Author Accepted Manuscript of paper accepted for publication in Railway Engineering
Science, doi: 10.1007/s40534-025-00416-1

Assessing the impact of building foundations located in the
transmission path on train-induced ground vibration using a hybrid

computational model

Xiangyu Qu, David Thompson, Evangelos Ntotsios, Giacomo Squicciarini

Institute of Sound and Vibration Research, University of Southampton,
Southampton SO17 1BJ, UK

Abstract

Train-induced ground vibration impacts the environment and has attracted
increased attention. Prediction of this vibration is subject to considerable uncertainty
and is affected by many factors, particularly when building foundations are situated
within the transmission path between the vibration source and the target building. A
hybrid computational model for predicting ground vibration has been developed to
assess the impact of building foundations of various types located in the transmission
path. The model is used to investigate four types of foundations: raft, strip, pile, and
box. The ground responses are determined by combining the semi-analytical model
MOTIV (Modelling Of Train-Induced Vibration) for train-induced vibration with a
finite element model of the ground including the building. MOTIV is used to
determine the excitation in terms of the force density for a train running either on a
surface railway or in a tunnel. The finite element model is used to determine line
source transfer mobilities in the presence of the building foundations by applying a set
of incoherent unit loads to the ground. The results indicate that building foundations
in the transmission path can mitigate ground vibration, particularly for excitation at

the ground surface, for which reductions in overall vibration level of between 4 and



8 dB are found. Deep foundations provide greater vibration reduction than shallow
foundations, notably in cases involving surface railways. The underground railway
case demonstrates less significant insertion loss than the surface railway case, with
values based on overall velocity level between -2 and 2 dB, rising to 4 dB for the box
foundation. Furthermore, it is observed that ground vibration mitigation is more

pronounced in the near field than in areas further from the building.
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1 Introduction

In recent years, rail transport has been increasingly recognised as an
environmentally friendly and sustainable mode of transportation, helping to reduce
traffic congestion and air pollution [1]. Railways provide notable environmental
benefits in transporting both passengers and freight; however, train-induced ground
vibration has become an issue of growing concern. A wide variety of prediction
models, empirical, analytical and numerical, have been employed to predict train-
induced ground vibration. Despite ongoing improvements in these prediction models,
the ground is usually considered as a free field, whereas in reality there may be many
other buildings between the vibration source (the track) and the target buildings (at
which the vibration is to be assessed), or around the target building. Therefore, it is
important to develop a prediction model that considers buildings located in the
transmission path.

Empirical models [2-4], which may be based on measured data, theoretical or
numerical predicted results, are relatively simple. The empirical method is usually
used in the preliminary stage of environmental impact assessment and prediction, that

is, in the initial feasibility study stage of the construction of a new railway line or



building. An example of an assessment of vibration mitigation based on
measurements is given in [5]. The empirical method has relatively high prediction
efficiency and low computational cost, but the prediction accuracy is relatively low if
it is used for a situation other than the one where the measurements are taken.
According to ISO 14837-1 [6], the prediction of vibration levels can be divided into
three subproblems: the vibration source, the transmission path, and the receivers. The
magnitude of ground-borne vibration at receivers can be represented as

A(f) = S(HPHIRY) 6]
where S(f) is the source term, P(f) represents the transmission path, R(f) is the
receiver term and f is frequency.

A commonly used empirical method is based on the procedures developed by the
Federal Railroad Administration (FRA) and the Federal Transit Administration (FTA)
in the USA [7, 8]. A chain formula is used that considers the three factors mentioned
above expressed in decibels. There is an adjustment to account for ground-building
foundation interaction and attenuation of vibration amplitude as vibration propagates
through the target building. While most empirical models consider the influence of
building foundations at the receiver, they do not adequately represent the impact of
buildings situated in the transmission path on ground-borne vibration.

Analytical and numerical methods are also widely used to predict ground-borne
vibration from trains. For example, Sheng et al. [9] produced a semi-analytical model
of vibration from surface trains, while Hussein and Hunt predicted vibration from a
train in a tunnel using the Pipe-in-pipe method [10], see also [11, 12]. Numerical
methods include finite element and boundary element methods in 2D, 3D and 2.5D
[13-19].

To predict train-induced vibration using (semi-)analytical or numerical methods,
the building foundation (of the target building) is generally accounted for through the
simulation of soil-structure interaction (SSI) effects. For use with the analytical
method, the transfer matrix method [20] is widely applied. To compute the interaction

force between the soil and the building foundation, the displacements of both are set

3



equal in order to satisfy the geometric compatibility conditions [21]. In addition,
single-degree-of-freedom models [22], 2D framed models [23], and 3D analytical
models [24, 25] are used to calculate building vibration induced by railways.
Numerical methods such as the finite element method [26-31] and the boundary
element method [32-35] are commonly employed to simulate the building foundation
and SSI. These models are formulated in 2D [32], 3D [26, 28] and 2.5D [29-31]
frameworks. However, most of these studies focus on receiver points located within
the building, rather than in the area behind it. Therefore, the influence of the
foundation on the ground needs further investigation when the building foundations
are located in the vibration transmission path.

Hybrid methods have attracted increasing attention in recent years. The chain
formula is too simplified for accurate prediction, whereas the reliability of numerical
models and the accuracy of their prediction results depend on the accuracy of the
input parameters. It is sometimes very difficult to obtain the physical parameters of
the whole system with sufficient accuracy. Therefore, hybrid prediction models based
on empirical methods combined with numerical methods are becoming popular.
Verbraken et al. [36], and Kuo et al. [37] used such a hybrid empirical-numerical
methodology to predict the ground vibration. This hybrid approach can use a
combination of measured data, from train passages or from hammer excitation, and
numerical models. Three cases can be considered: where both railway and target
building are present, where the railway is present but there is no target building at the
site, and where the target building is present but there is no track at the site.
Kouroussis et al. [4, 38] predicted ground vibration in urban situations by combining
the numerical and experimental methods, based on the framework of the FRA
approach [7]. Colago et al. [39] combined numerical results of the track—ground—
building dynamic interaction system and experimental measurements of the vibration
response and transfer mobilities to form a hybrid prediction model for the train-
induced ground vibration. The SILVARSTAR European project [40] investigated the
use of combinations of empirical and numerical models for the source and
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transmission path terms in a hybrid prediction scheme. Although some building
foundations and soil-structure interactions have been simulated using numerical
approaches based on hybrid models, the buildings considered in these studies are all
located as the receiver rather than elsewhere within the transmission path. Currently,
limited research has been conducted on building foundations situated in the
transmission path and their impact on ground vibration.

For the use of (semi) analytical methods or numerical methods, it is necessary to
make simplifications, especially of the soil, which can affect the accuracy of vibration
predictions. Moreover, reliable input parameters are required for the soil, including its
layered structure, for which on-site measurements are necessary. Using such
measurements directly in a hybrid modelling approach therefore has advantages. For
example, Lai et al. [41] assessed the vibrational impact of underground railway traffic
on two buildings in Rome by combining experimental measurements with numerical
simulations. Liu et al. [42] predicted ground-borne vibration using a hybrid approach
framework that includes an analytical train model for the source term and an in-situ
measured transfer function for the transmission path term. Li et al. [43] predicted the
vibration induced by an underground railway by using a hybrid model combining
numerical modelling and experimental measurements. While measured transfer
functions may describe the effects of particular building foundations in the vibration
transmission path, it remains challenging to draw a general conclusion about the
influence of various foundation types on ground vibration.

The presence of buildings within the transmission path cannot be overlooked. It
is essential to investigate the influence of surrounding structures on ground-borne
vibration induced by railways. In particular, the role of different building foundation
types in modifying wave propagation should be thoroughly examined. In this work, a
hybrid model following the FRA approach [7], but based on a combination of two
different computational modelling methods, is proposed to assess the effect of
different types of building foundation in the transmission path between the source and
a receiver. The force density is calculated from a semi-analytical model, whereas the
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transmission path is calculated from a numerical model; therefore, the proposed
approach is called a hybrid computational model. This approach is taken to avoid the
complication of including the different building foundations directly in the (analytical)
train-track-ground model and to avoid including the train-track interaction in the FE
model of the building. To maintain generality, the target building itself is not included
in the model, with the receivers instead located on the ground surface. In Section 2, a
semi-analytical model is introduced to calculate the force density levels from train
passages. In Section 3, the line source transfer mobility is calculated from a numerical
model that includes a building and its foundation in the transmission path. In Section
4, these are combined to determine the insertion loss results for a surface railway case

and an underground railway case. The conclusions are summarised in Section 5.

2 Force density level

Based on the FRA approach [7], the ground vibration can be calculated by
Le(x;) = Lpp(X) + Listm(X, X;) (2)

where Lpp(X) is the force density level (FDL) describing the excitation due to train-
track interaction, and Ly sty (X, X,) is the line source transfer mobility (LSTM) level
describing the transmission path. Both are expressed in one-third octave bands in
decibels. In the present work, the excitation in the form of the FDL is calculated using
the train-track-tunnel-soil semi-analytical model MOTIV (Modelling Of Train-
Induced Vibration) [44, 45].

2.1 MOTIV model

Two types of railway excitation are calculated using MOTIV: trains running on a
surface railway and in an underground tunnel. The surface railway model includes the
effects of the moving load [9] whereas the underground case uses a fixed train load
position.

The surface railway model in MOTIV [9] encompasses sub-models for the train,

track, and soil. The first step establishes the transfer function between a unit moving
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harmonic load on the rail and the response of the ground, which is evaluated in the
frequency-wavenumber domain. To allow for an arbitrary load distribution across the
width of the track, the track-ground interface is discretised using a set of strips. In the
second step the wheel-rail interaction force for a unit unevenness spectrum is
calculated based on the receptances of the track and train. This force spectrum is then
multiplied by the transfer function to compute the ground response induced by the
moving train. The dynamic response is finally calculated by combining this result
with the rail roughness spectrum. Additionally, the quasi-static ground response to
moving constant axle loads is calculated; the total ground response is the sum of the
quasi-static and dynamic responses.

The underground railway model in MOTIV is based on the pipe-in-pipe approach
[46-48] and includes sub-models for the train, track, tunnel, and soil. The following
steps are required to calculate the ground response: (1) the displacement is computed
in the frequency-wavenumber domain of a circular tunnel embedded in a full-space
due to a vertical harmonic load applied at the tunnel invert. (2) A model of a full space
(without a tunnel) is next considered. A set of equivalent loads in the full space is
determined, that produces the same displacement at the tunnel-soil interface as
computed in the first step. (3) A model of a multi-layered half-space without a tunnel
is considered, and the ground response due to the equivalent loads from the second
step 1s calculated using the dynamic stiffness matrix method. (4) The track is coupled
to the tunnel using the equilibrium of displacements between the tunnel invert and the
track. (5) The train is coupled with the track, excited by the unevenness. For
computational efficiency, the underground railway model omits both moving loads
and the quasi-static component. This corresponds to a low-speed approximation,
which is assessed in [40] and shown to have a relatively small influence, apart from
some redistribution of energy into neighbouring frequency bands, provided that the

train speed remains much lower than the wave speeds in the soil.
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Figure 1 Schematic diagram of the (a) surface railway model and (b) underground
railway model.

Using these models, the FDL beneath the trackbed is derived from the ground
response during a train pass-by. In the MOTIV model, the trackbed and the
tunnel/ground are directly coupled, making it difficult to obtain the FDL directly.

Therefore, the FDL is determined indirectly by subtracting the LSTM from the ground



response. The FDLs from both models are calculated by using equation (1) in reverse:
Lpp(X) = Lg(X;) — Listm (X X,) 3)

where L;(X,) is the ground response velocity level at the receiver position X, during a
train pass-by, calculated from the semi-analytical model for either the underground
railway or surface railway case. L;gry(X,X,) is the LSTM level at x. when the
excitation positions are at X. This LSTM level is calculated from the semi-analytical
model using the same parameters as the pass-by calculations.

The LSTM can be determined by combining a set of transfer mobilities obtained
for these point loads. The LSTM for the line load excitation at position X can be
calculated by [7, 8]

n

R = |23 G @

=1

where L is the length of the line load, n is the number of incoherent point loads,
Y;(x;,X;) is the transfer mobility from the point load applied at position X; to the
receiver position X,. The LSTM level in decibels (with reference value 1 m*?N-'s) is
written as
Listm(X,x;) = 201og;o(YL(X, X)) Q)
In the FRA approach [7] the FDLs can be determined at the track, or at the track-
ground interface, depending on whether the railway is present at the target site. This
choice determines the location of the excitation positions used to obtain the LSTM.
Considering the application of the force densities in Section 3, the FDL is required for
excitation on the ground surface for the surface railway case, and for excitation on the
track slab for the underground railway case. These positions are therefore chosen for
the forces in the corresponding LSTM calculation here. For the surface railway case,
an incoherent line load is applied on the ground surface, while for the underground
railway case, an incoherent load is applied on the invert. The distance between point
loads is 9 m. In these models, the ground response receiver point X, used for

determining the FDL is located on the ground surface at a horizontal distance of 8 m

9



away from the railway centreline.

2.2 Model parameters

A consistent set of parameters and properties for the train, track, and soil are used
for both the surface and underground railway cases. The parameters of the train
(representing a typical InterCity train) are summarised in Table 1 [49]. The train
speed is 60 km/h. The parameters of the track are summarised in Table 2 [49]. The
track type is taken as a slab track for both cases. The tunnel structure parameters used
for the underground railway case are summarised in Table 3. The soil parameters for

both cases are summarised in Table 4.

10



Table 1 Parameters of the train [49].

Property Value Unit
Vehicle length 23 m
Bogie wheelbase 2.5 m
Bogie centre distance 17 m
Vehicle body mass 32000 kg
Vehicle pitching moment of inertia 1.2x10° kgm?
Bogie mass (without axles) 5000 kg
Bogie pitching moment of inertia 6000 kgm?
Wheelset mass 1200 kg
Static axle load 1.148%10° N
Contact stiffness (per wheel) 1.13x10° N/m
Primary suspension stiffness (per axle) 2.0x10° N/m
Primary suspension damping (per axle) 4x10* Ns/m
Secondary suspension stiffness (per car end) 5x10° N/m
Secondary suspension damping (per car end) 3.16x10* Ns/m
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Table 2 Track model parameters [49].

Property Value Unit
Bending stiffness 6.42x10° Nm?
Rail, UIC 60 Mass per unit length 60 kg/m
Damping loss factor 0.01 -
Stiffness 1.20x108 N/m
Rail pad Damping loss factor 0.15 -
Fastener spacing 0.65 m
Width (at base) 34 m
Height 0.54 m
Mass per unit length 3720 kg/m
Slab Bending stiffness 2.33x108 Nm?
Damping loss factor 0.015 -
Torsional stiffness 3.39x108 Nm?
Polar moment of inertia | 3086 kgm
Table 3 Parameters of the tunnel structure.
Property Value Unit
External radius 3.0 m
Thickness of tunnel wall 0.3 m
Density 2500 kg/m?
Young’s modulus 5x10' N/m?
Poisson’s ratio 0.3 -
Mass per unit length for invert 2500 kg/m
Bending stiffness for invert 1x10°% Nm?
Loss factor for tunnel and invert 0.02 -
Depth of tunnel centre 10 m
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Table 4 Parameters of the soil.

Materials Property Value Unit
Density 2500 kg/m?
Young’s modulus 3x10'° N/m?
Poisson’s ratio 0.2 -
Concrete
Loss factor 0.1 -
P-wave velocity 3652 m/s
S-wave velocity 2236 m/s
Density 2100 kg/m’
Young’s modulus 3.5x108 N/m?
Poisson’s ratio 0.333 -
Soil

Loss factor 0.1 -
P-wave velocity 500 m/s
S-wave velocity 250 m/s

To represent a typical unevenness spectrum, the “normal slab track roughness”
obtained from the SILVARSTAR database is used [50]. The roughness levels at

different wavelengths in one-third octave bands are plotted in Figure 2 in dB re 10 m.
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Figure 2 The track roughness spectrum in one-third octave bands.

2.3 Force density level results

The FDLs for the surface railway case and the underground railway case are
shown in Figure 3. There is a significant peak at 50 Hz in both cases, which
corresponds to the P2 resonance at which the vehicle unsprung mass bounces on the
track stiffness [51]. The FDL of the surface railway case is smaller than that from
underground railway case. The difference occurs due to the difference in excitation

positions.
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Figure 3 Force density levels for an InterCity train running at 60 km/h on a slab track
on a surface railway or in a tunnel. For the surface railway the force is applied to the
ground surface whereas for the underground railway case it is applied to the tunnel
invert.

3 Line source transfer mobility level

To determine the ground response including building foundations, the LSTM is
calculated using 3D finite element (FE) models constructed in ABAQUS. In contrast
to the analytical model, the FE model can account for foundations with varying
shapes and geometries, enabling a more accurate representation of their influence on
ground vibration. This capability makes the FE model a suitable choice for computing
the LSTM. The models encompass the soil and a building structure, complete with
foundations; the track is not included in these models. A sketch of the surface
excitation model is shown in Figure 4(a).

In the underground excitation model, the tunnel structure is additionally
embedded in the surrounding soil, but again the track is omitted. A sketch of the
underground excitation model is shown in Figure 4(b). The model dimensions,
element sizes, and material properties remain consistent with those of the surface

excitation model, as described in the following section.
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(a) (b)

Figure 4 Sketch of (a) surface excitation and (b) underground excitation FE model in
ABAQUS.

3.1 Model parameters

The building structures and their foundations, as well as the tunnel structure, are
indicated by the green elements in Figure 4. They are assumed to be constructed from
concrete. The soil is shown in cream colour. The soil properties are the same as those
listed in Table 4. The properties used for the concrete are also listed in Table 4.

The dimensions of the two models are 50 mx34 m, with a depth of 24 m. For the
underground excitation case, as in Section 2, the outer diameter of the tunnel is 6 m,
and the thickness of the tunnel wall is 0.3 m. The depth of the tunnel centre is 10 m.

In these ABAQUS models, the element type is designated as C3D8, denoting a
three-dimensional, eight-node brick element. Infinite elements are applied on the side
boundaries of the soil domain, to minimise the wave reflections. The bottom of the FE
models is fixed. The horizontal distance between the loads and the front of the
building is 10 m in each case. Receiver points are designated within an area
measuring 17.6 m by 8.4 m, located immediately behind the building structure. The
spacing between the receiver points in the grid is 0.4 m. The boundary conditions and
the positions of an example point load and the receiver points are indicated in Figure
5.

In each model, the building encompasses five storeys, configured in a layout of 3
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x 2 bays. Each storey has a height of 3.2 m, and each bay has a span width of 4.8 m.
The thickness of the floor is 0.4 m, and the columns have a square cross-section with

dimensions 0.8 m by 0.8 m. The side walls are omitted.

IFE side boundary

Figure 5 The boundary conditions, load and receiver positions in the FE model for
surface excitation.

There are a total of 360,000 elements for the underground excitation model and
373,000 elements for the surface excitation model. The maximum element size is set
at 0.4 m. For the shear wave velocity of 250 m/s, this is sufficient to satisfy the usual
requirement that there are at least six elements within one wavelength for frequencies
up to 100 Hz.

To determine the LSTM, a set of incoherent point loads is applied. As the model
is symmetric, 10 incoherent loads are applied in the model on one side of the
centreline, as shown in Figure 6. For the surface railway case, these loads are applied
on the ground surface, whereas for the underground railway case, they are applied on
the invert of the tunnel. The interval between these loads is 1.2 m in each case. The

FE models are calculated in the frequency domain.
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Figure 6 Sketch of incoherent loads for (a) surface excitation case and (b)
underground excitation case.

As verification, Figure 7 presents a comparison of the free-field LSTM responses
between the FE model (without the building) and the semi-analytical model MOTIV
calculated from Egs. (4) and (5). The LSTM spectrum is shown for a receiver on the
centreline, located 26 m from the line load. Although differences in model size,
incoherent line length, and load spacing lead to some differences in these results, both

models exhibit similar overall trends, with a maximum difference of less than 3 dB.
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Figure 7 Comparison of the free field LSTM between FE model and MOTIV when
loads are applied (a) on the ground surface and (b) on the tunnel invert.

3.2 Foundation types
The influence of different building foundation types in the transmission path is
18



investigated using the FE models. Four common foundation types are summarised in
reference [52]. Two are shallow foundations, the pad/strip foundation and the raft
foundation, while the others are deep foundations, the piled foundation and embedded
basement foundation.

FE models representing these four different foundation types have been created in
ABAQUS and are shown in Figure 8. Additionally, a model with no building is

considered as a reference case.

(b)

() (d)

Figure 8 The profile of structures with different foundation types: (a) raft foundation,
(b) strip foundation, (c¢) pile foundation, and (d) box foundation.

Figure 8(a) shows the raft foundation. There are 12 small columns with height
1.2 m beneath the ground surface. The area of the raft is 10.4x15.2 = 158.08 m”.
Figure 8(b) shows the strip foundation. The height of each strip is 1.6 m. The strip

foundation is implemented with two orientations: one normal to the direction of the
19



train passage (denoted ‘StripN’ shown in Figure 8(b)), and the other tangential to it
(denoted ‘StripT’). In each case the length of the strip is commensurate with the
building's dimensions. Figure 8(c) shows the pile foundation. There are 12 piles in
this model, with a depth of 10 m. Finally, Figure 8(d) shows the box foundation. The
height of the box is 8 m, and the thickness of the walls is 0.8 m. It contains two

internal columns.

3.3 Average results from receiver points at the same distance

The LSTM is determined for the grid of receiver points indicated in Figure 5. To
summarise the results, the average LSTM value from all the receiver points at the

same distance behind the building is calculated by
building/_k
ildi 1 K Listm (V)
build ZLSTM A7)
LLLélTI\I/[vaerage (y' w) =10 10g1o <Ezk_1 10 10 > (6)

where ngirlg,[ing(yﬂ‘, w) means the LSTM from the numerical model including the

building at the k-th receiver point yX at distance y. The results are expressed in one-
third octave bands with central frequency w. Within each one-third octave band, three
frequency points are used for computation.

The average LSTM results from all the receiver points over + 8.8 m width at an
example distance of 5.6 m away from the rear of the building (26 m away from the
location of the railway track) are shown in Figure 9. Results are shown for the
incoherent loads applied on the ground surface or on the tunnel invert. The calculation
is based on Eq. (6). The differences between the free-field response and the
foundation cases for underground load case are much smaller than the differences in
the surface load case. When the incoherent loads are applied on the ground surface,
the free-field response is larger than in the presence of the building for frequencies
above 20 Hz. The box foundation case shows the lowest LSTM level results. When
the incoherent loads are applied on the tunnel invert, the trend across all foundation
types is similar to that for the surface loads, although the values of LSTM in the
underground load cases are around 5 dB lower than those in the surface load cases
due to the incoherent load being embedded at depth. Unlike the surface load case, the
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results without the building are similar to those with different building foundations.
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Figure 9 The average LSTM level from all the receivers 5.6 m away from the rear of
the building excited (a) on the ground surface and (b) in the tunnel.

4 Ground response for different foundation types

According to the adopted hybrid computational methodology, the ground
vibration due to a passing train can be calculated from Eq. (2), by combining the FDL
and LSTM calculated above. Results are presented for each of the five foundation

types introduced in Section 3.2.

4.1 Surface railway case

4.1.1 Spectral results
To summarise the effect of each building foundation, the average insertion loss
(IL) spectrum is calculated for all the receiver points at the same distance behind the

building. The average ground velocity level at distance y behind the building is first

calculated by
building/_ g
ildi 1 K L (vf.w)
Ly wvernge 0 @) = 1010gs (}Z 10%> (7)
k=1
where Ltc);u“ding (y¥, w) means the ground vibration level at the k-th receiver point y¥
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at distance y. The results are expressed in one-third octave bands with central
frequency w.
Similarly, the average ground vibration level in the free field at distance y is

calculated by
1K LE(w)
Lgegverage(yf w) =10 10810 <_2 10 10 > (8)
’ K Zay=
where LIT® (y¥, w) represents the ground vibration level from the free-field model at
the k-th receiver point y¥ at distance y. The results are again expressed in one-third
octave bands.
The average value of IL at a distance y behind the building can be calculated

from these results by

buildi
ILaverage O, w) = Lf(rf:verage O, w) — L(‘:;V;?aée O, w) )

The IL spectrum from the surface railway case is shown in Figure 10 for receiver
points located 5.6 m behind the building. The IL is positive for all cases for
frequencies above 16 Hz, rising to values between 4 and 7 dB above 32 Hz, indicating
that regardless of the foundation type, the building can reduce the ground vibration
behind it. The box foundation model typically achieves the largest IL wvalues,
especially at frequencies below 50 Hz, whereas the raft foundation case exhibits the
lowest IL values at frequencies below 32 Hz. The stripN case shows moderate 1L
values at frequencies below 32 Hz, but it gives the lowest values at frequencies of
40 Hz and above. The pile and stripT cases display similar trends at lower frequencies

but there is a notable peak in the IL for the pile foundation case at 63 Hz.
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Figure 10 The average insertion loss results from all receivers 5.6 m away

from the building excited by the surface railway.

4.1.2 Results based on overall levels
The overall ground velocity level behind the building due to the train passage is

calculated by a sum over one-third octave bands.

n Lbuilding(y wy)
bulldmg “¢ VYo%
G overall (yr) =10 10810 . 10 10 (10)
l:
where Lbulldmg(yn ;) means the ground response velocity level in the i-th one-third

octave band. The frequency range covers bands from 10 Hz to 80 Hz, since the
ground vibration below 10 Hz is not significantly influenced by the presence of the
building foundation, and does not significantly contribute to the overall vibration level.

The overall ground response velocity level in the free field is similarly calculated

by

free n Lgee(Yr:wi)
LS en9) = 10logyg ( ) 107 10 (an
i=1

where LIT®®(y,, w;) represents the ground response velocity level from the free-field

model in the i-th one-third octave band.

An overall value of IL at receiver points X, can be calculated by
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ILoverat (V) = LESveran (V) = L gvers V) (12)

The overall IL results at each receiver point over a region behind the building on

the ground surface are shown as contour plots in Figure 11 corresponding to the
various types of foundation. The approximate building position is also marked in

these figures.
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Figure 11 Contour plots of overall IL on the ground behind different types of building
foundation for surface railway excitation: (a) raft foundation (b) strip foundation in
normal direction (c) strip foundation in tangential direction (d) pile foundation and (e)
box foundation.

For the shallow foundations, raft and strip (normal direction), as well as the pile

foundation case, higher values of IL are observed in proximity to the building. This is
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particularly evident near the columns of the building, where the IL values exceed
those of the surrounding regions. As the distance between the receiver point and the
building increases, there is a gradual decrease in the IL values. Nonetheless, certain
specific areas exhibit local maxima. For the strip foundation oriented tangentially to
the train's movement, an isolated zone of increased IL is observed between 4 m to 8 m
away from the building. In the case involving the building with the box foundation, a
larger area of increased IL is discernible in the vicinity of the building, along with a

pronounced trend of reducing IL at greater distances from the building.

4.1.3 Overall results averaged over receiver points
The average overall IL value from all the receiver points at the same distance
behind the building is also calculated using the same procedure. The average overall

ground velocity value level at distance y behind the building is calculated by

1 K Ll:é’uildin,f%1 yk)
buildi ~Goverall U1/
Leaverage (V) = 1010g3 <EZ 107 10 ) (13)
k=1
building ,_ k ‘ '
where Lg o veran (Vr) means the overall ground response velocity level (i.e. the sum

over frequency bands) including the building at the k-th receiver point y¥ at distance
y, calculated by using Eq. (10).

The equivalent level in the free field is similarly calculated by

free 1 K Lg%%erall (YF)
LG,average(y) = 1010glO EZ 10 10 (14)
k=1
where Lféﬁ,f,erall(y;‘) represents the overall ground response velocity level from the

free-field model at the k-th receiver point at distance y, calculated by using Eq. (11).

The average value of IL at a distance y behind the building can be calculated by

buildi
1 Laverage (y ) = lerf;verage (y ) — LGlf;vel?agge (y ) (15)

The overall ground velocity response results are averaged over £8.8 m width for

each specific distance from the rear of the building, covering a range from 1.2 m to
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9.6 m. Based on Egs. (13) and (14), the ground velocity levels for the five different
foundation cases, along with the free-field response, are shown in Figure 12(a). For all
foundation cases, the ground response is lower than the free-field response level. As
the distance from the building increases, the ground response in the free field
decreases and a similar trend is observed for all foundation types apart from the box
foundation. Of the different foundation types, the box foundation typically exhibits

the lowest response, while the stripN case generally gives the highest.
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Figure 12 (a) Ground velocity level and (b) IL determined from overall level,
averaged over £8.8 m width and plotted against distance from the building (surface
railway case).

Figure 12(b) shows the corresponding IL values calculated from the average
velocity levels at positions equidistant from the building structure, based on Eq. (15).
These values of IL range from 4 to 6 dB, rising to 8 dB for the box foundation at
positions close to the building. The box foundation consistently gives the largest
values of IL, irrespective of the distance from the building. When the strip foundation
is oriented perpendicular to the track, it exhibits the lowest IL value among all the
cases. Overall, the results indicate that for shallow foundations, i.e. raft and strip
foundations, the average IL values are lower than those observed for deep foundations,
1.e., pile and box foundations. In the case of strip foundations, when the orientation of
the strip is normal to the track (stripN), the IL is lower than when it is aligned

tangentially (stripT). At 3-5 m away from the building, the IL values for the stripT
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case are as low as those from the raft case. However, the stripT case exhibits a higher

IL than the pile case for distances greater than about 7 m.

4.2 Underground railway case

4.2.1 Spectral results

For the underground railway case, Figure 13 shows the IL spectra obtained from
the average responses of all the receiver points located 5.6 m away from the building,
calculated according to Eqgs.(7) to (9). The box foundation exhibits the lowest IL
values at lower frequencies, but at frequencies above 25 Hz it displays the highest
values compared to other types of foundation. The pile foundation exhibits the lowest
IL values (apart from 12.5 Hz and 16 Hz), differing from the surface railway case. At
certain frequencies, notably 40 Hz and 63 Hz, the IL value is negative, indicating that
the response may be amplified due to the presence of the pile foundation building. In
the region 10-32 Hz, the strip foundation yields similar ground vibration mitigation
effects regardless of the orientation of the strip. The raft foundation exhibits a

moderate reduction in ground vibration.
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Figure 13 The average insertion loss results from all the receivers 5.6 m away from

the rear of the building excited by underground railway.
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4.2.2 Results based on overall levels
The contour plots of the overall IL value, i.e. based on the level difference in

overall velocity levels calculated using Eq. (12), are shown in Figure 14.
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Figure 14 Contour plots of IL on the ground behind different types of building
foundation for underground railway excitation: (a) raft foundation (b) strip foundation
in normal direction (stripN) (c) strip foundation in tangential direction (stripT) (d) pile

foundation and (e) box foundation.

In the case of the underground railway, the IL contours display more erratic
patterns than for the surface railway and the overall levels of IL are smaller. The
stripT foundation tends to give higher IL values in the proximity of the building. Also,
for the building with the box foundation, the values of IL in areas close to the building

are relatively high compared with other locations. For raft and pile foundations, the
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columns influence the ground vibration in their vicinity. Typically, for all the building
foundations there are regions of both ground vibration mitigation and amplification.
4.2.3 Overall results averaged over receiver points
Figure 15 shows the overall ground velocity response and IL results averaged
over £8.8 m width for each specific distance from the rear of the building, covering a
range from 1.2 m to 9.6 m. The results are calculated using Eqs. (13) to (15) and are
presented for the five different foundation cases, along with the free-field response.

As before, the overall ground velocity levels are evaluated over the frequency range

10 Hz to 80 Hz.
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Figure 15 The average (a) ground velocity level and (b) IL at different distances
averaged over +8.8 m width, plotted against distance from the building (underground
railway case).

In Figure 15(a), it is evident that the box foundation consistently gives the lowest
ground response across all distances. Conversely, the strip foundation oriented
perpendicular to the track gives the largest ground response in the near field. The
ground response for the raft foundation case and pile foundation case are similar to
the free-field response.

These results are shown in the form of IL in Figure 15(b). The box foundation
gives the largest vibration mitigation, as also found in the surface railway case in
Figure 12; here the reduction is between 1 and 4 dB. However, in the underground

railway case, all the other foundation types have similar values of IL, which are much
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smaller than for the surface railway, and fall in the range +2 dB. The strip foundations
give some vibration attenuation at the ground surface behind the building, particularly
at certain distances where the IL has a peak. The positions of these IL peaks are
influenced by the orientation of the strip foundation. Pile foundations do not have a
more significant vibration mitigation effect compared to shallow foundations, unlike
in the surface railway case. At distances greater than about 6 m, all the foundations

apart from the box give negative values of average IL, as also seen in Figure 14.

5 Conclusions

A hybrid ground vibration prediction model is used to assess the impact of
various types of building foundations located in the transmission path on ground
vibration due to passing trains. This approach separates the modelling of the building
from that of the train pass-by and readily allows assessment of different foundation
types. Five types of building foundations are considered: strip foundations (in two
orientations) and raft foundations, which are shallow foundations; and pile
foundations and box foundations, which are deep foundations. These models clearly
illustrate the influence of foundation type on ground vibration. The IL value at the
ground surface in proximity to the building is investigated. The following conclusions
can be drawn:

1. From this computational hybrid model, it can be concluded that the presence
of a building foundation in the transmission path can reduce ground vibration,
especially for excitation at the ground surface. The deep foundations have
greater vibration mitigation effects than the shallow foundations, especially
for the surface railway case.

2. Additionally, it is observed that ground vibration mitigation is more
pronounced in the near field compared with the results obtained further away

from the building.
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1.

When examining the ground response results for different foundation types,
the IL values for the surface railway case are generally larger than those for
the underground railway case, with IL based on overall velocity level between
4 and 8 dB.

For the surface railway case, the IL is positive above 16 Hz, regardless of the
foundation type. The box foundation consistently produces the highest IL

value for both surface and underground railways.

. For the underground railway case, the IL based on overall velocity level is

between -2 and 2 dB, rising to 4 dB for the box foundation. The IL for the pile
foundation is one of the lowest, whereas in the surface railway case, it is the
second highest.

When predicting train-induced ground vibration, the influence of adjacent
building foundations should not be ignored. The present results provide a
reference, but it can be expected that the effect will vary depending on the

size of the building and the soil properties.
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