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Abstract

This work presents a simplified method to evaluate building shaking due to arbitrary base excitations, and
an example application to railway problems. The model requires minimal computational effort and can be
applied to a wide range of footing shapes, thus making it attractive for scoping-type analysis. It uses the
soil excitation spectrum at the building footing location as it’s input, and computes the building response at
any arbitrary location within it’s 3D structure. To show an application of the model versatility, it is used to
compute building response due to a variety of singular railway defects (e.g. switches/crossings). It is however
suitable for more general applications including general railway problems. The approach is novel because
current railway scoping models do not use soil-structure transfer functions combined with free-field response
to estimate building vibration by railway defects. First the soil-structure interaction approch is outlined
for both rigid and flexible footings. Then it is validated by comparing results against a comprehensive
fully-coupled 3D FEM-BEM model. Finally, it is used to analyse the effect of a variety of variables (soil
properties, defect type, defect size and train speed) on 3 different buiding types. Overall the new approach
allows for the computation of building vibrations with high accuracy, using minimal computational effort.
Key words: Ground-borne vibrations, Railway traffic, High speed rail, Building vibrations, Structural

vibration, Environmental Impact Assessment (ETA), Railway singular defects

1. Introduction

The response of structures to ground-borne waves induced by blasting, earthquake, road and railway
traffic, are examples where soil-structure interaction (SSI) is an important issue and its influence cannot be
neglected [1, 2].

The importance to consider SSI in the building response due to blast-induced ground motion, was

analysed by Wu and Hao [3, 4]. They proposed a numerical model to predict surface ground motion due
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to underground blasting. These free-field response was used as input excitation to obtain the building
response using a simple approach, where the source (blasting)-receiver (building) interaction was neglected.
Bayraktar et al. [5] developed a detailed nonlinear dynamic analysis of concrete and masonry structures
using an hybrid approach. The ground excitations due to blasting was measured and combined with a
numerical building model updated with experimental dynamic characteristics. Dogan et al. [6] presented
a combined experimental/numerical procedure to obtain the building response due to blasting. Ground
motion was measured while building vibration was computed using a 3D model where the SSI was ignored.
A comparison between underground and surface blasts was developed and it was found smaller vibrations
for the underground case.

On the other hand, the pronounced effect of SSI on the structure response for softer layered soils was
analysed by Savin et al. [7] in seismic problems, using a detailed 3D model. Gatti et al. [8] presented
a complete approach from the source (earthquake) to the structure. The wave-motion was used as input
motion for a SSI numerical BEM-FEM model for a reactor building. Alternatively, simplified procedures
[9-11] were proposed to model SSI in seismic analysis.

Numerical models to compute building vibrations by road traffic include Pyl et. al [12, 13] who presented
a complete coupled boundary element (BEM)- finite element (FEM) methodology to analyse the road-soil-
structure system. Alternatively, Francois et al. [14] studied dynamic building behaviour considering the
relative stiffness between the building and the soil to simplify modelling soil-structure interaction (SSI).

Regarding the rail sector, the growth of urban railway track infrastructure has led to an increase in the
number of properties affected by ground-borne railway vibrations [15-19]. The negative effects caused by
railway traffic are more prominent in the presence of local irregularities [20] and are addressed in international
standards [21-23]. Thus, it is desirable to estimate the potential increase in vibrations levels in nearby
buildings.

To do so, a variety of numerical models have been proposed to compute building induced vibrations
due to railway traffic. Prior to the construction stage of a new railway project or the construction of a
building near an existing line, a detailed design is required [23] possibly using comprehensive 3D models
with high computational cost. These include Fiala et al. [24] who developed a comprehensive BEM-
FEM model to calculate building vibration and indoor noise. Alternatively, Galvin et al. [25] presented
a coupled train—-track—soil-structure 3D BEM-FEM model formulated in the time domain where nonlinear
behaviour of structures could be also considered. Moreover, the problem of vibration in bridges was studied
by comprehensive models [26, 27]. Coulier et al. [28] studied the source (track) and receiver (building)
interaction in order to determine the uncertainty of using uncoupled approaches. It was concluded that for
a ballasted track the assumption of uncoupling was acceptable for distances from the track greater than six
times the Rayleigh wave length.

Uncoupled simplified procedures are normally used at an earlier stage of railway line development [23].
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These represent useful tools, because their lower computation times. Two such methods to evaluate building
vibrations due to a train passage have been proposed by the Federal Railroad Administration (FRA) and
the Federal Transit Administration (FTA) of the U.S. Department of Transportation [29-31]. Riicker et al.
[32] developed a simplified prediction tool that allows to evaluate free-field and building vibrations. Auersch
[33] analysed building vibration in inhomogeneous soils and proposed a simplified methodology to consider
SSI in a layered ground. He studied building induced vibrations using a simple soil-wall-floor model based
on an empirical transfer function obtained from the characteristics of the structure [34]. Moreover, this
also included with a simple method to estimate vibration in buildings on pile foundations [35]. Hussein
et al. [36] developed a sub-modelling method where a train-track-soil 3D model was coupled with a 2D
building approach based on beam elements. Also, this presented a 3D model to calculate vibration in a
building based on pile-foundation by railway traffic in a nearby underground tunnel [37]. Later, Kouroussis
et al. [38] proposed a decoupled FE model to predict building vibrations due to tramway traffic with local
irregularities. Also a hybrid numerical/experimental model to assess ground and building vibration was
presented [39, 40]. In this a vehicle-track numerical approach which simulated vibration generation due to
a variety of railroad artefacts was combined with a experimental procedure based on multiple single source
transfer mobilities that modelled the transmission mechanism between rail and nearby structures. Lopes
et al. [41, 42] developed an uncoupled model to evaluate building vibrations induced by railway traffic in
tunnels. Free-field response was computed using a 2.5 D FEM-Perfectly Matched Layers (PML) model and
combined with a 3D FEM model to evaluate the building response. Connolly et al. [43, 44] proposed a
scoping model to predict vibrations and in-door noise in buildings due to railway traffic. A wide range
of soil vibration records generated by a 3D FEM model was used to build a machine learning approach.
This procedure was combined with empirical factors [31] to compute building vibrations. Lépez-Mendoza
et al. [45] presented a scoping model based on modal superposition analysis. The free-field vibration was
discretised into the frequency range corresponding to the modes of the structure. Kuo et al. [46] presented
a hybrid model that combined recorded data and numerical predictions considering the definitions proposed
by the FRA [31]. The source, propagation and receiver mechanisms were uncoupled. Recently Connolly et
al. [47] presented a decoupled procedure to analyse soil-building vibrations due to railway irregularities. A
2.5D time-frequency domain model to compute soil vibrations was combined with a 3D FEM procedure to
obtain building vibrations induced by railway defects.

This paper uses a simple procedure where the source (ground motion) and the receiver (building) are
uncoupled. It is focused on the receiver model and proposes soil-structure transfer functions considering SSI.
These soil-structure transfer functions are combined with free-field vibrations to compare building vibration
with low computational effort. The model is numerically verified comparing with a comprehensive BEM-

FEM model. Finally, the proposed model is used to analyse building vibrations due to local irregularities.



2. Methodology

ISO 14837-1 standard [23] defines the magnitude of building vibration A(f) in the frequency domain f as
a function that the source S(f), the propagation P(f) and the receiver R(f). Considering the assumption
that all the three terms are uncoupled (Figure 1), the magnitude of the building vibration A(f) can be
expressed as:

A(f) = S(HPFR(S) (1)

The procedure developed by the Federal Railroad Administration (FRA) [31] to estimate building response
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Figure 1: Scheme of decoupled model.

due to railway traffic proposes two factors influencing the receiver: 1) the floor-to-floor attenuation, and, 2)
the amplification due to the resonance of floors, walls and ceilings. The present work includes these factors
defining the floor amplification F, as the increment in the building response u with respect to the foundation

response ug (Figure 1). The floor amplification is computed as:

Fo(f) = u(f)/uo(f) (2)

Also, the effect of the building foundation should be considered using the coupling loss C; [31]. The coupling
loss is related with the soil-foundation interaction. This consits in the ratio between the building foundation

response ug and the free-field vibration u, (Figure 1). In this work, the coupling is evaluated as:

Ci(f) = uo(f)/ug(f) (3)

The following expression to calculate the building response u can be obtained by combining Equations (2)
and (3):
u(f) = Fa(£)Ci(fug(f) (4)

Comparing Equations (1) and (4), it can be seen that the source S(f) and the propagation P(f) terms

are included in the free-field vibration u,, whereas the receiver term R(f) is part of the floor amplification
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F, and the coupling loss C;. The main novelty of this work is applying the soil-structure transfer functions
u/ug = F,(f)Ci(f) depending only on the receiver, to predict building vibration by railway traffic. The
soil-structure transfer function represents the building response due to a displacement impulse applied at the
building foundation. A key advantage of this approach is the computational efficiency arrising because the
soil-structure transfer function is computed only once for a soil-building subsystem and later it is combined
with a wide range of free-field vibration data to analyse multiple scenarios. These low requirements mean
the approach is well-suited to early stage railway projects. On the other hand, although this work is
focused on the application of soil-structure transfer functions to assess building vibrations by railway traffic,
these soil-structure transfer functions can be used to predict building vibration due to diverse sources (e.g.
construction, earthquake, road traffic, blast) where the free-field vibration spectrums is known.

This work uses the methodology presented in Reference [47] to model the source-propagation subsystem
(S(f), P(f)). Once it is solved for the source-propagation subsystem, it can be used to compute the
building vibration A(f). To do so, the building foundation is excited by the free-field response ugy. The SSI
is integrated in the proposed methodology using a simplified method. Below, it will be related the procedure

to model the receiver soil-structure subsystem (R(f)).

2.1. Simplified building-soil coupling model

The simplified method is a 3D time domain FEM model. The dynamic equilibrium equation of a structure
can be written as:

Mii(t) + Cu(t) + Ku(t) = F (5)

where M, C and K are the mass, damping and stiffness matrices, respectively. u(t), a(t), and a(¢) are the
building displacement, velocity and acceleration, respectively, while F represents the external force. The
FEM equation is solved at each time step following an implicit time integration GN22 Newmark method
[48, 49]. Structural damping is considered following a Rayleigh model [50], where the damping matrix C is
proportional to the the mass M and stiffness K matrices as C = d,, M + dixK. Constants d,, and dj are
chosen depending on the modal damping of the structure.

Next a brief description of the simplified methodology to model SSI focused on the case of a building
with a slab foundation on the surface of a homogeneous soil is presented. The foundation consisting of a
slab. A drawback of the approach is that it can not be applied to deep foundations. In order to consider SSI
for layered soils, equivalent homogeneous soils are obtained depending on the average shear wave velocity

Vsso as defined in Eurocode 8 [51], and computed as:

(6)

TN
Zi Cs;
where h; is the thickness of the i th layer, N the total number of layers in the top 30 m and c;, the shear
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wave velocity of the ith layer. Therefore, equivalent homogeneous soils with ¢; = Vs309 are considered to
model layered soils.

The simplified method is based on recommendations from the National Institute of Standards and Tech-
nology (NIST) [52]. This proposes to integrate SSI by adding spring-damper elements to the foundation of
the building. As the building is not embedded in the soil, expressions to define horizontal spring-damper
elements are discarded. The formulation to calculate vertical spring-damper elements is below.

To explain the simplified model, consider a rectangular building with floor plan dimensions 2L x 2B,
where L > B (Figure 2). Note that in the following formulation, the sub-indices x, y and z are related to
the translation along the respective axis. Also the sub-indices zz and yy refer the rocking about the x and
y respectively, whereas sub-index zz is related to the torsion about the z axis (Figure 2). Hereafter, the

formulation considers the x axis to be the largest dimension of the foundation (2L).

Figure 2: Scheme of the plan geometry of the building foundation.

A spring-damper system is added to the foundation allowing it to be modelled as rigid or flexible. For
the rigid case, a single spring-damper element defined by its stiffness k., and the dashpot coefficient ¢,. On
the other hand, flexible foundations are simulated using spring-damper elements (k; , c:‘z) spread across the

foundation area, where k; and ci are the properties of the i'" spring-damper element.

2.1.1. Rigid foundation
If the foundation is rigid, it can be represented by a single spring-damper element (k. , ¢;). The vertical

stiffness of the full system k., is evaluated using the formulation presented in Reference [53]:

kz = Kz,surfaz (7)

where K, sur¢ is the vertical static stiffness of the surface foundation and o, is the dynamic stiffness
modifier. The vertical static stiffness K, su,f is obtained from the shear modulus G and Poison’s ratio of

the soil v, and the foundation dimensions L and B, using:



GB I 0.75
Ko ourf = 31 (= 1.6 8
surt 1V< () + ®)

Also the dynamic stiffness modifier o, depends on the structural properties and is evaluated as:

(0.4 + %) a%
~ B/

10 2
1+3(&-1) +ag

(9)

o, =1-—

where ag is the dimensionless frequency computed from the S-wave velocity cs and the angular frequency of
the first bending mode w; (discarding SSI), as:
o wlB

Cs

ap (10)

Once the vertical stiffness k, is obtained, the dashpot coefficient of the full foundation ¢, can be computed

using [52]:
Bz~ Bs

w1

c, = 2k,

(11)
where (3, is the damping ratio of the soil and 3, is the radiation damping ratio obtained as [53]:

kg
ﬂz:K 2 0

z,surf 2a
GB #

where ) = /2 (1 — v) (1 — 2v), limited to ¢ < 2.5.
Following the same procedure to calculate the vertical stiffness k, (Eq. (7)), the rocking stiffness can be
obtained as [53]:
kyy = Kyy,surfayy ka:a: = zx,surf Qe (13)
The rocking static stiffnesses (Kyz surf, Kyysury) and the dynamic stiffness modifiers (ags, ovy) are

evaluated as:

GB3 L\?** GB3 L
L 2
o oma N (0.55 +0.01,/% 1) a2 )
v 0.6 + A5 + ad 24— 4 + a?

(%) (%)’

In the same way as for the vertical dashpot (Eq. (11)), the rocking dashpot is computed as [53]:

ny = Qkyy ﬂyy ha ﬂs Cox = 2kmm ﬂmc + ﬂ_s (16)
w1 w1
where the radiation damping ratios (8, and 3, are calculated as:
4 (L\3 2 4 L 2
Byy = 3 (E) 9 ao Brw = 3 B0 agp (17)
vy = o =
Kyy,surs 1.8 s 20022 Kessury (99 _ 0.4 + a2 200y
GB? 141.75( 5 —1) 0 GB3 : (L)’ 0



2.1.2. Flexible foundation

Equations 7 and 11 compute the spring-damper element (k., c,) properties for rigid foundations. How-
ever, in order to consider the effect of a flexible foundation, the NIST proposes smeared spring and damper
elements. To do so, the vertical values k, and c, are normalized by the foundation area to obtain the
stiffness intensity k! = k./4BL and dashpot intensity ¢ = c,/4BL. Then, the stiffness k! and dashpot ¢

of a vertical spring-damper element in the interior of the foundation can be computed as:

ki =kldA® ¢ =& dA (18)

where dA® is the individual area for the i'" spring-damper element (Figure 3).

Figure 3: Individual area dA? for the i spring-damper element.

If these expressions (Eq. (18)) are used across the full foundation, the rotational stiffness would be
underestimated and the rotational damping would be overestimated [52]. To correct these effects, factors
Ry and R, are applied to the spring-damper elements along a strip area on the the foundation edge. To do

so, the stiffness and damping of a vertical spring-damper element at the foundation edge are estimated as:

ki = RpkidA® ¢l = R.éLdA (19)

The width of the foundation edge strip is computed from the foundation end ratio R, as R.L and R.B for
the = and y axes, respectively. A value in the range from 0.3 to 0.5 is usually selected for the foundation end
ratio Re. In this work an end ratio R. = 0.5 is used. Figure 4 shows the spring-damper element properties
(kl,¢!) depending on the position of the i element across the foundation.

Regarding the estimation of the correction factors Ry and R, the following expressions are proposed by

the NIST:

3k 3 Bkow  _ (1 _ 3
R 415;1;13 —(1-Re) R 4ki B3 L, (1-Re) (20)
kyy = kyzw =
i 1—(1-R.) o 1—(1-R.)°
_3cyy 3cra
ZiBLA ZiBLA

(21)

Rc,zz =

Reyy =

Riyy (1 (- 36)3) +(1-R.)

where k., and k,, are the rotational stiffnesses about the x and y axes respectively, considering a rigid

R (1= (1= Re)’) + (1 - R.)°

foundation. Also the dashpot coefficients c;, and ¢y, represent the rotational damping about the x and y
8
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Figure 4: Spring-damper element properties across the foundation.

axes respectively.

2.2. Methodology summary

. The spring-damper system applied to the building foundation are computed depending on the following

inputs: the soil properties (cs, G, v, f5), the foundation dimension (B, L) and the first bending mode

(w1).

. These inputs allow to obtain the spring-damper system properties for a rigid foundation (Equations

(7) and (11)) or a flexible foundation (Equations (18) and (19)).
The spring-damper system is assembled to building model constructing the mass, damping and stiffness

matrices (M, C, K).

. The soil-structure transfer function u/ug, = Fo(f)Ci(f) is computed solving the dynamic equilibrium

equation of a structure due to a displacement impulse applied at the building foundation (Equation

(5))-

. Soil-structure transfer function is combined with free-field vibration u, [47] to obtain building response

u by railway traffic (Equation (4)).

3. Building-soil model validation

In this section, the dynamic behaviour of three buildings are compared with those obtained from the

SSIFiBo toolbox [54]. The SSIFiBo toolbox represents a comprehensive model based on a 3D time domain

BEM-FEM methodology. The solution u" represents the building response from SSIFiBo toolbox, hereafter

called the ’reference’ solution, whereas u° is the solution computed using the simplified method considering

flexible foundation. A third solution is also computed for each case, where SSI @ is ignored.
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To quantify the effect of SSI, it is studied using the ratios:

) NNl
ap A=

Substituting Equation (4) into Equation (22) and remembering that the coupling loss C; for the solution

Au'(f) = (22)

without SSI is equal to 1, the SSI effect can be rewritten as:
Au"=ClF/F,  Au®=C{F/F, (23)

This work analyses the assumption that SSI depends only on the coupling loss Au" ~ C] and Au® =~
C}. Substituting this simplification in Equation (23) involves that the solution ignoring SSI presents floor
amplifications close to those obtained using the reference model F'/F, ~ 1 and the simplified method
FE/ F, ~ 1. This assumption allows for the analysis of two simplified solutions u! and w!!, where the
coupling loss is computed using the reference C; and the simplified C; models, respectively.

Therefore, to summarise, the following solutions are analysed in this work:

u(f) = F(NCT (Fug(f)

The analysis of the buildings excited due to an incident wavefield allows for the evaluation of the accuracy
of the simplified method (Section 2.1) and the assumption described above.

The three types of building consist of four, six and twelve storey concrete buildings founded on a slab,
with framed walls (Figure 5). Floor plan dimensions of 12m x 40m, 20m x 20m and 12m x 12m are considered
for the four, six and twelve storey buildings, respectively. The floors are simply supported concrete slabs.
Four edge beams are considered in the twelve storey building. The concrete material has the following
properties: Young’s modulus F = 20 x 10° N/mz, Poisson’s ratio v = 0.2 and density p = 2400 kg‘/mg. A
structural damping, ¢ =5 % is set for the dominant mode shapes (Figure 6). The structures are discretised
using two-node Euler-Bernoulli elements to represent columns and beams and four-node shell elements for
the floors and the framed walls. Table 1 summarises the building properties.

The dominant bending mode shapes computed without considering SSI can be observed in Figure 6.

The buildings are on a homogeneous soil with P-wave velocity ¢, = 250 m/s, S-wave velocity ¢, = 100m/s,
material damping ¢ = 0.06 and density p = 1750 kg/ms. The building responses are presented for the
observation points A and B (Figure 5).

The incident wave field consists of a uniform vertical displacement G, = 6 (¢) m, where ¢ is the Dirac delta

function. Therefore, the incident wave field in the frequency domain presents a constant value. This incident
10
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Figure 5: Discretization and plan geometry of the (a, d) four, (b, e) six and (c, f) twelve-storey buildings.

Table 1: Building properties.

4-storey 6-storey 12-storey
Column section [m?] 03x03 03x03 06x04
Edge beam section [m2] - - 0.6 x 0.2
Frame wall thickness [m] 0.25 0.25 0.15
Floor slab thickness [m] 0.25 0.25 0.2
Foundation slab thickness [m] 0.5 1 1

wave field allows for the calculation of the building response solely in terms of the receiver u(f) = F,(f)Ci(f)

(Equation (4)). Also the coupling loss represents the foundation response Ci(f) = uo(f) (Equation (3)).
11
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) Mode at 9.5 Hz ) Mode at 6.9 Hz ) Mode at 9.1 Hz

I

(d) Mode at 17.8 Hz (e) Mode at 14.2Hz (f) Mode at 20.1Hz

Figure 6: Dominant bending mode shapes of the (a,d) four-storey building, (b,e) and (c,f) twelve-storey building.

Figure 7 shows the one-third octave band representation [55] of the coupling loss computed using the
reference model and the simplified method. Overall it is seen that the presence of the building attenuates the
soil vibration, while the simplified method presents an acceptable estimation of the coupling loss. Moreover,

the coupling loss does not depend strongly on the type of building or the observation point.
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Figure 7: One-third octave band center frequency of the coupling loss due to an incident wave field, at the observation points
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(a,c,e) A and (b,d,f) B of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings, from the (black line)

SSIFiBo toolbox and the (green line) simplified methodology.
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Figure 8: One-third octave band center frequency of the floor amplification due to an incident wave field, at the observation

point A of the (a,d,g,j) four-storey, (b,e,h,k,) six-storey and (c,f,i,]1) twelve-storey buildings, at the (a,b,c) first, (d,e,f) second,

(g,h,i) third and (j,k,1) fourth floors, from the (black line) SSIFiBo toolbox , the (green line) simplified methodology and (red
line) ignoring SSI.
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Figure 9: One-third octave band center frequency of the floor amplification due to an incident wave field, at the observation

point B of the (a,d,g,j) four-storey, (b,e,hk,) six-storey and (c,f,i,]) twelve-storey buildings, at the (a,b,c) first, (d,e,f) second,

(g,h,i) third and (j,k,1) fourth floors, from the (black line) SSIFiBo toolbox , the (green line) simplified methodology and (red

line) ignoring SSI.
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The floor amplification (Equation 2) is shown in Figures 8 and 9 from the first to fourth floors, for the
simplified and reference models, and the case of ignoring SSI. Overall the floor amplification increases with
the storey level in the low frequency range, while the excitation is filtered at higher frequencies according to
the modal parameters of the buildings. It is seen that the floor amplification of each storey level is within
the same order of magnitude. Although the simplified methodology presents a better agreement with the

reference model results, the response from the solution ignoring SSI F, also matches acceptably well.
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Figure 10: One-third octave band center frequency of the soil-structure transfer function due to an incident wave field, at the
observation point A of the (a,d,g) four-storey, (b,e,h) six-storey and (c,f,i) twelve-storey buildings, at the (a,b,c) first, (d,e,f)
middle and (g,h,i) top floors, from the (black line) SSIFiBo toolbox, the (green line) simplified methodology and (red line)
ignoring SSI.

Figures 10 and 11 present the soil-structure transfer function w(f)/uy(f) for all 3 models. This soil-
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structure transfer function is obtained from the receivers terms u(f)/uy(f) = Fo(f)Ci(f) (Equation (4)).
It can be concluded that the shape and magnitude of the response from the simplified method match
reasonable well with those obtained from the reference model, although the results from the simplified

method are underestimated. The response ignoring SSI overestimates the result.
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Figure 11: One-third octave band center frequency of the soil-structure transfer function due to an incident wave field, at the
observation point B of the (a,d,g) four-storey, (b,e,h) six-storey and (c,f,i) twelve-storey buildings, at the (a,b,c) first, (d,e,f)
middle and (g,h,i) top floors, from the (black line) SSIFiBo toolbox, the (green line) simplified methodology and (red line)

ignoring SSI.

The effect of SSI is shown in Figure 12 which displays the ratios Au" and Au® (Equation (22)) for all
the storey levels of the buildings. Also, it superimposes the coupling loss factors C] and C} to evaluate the

accuracy of the approximations Au" ~ CJ and Au® ~ C}, defined above. Although there are amplifications
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Figure 12: One-third octave band center frequency of the (solid line) ratios (a-f) Au" and (g-1) Au® at the observation points
(a,b,c,g,h,i, solid line) A and (d,e,f,jk,l, dashed line) B of the (a,d,g,j) four-storey, (b,e,h k) six-storey and (c,f,i,1)
twelve-storey buildings. SSI attenuation from the (darkest line) first floor to the (red line) top floor. Superimposed is the

(green line) coupling loss computed from the (a-f) SSIFiBo toolbox and the (g-1) simplified method.
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at low frequencies, it can be seen that there are attenuations at mid and high frequencies due to SSI. It is
observed that the effect of SSI depends minorly on storey level. However, it is valid to approximate the SSI

effect using the coupling loss factor.
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Figure 13: One-third octave band center frequency of the differences at the observation point A of the (a,d,g) four-storey,
(b,e,h) six-storey and (c,f,i) twelve-storey buildings, at the (a,b,c) first, (d,e,f) middle and (g,h,i) top floors, from the (green
line) simplified methodology D*, the (black line) approximation I DT, the (magenta line) approximation IT D! and the (red

line) solution ignoring SSI D.

In order to assess the accuracy of the proposed solutions described in Section 2.2, Figures 13 and 14

19



show the differences with respect to the reference model. These differences are evaluated as:

D? =201og 10 (u®/u")
D* = 201og 10 (@/u")
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Figure 14: One-third octave band center frequency of the differences at the observation point B of the (a,d,g) four-storey,
(b,e,h) six-storey and (c,f,i) twelve-storey buildings, at the (a,b,c) first, (d,e,f) middle and (g,h,i) top floors, from the (green
line) simplified methodology D?, the (black line) approximation I D', the (magenta line) approximation II D' and the (red

line) solution ignoring SSI D.

It is seen that the agreement of the simplified method is reasonably good and this presents the better

aproximation with discrepancies up to 16 dB. As expected, the response ignoring SSI overestimates the
20



result. These amplifications are partly modulated with the coupling loss C] computed from the reference
model as shown by the curve D!. Also, the proposed solutions u®, u! and u!! are in the same range of
uncertainty.

The discrepancies between the reference model maximum transient vibration value (MTVV) [21] response
u” and the solutions u®, @, u’ and v’ are shown in Figure 15, depending on storey level. The amplification
of the solution ignoring SSI is not greatly modulated by the coupling loss C; proposed in the solution u’. In
spite of the discrepancies, the solutions u”, u! and u!! give acceptable predictions. The accuracy is similar to
the uncertainty range (5dB to 20dB) as found in previous research [56-58]. The simplified method presents

improved better results compared to the alternative solutions, so therefore is used for analysis in the next

section.
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Figure 15: MTVV due to an incident wave field evaluated at the observation points (a,b,c) A and (d,e,f) B of the (a,d)

four-storey, (b,e) six-storey and (c,f) twelve-storey buildings computed from the (solid black line) SSIFiBo toolbox and the

(green line) simplified method. Superimposed are the responses of the (dashed black line) approximation I, the (dashed

magenta line) approximation II and (red line) ignoring SSI.

4. Case study: railway track defects

Within the railway vibration cases possible to study, the proposed methodology is now used to analyse
building vibration due to local track defects. The building response is calculated by combining the free-field

ug response due to railway traffic with the soil-structure transfer function u(f)/us(f) = Fo.(f)Ci(f) (Equa-
21



tion (4)) due to an incident wave field. Free-field response is calculated using a methodology validated in
Reference [47]. This facilitates reduced running times because the soil-structure transfer function u(f)/ug(f)
does not depend on the train passage and is only evaluated once for each soil. It should be noted that a com-
parison between the proposed methodology and the reference model is not included because remembering

the free-field vibration ug is the same for both models, the discrepancies

D® = 201og 10 (F7 (/)C7 (Fug (1) (FL (HCT (Fug(f))) = 2010g 10 (K5 ()7 (F))/ (Fa (H)CT (1))

are identical to those obtained previously (Figures 13 and 14). Therefore, the simplified method allows
performing the next analysis with an acceptable accuracy.

A sensitivity analysis of the effect of soil properties, defect type, defect size and train speed is presented.
Vibrations are obtained for the buildings analysed previously in Section 3 (Figure 5).

The influence of soil properties on the building response is studied using 3 homogeneous and 2 layered

soils. Table 2 contains their properties.

Table 2: Soil properties.

himl EMPal v[-] €[] plke/m®] | Viao [m/s]
Soil 1 | Half-space 0 50 0.35  0.05 2000 96.2
Soil 2 | Half-space 00 100 0.35 0.05 2000 136.1
Soil 3 | Half-space [e9) 200 0.35 0.05 2000 192.5
Layer 1 2 50 0.35  0.05 2000
Soil 4 180.4
Half-space 00 200 0.35 0.05 2000
Layer 1 2 200 0.35  0.05 2000
Soil 5 99.5
Half-space 00 50 0.35 0.05 2000

Figure 16 shows the singular defects considered in the analysis, where vy is the train speed, h the defect

height and [ the defect length.

Figure 16: Local defect shape (from left to right: step up, step down, positive pulse, negative pulse).

Moreover the defect size influence on building vibrations is analysed considering several defect lengths
I ={80,110, 140,170,200} mm.
22



Regarding the vehicle, a AM96 intercity train (Figure 17) travelling on a ballasted track is considered

(Table 4). Moreover the passage of a classic tram (Figure 19) on an urban slab track (Table 5) is studied

The vehicles are modelled using a detailed multibody vehicle approach [59] (Figure 18). AM 96 and classic

tram properties are related in Table 3.

HVB

HVADX

Figure 18: Bogie modelling of AM 96 train and classic tram.

Table 3: AM96 train properties.

Me I my Iy My k1 dy ko do
[ke] (kg m?] [ke] (kg m?] [ke]  [MN/m] [kNs/m] [MN/m] [kNs/m]
. HVB 25200 1.26 x 105 6900  1.52 x 10> 1700 1.3 3.7 0.69 22.6
(=]
<§c HVADX | 28900 1.45x10% 7050 1.58 x 10> 1700 1.3 3.7 0.69 22.6
HVBX | 25930 1.3x10% 11800 2.6 x 103 1700 1.81 1.14 0.69 14
Classic tram | 7580 875 x 10* 3530 6.0 x 102 160 5.876 6 0.96 56.25

-]
e
Lm = 570 mm Lg = 1130 mm Lp = 850 mm Lp = 850 mm Lg = 1130 mm m = 570 mm

Lc = 7800 mm

830‘(3; 3450 kg 425&(@

4280 kg

L = 7800 mm

345‘% 8* kg

Figure 19: Geometrical configuration of the classic tram.
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Table 4: Ballasted track properties.

Ballast track properties (2 rails)

Track gauge [m] 1.435
Rail 2nd moment of area [m4] 3.09 x 107°
Rail Young’s modulus [N/m2] 2.1 x 10!
Rail density [kg/m?’] 7850
Railpad stiffness per unit length (2 rails) [N/mQ] 6.15 x 108

Railpad damping per unit length (2 rails) [Ns/mQ] 1.2 x 10*

Sleeper spacing [m)] 0.65
Sleeper mass per unit length [kg/m)] 461.5
Ballast stiffness [N/m2] 1.3 x 108
Ballast damping [Ns/mQ] 1.3 x 10°
Ballast density [kg/mg] 1700
Ballast height (below sleeper) [m] 0.3
Ballast cross-sectional area [mQ] 0.59
Ballast Poisson’s ratio 0.3

Train passages at vo = {60,90,120,150} km/h and vy = {20,30,40,50} ki /h for the AM96 train and the
the classic tram are analysed respectively. The train speeds are below the critical velocity of the track-ground
system [60-62].

The midpoint of the building foundation is located at a distance d = 20 m from the track centreline and
the observation point B (Figure 5) is selected because it presents the highest response (Figure 15). Also,
building vibrations are calculated considering a single point response (SPR) excitation model, where the

free-field vibration is transmitted simultaneously to the whole building foundation.

4.1. Soil properties

This section analyses the effect of soil properties on building vibrations, considering the passage of the
AMO96 train at vg = 120km/h, over a ballasted track, in the presence of a negative pulse defect.

The free-field response v, and the simplified method to consider SSI both depend on the soil properties.
Figure 20 shows the free-field velocity vy and the soil-structure transfer function v/v, in the frequency
domain. In the free-field response (Figure 20. (a)), dominant frequencies are located at mid frequencies due
to dynamic excitation. These dominant frequencies increase with the soil stiffness varying from 14 to 22 Hz

for the softest soil, to 35 and 56 Hz for the stiffest soils. Moreover, the influence of soil stratigraphy in the free
24



Table 5: Slab track properties.

Slab track properties (2 rails)

Track gauge [m] 1.435
Rail 2nd moment of area [m4] 3.09 x 107°
Rail Young’s modulus [N/m2] 2.1 x 10!
Rail density [kg/m?’] 7850
Railpad stiffness per unit length (2 rails) [N/mQ] 4% 108

Railpad damping per unit length (2 rails) [Ns/mQ] 1.2 x 10*

Slab thickness [m)] 0.3
Slab width [m)] 2.5
Slab stiffness (concrete) [N/mQ] 3 x 10'°
Slab 2nd moment of area [m4] 5.63 x 1073
Slab density (concrete) [kg/mS] 2500
Slab Poison’s ratio (concrete) 0.2

field is shown. In spite of the small thickness of the uppermost layer (h; = 2m), the dominant frequencies
at the medium-high range depends on strongly the properties of this layer. The dominant frequencies of
layered soil 4 (Table 2) match with those observed in homogeneous soil 1, because both soils have the same
properties in the uppermost layer. A similar effect can be observed between layered soil 5 and homogeneous
soil 3. At the low frequency range, the dominant frequencies are controlled by the halfspace properties
because of the long wavelengths.

In contrast, soil properties have a high influence on the amplitude of the soil-structure transfer function
(Figure 20. (b-d)), but the trend of the response is similar for all the soils. The soil-structure transfer
function shows amplifications at low and mid frequencies up to 30 Hz, whereas the response is damped at
high frequencies. These amplifications are concentrated at 9 and 17 Hz for the four-storey building (Figure
20. (b)), 6 and 14 Hz for the six-storey building (Figure 20. (c)) and 20 Hz for the twelve-storey building
(Figure 20. (d)). These frequencies correspond with the natural frequencies of the buildings (Figure 6). The
effect of soil stratigraphy on the building response is not observed due to the assumption of considering an
equivalent homogeneous soil to model the SSI.

Building vibration due to a railway defect is obtained by combining the free-field response v, and the
soil-structure transfer function shown previously (Figures 20). Figure 21 shows the frequency content and
the running RMS value [21] of the building response. At low frequencies, building vibration decreases with

soil stiffness (Figure 21. (a,c,e)). This is as expected because the response depends on long wavelengths.
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Figure 20: (a) One-third octave band center frequency of the vertical velocity of the free field response vg at 20m to the
ballasted track due to a AM96 train passage at vg = 120km/h and (b-d) soil-structure transfer function v/vg at the top floor

of the (b) four-storey, (c) six-storey and (d) twelve-storey buildings for several soil properties.

In contrast, at high frequencies it is observed an increment of the building response with the soil stiffness.
This is consistent with the free-field response v, (Figure 20. (a)). In addition to the dominant frequencies
indicated above, in the soil-structure transfer function v/vy (Figure 20. (b-d)), the additional frequencies
due to the source are significant. Regarding the RMS running value (Figure 21. (b,d,f)), the response of the
layered soil with the softest uppermost layer yields the highest vibrations. This is due to the highest free-field
response for this soil being approximately 20 Hz (Figure 20. (a)). Although there are higher responses for
other soils in the mid-high frequency range, these frequency contents are damped when the responses are

weighted to obtain the running RMS values.

4.2. Defect type

This section analyses the influence of defect type on building vibrations for both the AM96 train and

the classic tram, on homogeneous soil 2, considering several defect types (Figure 16).
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properties due to a AM96 train passage at vg = 120 km/h.
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Figure 22 presents the building response due to the AM96 passage over a ballasted track. Overall it can
be observed the step up joint induces higher vibrations at low frequencies, whereas the maximum values at
mid and high frequencies are due to the positive pulse. Also the defect type influences the amplitude of
the response more dominantly than the shape (Figure 22. (a,c,e)). The running RMS values (Figure 22.
(b,d,f)) do not show a clear dependency on the defect type because the responses have similar amplitudes.

The building vibrations induced by the classic tram passage over a slab track can be observed in Figure
23. The frequency responses show a similar tendency for all defect types. However, it is more clearly shown
in running RMS curves (Figure 23. (b,d,f)) that the highest responses are found for the positive pulse and
the step up joint. This is because the response (Figure 23. (a,c,e)) for both defect types yields similar
magnitudes in the dominant frequency range from 8 Hz to 20 Hz.

These differences between ballasted (Figure 22) and slab tracks (Figure 23) results show that the type

of track is an important parameter to model during vibration assessment.

4.8. Defect size

This section analyses the effect of defect size on building vibrations. Negative pulse defect lengths
spanning | = {80, 110, 140, 170, 200} mm are considered in the presence of homogeneous soil 2 (Table 2).

Figure 24 shows the building response due to the classic tram passing over a slab track. The correlation
between the response amplitude and the defect size is clearly observed in both frequency and time domain
curves. The level of vibration increases significantly with the defect size from [ = 80 to [ = 140 mm, whereas

the building response increases slightly for higher values of defect size.

4.4. Train speed

This section computes several speeds of the AM96 train and the classic tram over the ballasted and slab
tracks. The soil is type 2 (Table 2) and the defect is a negative pulse defect. The train speed influence on
building vibrations is analysed.

Figure 25 presents building vibrations induced by the AM96 train passage at speeds vo = {60, 90, 120,
150} km/h. In the frequency domain response (Figure 25. (a,c,e)), the effect of train speed is more clearly
shown at low frequencies up to 10 Hz, where the building vibrations increase with the train speed. This
trend is not found at mid and high frequencies. The running RMS value curves (Figure 25. (b,d,f)) show
again that the level of vibration increases with train speed.

The previous correlation is not evident in the building response due to the classic tram analysis where the
speed range is lower (20 versus 50 km/h) (Figure 26). The response is concentrated at frequencies (Figure
26. (a,c,e)) that approximately match with the natural frequencies of the buildings (Figure 6), but the level
of vibration at these frequencies has a low correlation with train speed. Thus, the tram speed has a low
influence on the running RMS values (Figure 26. (b,d,f)).
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Figure 22: (a,c,e) One-third octave band center frequency of the z vertical velocity and (b,d,f) running RMS value of the

weighted acceleration at the top floor of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings for several

defect types due to a AM96 train passage at vo = 120 km/h.
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Figure 23: (a,c,e) One-third octave band center frequency of the z vertical velocity and (b,d,f) running RMS value of the

weighted acceleration at the top floor of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings for several

defect types due to a tram passage at vog = 40km/h.
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Figure 24: (a,c,e) One-third octave band center frequency of the z vertical velocity and (b,d,f) running RMS value of the

weighted acceleration at the top floor of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings for several

negative pulse defect sizes due to a tram passage at vg = 40 km/h.
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Figure 25: (a,c,e) One-third octave band center frequency of the z vertical velocity and (b,d,f) running RMS value of the
weighted acceleration at the top floor of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings due to a AM96

train passage at several speeds and a negative pulse defect.
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Figure 26: (a,c,e) One-third octave band center frequency of the z vertical velocity and (b,d,f) running RMS value of the
weighted acceleration at the top floor of the (a,b) four-storey, (c,d) six-storey and (e,f) twelve-storey buildings due to a tram

passage at several speeds and a negative pulse defect.
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5. Conclusions

Building vibrations induced by railway traffic is a problem that needs to be studied, during project
planning/development phases. To do so, simple methods are useful to assess building vibration quickly,
considering multiple scenarios. In this work, a simplified method is presented to do this. It consists of a
decoupled model, where the free-field vibration (source and propagation path) and the building vibration
(receiver) are computed independently. This proposed paper is focused on the receiver sub-model. The
soil-structure transfer function depending on the structural characteristics, and soil properties is obtained.
This soil-structure transfer function is combined with the free-field response to obtain the building induced
vibration in a computationally efficient manner. The proposed method is verified numerically by comparing
results with a comprehensive model.

The dynamic building response due to railway defects is studied. It is found that soil properties, defect

type, defect size and train speed have a strong influence on building vibrations.
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