —HA1(—be 5% +ae™ ") (16)
Tyz0 = 2pirk, A1(e” 5 —e™7%)
Among them,
2 k22 = 2

k= 2 kg = “’kr_

CR
The above equations are put into Equations (2)—(8), and in order to minimize I,

Ay _ 0, %‘3 = 0is defined. The reflection coefficient R and transmission coefficient T can be

R =
expressed as:
Ay X-U
R_Al_V—Y (18)
T=X+YR (19)
Among them,
X — (D+L+F+)Y —(D-L+F+1I
_(C+E+H+K) (C+ +H+K) (20)
o —A+]-B-GC) , _ (A ] +B+G)
T (F+I-D-1L)’ (FfI-D-1)

The expressions from A to L are deduced in the following Equations from (21) to (34).

_ (c=b)?
A= @ (21)
1 b 1 2
b= ®g S {27+25_r+s] @2)
B 1 7/‘/ 2 a2 b2 24"
(i) 7w >
!/ / / ! /
D:_z(ﬂ)[ﬂﬂ/+ o b ab/} o)
g\ U /) [r+1r s+s r+s r+s
1 W\ PP 1 2
E_zxo<y> s {2r’+2’ r’—l—s’} @9)
8 w\.,, 1 1 1 1
F= zxo(y)krkrrr r+r’+s—|—s’ r+s r4¢ (26)
ky M 2512 4sr
G=— —_— 27
5t e 7
B —2k/k, [ 1 2sr? 4s'y!
He il v .
I = —2k/ 'k, [ + 4s5'rr’
Bo r+r’ 1 bb (s+s)
_2sr 28 } (29)
b(r'+s) b (r+s")
2 2
= 21 2kt 4k, (30)
Bo|2r " B2 b(r+s)
/2 ;4 ;2
ﬁo 2},/ b/zs/ b/(r/+5/)
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_ oy | 1 4”2,
L= .Bg . T bY' (s+s") (32)
) }
b(r'+s) b’ (r+s")
25 + b2 2b+b%r  2abs + 2b?
wo:as—i— r+s + ro abs + r (33)
2rs 252 s(r+s)
K, +r* br b
= 55 — = 4
Po 2r 252 s (34)

Given the considerable distance between the building foundation and the point of the
vibration source, along with the substantial magnitude difference between the soil and the
stiffness value of the building foundation, it is assumed that after the incidence of Rayleigh
waves on the building foundation, the foundation undergoes rigid motion, resulting in
equal vertical displacements everywhere. Therefore, the vertical displacements are denoted
as Upf°t = A5 and U®°! = A;. With these considerations, the relational expression for the
coupling loss coefficient (C}) is as follows:

wet A, Ay  X-U
_USOﬂ_A—l_T_XJrYR,R_A—l_iV_Y (35)

G

Uyfoot represents the vertical vibration response of the building foundation surface
when a building is present on-site, and Uy*°!! denotes the vertical response value of the free
field in the absence of a building foundation, as illustrated in Figure 6.

F(f) .
Uy
z [ |
F(f)

soil
Ué()l

=

Figure 6. Schematic diagram of the free field and building foundation.

3. Verification of the Derived Results for the Coupling Loss Coefficient

To validate the accuracy of the derived coupling loss coefficient in the soil-structure
transfer function, as derived from the Rayleigh wave reflection and transmission theory on
the dielectric discontinuity, and to enhance the effectiveness of subsequent calculations of
the building vibration responses, a comparative analysis is employed. This method involves
comparing the derived results with references in this section. This validation process helps
ensure the reliability and correctness of the theoretical framework developed for predicting
the coupling loss coefficient in the soil-structure interaction, thereby enhancing confidence
in the subsequent calculations related to the building vibration responses.

The data from Colaco et al. [10] are utilized for the soil and building foundation
parameters in this study. The selected parameters for the soil medium are as follows:

Shear wave velocity: Cq; = 150 m/s

e  Poisson’s ratio: v = 0.35
e  Density: p = 1900 kg/m?3
e  Shear modulus: G = 42.75 MPa
e  Elastic modulus: E = 115.425 MPa
For the building foundation:
e  Shear wave velocity: Cgp =2236.08 m/s
e DPoisson’s ratio: v/ = 0.2

Density: p’ = 2500 kg/m?
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Shear modulus: G, = 125 GPa

Elastic modulus: E’ = 30 GPa

Building foundation side length: Bf =1.5m
Thickness: h =0.6 m

These parameters will be used for the comparative analysis and validation of the
derived coupling loss coefficient in the soil-structure transfer function.

Colaco et al. [26-30] utilized the semi-analytic soil medium model introduced by
Bucinskas. In their work, they obtained the soil-structure interaction (SSI) curve based
on the Green function in the frequency—wave number domain. This approach effectively
captured the relationship between the vibration response of the free field at the building
foundation and the vibration response at the center of the building foundation in the
presence of a building foundation. In this study, to streamline the calculation process, the
soil medium and building parameters are input into a pre-designed table. The coupling
loss coefficient is then determined using the Rayleigh wave refraction and transmission
theory at various media contact surfaces. Subsequently, the coupling loss coefficient Ci(f)
obtained through the reflection and transmission theory of Rayleigh waves on media
discontinuities is compared with the SSI(w) curve data obtained by. This comparison is
conducted through the fitting of the Isqnonlin function, and the results are illustrated in
Figure 7. This comparative analysis aims to validate and assess the accuracy of the derived
coupling loss coefficient in relation to the SSI curve data obtained.

— ('} Curve
....... 881 Curve |

Ratio (m/m)

0 50 100 150 200
Frequency (Hz)

Figure 7. Coupling loss coefficient Cl and SSI (w) curve comparison.

The average ratio between the coupling loss coefficient and the SSI curve, as indicated
by the data, is approximately 1.088, and it remains below 1.1. This suggests that the error
is below 10%. Moreover, from the observation in Figure 7, it is evident that the coupling
loss coefficient and SSI curves are of the same order of magnitude, and their values are
closely aligned. The maximum value tends toward 1, and the minimum value tends toward
0. Therefore, the results of the coupling loss coefficient derivation appear reasonable and
consistent with the SSI curve data, further supporting the validity of the proposed method.

3.1. Effect of Different Parameters on Coupling Loss Coefficient

The expression for the coupling loss coefficient in the soil-structure transfer function,
as derived in Section 2.2 of this paper, is indeed intricate. The expression reveals that
alterations in parameters such as the width (By), height (%), material properties, and others
of the building foundation, as well as variations in the soil mass parameters, can impact the
value of the coupling loss coefficient. To investigate the influence of these parameters on
the coupling loss coefficient, a control variable method is employed. This method allows
for the systematic analysis of how changes in the parameters of the soil mass and the
building foundation affect the coupling loss coefficient. This comprehensive analysis aims
to discern the laws governing the impact of these parameters on the coupling loss coefficient,
providing valuable insights into the behavior of the soil-structure interaction system.
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Under standard conditions, the parameters for the soil mass and building foundation

are as follows:

For the soil mass:

Shear wave velocity: Cs; =150 m/s
Poisson’s ratio: v = 0.35

Density: p = 1900 kg/m?3

Shear modulus: G; = 42.75 MPa
Elastic modulus: E = 115.425 MPa

For the building foundation:

Shear wave velocity: Cgp =2236.08 m/s
Poisson’s ratio: v/ = 0.2

Density: p’ = 2500 kg/m?

Shear modulus: G, = 125 GPa

Elastic modulus: E' = 30 GPa

Building foundation side length: Bf =1.5m
Thickness: h = 0.6 m

Additionally, the horizontal distance from the Ricker pulse-hammering point to the

building foundation is specified as 10 m. Refer to Figures 8 and 9 for a visual representation
of the setup.

¢
.

10m 5.4m 54m

F(f)

——
——

2 |

Figure 8. Top view of relationship between the building and the Ricker pulse position.

= ol

4 54m ¢ 54m 4
=
Uy
g
F(f) =

Figure 9. Main view of the relationship with the Ricker pulse position of the building.

The expression of the Ricker pulse is:

F(t) = lz("(tT;ts)f _ 1] oD 3-1) (36)

where t; =0.1's, Tg = 0.01 s. The time domain and frequency domain of the Ricker pulse
are shown in Figures 10 and 11.
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Figure 10. Ricker pulse time domain curve.
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Figure 11. Ricker pulse frequency domain curve.

3.2. Angle Effect on Coupling Loss Coefficient

In the analysis, the horizontal projection point O of the hammering point is kept at
a fixed distance Loa = 10m from the center A of the building foundation. The damping
distance of the Rayleigh wave in front of the building foundation varies with the change in
the included angle 8, impacting the dynamic interaction. The analytical diagram consider-
ing the angle effect on the coupling loss coefficient is depicted in Figure 12. Additionally,
Figure 13 illustrates the influence of different angles on the coupling loss coefficient. These
figures provide visual representations of how the included angle 6 affects the coupling loss
coefficient and help in understanding the dynamic interaction under varying conditions.

F(f)

xs
\lamm

L VR Vil

Figure 12. Analytical diagram considering the angle effect on the coupling loss coefficient.

From Figure 13, when the incidence angle 6 is within the range of 0 to 45 degrees,
assuming no change in the distance Loa (10m) between the horizontal projection point O
and the building foundation center A, the propagation distance of the wave in front of the
building foundation gradually increases with the rise of the included angle 6. Consequently,
the wave damping leads to a gradual reduction in the soil-foundation interaction. As a
result, the coupling loss coefficient will progressively increase. Conversely, when the
incidence angle 0 is in the range of 45 to 90 degrees, the change in the rule is the opposite,
leading to different trends in the coupling loss coefficient.
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Frequency (Hz)

Figure 13. Analytical diagram of the different angles’ effect on the coupling loss coefficient.

3.3. Effect of Building Foundation Parameters on Coupling Loss Coefficient
3.3.1. Effect of Building Foundation Size

The variation in the building foundation parameters induces changes in the stiff-
ness of the foundation, subsequently impacting the coupling loss coefficient in the soil—-
structure interaction. Different building foundation sizes are considered, represented by
Q1=15mx15mx06m,Q;=20m x20m x 0.8m,and Q3 =25m x 25m x 1.0 m.
By applying the expression of the coupling loss coefficient derived in Section 2.2, the cou-
pling loss coefficient in the soil-structure transfer function of foundation S3 is observed
to change with the building foundation size under the influence of different sizes Q, as
illustrated in Figure 14. This analysis provides insights into how alterations in the building
foundation size can affect the soil-structure interaction dynamics.
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Figure 14. Different Q-coupling loss coefficient curve of building foundation S3.

In Figure 14, it is evident that as the building foundation size increases, the value of
the coupling loss coefficient decreases. This implies that the displacement ratio between the
building foundation and the free field soil diminishes, resulting in an increased interaction
force between the soil and the building. The increase in size corresponds to an increase
in the stiffness of the building foundation, and consequently, a larger disparity in the
effective stiffness between the soil mass and the foundation. This intensifies the interaction
between the soil mass surrounding the foundation and the building foundation, making
the interaction more pronounced.
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3.3.2. Effect of Building Foundation Density

Under three working conditions, where the density of the building foundation is
p'1=2400 kg/m?3, p'2 = 2500 kg/m?, and p’'3 = 2600 kg/m?, with the other parameters
unchanged, the calculation equation for the coupling loss coefficient is applied. The
resulting variations in the coupling loss coefficient of the soil-structure transfer function
with different building foundation densities are illustrated in Figure 15. This analysis
provides insights into how changes in the building foundation density affect the coupling
loss coefficient and, consequently, the soil-structure interaction dynamics.
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Figure 15. Influence of different building foundation densities on the coupling loss coefficient.

3.3.3. Effect of Elastic Modulus of Building Foundation

Under three different working conditions, where the elastic modulus of the building
foundation is selected as E’y = 28.0 GPa, E’; = 30.0 GPa, and E’5 = 32.5 GPa, with the other
parameters unchanged, the calculation equation for the coupling loss coefficient is applied.
The resulting variations in the coupling loss coefficient of the soil-structure transfer function
with different building foundation elastic moduli are illustrated in Figure 16. This analysis
provides insights into how changes in the elastic modulus of the building foundation affect
the coupling loss coefficient and, consequently, the soil-structure interaction dynamics.
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Figure 16. Influence of different elastic moduli of the building foundation on the coupling loss coefficient.

When the elastic modulus of the building foundation (E’) changes from 28.0 GPa to
32.5 GPa, the coupling loss coefficient gradually decreases in the frequency band from 10
to 30 Hz. This suggests that the displacement ratio between the building foundation and
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the free field soil mass decreases gradually within this specific frequency range. However,
there is no significant effect on the coupling loss coefficient when there are changes in the
elastic modulus of the building foundation in other frequency bands. This observation
indicates that the impact of the elastic modulus on the coupling loss coefficient is frequency-
dependent and more pronounced within the specified frequency range.

3.4. Effect of Soil Parameter Variation on Coupling Loss Coefficient
3.4.1. Effect of Soil Mass Elastic Modulus E on Coupling Loss Coefficient

To explore the impact of changes in the elastic modulus of the soil mass on the coupling
loss coefficient in the soil—structure transfer function, different values for the soil elastic
modulus (E) were considered: Eq =100 MPa, E, = 150 MPa, E3 =200 MPa, and E4 = 250 MPa.
By utilizing the expression of the coupling loss coefficient introduced in Section 2.2, the
resulting variations in the coupling loss coefficient of the soil-structure transfer function
with different soil mass elastic moduli are illustrated in Figure 17. This analysis sheds light
on how alterations in the soil elastic modulus influence the coupling loss coefficient and,
consequently, the soil-structure interaction dynamics.
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Figure 17. Influence of different elastic moduli of the soil on the coupling loss coefficient.

From Figure 17, it is apparent that as the soil elastic modulus (E) changes from
100 MPa to 250 MPa, the coupling loss coefficient gradually increases. This implies that
the displacement ratio between the building foundation and the soil in the free field
increases gradually. With the increase in the soil elastic modulus (E), the stiffness of the
soil mass becomes larger, resulting in a smaller stiffness ratio between the soil and the
building foundation. Consequently, the interaction between the soil mass and the building
foundation becomes less pronounced, leading to an increase in the coupling loss coefficient.

3.4.2. Effect of Soil Mass Density on Coupling Loss Coefficient

For three different working conditions, where the soil density is selected as p; = 1900 kg/m?,
p2 =2000 kg/m?, and p3 = 2100 kg/m?, with the other parameters unchanged, the calcu-
lation equation for the coupling loss coefficient is applied. The resulting variations in the
coupling loss coefficient of the soil-structure transfer function with different soil mass
densities are illustrated in Figure 18. This analysis provides insights into how changes in
the soil density affect the coupling loss coefficient and, consequently, the soil-structure
interaction dynamics.

From Figure 18, it is evident that as the density p of the soil mass changes from
1900 kg/m? to 2100 kg/m?, the coupling loss coefficient gradually increases. This indicates
a gradual increase in the displacement ratio between the building foundation and the free
field soil mass. The increase in the coupling loss coefficient is attributed to the increasing
density of the soil mass. As the soil density increases, the contact area between the soil
particles per unit volume also increases, enhancing the overall stiffness of the soil mass. This,
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in turn, results in a gradual increase in the stiffness ratio between the soil and the concrete
foundation, making the interaction between the soil mass and the concrete foundation
less pronounced.
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Figure 18. Influence of different soil densities on the coupling loss coefficient.

3.4.3. Effect of Soil Poisson’s Ratio on Coupling Loss Coefficient

For three different working conditions, where the Poisson’s ratio of the soil is selected
as vy = 0.2, vp = 0.3, and v3 = 0.4, with the other parameters unchanged, the calculation
equation for the coupling loss coefficient is applied. The resulting variations in the coupling
loss coefficient of the soil-structure transfer function with different Poisson’s ratios of the
soil mass are illustrated in Figure 19. This analysis provides insights into how changes
in the Poisson’s ratio of the soil affect the coupling loss coefficient and, consequently, the
soil-structure interaction dynamics.
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Figure 19. Influence of different Poisson’s ratios of the soil on the coupling loss coefficient.

From Figure 19, it is apparent that as the Poisson’s ratio (v) of the soil mass changes
from 0.2 to 0.4, the coupling loss coefficient in the soil-structure transfer function increases
gradually. This implies a gradual increase in the displacement ratio between the building
foundation and the soil mass. Moreover, the interaction force between the soil mass and
the building foundation decreases gradually. The observed trends suggest that changes in
the Poisson’s ratio of the soil affect the soil-structure interaction dynamics, influencing the
coupling loss coefficient accordingly.
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4. Case Study: Building Foundation Response under Ricker Pulse
The vertical displacement expression of the building foundation is:
; ,
uj™ () = U () - Cu(f) 7)

The expression for the coupling loss coefficient C)(f) has been derived in Section 2.2.
Consequently, the vertical free field displacement of the building foundation under the
action of a Ricker pulse can be denoted as Uy*!! (as shown in Figure 20). The vertical
displacement Uy°t of the building foundation under the action of a Ricker pulse can then
be determined using this expression.

F() -

[ = |

Figure 20. Schematic diagram of the vertical displacement of the free field at S3 of the building
foundation under the action of an ER pulse.

4.1. Solution of Vertical Displacement Response of Free Field under Ricker Pulse

In Equation (38), the expression for the vertical displacement of the free field particle
at the building foundation under a simple harmonic load F(t) = Pel*! is as follows:

uget = Zg\/jcos (wt —kyr — g) (38)
T

The data of the case in Section 3.1 are input into the above equation, and the free field
displacement Uy*°! curve at S; of the building foundation under a Ricker pulse is obtained
as follows.

From Figure 21, it can be observed that the frequency corresponding to the peak
vertical displacement is approximately 120 Hz. This aligns with the peak of the Ricker
pulse excitation frequency spectrum curve.

x 10710

Displacement (m/Hz)

0.0
0

50 100 150 200 250
Frequency (Hz)

Figure 21. Vertical displacement curve of the free field at S3 of the building foundation under the
action of an ER pulse.

4.2. Solution for the Coupling Loss Coefficient of Building Foundation

According to the expression Cj of the coupling loss coefficient in Section 2.2, the
coupling loss coefficient curves of S, Sy, S3 of the building foundation can be drawn in
Figure 22.
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Figure 22. Curve of the coupling loss coefficient of the building foundation.

Recognizing the proximity of the coupling loss coefficient curves for different founda-
tions, a Gaussian curve is contemplated for fitting to derive the coupling loss coefficient for
the entire building. The expression is:

(1r)?

_ wB
G(yr) =exp 22 ,9r = f

47tCs

(39)

The variable c serves as a real constant, representing the standard deviation. The
determination of the standard deviation c value is achieved through fitting the coupling
loss coefficient curves of the building foundations Sy, S», and S3 using the Isqnonlin function
in MATLAB. The resulting coupling loss coefficient curves, denoted as Cj, fitted to the
building foundations Sy, Sy, and S, are depicted in Figure 23.
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Figure 23. Fitted coupling loss coefficient curves.

4.3. Solution of Vertical Displacement of Building Foundation

Considering that the vibration response of the building foundation is given by
Upfoot(f) = st (f)-Ci(f), the vertical displacement curve of the free field at the building
foundation S3 under Ricker pulse action (Figure 21) is multiplied by the fitting coupling
loss coefficient, as illustrated in Figure 24. Consequently, the vertical displacement values
U™ (f) of the building foundation S3 under a Ricker pulse are obtained, as depicted in
Figure 25.
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Figure 24. Coupling loss coefficient of the building foundation.
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Figure 25. Vertical displacement curve of the S3 building foundation under a Ricker pulse.

Likewise, the vertical displacement values U0 (f) and free field displacement values
Up*°!l(f) of the building foundation S, under a Ricker pulse are illustrated in Figure 26.
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Figure 26. Vertical displacement curve of the building foundation S, and vertical displacement curve

of the free field under a Ricker pulse.

It is evident from the figure that the frequency corresponding to the peak vibration
response of the building foundation is higher than that corresponding to the peak vibration
response of the soil mass. This discrepancy can be attributed to the significant differences
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in the elastic modulus and density between the concrete foundation and the soil mass. Ac-
counting for the coupling loss coefficient helps mitigate the response of the high-frequency
vibration component. The vertical displacement value Uy°!(f) and free field displacement
value Up**'(f) of the building foundation Sb under a Ricker pulse are presented in Figure 27.
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Figure 27. Vertical displacement curve of the building foundation S; and vertical displacement curve
of the free field under a Ricker pulse.

5. Application Case: Prediction of High-Speed Train-Induced Soil-Structure Vibration

To validate the accuracy of the soil-structure transfer function method in predicting
the vibrations induced by high-speed trains on a proposed building, a comparison was
performed with actual measurement data. The experimental building is a 12-story rein-
forced concrete structure with a total height of 36.6 m above ground. The first floor has
a height of 3.6 m, while the remaining floors are each 3 m high. The total length is 45 m,
comprising 10 rooms, with each bay measuring 4.5 m. The spans are 6 m + 2.4 m + 6 m. The
distance between the centerline of the railway track and the building is 12 m, as illustrated
in Figure 28. The soil parameters of the experimental site are shown in Table 1.

Figure 28. Test site.

Table 1. Soil parameters at the test site.

Type Elastic Modulus E/MPa Poisson Density (kg/m®)  Thickness (m)
Backfill 29 0.4 1700 1
Sand clay 127 0.33 1880 3
Coarse sand 150 0.33 1918 4

Gravel sand 430 0.29 1211 40
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The measured values of the maximum vertical vibration acceleration are selected for

the analysis. The soil and building parameters at the test site are then substituted into
the soil-structure transfer function to calculate the building’s vibration response. The
vibration response of each floor is analyzed using the vibration acceleration level (VAL) as

an indicator.
The measured values are to be compared with the calculated results from the analytical

coupling loss coefficient, as illustrated in Figure 29. It can be observed that the test values
of the building vibrations generally show an increasing trend with the number of floors,
although it is not consistently monotonic. The results obtained using the soil-structure
transfer function method exhibit a monotonic increase and slightly surpass the measured
average value. Both numerical trends demonstrate an overall increase with the number
of floors, and the values are relatively close, indicating the feasibility of the soil-structure
transfer function method in predicting the vibrational response of buildings induced by

train activity.

—m— Test average

] .
1 [l 2
i T /‘ —*— Predicted value
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Figure 29. Comparison of the test value of the building’s vibration level with the predicted values via

the analytical coupling loss coefficient.

6. Conclusions

This paper successfully derives the calculation equation for the transfer function
coupling loss coefficient and thoroughly analyzes the factors influencing the coupling loss
coefficient, such as the angle, soil mass parameters, and building foundation parameters.
Furthermore, the obtained vertical displacement values of the building foundation under a
Ricker pulse are compared with references, providing a solid foundation for calculating the
building’s vibration response.

(1) Advantages of the Coupling Loss Coefficient in the Soil-Structure Transfer Function:

The coupling loss coefficient streamlines the calculation process, eliminating the need
for testing and extensive modeling. Theoretical analysis allows for a quick and accurate
determination of the displacement transfer relationship between the soil and the building,
effectively illustrating their interaction.

(2) Complexity and Parameter Dependencies of the Coupling Loss Coefficient:

The coupling loss coefficient exhibits complexity and dependencies on the building
foundation and soil mass parameters. The analysis reveals that increasing the building
foundation size results in an increased coupling loss coefficient, indicating a reduction
in the displacement ratio between the building foundation and the free field soil mass,
leading to decreased interaction force. Moreover, the coupling loss coefficient is influenced
by changes in the elastic modulus, density, and Poisson’s ratio of the building foundation
and soil mass.

(3) Insights from the Coupling Loss Coefficient Curve:

The coupling loss coefficient curve demonstrates values ranging from 0 to 1, signifying
that in the presence of a building foundation, Rayleigh wave transmission and reflection
occur, mitigating the vibration induced by incident Rayleigh waves.
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In summary, the findings of this study offer valuable insights into the coupling loss
coefficient, its dependencies, and its role in reducing the vibrations induced by Rayleigh
waves. Utilizing the soil-structure transfer function, this research efficiently forecasts the
building vibrations induced by train activities. This method, after determining the coupling
loss and floor amplification coefficients, integrates with a broad range of free field vibration
data. It simplifies and enhances the predictions for structures influenced by various factors,
such as construction, seismic events, road traffic, and explosions. By providing a versatile
tool, the approach aids in swiftly and accurately anticipating vibrations, especially for
prospective buildings near high-speed rail tracks.
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