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A B S T R A C T

One of the main factors in the design of subways is the level of subway-induced vibrations. The ground borne
vibrations are usually estimated by prediction models among which the FTA (Federal Transportation
Association) general vibration assessment model is the most popular one. Although FTA approach/model is
vastly used in the design and operation of underground railway systems, its reliability has not been sufficiently
evaluated in the available literatures. This is addressed in this research. For this purpose, a comprehensive
experimental investigation (both in the time and frequency domains) was conducted in three newly constructed
subway lines in the Iranian underground railway (subway) network. The track and soil characteristics as well as
ground borne vibrations were measured. The reliability and accuracy of the FTA model was assessed through
comparisons of the experimental results obtained here with the FTA predictions. Contrary to the current belief,
considerable underestimations of subway ground borne vibrations in the FTA model predictions were shown in
this research. The results obtained indicate up to 20 dB differences between the experimental results and those of
FTA predictions. Based on the field measurements obtained here and the theoretical background, the FTA model
was improved/optimized, leading to increase the reliability of FTA model predictions in subway systems.

1. Introduction

A massive growth in subway construction has been observed around
the world since 1970s [1]. The urban residents can enjoy the con-
venience of subway systems, because they provide residents with access
to a cheap transportation, reduce their dependence on cars, and ease
sprawl. However, they expose people to subway induced noise and
vibrations, which may affect their comfort. This has been one of the
main concerns in the development of subways/underground railway
systems in cosmopolitan cities. As subways are expanded, research
works related to the railway noise and vibrations are increased. The
frequency of the works published during 2000–2017 are illustrated in
Fig. 1, indicating considerable increase in recent years (i.e., the im-
portance of the issue).

One of the main challenges in the railway vibration field is the ac-
curacy of the subway induced vibrations predictions. A review of the
literature indicates that several prediction models have been developed
to estimate the level of subway induced vibrations [2–10]. There are
three approaches for the prediction of railway vibrations: analytical,
numerical and semi-empirical methods.

Forest and Hunt [2] developed an analytical model to predict vi-
bration levels in a deep underground railway tunnel with a circular

cross-section. The model was based on a three-dimensional analytical
solution of thin cylindrical shell surrounded by soil of infinite radial
extent. It was used for predicting vibration levels in the frequency do-
main. This model is not applicable in real engineering problems because
of the complications in the geometry and material properties of the
subway structures. Moreover, the vibration is only predicted at the
ground level and the effect of the receiver is not considered in the
model. Similar analytical models have been also developed by Melke
[3] and Trochides [4].

Using the high performance computing systems, various numerical
models have been developed based on finite element, boundary ele-
ment, and hybrid methods for the prediction of subway induced vi-
brations. Due to the complexity of the problem, these models are
usually composed of three independent sub models to simulate: (1) the
source (wheel/rail interaction), (2) the path (track/tunnel and sur-
rounding media), and (3) the receiver (building and its interaction with
the ground). For instance, Zhou [5] presented a two-and-a-half-di-
mensional (2.5-D) boundary element model in a pyroclastic half-space.
Similar works (models) have been reported in [6–9] and [10]. The main
concern in these models is the differences between the theoretical
predictions and those of measurements, particularly when the models
underestimate the vibrations. For instance, comparisons between field
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measurements and predictions of FE models developed by Lopez et al.
[7], Costa et al. [11], Gupta et al. [12] and Hall et al. [13] indicate up to
180%, 30%, 600% and 400% underestimation in their predictions, re-
spectively. Note that, according to the ISO standard, the models should
present “worst case” in ground-borne vibrations predictions [14].

Due to the complications in the theoretical modeling of subway
system (such as coupling between soil and foundation, interaction of

foundation with building floors, interior walls and secondary elements,
the amplification due to resonances of various building elements), most
of the recent researches have been focused on empirical or semi-em-
pirical models developed based on field measurements [15]. For in-
stance, Paneiro [16] presented an empirical model for prediction of
ground borne vibrations induced by a railway train circulation in urban
environments. He used the results obtained from field tests and devel-
oped a multiple linear regression model for prediction of subway vi-
bration levels. The model was verified using data from the same site.
Connoly et. all. [17] used a large database obtained from measurements
in the high-speed railway network across Europe to train a neural
network model in which the train speed and soil characteristics were
the input data and the PPV levels were the model output. In a similar
work, Paneiro et al. [18] developed a neural network model, using
vibration measurements made in the urban underground railway in
Lisbon, Portugal. Kouroussis et. al developed a hybrid experimental-
numerical approach capable of vibrations prediction in the presence of
transition zones, switches, crossings, and rail joints [19], localized
wheel/rail defects [20,21], and various types of rolling stocks [22].
These models are practical and reliable in the vibration prediction of a
subway when the conditions of the subway is similar to those of the
field from which the model data-base has been created. Note that
creating a new field test database is costly and sometimes impractical.

A well-known semi-empirical model (called general vibration as-
sessment model) developed by FTA (Federal Transportation
Association) [23] and FRA (Federal Railroad Administration) [24] is
commonly used in practices for the prediction of railway ground vi-
brations in conventional railways (FTA approach) and high-speed
tracks (FRA approach). FTA and FRA have proposed a series of graphs
for various conventional mass transit and high-speed systems by which
the vibration level can be derived as a function of distance from the
track. FTA and FRA take into account the influencing parameters such
as track type, vehicle speeds, type of building, and track/wheel con-
ditions [17]. The FTA model is vastly used in practice particularly for
the design of subway systems. For instance, it has been used in the
design of all Iranian metro lines adjacent to the historical buildings.

Fig. 1. Frequency of railway noise and vibration studies during 2000–2017
extracted from Google Scholar.

Table 1
VdB versus distance relationship coefficients proposed by FTA and FRA and
optimized by Connolly et al.

Reference Application Correlation coefficients

a b c

FRA [24] High-speed lines 1 0.002 123
FRA optimized [30] High-speed lines 1 0.0016 110
FTA [23] Subways 5 − 0.05 100

Fig. 2. Three test sites and their surrounding environment, a: Site 1 (Tehran), b: Site 2 (Isfahan) and c: Site 3 (Shiraz).
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They include metro lines in Tehran, Isfahan, Tabriz, Mashhad, and
Shiraz [25]. Currently, the FTA model is used in various worldwide
projects [26–29].

Reliability of the FRA model in vibrations prediction of high-speed
railways has been investigated in the literature. For instance, Connolly
and his colleagues studied the reliability of FRA model through analyses
of 1500 ground-borne vibrations measured at 17 high speed railways
across 7 European countries [30]. From the experimental measure-
ments, they found that a mean error of approximately 4.5 VdB is
probable using FRA model. They proposed an optimized model for FRA
model. Their works on the FRA model was further discussed by dos
Santos et al. [31] by conducting field measurements in the Portuguese
high-speed railway network.

As discussed above, the investigations are limited to the reliability
of the FRA approach proposed for high-speed tracks [17,30,32]. That is,
there is no serious study on the limitation or reliability of the FTA
model in prediction of subway-induced vibrations. Since the vibration
characteristics of the metro structure are considerably different from
those of the high-speed and at ground railway systems, there is a need
to investigate the applicability of the FTA approach in subway systems.
This research is a response to this need. That is, the application and
reliability of the FTA model in various types of subways were in-
vestigated through comparisons of the FTA predictions with those of a
compressive field tests carried out in this research. Using the results
obtained here, the FTA method was improved/optimized by developing
and incorporating a correction/adjustment factor into the FTA model.

2. FTA general vibration assessment model

The FTA model consists of two parts: a set of curves providing vi-
bration level as a function of the distance from the track (VdB versus
Distance curves: Fig. 13-a) and a variety of adjustment factors which
are presented in the form of tables. The VdB-Distance curves have been
developed from measurements of ground-borne vibration of North
American railway systems. Each FTA curve is designed for specific
mode of railway transit including locomotive powered, passenger,
freight, rapid transit, light rail vehicles, rubber-tired vehicles, subways,
and at grade systems [23]. The adjustment factors are taken into ac-
count for the source characteristics (such as track support system, ve-
hicle speed, and track and wheel condition), the path properties (such
as soil type, layering and water level) and the receiver parameters (such
as type of building foundation, and number of floors above the base-
ment level) [23]. In order to obtain the FTA predictions, the base curve
is selected and the vibration levels at specific distance from the track
centerline are derived, then, the corresponding adjustment factor is
added to, or subtracted from the base level.

Connolly and his colleagues [30] derived a logarithmic relationship
for the FRA base curve as under:

= × + + × +VdB log a d b d c20 ( ) ( )10 (1)

where d is the distance to the track in meters and a, b and c are con-
stants. The constants of a, b and c for high-speed tracks (proposed by

(a) (b) (c)

L3

L1

L5
L4

Fig. 3. Trains used in the test sites and their geometrical characteristics, a: Site 1, b: Site 2 and c: Site 3.

Table 2
Characteristics and lengths of trains.

Site Car
manufacturer

Car arrangement L1 (m) L2 (m) L3 (m) L4 (m)

1 (Tehran) TWM TcMMsMsMMTc 25 17.5 7.5 2.5
2 (Isfahan) Puzhen and

Dalian
TcMpMMp-Tc 19.32 12.6 6.92 2.1

3 (Shiraz) TcMpMMp-Tc 19.32 12.6 6.92 2.1

Table 3
Technical characteristics and configurations of three slab in three test sites.

Parts Properties, Unit Site 1 Site 2 Site 3

Rail Flexural rigidity, Nm2 4,909,590 3,819,900 3,819,900
Mass per unit length, Kg/m 54.77 49.769 49.769

Fastening Fastening space, m 0.65 0.6 0.6
Rail pad stiffness, MN/m 60 150 150
Rail pad damping, kN.s/m 47.7 30 30

Slab Length, m 12 6 6
Thickness, m 0.4 0.4 0.4
Width, m 2.6 2.54 2.54
Track gauge, m 1.435 1.435 1.435
Young modulus, Mpa 33,150 32,000 34,360
Density, kg/m3 2500 2500 2500
Poisson's ratio 0.25 0.2 0.2

Elastic layer Young modulus, Mpa NA 0.28 0.23
Damping 0.11 0.12
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Table 4
Soil layer properties in Site 1.

Layer type Thickness (m) Condition Water Content (%) Dry Density (gr/cm^3) Poisson Ratio Modulus of elasticity (kg/cm^2)

SC 13 Dense to very Dense 7.5–11.6 1.82–1.87 0.3 …
SP-SM GP-GM 4 Very Dense 7.5–11.6 1.88–1.9 0.3 752
CL/SC 2 HARD 17.5 1.76–2.05 0.3 846
SC 2 Very Dense 17.5 1.87 0.3 846
GW-GM 4 8.0–12.3 1.88–1.93 0.3 855
SW-SM/GW-GM 6 9.4–12.6 1.9–1.96 0.3 986
SC/GC 15 9.4–12.6 1.89–1.93 0.3 986

Table 5
Engineering classification of soil strata in Site 2.

Soil Strata Soil Type Percentage of
Fines[< 0.06mm]

Classification Symbols SPT N Modulus of Total
Deformation, Et (kg/cm2)

Schematic diagram

Group Subgroup

Coarse Grained Sandy Gravel 0–5 G GW/GP 30 to 50 190
5–15 G-F GWM/GPM
15–35 GF GML/GCL

Gravelly Sand 0–5 S SW/SP
5–15 S-F SWM/SPM
15–35 SF SML/SCL

Fine Grained Gravelly silt/
clay

35–65 FG MLG/CLG 10 to 30 400

Sandy silt/
clay

35–65 FS MLS/CLS

Silt/clay 65–100 F ML/MI
CL/CI

Table 6
Soil layer properties in Site 3.

Layer type Thickness (m) Condition Water Content (%) Dry Density (gr/cm^3) Poisson Ratio Modulus of elasticity (kg/cm^2)

SL 11 Soft 7.5–11.6 1.82–1.87 0.35 …
SC 4 Very Dense 7.5–11.6 1.88–1.9 752
CL/SC 3 HARD 17.5 1.76–2.05 846
SC 1 Very Dense 17.5 1.87 846
GW-GM 2 8.0–12.3 1.88–1.93 855
SW-SM 6 9.4–12.6 1.9–1.96 986
SC/GC 15 9.4–12.6 1.89–1.93 986

Fig. 4. Track structure in three sites, a: Site 1, b: Site 2, c: Site 3.
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FRA and optimized by Connolly et al.) and subways (proposed by FTA)
are summarized in Table 1.

3. Field investigations

In order to evaluate the FTA approach, comprehensive field mea-
surements were made in this research. The field tests were carried out
in 41 months (from April 2014 to September 2017). To consider var-
iations in the metro parameters (including train, track and soil para-
meters), three subway fields were considered. The tests were carried
out in various train speeds and passenger densities. In addition to the
ground vibrations, the characteristics of the track structure and soil
layers in each site were measured to provide accurate inputs for the FTA
model. To avoid the effect of wheel/rail imperfections on the results, all
of the measurements were conducted in newly constructed subway
lines.

The first test line was a part of Line 3 of the Tehran subway network,
between W3 and Y3 stations with a length of 39 km. This line has been
under operation for nearly 3 month (Fig. 2-a). The second site was part
of Line 1 of the Isfahan subway network, between Imamhossein and
33pol stations which is adjacent to several monumental buildings in-
cluding Chrabagh Mosque and 33-Arc-Bridge (Fig. 2-b). This site has
been less than two month in operation. The third site was between Zand
and Valiasr stations in Shiraz subway Line 1 (Fig. 2-c) which is located
in historical part of the city.

The subway trains for Sites 1, 2 and 3 consist of 7, 5 and 5 cars with
140, 100 and 100m in length, respectively. They have a maximum
speed of 80–100 km/h and a static axle load of about 8.5–14 t de-
pending on their passenger density. The geometrical characteristics of

the trains are presented in Fig. 3 and Table 2. The trains in these sites
are generally used in rapid transit or mass rapid transit systems of the
urban railways.

The slab track system in the three tested sites is di-block and mono-
block precast sleepers merged in the in-situ casted concrete. This system
is adapted from German RHEDA slab track system and consists of rail,
fastener system, track slab, mortar and tunnel lining, as shown in Fig. 4.
Although, RHEDA is a rigid track structural system which causes higher

Fig. 6. Layout of the sensors, a) the velocity sensor closed to track, b) the velocity sensor on the ground.

Fig. 7. Schematic diagrams of measurement points arrangement in three sites:
(a) Site 1, and (b) Site 2 and (c) Site 3.

Fig. 5. MSAW test done in the three test sites, a: Site 1, b: Site 2, c: Site 3.
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Fig. 9. Time domain response of ground vibration as a function of distance from track centerline (VdB-Distance curve) in three test sites, a: Site 1, b: Site 2, c: Site 3.

Fig. 8. Measured shear wave velocity in three test sites, a: Site 1, b: Site 2, c: Site 3.
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level of vibrations compared to the other track systems [33], it is used
in subways because its construction is easier and faster [34]. To im-
prove the vibration attenuation properties of the REHDA slab in Sites 2
and 3, elastic mats and high resilient fasteners are used in the slab track.
The properties of the track in the sites are as follows:

• Site 1: The track structure in site 1 is made up of UIC54E1 rail, two
level damping fasteners, and monoblock sleepers directly laid in the
tunnel floor. The rail fastener is composed of cast iron base plate,
base plate pad made from Ethylene-vinyl acetate with 18mm
thickness, rail pad with 15mm thickness under rail, and two bolts
(Fig. 4-a). The dimensions of the slab are 12m in length, 2.6 m in
width, and 0.4m in depth. Technical characteristics of the slab is
presented in Table 3.

• Site 2: The S49 rail is supported by a High Resilient Fastener (HRF).
This type of fastener is composed of base plate, four helical springs
(two in each side), a 3 cm thickness baseplate pad (made from
polyurethane) and W14 Vossloh faster type connected to the slab.
The whole system is floated on a full support elastic layer (with
25mm thickness) which is made from resin bounded rubber gran-
ules fixed on concrete base (Fig. 4-b). The dimensions of the slab
are: 6 m in length, 2.54m in width, and 0.4 m in depth. Technical
characteristics of the slab is presented in Table 3.

• Site 3: The UIC54 rail bottom is supported by a W14 Vossloh fas-
tening system which is composed of two SKL 14 springs, two T-
Shaped bolts and one rail pad directly mounted on the slab. The
whole system is floated on a 25mm Polyurethane mat (Fig. 4-c). The
dimensions of the slab are 6m in length, 2.54m in width, and 0.4m

in depth. Technical characteristics of the slab is presented in
Table 3.

The base under the track (in the three test sites) includes a 30–50 cm
filling concrete, a 30 cm tunnel lining, and surrounding soil layers. The
tunnel centerline is located in the depths of 23, 13 and 24m in Site 1, 2
and 3, respectively.

The soil properties of Site 1 were derived from two boreholes drilled
from the ground level to the depth of 40m [35]. The results show that
the surface layer is filled with manual soils with the depth of up to 5m.
The second layer, with 0.4 m in depth, is mainly made of very dense soil
including clayey gravel (GC), and clayey sand (SC) and composed of
rubble in some parts. These soils is mixed with 25–35% fine soil. No
water table was observed in the drilled boreholes. The properties of the
soil profile in Site 1 are summarized in Table 4 adapted from [35].

The subway line in Site 2 intersects Zayanderrod river. The
groundwater level was in two meters from the ground surface. There
was natural deposits in the top two meters, covered by fills (Fig. 2-b).
The next layer is Flood-Plain deposits which include silt, clay, and some
sands (up to 20%). These deposits are mostly homogeneous and com-
pacted in place [36]. The third layer is the river deposits made of
coarse-grained fluvial and fine grained Flood-Plain sediments with
2.3 m thickness. The fourth layer is Alluvial Fan deposits which com-
prise of mainly clean, well to poorly graded (gap graded) sandy gravel
and gravelly sand layers [36]. Within the Alluvial Fan deposits, there
are some stiff to hard fine-grained soil lenses with different percentages
of sand and gravel. The lowest layer was a bedrock filled with shale and
sandstone alternation. The layering structure is summarized in Table 5

Fig. 10. One-third octave RMS value of (a) Vertical, (b) Horizontal and (c) Longitudinal ground velocity caused by trains travelling with a speed of 50 km/h at
measurement points of 0, 30, 40 and 60m from the track's centerline in Site 1.
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adapted from [36].
The soil stratification in Site 3 is summarized in Table 6 adapted

from [37]. As indicated in this table, the top layer with thickness of
11m consists of soft soil with the density in the range of 1.8–1.87 gr/
cm3. The other layers have soil with very dense to hard conditions.

The geophysical tests were conducted to measure the shear wave
velocity profiles of soils in the three sites, using the Multichannel
Analysis of Surface Waves (MASW) method [38]. Based on this method,
an impact load was made on a base plate by a 10 kg hammer (Fig. 5-a)
and the responses were measured by 24 geophones fixed on the ground
in a straight line (Fig. 5-b). The responses were recorded by a 24
channels data logger (Fig. 5-c). The test was performed in the nighttime
to avoid environmental noises from other sources.

The vibrations levels received at the track concrete base and at the
ground surface were measured using molecular-electronic high-gain
geophones. The measurements were made for different types of track
systems and various arrangements of track/substructure interactions in
the three test fields. For this purpose, the slab track (Fig. 6-a) and
ground surface (Fig. 6-b) were instrumented by installing 3-axial ve-
locity meters closed to the track in the tunnel and on the ground sur-
face. The sensors were arranged at the ground surface in a straight line
as indicated in Fig. 7. Vibrations in term of velocity were measured
when the train passes with various speeds (between 20 and 50 km/h:
the operational speed range of subways). Three component velocity
sensors with the sensitivity of 250 Vs/m, the maximum input signal
of± 30mm/s, and the frequency range of (1−250) Hz along with Geo-
Arm digitizer with accuracy of 200 sample/s were used to measure the
vibrations of the ground surface. ABEM Terraloc Mk6 multi-channel
digital seismograph apparatus along with 24 geophones, two geophone

spread cables, one trigger hammer, and one impact baseplate were used
for the seismic site classification tests (i.e. MSAW test). More specifi-
cations of the devices used in the measurements are provided in [39]
and [40].

Altogether 245 independent track and ground vibration signals
were recorded in the three test sites. The sites were newly constructed
and there was no corrugation on the rail surface. The measured data
were saved by the “WinSDR” software package. Using MATLAB signal
processing toolbox, various techniques including Baseline correction,
Butterworth, Band path filters were implemented. The filtered data was
transferred to the frequency domain using the Fast Fourier Transform
(FFT) technique. The vibrations were presented in the dB scale with the
reference velocity of 25.4e-6 mm/s [23]. The obtained frequencies were
presented in One-third octave bands.

4. Experimental results and discussions

The shear velocities obtained are presented in Fig. 8. As indicated in
this figure, the shear wave velocity increases with the depth as ex-
pected. The averaged shear wave velocity in the 30m depth (Vs30) is
746, 541 and 500m/s in Sites 1, 2 and 3, respectively. The subway in
Site 1 is laid on the bedrock layer. In Site 2, the tunnel is located in the
soft deposits with shallow bedrock. In Site 3, the tunnel is located in
medium stiffness soil layers. The bedrock in this site is far from the
tunnel. The results show that the shear wave velocity increases from the
top soil layer to the depth of 30m from 480 to 900, 270–950 and
325–700m/s in Sites 1, 2 and 3, respectively.

The results of time domain vibration response versus the distance
from the track centerline are presented in Fig. 9. As illustrated in this

Fig. 11. One-third octave RMS value of the (a) Vertical, (b) Horizontal and (c) Longitudinal ground velocity caused by trains travelling with a speed of 50 km/h at
measurement points of 0, 27, 44 and 64m from the track's centerline in Site 2.
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figure, the vibration reduces in the amplitude when the distance
(from the track centerline) increases. The attenuation rate is less in
Site 1 compared to the other sites. This is because of less damping of the
vibrations in the rock (as in Site 1) compared to the soil (as in Sites 2
and 3).

The frequency domain response of ground vibrations (one-third
octave Root-Mean-Square, RMS) in the vertical, horizontal and long-
itudinal directions in Sites 1, 2 and 3 are presented in Figs. 10 to 12,
respectively. The results are plotted for the measurements made at the
track bed and at the ground. As indicate in these figures, the vertical
dominant ground velocity at each measuring point is in a wide range of
(0–64 Hz). As illustrated, the dominant frequencies in the locations
closed to the track are less than 8 Hz in Sites 2 and 3. These frequencies
are close to the quasi static frequencies of the train and track system.
This is in good agreement with what is reported in the available lit-
erature for at-grade railway systems [30]. However, the ground vibra-
tion in Site 1 has dominant frequencies of around 64 Hz (center fre-
quency). This can be due to the rock layer in Site 1 as the tunnels
vibrates in a large mass. This shifts the surrounding vibration to a
higher frequency. In other words, the predominance of high frequencies
in Site 1 can be due to the larger mass of the vibrating system.

5. Evaluation of FTA general vibration assessment model

In order to evaluate the accuracy of FTA model in the estimation of
the level of vibrations at the ground surface, the FTA predictions were
compared with ground-borne vibrations measured in the test sites. For

this purpose, the ground vibrations in three tested sites were predicted
using FTA model. Based on the properties and conditions of the three
tested sites, the adjustment factor for each site was derived from the
FTA adjustment tables. They are presented in Table 7. Taking into ac-
count the adjustment factors, the FTA prediction curves for Sites 1, 2
and 3 are drawn in Fig. 13-b.

Fig. 14-a to 14-c illustrate comparisons of the vibration velocities in
dB (VdB) obtained from the measurements and the FTA model. There
are considerable differences between the FTA model predictions and
the measurements in Sites 1 and 2. The differences in Site 1 are due to
the complex mechanism of the vibration propagation through the rock
that has not been precisely taken into consideration in the FTA model.
Note that vibration attenuation characteristics of rock beds are very
different from those of soil beds. This has caused underestimation of the
vibration level in the FTA model predictions in Site 1.

The simultaneous effects of the floating slab and the high resilient

Fig. 12. One-third octave RMS value of the (a) Vertical, (b) Horizontal and (c) Longitudinal ground velocity caused by trains travelling with a speed of 50 km/h at
measurement points of 0, 30, 46 and 64m from the track's centerline in Site 3.

Table 7
Adjustments factors derived for three test sites according to FTA model.

Factor affecting the
adjustment

Site 1 Site 2 Site 3

Train speed −4.4 −4.4 − 4.4
Track structure 0 −15 −15
Rock based subway structure −15 0 0
Propagation in rock layer +2 to +9 (depend on

distance)
0 0

Total adjustment −10.4 to − 17.4 − 19.4 − 19.4
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fastener used in Site 2 have not been taken into account in the FTA
predictions (note that the FTA model allows only one adjustment factor
for a track structure type to be taken into account). Consequently, the
vibration level is considerably overestimated by the FTA method in this
site.

Although the model prediction is expected to be overestimating in
nature, the FTA predictions in Site 3 and Site 1 are less than the mea-
surements. It may endanger sensitive structures (in particular monu-
mental buildings) when the subways are passed through historical

cities.
The errors in the FTA predictions are presented in Fig. 15. As illu-

strated in this figure, the FTA predictions have a maximum error of
21 dB at the point which has 75m distance from the track centerline.

According to the literature, the FTA model is reliable in both at-
grade railway and subway systems [23]. The results obtained in this
research indicate that the application of the FTA in underground rail-
ways leads to some errors, indicating the limitation of FTA applications.
That is, the FTA approach is not reliable enough in underground

Fig. 13. (a) FTA base curve (b) FTA predations in three tested sites.

Fig. 14. VdB versus distance curves obtained from measurement in three tested Sites (dotted line fitted in circle pints) compared with FTA predictions (Solid lines),
(a): Site 1, (b): Site 2, (c): Site 3.
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railways. This can be due to the differences in the track and tunnel
parameters in at-ground railways and underground railways which can
have considerable effects on the wave propagation characteristics of the
tracks. In other words, FTA has suggested one single base curve for the
assessment of the vibrations in both at-grade and subway railway sys-
tems, although they have differences in the ground wave velocity.

In order to make the FTA model applicable and reliable in predic-
tion of subway vibrations, the geotechnical/geophysical characteristics
of metro tunnel as well as track-vibration-attenuation parts (such as
resilient layer in the floating slab or high resilient fastener) should be

taken appropriately into consideration in the current FTA prediction
models. It includes simultaneous consideration of the effects of track-
vibration-attenuation parts. This means that new base curves or some
adjacent factors should be developed. To this end, correction/adjust-
ment factors were developed based on theoretical background pre-
sented in [30] and [31] and the measurement results obtained in this
research. As a result, 8, - 0.11 and 107 were derived for a, b and c in the
mathematical expression of the FTA curve (Eq. (1)). The improved
curve is presented in Fig. 16. A comparison of the FTA model predic-
tions obtained from the improved/optimized base graph (model) and
the conventional FTA model in the presence of the experimental results
is presented in Fig. 17. This comparison was made for Sites 1 and 3
where there were underestimations in the predictions of the FTA
model/method. As indicated in this figure, implementation of the new
coefficients in the FTA model (consideration of the proposed values for
a, b and c in Eq. (1)) improves the FTA predictions of subway ground-
borne vibrations.

6. Conclusion

Railway ground-borne vibrations (particularly in urban areas) have
been considered as one of the most challenging railway engineering
practices in recent decades. Although considerable number of re-
searches have been conducted on the evaluation of the ground-borne
vibration prediction models for at-grade railways, the applicability and
reliability of the prediction models in subways (underground railway)
have not been fully studied yet. Since the majority of the influencing
parameters of at-grade-tracks are different from those of the subways,
the reliability of the models in the evaluation of subway ground borne
vibrations is questionable. This is addressed in this research. Three sites
with various track and surrounding soil properties were selected.
Through field investigations, geophysical properties of the surrounding
soil and the level of vibrations at the track base and at the ground
surface were measured. The ground-borne vibrations were analyzed in
the time and frequency domains. The reliability of FTA general vibra-
tion assessment model (as the most widely used prediction model) was
evaluated by comparing the FTA model predictions with those of the
measurements in the three sites.

There are considerable differences between the measurements and
vibration predictions by the FTA model. Results obtained indicate up to
20.1 dB error in the FTA vibration predictions. Contrary to the current
belief, the results obtained here indicate that underestimation of
subway-induced vibration is probable in the FTA method/model. This is
due to the limitation of FTA model as it suggests only one single base
curve for the assessment of vibrations in both at-grade railways and
subway systems. It was shown that when the tunnel vibrate in a soil
layer, the dominant frequencies is in a low frequency range closed to
the quasi static frequencies of train and track system, while when the
tunnel vibrate in a rock layer, the dominant vibrations is in a frequency
range much higher than the quasi static frequencies. This is the reason
of the under-estimation in the prediction of vibration level by the FTA
model when the track is laid on a rock bed. Also, lack of consideration
of subway attenuation parameters (such as high resilient fasteners) ef-
fects in the FTA model causes over-estimation of vibrations levels in the
subways.

Overestimation of the potential for vibration impact in the FTA
model causes subways to be over designed. On the other hand, under-
estimation in the vibration predictions endangers the surrounding en-
vironment particularly monumental buildings as occasionally reported
by the monumental buildings protection bodies in some historical cities
[41].

To extend the applicability and improve the reliability of the FTA
general vibration assessment model, the FTA model was improved/
optimized by developing and incorporating some correction/adjust-
ment factors into the FTA model. It was shown that implementation of
these factors improves the reliability of the FTA model predictions.

Fig. 15. Errors in FTA predictions (as compared with measurements) in Sites 1,
2 and 3.

Fig. 16. FTA base graph for subways: conventional and improved ones.

Fig. 17. Comparison of the FTA predictions: conventional and improved ones in
presence of measurements.

J. Sadeghi et al. Soil Dynamics and Earthquake Engineering 117 (2019) 300–311

310



References

[1] Gonzalez-Navarro M, Turner MA. Subways and urban growth: evidence from earth;
2016.

[2] Forrest J, Hunt H. A three-dimensional tunnel model for calculation of train-induced
ground vibration. J Sound Vib 2006;294(4–5):678–705.

[3] Melke J. Noise and vibration from underground railway lines: proposals for a pre-
diction procedure. J Sound Vib 1988;120(2):391–406.

[4] Trochides A. Ground-borne vibrations in buildings near subways. Appl Acoust
1991;32(4):289–96.

[5] Zhou S, He C, Di H, Guo P, Zhang X. An efficient method for predicting train-in-
duced vibrations from a tunnel in a poroelastic half-space. Eng Anal Bound Elem
2017;85:43–56.

[6] Amado-Mendes P, Costa PA, Godinho LM, Lopes P. 2.5 D MFS–FEM model for the
prediction of vibrations due to underground railway traffic. Eng Struct
2015;104:141–54.

[7] Lopes P, Ruiz JF, Costa PA, Rodríguez LM, Cardoso AS. Vibrations inside buildings
due to subway railway traffic. Experimental validation of a comprehensive pre-
diction model. Sci Total Environ 2016;568:1333–43.

[8] Degrande G, Clouteau D, Othman R, Arnst M, Chebli H, Klein R, Chatterjee P,
Janssens B. A numerical model for ground-borne vibrations from underground
railway traffic based on a periodic finite element–boundary element formulation. J
Sound Vib 2006;293(3–5):645–66.

[9] Gupta S, Liu W, Degrande G, Lombaert G, Liu W. Prediction of vibrations induced by
underground railway traffic in Beijing. J Sound Vib 2008;310(3):608–30.

[10] Vogiatzis K, Kouroussis G. Prediction and efficient control of vibration mitigation
using floating slabs: practical application at Athens metro lines 2 and 3. Int J Rail
Transp 2015;3(4):215–32.

[11] Costa PA, Calçada R, Cardoso AS. Track–ground vibrations induced by railway
traffic: in-situ measurements and validation of a 2.5 D FEM-BEM model. Soil Dyn
Earthq Eng 2012;32(1):111–28.

[12] Gupta S, Degrande G, Lombaert G. Experimental validation of a numerical model
for subway induced vibrations. J Sound Vib 2009;321(3–5):786–812.

[13] Hall L. Simulations and analyses of train-induced ground vibrations in finite ele-
ment models. Soil Dyn Earthq Eng 2003;23(5):403–13.

[14] ISO Standard, Mechanical vibration—Ground-borne noise and vibration arising
from rail systems. ISO 14837, 1; 2005.

[15] Vogiatzis K, Mouzakis H. Ground-borne noise and vibration transmitted from
subway networks to multi-storey reinforced concrete buildings. Transport
2017:1–8.

[16] Paneiro G, Durão F, Silva MC e, Neves PF. Prediction of ground vibration ampli-
tudes due to urban railway traffic using quantitative and qualitative field data.
Transp Res Part D: Transp Environ 2015;40:1–13.

[17] Connolly D, Kouroussis G, Giannopoulos A, Verlinden O, Woodward P, Forde M.
Assessment of railway vibrations using an efficient scoping model. Soil Dyn Earthq
Eng 2014;58:37–47.

[18] Paneiro G, Durão FO, Silva MC e, Neves PF. Artificial neural network model for
ground vibration amplitudes prediction due to light railway traffic in urban areas.
Neural Comput Appl 2018;29(11):1045–57.

[19] Kouroussis G, Vogiatzis KE, Connolly DP. A combined numerical/experimental
prediction method for urban railway vibration. Soil Dyn Earthq Eng
2017;97:377–86.

[20] Kouroussis G, Vogiatzis KE, Connolly DP. assessment of railway ground vibration in

urban area using in-situ transfer mobilities and simulated vehicle-track interaction.
Int J Rail Transp 2018;6(2):113–30.

[21] Kouroussis G, Olivier B, Romero A, Galvín P, Connolly DP, A fast numerical as-
sessment of railway-induced ground vibration in urban conditions.

[22] Kouroussis G, Connolly DP, Vogiatzis K, Verlinden O. Modelling the environmental
effects of railway vibrations from different types of rolling stock: a numerical study.
Shock and Vibration. 2015; 2015.

[23] Hanson CE, Towers DA, Meister LD. Transit noise and vibration impact assessment.;
2006.

[24] Hanson CE, Ross JC, Towers DA, Harris M. High-speed ground transportation noise
and vibration impact assessment, United States. Federal Railroad Administration.
Office of Railroad Policy and Development; 2012.

[25] Iran cultural Heritage, H.a.t.o., Research, Investigation on Possible Damages of
Construction and Operation of Isfahan Metro to Adjacent Monumental Structures.,
in Report - No. 2010. 2011., R.c.b. IUST, Editor. 2011.

[26] Plaistow Commuter Rail Extension Study, in Noise and Vibration Impact
Assessment., New Hampshire Department of Transportation (NHDOT): Haverhill,
MA to Plaistow, NH; 2015.

[27] Bottineau Transitway Corridor Noise and Vibration technical report: Hennepin
County, Minnesota; 2012.

[28] Environment Effects Statement Documentation., Victoria State Government:
Melbourne Metro; 2015.

[29] Hudson tunnel project noise and vibration report; 2017.
[30] Connolly D, Costa PA, Kouroussis G, Galvin P, Woodward P, Laghrouche O. Large

scale international testing of railway ground vibrations across Europe. Soil Dyn
Earthq Eng 2015;71:1–12.

[31] dos Santos NC, Barbosa J, Calçada R, Delgado R. Track-ground vibrations induced
by railway traffic: experimental validation of a 3D numerical model. Soil Dyn
Earthq Eng 2017;97:324–44.

[32] Sanayei M, Moore JA, Brett CR. Measurement and prediction of train-induced vi-
brations in a full-scale building. Eng Struct 2014;77:119–28.

[33] Vogiatzis K, Vanhonacker P. Noise reduction in urban LRT networks by combining
track based solutions. Sci Total Environ 2016;568:1344–54.

[34] Kleeberg J New development stage of RHEDA 2000®. 2009.
[35] TUSC, Soil mechanic and fundation studies, X3 and W3 stations(Tehran Urban and

Suburban Company, Zamiran consulting engineers submitted to Boland Payeh Co.);
2015.

[36] EURO, Soil mechanic and fundation studies, Isfahan Metro Line 1(Zamin Fanavaran
consulting engineers submitted to Esfahan Urban Railway Organization); 2015.

[37] SURO, Soil mechanic and fundation studies, Shiraz Metro Line 1 (Shiraz Urban
Railway Organization, Pajoohesh consulting engineers.); 2014.

[38] Park CB, Miller RD, Xia J. Multichannel analysis of surface waves. Geophysics
1999;64(3):800–8.

[39] Sadeghi J, Esmaeili MH. Safe distance of cultural and historical buildings from
subway lines. Soil Dyn Earthq Eng 2017;96:89–103.

[40] Abidin MHZ, Saad R, Ahmad F, Wijeyesekera DC, Baharuddin MFT. Application of
Geophysical Methods in Civil Engineering. In: Proceeding of Malaysian Technical
Universities International Conference on Engineering & Technology (Batu Pahat,
Johor Malaysia; 2011.

[41] Vogiatzis K. Noise and vibration evaluation of a floating slab in direct fixation
turnouts in “Haidari & Anthoupoli extentions” of Athens metro lines 2 and 3. Ing
Ferrov 2012;6:533.

J. Sadeghi et al. Soil Dynamics and Earthquake Engineering 117 (2019) 300–311

311

http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref1
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref1
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref2
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref2
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref3
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref3
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref4
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref4
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref4
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref5
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref5
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref5
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref6
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref6
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref6
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref7
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref7
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref7
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref7
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref8
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref8
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref9
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref9
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref9
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref10
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref10
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref10
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref11
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref11
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref12
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref12
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref13
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref13
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref13
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref14
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref14
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref14
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref15
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref15
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref15
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref16
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref16
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref16
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref17
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref17
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref17
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref18
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref18
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref18
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref19
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref19
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref19
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref20
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref20
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref20
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref21
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref21
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref22
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref22
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref23
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref23
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref24
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref24
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref25
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref25
http://refhub.elsevier.com/S0267-7261(18)30563-3/sbref25

	Reliability of FTA general vibration assessment model in prediction of subway induced ground borne vibrations
	Introduction
	FTA general vibration assessment model
	Field investigations
	Experimental results and discussions
	Evaluation of FTA general vibration assessment model
	Conclusion
	References




