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Abstract

This work presents a scoping model to predict ground-borne railway vibration levels within buildings con-
sidering soil-structure interaction (SSI). It can predict the response of arbitrarily complex buildings in a
fraction of the time typically required to analyse a complex SSI problem, and thus provides a practical tool
to rapidly analyse the vibration response of numerous structures near railway lines. The tool is designed for
use in cases where the ground-borne vibration is known, and thus can be used as model input. Therefore
in practice, for the case of a new line, the ground motion can be computed numerically, or alternatively,
for the case of new buildings to be constructed near an existing line, it can be recorded directly (e.g. us-
ing accelerometers) and used as model input. To achieve these large reductions in computational time,
the model discretises the ground-borne vibration in the free field into a frequency range corresponding to
the modes that characterize the dynamic building response. After the ground-borne response spectra that
corresponds with the incident wave field is estimated, structural vibration levels are computed using modal
superposition, thus avoiding intensive soil-structure interaction computations. The model is validated using
a SSI problem and by comparing results against a more complex finite element-boundary element model.
Finally, the new scoping model is then used to analyse the effect of soil properties, building height, train
speed and distance between the building and the track on structural-borne vibration. The results show that
the scoping model provides a powerful tool for use during the early design stages of a railway system when
a large number of structures require analysis.
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1. Introduction

The expansion of high speed rail (HSR) has been decisive for economic development across the world,

however this growth has also led to an increase in those effected by ground-borne vibrations from railways [1].
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The negative effects of this vibration are numerous and it is thus addressed in international standards. One
of these standards is ISO2631 [2, 3], where indoor, whole-body human exposure to vibration is evaluated in
the frequency range, 1 Hz to 80 Hz. The vibration evaluation is based on the root-mean-square (RMS) value
of the acceleration in the three orthogonal directions. Additionally, ISO14837 [4], a dedicated standard for
the railway sector, is currently under development. This presents an overview of ground-borne vibration due
to railway traffic, prediction techniques, experimental measurement, evaluation criteria and also mitigation.

It also discusses numerical modelling, including two-and-a-half-dimensional (2.5D) and three-dimensional
(3D) models, which are referred to as detailed design models and can be used during the construction stage
of new lines. 2.5D models are based on the assumption that the problem is homogeneous in the track
direction, thus reducing the degrees of freedom. Several authors [5—13] have presented 2.5D methodologies to
predict vibrations produced by railway traffic using boundary element (BEM)- finite element (FEM) coupled
formulations. Three-dimensional models account for local soil discontinuities, underground constructions
and structures that break the uniformity of the geometry along the track line [14-18], however, are more
computationally expensive.

At the earlier stages of development for a new railway line, simpler and quicker methodologies are
desirable. These models, called scoping models [4], allow engineers to asses long lengths of track in a reduced
computational time, because typically, the train-track-soil interaction (source and propagation problem) is
decoupled from soil-structure interaction (immission problem). Coulier et. al [19] studied the effect of
assuming an uncoupled approach in a ballasted track and they concluded that it can be neglected for
distances to the track longer than six times the Rayleigh wave length, thus validating this assumption.

Nelson and Sauernmann [20] presented a simple in-situ testing methodology based on impact-testing
procedures to characterize soil vibrations and vehicle-track systems. Alternatively, Madshus et al. [21]
developed a semi-empirical model from the statistical analysis of railway vibration measurements in Norway
and Sweden. This model was used to study low frequency vibrations due to high speed trains (HST) on
soft soils. Rossi and Nicolini [22] also presented an approach to predict train-induced vibration considering
different train types, train speeds, track properties and distances to the track . The analytical expressions
of the model were calibrated by experimental data. With et al. [23] proposed a scoping model to compute
running RMS values of velocity based on the wheel force, the train speed and the distance to the track,
while the Federal Railroad Administration (FRA) and the Federal Transit Administration (FTA) of the U.S.
Department of Transportation have proposed empirical procedures to predict vibration levels due to railway
traffic [24, 25]. Verbraken et al. [26] verified by means of a numerical method the assumptions introduced
in these approaches. Later, Kuo et al. [27] developed two models using a combination of field measurements
and numerical methods based on the use of separate source and propagation mechanism, and implemented
them using the definitions proposed in References [24, 25]. Auersch [28] studied building induced vibrations
using a simple soil-wall-floor model based on an empirical transfer fuction obtained from the characteristics
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of the structure. A soil modelled using a spring and a viscous damper was used to evaluate the effects
of soil-structure interaction. Francois et al. [29] developed an analysis of building induced vibrations by
employing simplified methods that discard SSI, but take into account the relative stiffness between the
building and the soil. Recently, Conolly et al. [30, 31] presented a scoping tool, called Scoperail, to predict
in-door noise in buildings and structural vibrations values due to high speed trains. A 3D FEM model was
used to generate vibration records for a wide range of train speeds and soil types, and these results were
combined with empirical factors in order to compute vibrations due to train passages.

The present paper builds upon these previous approaches and proposes a scoping methodology to evaluate
building induced vibrations at the early development stage of railway lines using modal superposition and
considering SSI. Free-field response due to train passages is the required model input data, and can be
obtained from numerical models and experimental records, including conventional, freight and high speed
trains. Therefore the model can be used to predict structural vibrations in the cases of both new and
existing lines. The proposed method allows to assess the building response with a very low computational
effort, and can be used in a general purpose FEM program. This paper is organized as follows. First,
the scoping model is presented. Next, the proposed model is numerically validated comparing with a more
comprehensive methodology. Finally, the effect of the soil properties, the building height, the train speed

and the distance from the track to the building on the results from the scoping model is analysed.

2. Numerical model

This section describes the proposed scoping model. The dynamic analysis is carried out by modal
superposition [32] of the structure subjected to support excitation, with the aim of computing the overall
RMS value of the response due to an incident wavefield.

The dynamic equilibrium equation of a structure can be written as:

where M, C and K are the mass, damping and stiffness matrices, respectively. u;, 0y, and U; are the
total displacements, velocities and accelerations, respectively, and F represents the external force. The
total displacement can be decomposed as the sum of the ground motion u, and that due to the structure
deformation u:

uy(t) = a(t) + ruy(t) (2)
where the influence matrix r defines the wave incidence on the structure.

Substituting the Equation (2) into the Equation (1), and considering that the ground motion u, does
not produce either viscous force (Cru, = 0) or elastic force (Kru, = 0), the following equation can be
obtained:

Mi(t) + Cu(t) + Ku(t) = —Mri,(t) (3)
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The displacement vector u is obtained by modal superposition as:

N 3
t) = Z Z (ﬁz%j (4)

i=1 j=1
where ¢; is the i-th mode shape, qf the ¢-th modal amplitude due to a ground motion at direction j and N
is the number of modes considered to describe the structural response.

Then, Equation (3) can be rewritten for each direction j by the substitution of Equation (4) and pre-
multipliying by the mode shape transpose vector (bJT:

N
D7 |65 Meuil (1) + 6] Coudl (1) + ¢ Kepial (1) = ¢ M (1 (5)

i=1
Equation (5) can be decomposed into a system of N uncoupled equations taking into account the mode
shape orthogonality condition with respect to the stiffness and mass matrices. Also, it can be assumed that

this condition can be applied to the damping matrix. Equation (5) then becomes:

G (t) + 4G figl (t) + An? f2ql (t) = —Taid (t) (6)
with . ‘
J d)i My

T Mg, v

where f; is the natural frequency, (; is the damping ratio, and F{ is the modal participation factor for the
i-th mode at direction j.

The modal amplitude qf can be written as:
q] (t) =T}e] () (8)

Introducing Equation (8) in Equation (6) yields:

E(t) + AnGufi€] (8) + Am> F7€] (1) = —ii) (1) (9)
The solution of Equation (9) can be computed by means of the Duhamel’s integral as [32]:
(LA
gt) = " / —iid e 2T gin (fy; (t — 7)) dT (10)

where fg; = fim is the damped natural frequency. Equation (10) is solved using the generalized
single solved (GSSSS) integration algorithm U0-VO0 developed by Zhou and Tamma [33]. This algorithm
accurately calculates the low-frequency roots of Equation (10).

Once the modal amplitude is obtained, the structural response can be computed from Equations (2)
and (4). Different international standards evaluate structural vibration level, such as standard ISO 2631 [2]

which defines the overall RMS value of the frequency-weighted acceleration, or alternatively, the velocity
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decibel (VdB) metric based on the running RMS value of the velocity [34]. Since the frequency weighting
depends on the corresponding standard, it is not considered in the present work. Next, the procedure to
asses the overall RMS value of the acceleration is developed. The VdB metric can also be estimated using
a similar methodology.

The overall RMS value of the acceleration response is calculated as:

1T,
AQRMS — ?/0 ﬁt(t)dt (11)

where T is the characteristic period defined by the DIN 45672-2 standard [35] where the structural response
is assumed to be stationary. Then, the RMS value is obtained, accounting for the previously computed ug(¢)

from Equations (2) and (4):

3 N 2
> (vl + ot ) o 12

M

1
AQRMS — —
RMS Tgl-l

n=1 \yj

being t = t1,to, ..., tpn, ...ty with At =t, —t,_1.

After expanding, Equation (12) can be written as:

2

M N 3 3
aRMS = % 1> (rj@'lfré(fn))2 + (D2 (szrsz (tn)) +> 3 (27"%1-1“3@’;(%)53 (tn)) At
n=1 \ j=1 i=1 j=1 i=1 j=1 k=1

(13)

Bearing in mind % = M, Equation (13) is expressed in a compact form as:

apms = \/Hy + Hy + Hg (14)

with
Hy = 57 30 3 (F(t)’ (15)
-5 (Z > (aritien) (16)

M N 3 3
1 NI
Hyy= 223335 (ke dib(ra)éd 1) (a7)
H,, Hy and Hg, represent the contributions to the RMS value of the ground motion, the structural response
and the coupling between both terms, respectively.

The generalization of Parseval’s theorem for two time functions f(¢) and g(¢) whose Fourier transforms

are F(w) and G(w) entails [36]:

+oo 1 +oo
| g i =g [ Pee @ (18)



where * means complex conjugate and w is the angular frequency.

The application of the theorem for equally-spaced samples of two real functions f(t,) and g(t,) can be

written as:
S Flta)gltn) = 57 S BenfROF(F)G ()} IF ()G ()] (19)
where fn = 3757

The terms Hy, H, and Hy, (Equations (15-17)) can be computed from Equation (19) as

m-%zii@wwm (21)

M N

3 3
Hy =<3 35S 20,0 san{ R ()& (F0)} |05 ()2 ()

n=1i=1 j=1 k=1

| (22)

where Ug (fn) and E/(f,,) are the Discrete Fourier transforms of i (t,) and & (t).

The present model uses some assumptions in the terms H;, and Hg, of the Equation (14) in order to
developed a simple procedure that can be easily used in a general purpose FEM commercial program. The
first simplification is that the cross product term Hg, is neglected. It is based on the assumption that the
structural response Ef (f») amplifies the soil motion U, gk (fn) and, therefore, the term U;( fn)Ef “(fn) is much
lower than =7 ( fn)-

Moreover, the Equation (21) can be expanded as follows:

’—‘J
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(23)

In the proposed methodology only the first term of Equation (23) is considered. This assumption is based
on: i) the cross product Fj 1"’-C between the modal participation factor for the i-th mode at different directions
4 and k can be disregarded, and ii) since the functions = ( fn) and ZF*(f,,) are frequency responses of one-
degree-of freedom systems, the cross product = ( fn)ZF* (fn) can be neglected if the modes are well separated
and lightly damped. In the next section, the study of the uncertainties due to the simplifications carried
out in the terms H}, and Hg, will be studied.

Then, the overall RMS value of the acceleration (Equation (14)) is given by:

aRMSZ\/Hg—i—Hé (24)
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being H} = ) Hj,;, with H], = ¢7 21 (FzAz) . In the previous expression:
= =

represents the ground-borne response spectra.

The spectra defined in Equation 25 allows for straightforward integration within commercial FEM soft-
ware, by solving a response spectrum analysis (RSA) [32], where the input is the ground-borne response
spectra Ag (fi)- The result of the RSA can be used to obtain the contribution to the response of the structural
deformation Hj. The contribution of the ground motion should be added according to Equation (24).

The contribution of the i-th mode to the overall RMS value of the acceleration can be estimated from
Equation (24) as:

C; =/ H] (26)

i
In order to represent the structure’s dynamic behaviour with accuracy, the proposed model calculates and

combines the response for only those modes at frequencies (fi) which meet the criterion:

-2
J
Fk

N
POREH
=1’

max

> i=1,2,3 (27)

where ¢ is the required tolerance.

SSI is integrated into the proposed scoping model by adding spring k¢ and damper c¢ elements to the
foundation of the building model. Alternative simplified solutions, depending on the type of foundation can
be found in previous literature [28, 37-39]: isolated footing, continuous footing, isolated pile and pile group.
In this work it was considered the following correlation for shallow foundations from the model presented
by Auersch [28]: ky = 3.4Gs\/A_f and cf = 1.6\/m, where G5 and ps are the shear modulus and the

mass density of the soil, respectively, and Ay is the foundation area.

3. Numerical verification

3.1. Scoping model validation

The proposed model was numerically validated by analysing the dynamic behaviour of a building due
to an incident wavefield. To do so, the structural response as computed by the proposed scoping model
was compared with that obtained by the SSIFiBo toolbox [40] based on a 3D time domain BEM-FEM
methodology.

The structure was a three-storey building with dimensions 14.4m x 10.8m x 9m (Figure 1) [14]. It
consisted of eight columns of width 0.3 m x 0.3 m, and a core wall with thickness of 0.15m. The floors were
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modelled as slabs with a thickness of 0.2m. The foundation was considered as a hy = 0.3m thick slab.
All the structural elements consisted of concrete with a Young’s modulus E. = 30 x 109N/ m?*, Poisson’s
ratio v, = 0.2 and density p. = 2500 kg/m3. Structural damping of ¢ = 0.02 was used for all modes that
contributed to the building response. In order to discretise the structure 180 two-node Euler-Bernoulli and
2118 four-node shell elements were used. The element size was small enough to adequately represent the
structure dynamic behaviour below a maximum frequency of f,4, = 80 Hz. The minimum wave length of
the bending floor waves was given by A = /271 (%)(1/4) / fmaz = 3.6m, where D = E.hj} (1—2v2)/12
was the bending stiffness of the floors. An element size of [ = 0.6 m was used, resulting in 6 elements per

wavelength.
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Figure 1: Building plant geometry.

The building was founded on a homogeneous soil with the following properties: P-wave velocity ¢, =
300 m/s, S-wave velocity ¢, = 150 m/s, material damping (s = 0.06 and density p, = 1750 kg/mg. Compu-
tations were solved using a time step At = 0.002s according to the stability criterion for the time domain
formulation of the SSIFiBo toolbox [40]. The incident wave field corresponded with an uniform vertical
displacement ug = § (¢) m, where 6 was the Dirac delta function.

In the case of the scoping model, the dynamic behaviour of the building was computed using the super-
position of the dominant modes. A tolerance of € = 0.001 was considered. Figure 2 shows the bending mode
shapes of the floors for the building on foundation springs at a frequency range between 0 Hz and 125 Hz.

Figure 3 shows the one-third octave band spectra content of the vertical relative accelerations 1 (¢) at
the observation points located in every floor obtained using the SSIFiBo toolbox. Superimposed is the

contribution to the overall RMS value of the vertical acceleration of the building modes, within a frequency
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) Mode shape at 15.33 Hz (b) Mode shape at 18.04 Hz ) Mode shape at 21.71 Hz
(d) Mode shape at 30.40 Hz ) Mode shape at 47.88 Hz ) Mode shape at 94.92 Hz

Figure 2: Bending mode shapes of the floors.

band centred at €2;, computed from the proposed scoping model as:

Q) = Z VO2(f) Y fi €90, Q1) (28)

where Qo and ;1 are the limits of the one-third octave band €;, and C; is calculated from Equation (26).

The building response was evaluated at observation points A, B, C', D, P and W (Figure 1) located
at every storey of the building. This response was mainly distributed in the frequency range from 8 Hz to
125 Hz. The higher level of vibration was observed at the observation point A (Figure 3. (a)) located at the
part of the slabs supported on the core wall, where the bending stiffness of the floor was higher than in the
remaining parts of the structure. The response at this point was found at frequencies of 30.40 Hz, 47.88 Hz
and 94.92 Hz that correspond with those bending modes which present higher vertical displacements at the
slabs bounded by the core wall (Figures 2.(d,e,f)). Conversely, the response in the slabs at observation

points B, C and D (Figures 3.(b,c,d)) present lower value of vibration, and peaks (found at frequencies of
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15.33 Hz and 18.04 Hz) match the two first bending vertical modes (Figures 2.(a,b)). This is because the
higher slab flexibility at these points causes an increased absorption of strain energy. The responses in the
column (Figure 3.(e)) and the core wall (Figure 3.(f)) are distributed at approximately 47.88 Hz. It should
be mentioned that the observation point W presents the lowest values of vibration. The agreement between
the proposed scoping model and the SSIFiBo toolbox is good in the frequency range from 15 to 100 Hz.
The overall RMS value of the acceleration response computed using both the proposed scoping model
(Equation (24)), the SSIFiBo toolbox, and Equation (14) are shown in Figure 4. The discrepancies in
the results obtained using Equation (14) and those computed without these simplifications are within a
reasonable range of uncertainty, with the results obtained using Equation (24) being more accurate. The
solution computed using the SSIFiBo toolbox shows a correlation between the building vibration and the
storey level. However, this trend is not clearly observed in the scoping model solution. The differences
between both models reaches the highest value in the first floor. Nevertheless, the uncertainties are below

13dB.

3.2. Parametric study: soil properties and type of foundation

Secondly, for the purpose of determining the versatility of the model, the influence of soil properties and
building design on structural response was studied. Three types of soil with the properties summarized in
Table 1 and five types of building were analysed. Each was similar to the generic building described in

subsection 3.1, but with the following changes:

1. Foundation consisting of a slab with a thickness of 0.3 m as in subsection 3.1.
Foundation consisting of a slab with a thickness of 0.5 m.
Isolated footing of size 1.2m x 1.2m x 0.5 m.

Continuous footing of size 1.2m x 0.5 m.

S ol B o

Absence of core wall.

Table 1: Soil properties.

Soil type | cplm/s] colm/s] €[] plke/m’]
Soft 300 150 0.06 1750
Medium 400 200 0.06 1750
Stiff 600 300 0.06 1750

Figure 5 shows the overall RMS value of the building response at the top floor depending on the soil
properties. The increment of building vibration with increasing soil stiffness observed in the solution com-
puted from SSIFiBo toolbox it because the energy dissipation of soft soils is higher than stiff soils. This

observation is not presented in the scoping model solution. Moreover the discrepancies between both models

10



Acceleration
[dB, ref 107 m/s?]

Acceleration

[dB, ref 107 m/s?]

Acceleration
[dB, ref 107® m/s?]

N
[e)]
o

N
N
(=}

N
N
o

200

180

1 2 4 8 16

315 63
One-third octave band center
frequency [Hz]

(a)

260f" 9
240
220
200
180
1 2 4 8 16 315 63 125
One-third octave band center
frequency [Hz]
(c)
260f" 9

N
N
o

N
N
o

200

180
1

-

2 4 8 16
One-third octave band center
frequency [Hz]

315 63

(e)

Acceleration
[dB, ref 107® m/s?]

Acceleration

[dB, ref 107® m/s?]

Acceleration
[dB, ref 107® m/s?]

N
[o)]
o

N
N
o

N
N
o

200

180
1

260

240

220

200

180
1

260

240

220

200

180
1

315 63
One-third octave band center
frequency [Hz]

4 8 16 125

(b)

4 8 16 315 63
One-third octave band center
frequency [Hz]

125

(d)

|I

4 8 16 315 63

One-third octave band center
frequency [Hz]

()

Figure 3: One-third octave band centre frequency of the vertical relative acceleration computed 1 (¢) by the

SSIFiBo toolbox [40] (solid lines) and contribution C; to the overall RMS value of the vertical acceleration

of the modes within a frequency band centred in 2; obtained from the proposed scoping model (bars) at

observation points (a) A, (b) B, (¢) C, (d) D, (e) P and (f) W located at the first (light grey color), the

second (dark grey color) and the third (black color) floors.

are higher in the soft soil. This is because the influence of SSI in the soft soil is dominant, and the scoping

model uses a simplified calculation procedure in comparison to the SSIFiBo toolbox. In order to evaluate the

uncertainty of the results, the simplifications assumed in Equation (14) and the methodology to evaluate the
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Figure 4: Overall RMS value of the acceleration response against the storey level at the observation points
(a) A, (b) B, (c) C, (d) D, (e) P and (f) W computed from the SSIFiBo toolbox [40] (black solid line), the
scoping model (grey solid line) and the proposed model without simplifications (black dashed line).

structural damping of the building in both models should be considered. Structural damping in the scoping
model is determined using Equation (10), where the same damping ¢; = ¢ for each i-th mode has been used.
In comparison, the SSIFiBo toolbox considers viscous damping in the time domain, based on the Rayleigh
model [32], and thus damping is not the same for all frequencies. In spite of this, the agreement between
both models improves as soil stiffness increases and the uncertainty is within a reasonable range.

Regarding the analysis of different building parameters, Table 2 summarizes the obtained results. The
influence of the thickness of the foundation slab causes only small changes to the building response as the
thickness increased. Similar results were derived in previous researches [14, 41]. The isolated and continuous
footing foundations yield lower values of acceleration than the 0.5 m thick slab showing that vibration levels
decrease with decreasing the stiffness of the foundation. This phenomenon is because the 0.5 m thick slab
is the stiffest foundation, and has lower energy dissipation capacity than the remaining foundations. In
comparison, the use of a core wall in the building increases the structural stiffness and the level of the
response.

Considering the accuracy of the scoping model for a wide range of different soils and building parameters,

it was concluded that it is suitable for use in a wide range of scenarios.
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Figure 5: Overall RMS value of the acceleration response depending of the soil properties at the top floor
at the observation points (a) A, (b) B, (c) C, (d) D, (e) P and (f) W computed from the SSIFiBo toolbox

(black line) and the scoping model (Equation (24)) (grey line).

Table 2: Maximum of the overall RMS value of the acceleration response for each observation point.

Point A  Point B Point C  Point D  Point P  Point W  Maximum difference
problem @] B (@] (@B  [B] (] aB)
Slab thickness d = 0.3 m 262.8 255.6 254.1 252.6 251.9 248.9 10.8
Slab thickness d = 0.5 m 264 255.7 256.2 254.8 254.8 249.9 11.5
Isolated footing 259.1 252.5 252.4 250.9 251.9 248.4 11.5
Continuous footing 259.6 255.2 254.4 255.1 254.9 248.6 11.4
Without core wall 256.1 254.7 255.1 255.1 249.9 251.8 9.1

4. Sensitivity analysis of building induced vibration due to train passage

In this section, vibrations induced by train passages in three multi-storey buildings are evaluated using
the scoping model. The influence of soil properties, building height, train speed and the distance from the
track to the building on the results are analysed. The midpoint foundation of the building was located
at distances, {20, 30,40, 50,60, 70} m from the track centreline and three different homogeneous soils were
considered with the properties indicated in Table 3. Table 4 shows the carriage length L, the distance
between bogies Lj, the axle distance L,, the total axle mass M; and the unsprung axle mass M, for

all carriages of the S-100 serie train considered in this paper. Train speeds of {100, 150,200} km/h were
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analysed. In all cases, train speed was found to be in a range between 10 % and 60 % of the critical velocity
of the track system [42]. Therefore, it was assumed that the dynamic contribution (e.g. rail unevenness)
would be dominant in the free-field response [6]. In total, the sensitivity study included the analysis of 162
problems (3 soil types x 3 buildings x 3 train speeds x 6 distances).

Table 3: Soil properties.

Soil type | cplm/s] colm/s] €[] plke/m’]
Soft 250 100 0.06 1750
Medium 400 200 0.06 1800
Stiff 995 300 0.06 1850

Table 4: Geometrical and mass characteristics of the S-100 train.

No. of carriages No. of axles L¢[m|] Ly[m] Lq[m] Mikg] Mylkg]
. Traction cars 2 4 22.15 14.00 3.00 17185 2048
i End carriages 2 3 21.84  18.70 3.00 11523 2003
Central carriages 6 2 18.70  18.70 3.00 15523 2003

The structures were four, eight and twelve storeys buildings with the same floor plan dimensions 12 m x
12m (Figure 6.(a)). It consisted of eight concrete columns with 0.6 m x 0.4 m section, four edge beams with
0.6m x 0.2m section and two framed concrete walls with 2.4m x 0.15m section. The floors were simply
supported concrete slabs with a thickness of 0.2 m. The floors consist of a two-dimensional frame with axial
stiffness per unit length FA = 1.433 x 10° N/m, bending stiffness per unit length EI = 9.935 x 10° Nm,
and a mass per unit area of m = 172kg/ m”. The structure was founded on a 1.0m thick concrete slab.
The concrete material had the following properties: Young’s modulus £ = 20 x 10N/ m2, Poisson’s ratio
v = 0.2, density p = 2400 kg/ m® and the structural damping was considered using a Rayleigh model, where
¢ = 0.05 was set for all modes that contributed to the building response. The structure was discretised
using two-node Euler-Bernoulli elements to represent columns and beams and four-node shell elements for
the floors and the framed walls. Figure 6.(b) shows the discretisation of the twelve-storey building.

The bending mode shapes of the floors computed without considering SSI are presented in Figure 7.
The mode shapes can be observed for increasing core wall (Figures 7.(e,j,n)) and corner column (Figures
7.(d,g,l,m,0)) deformations. Regarding the core wall, the displacements at the central zone of the floors are
larger, while the corner columns involve the bending of the columns.

In the next subsection, before the sensitivity analysis, the dynamic behaviour of the buildings considering
SSI will be studied.

The soil vibrations due to train passages were numerically obtained using the SSIFiBo toolbox [40]. The
rails were represented by Euler-Bernoulli beams with a bending stiffness F, I, = 6.45 x 106N / m? and a mass
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Figure 6: (a) Four, eight and twelve-storey buildings plan geometry and (b) discretization of the twelve-

storey building.

per unit length p, A, = 60.34 kg/m for each rail. The rail pads were modelled as continuous spring-damper
connections. A rail pad stiffness k;, = 150 x 106 N/m and loss factor 7,, = 0.25 to account for internal
energy dissipation in the rail pad were used. The sleepers were of concrete monoblock type with a spacing
of d = 0.60m and modelled as a uniformly distributed mass being mg = 300kg. The ballast bed was
represented by a set of distributed linear springs and dampers. A ballast layer with a thickness hy, = 0.35 m,
vertical stiffness ki, = 500 x 10 N/m and density p, = 1550 kg/m® was considered.

In the free-field predictions, both quasi-static excitation and dynamic excitation due to random track
unevenness were taken into account [6]. The same track unevenness profile was considered for all the cases.

Once the free-field vibration was computed, ground-borne response spectra Ag (fi) for a damping ratio
¢ = 0.05 was obtained using Equation (25). Then, the building response was evaluated. The building
response was obtained using a single point response (SPR) excitation model, where the incident wave was
transmitted simultaneously to all nodes of the structure foundation. The considered tolerance (¢ = 0.01)

was small enough to ensure that the building behaviour was accurately obtained. The building responses at
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Figure 7: Bending floor mode shapes of the (a,b,c,d,e) four-storey building, (f,g,h,i,j) eight-storey building

and (k,],mn,0) twelve-storey building.

the points A and B (Figure 6.(a)) located along all the storey levels were analysed.

In this sensitivity analysis, the results from the scoping model were compared with those obtained by
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the SSIFiBo toolbox [40].

4.1. Soil properties
Before the sensitivity analysis, building response was characterized depending on the soil properties. For
this purpose, the contribution of bending modes was obtained from the building response to an incident wave

field acting in the vertical (z) direction using a ground-borne response spectra A (f,,) = 1m/s” (Equation
3
24). In this way, the contribution of each i-th mode to the building response C; = gbf > 1"22 (Equation
j=1

(26)) was not dependent of the excitation. Figure 8 shows the contribution to the overall RMS value of the
vertical acceleration at the different frequencies for the four, eight and twelve storey buildings obtained using
Equation (28) and evaluated at the top floor, at observation points A and B (Figure 6.(a)). The response
was computed for the soils presented in Table 3. The bending modes of the dominant floors were found in
the frequency range below 80 Hz. It was observed that the contribution for each soil was different. At the
observation point B, the fundamental frequency was different depending on the soil properties.

Next, the combination of the response spectra Ag (computed from the free-field predictions) and the
characterization of the buildings for a load with constant amplitude at the studied frequency range (Figure
8) is used to understand the building behaviour due to train passages. The effect of the soil properties
on the scoping prediction for a building located at 20m from the track due to a S-100 train travelling at
v = 150km/h was studied. Figure 9 shows the ground-borne response spectra Ag computed from the free
field vibrations. The ground-borne spectra exhibits elevated amplitudes in the frequency range between
10Hz and 40 Hz. Peaks around the axle passing frequency f, = v/L, = 13.9Hz and due to the dynamic
excitation at 30 Hz can be observed. The highest value was reached in the vertical direction. The effect of
the soil properties on the quasi-static contribution are clearly observed at lower frequencies. However, at
the frequencies contributing to the dynamic response, the results do not show a clear correlation between
the free field response and the soil properties.

Figure 10 shows the influence of the soil on building vibration. It can be observed that the accelerations
decrease as the soil stiffness increases, excluding the eight-storey building where the response in the medium
soil is higher. This phenomenon can be explained from Ag (Figure 9) and the eight-storey building response
showed in Figure 8. Ground-borne vertical response spectra Ag (Figure 9.(c)) shows higher amplitudes in
the medium soil at about 30 Hz because this is close to the the fundamental frequency for the observation
point B (Figure 8. (d)). In Figure 8.(c) it is observed that the response at point A is concentrated around
10Hz and the vibration level in the stiff soil is slightly higher than for the medium soil. However, the
excitation Ag around 10Hz (Figure 9.(c)) presents a lower value for the stiff soil. Thus, the eight-storey
building responses at point A for both the medium and the stiff soil are similar (Figure 10. (b)).

The scoping model predicted higher amplitudes than the SSIFiBo reference model. The differences
between both models were dependent on the soil properties, but these uncertainties did not follow a clear
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Figure 8: Contribution of the modes to the overall RMS value of the vertical acceleration due to an incident
wave with ground-borne response spectra Ag = 1lm/ s? in the soft soil (light grey bar), medium soil (dark grey
bar) and stiff soil (black bar) obtained from the proposed scoping model at the top floor of the observation
points (a,c,e) A and (b,d,f) B for the (a,b) four-storey building, (c,d) eight-storey building and (e,f) twelve-

storey building.

trend. Thus, it can be concluded that soil properties are an important parameter for the accuracy of the

proposed scoping model.
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Figure 10: Overall RMS value of the acceleration response due to a train passage at v = 150 km /h evaluated
at the top floor at the observation points (a,b,c) A and (d,e,f) B computed from the SSIFiBo toolbox (black
line) and the scoping model (Equation (24)) (grey line) for the (a,d) four-storey, (b,e) eight-story and (c,f)

twelve-storey buildings.

4.2. Building height

Next, the effect of the building height on the results computed from the proposed methodology was
analysed. The four, eight and twelve storey building responses due to the passage of a S-100 train travelling

at v = 150km/h was analysed. The buildings were located at 20m from the track and the soil with
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¢s = 200m/s was considered. Figure 11 shows the one-third octave band spectra content of the vertical
relative accelerations 1 (t) (Equation (2)) at the observation points A and B located at the first, middle and
top floors obtained from the SSIFiBo toolbox. Superimposed is the contribution to the overall RMS value
of the frequencies computed from the scoping model. It can be seen that the mode with higher participation
factor computed for the four, eight and twelve-storey buildings was found around the frequencies 12 Hz, 10 Hz
and 8 Hz for the observation point A, and 50 Hz, 30 Hz and 20 Hz for the observation point B respectively.
Thus, as expected, frequency reduced as the building height increased. The highest value of vibration was
found at the top floor of the eight-storey building because the values of the soil response spectra A{ (Figure
9.(c)) match with the natural frequencies of the eight-storey building at about 10Hz and 30 Hz (Figure
8. (c,d)). These are higher than those at the frequencies 8 Hz and 20 Hz that correspond to the natural
frequencies of the twelve-storey building (Figures 8.(e,f)). The agreement between both models was quite
good at the frequencies that dominate the building response.

Figure 12 presents the influence of building height on the overall RMS value of the response. The results
computed from both models are shown for different storey levels. As expected, the response increases with
storey level at the observation point B. However, this correlation is not observed at observation point A for
the four and twelve-storey buildings. Regarding the response at the observation point A of the four-storey
building, the response is at about 12 Hz that corresponds with the two first bending modes (Figure 7. (a,b)).
These modes present larger amplitudes at the middle floors of the building than at the top floor. The lack
of correlation between storey level and the response computed from the SSIFiBo toolbox at the observation
point A of the twelve-storey building can be explained since the second bending mode at 12 Hz (Figure 7.(1))
presents lower amplitudes at the floors from one to six at observation point A. The maximum discrepancy
between both models was found in the response of the eight-storey building, where a difference of 8.5 dB was
found. This discrepancy is acceptable considering the simplified procedure used to formulate the scoping

model, and the different structural damping approaches used for it compared to the detailed model.

4.3. Train Speed

Next the scoping model was used to assess the effect of the train speed on building response. The
response of the three buildings located at 20 m to the track due to the passage of a S-100 train travelling
at {100,150,200} km/h was studied. The moderately stiff soil was again considered. Figure 13 shows
the vertical ground-borne response spectra Ag computed from the free-field vibrations. Peaks around the
axle passing frequency f, = v/L, = {9.26,13.9,18.52} Hz that involve the quasi-static contribution can be
observed. The highest value was found in the ground-borne response spectra at v = 200 km/h around 18 Hz.
The ground-borne response spectra due to a train passage at v = 150 km/h resulted in peaks around 13 Hz
and 30 Hz.

The overall RMS value of the building response is shown in Figure 14. It can be seen that the level
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Figure 11: One-third octave band centre frequency content of the vertical relative acceleration due to a train

passage at v = 150km/h computed by the SSIFiBo toolbox (lines) and contribution of the modes to the

overall RMS value of the vertical acceleration obtained from the scoping model (bars) at the observation

points (a,c,e) A and (b,d,f) B located at (a,b) the first, (c,d) the middle and (e,f) the top floors of the

four-storey building (light grey color), eight-storey building (dark grey color) and twelve-storey building
(black color).

of vibration generally increased with increasing speed, except for the response at the observation point B

of the eight-storey building, computed by the scoping model. Instead, at approximately 30 Hz the ground-
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Figure 13: Vertical ground-borne response spectra Ag at 20 m from the track center due to a train passage at
v = 100km/h (light grey line), v = 150 km/h (dark grey line) and v = 200 km/h (black line) in the medium

soil.

borne response spectra v = 150 km/h presents higher value. The differences between both models were not

strongly influenced by train speed.

4.4. Distance from the track

Building response due to the passage of a S-100 train travelling at v = 150 km/h was analysed for different
distances between the track to the building. The moderately stiff soil type was again considered. Figure 15
shows the vertical ground-borne response spectra Ag computed from the free-field vibration. As expected,
ground-borne vibration levels were increasingly damped with increasing distance from the track.

Figure 16 shows the effect of the distance from the track to the building on the overall RMS value of the
response, where it is seen that the building response decreases with increasing distance. This correlation
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Figure 15: Vertical ground-borne response spectra A{ at 20m (light grey line), 40m (dark grey line) and
70m (black line) from the track center due to a train passage at v = 150km/h.

between distance from the track and the response both in the free field and in the building is consistent

with previous research [41]. The scoping model predicted elevated values with regard to the SSIFiBo model,

however, the accuracy of the scoping model remained broadly constant with distance.
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Figure 16: Overall RMS value of the acceleration response evaluated at the observation points (a,b,c) A
and (d,e,f) B computed from the SSIFiBo toolbox (black line) and the scoping model (Equation (24)) (grey
line) for the (a,d) four-storey building, (b,e) eight-storey building and (c,f) twelve-storey building.

4.5. Remarks of the sensitivity analysis

The overall RMS value of the acceleration for the 162 problems were computed using both models
(scoping and SSIFiBo) to assess the accuracy of the proposed methodology. The difference between the
responses computed from both models was calculated as:

Aagns[dB] = 201log (aléﬂ) (29)
AR s
where aﬁMS and a}%MS were the responses computed by the proposed model and the SSIFiBo toolbox,
respectively. Figure 17 shows this difference for the 162 problems evaluated at the observation points A and
B at all the storey levels that correspond with 2592 cases. It can be seen that the difference between both
models is normally distributed (Figure 17.(a)) with mean value p = 3dB and standard deviation o = 2.6 dB
(Figure 17.(b)).

Figure 18 presented all the cases evaluated. The confidence region [aﬁ ms + 1 £ 20] and the expected
value a%MS + p are superimposed. It was found that 96.45% of the results were within this confidence
region, and that most of the results from the scoping model were higher in magnitude than those obtained
from the detailed model. The uncertainty of the predictions from the scoping model were within a range

between —3dB to 11 dB and thus similar to the 5dB - 20 dB values found in previous research [43-45].
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The sensitivity analysis showed that soil material properties were a relevant parameter that could affect
the accuracy of the vibration level prediction, due to the deviation shown in Figure 10.

One of the advantages of the proposed method is its computational efficiency. Table 5 shows the compu-
tational cost to obtain the results of the twelve-storey response for a S-100 train travelling at v = 150 km/h
using an Intel Core i17@1.87 GHz computer. The running time shown refers to the immission problem of
waves in the building. The cost needed to compute the BEM model in the SSIFiBo toolbox, the ground-
borne response Ag in the scoping model and the FEM model of the building were not included. The difference
between the running time required in both models was due to the more comprehensive BEM-FEM method-
ology used by the SSIFiBo toolbox to consider the SSI against the simple FEM procedure of the scoping
model. The time using the proposed scoping model is much lower than the necessary for the detailed predic-
tion model (between 45-135 times faster depending on soil stiffness). Therefore, the scoping model could be
a powerful tool during the early design stages of railway lines where a large number of building vibrations

assessment.
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Table 5: Average running time for a S-100 travelling at v = 150 km/h considering the twelve-storey building

Average running time
Soft soil Medium soil Stiff soil
SSIFiBo toolbox t=3h t="75h t=9h
Proposed scoping Model t = 4min

5. Conclusions

In this paper, a scoping model to predict vibrations in buildings induced by railway traffic considering
soil-structure interaction was proposed. The scoping model is attractive because the structural vibration
induced by train passage can be assessed in minimal computational time.

The scoping model uses the ground-borne response spectra A{ computed from either numerical or ex-
perimentally free field vibrations (ground motion at the three orthogonal directions should be measured).
Therefore, it is useful for cases of new lines, and also existing lines where new buildings are planned. To
minimise calculation times, building response is obtained using modal superposition.

The proposed model was verified against a detailed prediction model based on a BEM-FEM formula-
tion. The agreement was good and any discrepancies were mainly due to the simplifications assumed in
the proposed formulation and the different procedure to consider the structural damping in both models.
Therefore it can be considered a highly effective tool for early stage prediction.

The proposed methodology was used to analyse the dynamic behaviour of a building due to train passages,
considering numerically generated free-field vibrations as input data. The effect of different parameters was
analysed: soil properties, building height, train speed and distance from the track to the building. The
building response showed a clear dependence on these parameters.

In conclusion, the scoping model allows engineers and designers to evaluate building response due to
train passage at the early design stage with confidence. The proposed model involves a powerful tool easily
implementable in general purpose commercial FEM software. The contribution of the dominant frequencies
obtained using the scoping model were in good agreement with those obtained using a detailed design
model, and the estimation of the overall RMS acceleration values were also strong. Generally, the new
model provides conservative predictions of overall RMS values of the acceleration, with typical discrepancies

between —3dB + 11 dB.
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