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Abstract: Traffic jams in big cities have made necessary the need for use of underground metro trains more than
ever. However, movement of trains with appropriate speed in between stations produces vibrations that may
sometimes be disturbing for people living in the region. Actual measurement of vibrations in Tehran metro is
used to predict numerically the vibrations created by passage of trains in the surrounding surface 1n city of
Ahwaz metro under construction. With comparison of the ground surface vibrations in different stations along
the Ahwaz metro route, it is concluded that in general the level of vibrations in Northeast part of the route are
higher than the Southwest part, this due to the presence of the rock formation in the Northeast part. The
calculated vibrations in the Northeast part are higher than the allowable, therefore, appropriate measures should
be taken to decrease these vibrations. Also, According to the result of this research, with twice increase in
speed of train, the ground surface vibrations increase by 4 to & dB which is consistent with other researches.
According to this research there 1s no distinet relationship between vibrations and depth of water table. It 1s
concluded that probability of the resonance occurrence along the Ahwaz metro 1s very low.
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INTRODUCTION

With the increase in population of cities and progress
of technology, people’s demand toward a comfortable life
has also increased. Traffic jam m big cities and shortage
of parking lots have made necessary the need for use of
underground spaces more than ever.

The use of underground metro trains as a fast and
safe wvehicle could be appropriate alternative for
passengers. However, passage of trains with appropriate
speed 1n between stations produces vibrations that may
sometimes be disturbing for people living in the region.
These vibrations, which are one of the most serious
concerns related to region close to transportation
systems, could cause buildings to shake and make
rumbling sounds to be heard inside buildings. In addition
to human amnoyance, these vibrations could affect old
buildings and sensitive equipments. They could cause
fatigue in the materials of ground and structure, create
differential settlement, crack in walls, resonance and
other difficulties. Therefore, in desigmng new railroad,
evaluation of vibrations due to movement of trains is one
of the important parameter in selecting the route and the
type of rail system.

Intense disturbance to human being in residential
area occurs when the level of vibrations reach to 85 dB

(FTA, 2006). However, according to ISO-2631-2 standard,
human response to ground-borne vibration is very
complicated and depends on many factors. Howarth and
Griffin (1988) showed by different experiments that the
number of train passage and the duration of vibrations in
addition to vibrations magnitude, play role on human
disturbance.

Precise evaluation of subway induced vibrations
requires complete information about details of railing
system, site geology and other information related to the
sources producing and transmitting vibrations from
metro line to buildings. Many of these information may
not be available during 1mtial stage of design, therefore,
application of numerical modeling, using reasonable and
simplifying assumptions would be very useful and
informative to prediction of vibrations due to passage of
metro trains. Fortumately considerable research on this
subject have been conducted throughout the world in
recent vears e.g., Gupta et al. (2008), Forest and Hunt
(2006a, b), Degrande et al. (2006a, b), Clouteau et al.
(2005), Hemsworth (2000) and Sheng et af. (1999) that
makes this task obtainable for cases that are in the
preliminary stages of the project.

In this research, using numerical modeling in Plaxis
v&, mduced vibrations due to passage of trains in Ahwaz
city subway currently under construction is evaluated
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and the regions with high wibration potential, oare
identified. The route of line 1 of Alwraz metro with the
approximate length of 23 km cormects HE region of the
city to 3W regon by passing through the downtown area
and crossing Karoon Fiver. Along this route, 8 stations
were selected, each one representative of part of the
route. Dyrnamic anadysis on each station was performed
and wbrations created on the ground suface due to
passage of train were predicted In additi o, the effects of
different parameters on these Abrations were evaluated.
The findings of this research may be used by authoities
for fubwe plasdng and designing appropriste railing
syaterm and ete.

BASICS OF METR O TRAINS VIBRATIONS

Exact assesamert of ground wbrati ons created during
passage of wunderground traine  recuires complets
knowledge of parameters that affect magrdtode of these
vibeations. Therefore, it is necessary that the process of
vibr ation creation and factor s influencing these ibrati ons
tobe exactly evaluated

Sotme common soaces of ground-borne vibration are
trains, buses on rough roads and constnaction activties
guch as blasting, pile driving and operating heavy earth-
moving equipment. These wbrations cause tangible
mowvem ent of the bdlding floors, rattling of window s,
shaking of itetms on shelves o hangng on walls and
ruinbling sownds insides rooms. Vibration is perceived
ditectly ot it is setised indirectly as te-radiated nodse. The
frecqueney ratge of interest for subwray induced vibrations
i 1-20 Hz and for the re-racdiated noize it 12 1-200 Hz
(Gupta ef gl 2007). Distrbance due to these -abrations
ocouts when they exceed the threshold of homan
petceptionn The range of wibrations that disteb the
hamat ate much less than the trange that cause
disturbatice to the regular bl dings (FTA, 20067

The man body tesponds to e average vibration
atiplitude and because the net average of a wibration
signal is zero, the root mean square (rmd) amplitude 1z
uzed to deseribe the smoothed wibration atplitode, The
root mean square of a signal iz the square root of the
average of the squared amplitude of the signal The
average is typically calculated over a ofe-second period.
The use of unit of decibel (dB) used for describing the
wibrationsis also customaty.

In general, subnwray induced wibrations include theee
basic patts namely source of wibration  route of
ot opagating wave s atwd receivers of wibration These thee
patts are shown in Fig. 1. The knowledge of how these
patts could affect Wbrationsis very effective in predicting
atw} lessering of wibrations.

Fig 1: Propagation of witraions due to movement
of metro trains into ground and buildings
(FT&, 2006)

Vibhration source: The train wheels rolling on the rails
cteate wibtation energy that is transmitted through the
track suppott system into the transit stucture. In fact this
patt includes all the parameters related to train
petform anice and alzo the train route. Factors such astrain
speed, train suspension system, roughness of ral swface
atd wheels and rail sypporting system  all affect
vibrations. Jointed rals rough rails and impact of wheels
oty rails all cause severe itwcrease in wWbrations in the
sorCe.

Degande ef al. (20064, W measured the dbrations
ot the rail and also on the axle of train wheels and
ohserved that the produced impact daring the passage of
wheel from the joint of the ral inereases ineatly with the
increase of train speed. Such that 200% increase in speed
of the train created an increase in vibrations of abowut
4to5 dB.

Yihration path: After creation of Whrationin the source,
these wibrations propagate into the surrounding medium.
doil and subexface conditions are known to have a
strong influence on the level of ground-borne ibrati ons.
Among the most importart factors are the stiffhess and
interna damping of the soil and depth to the bedrock
Experience with ground borne wibrations indicates that
vibration propagation is more efficient in siff clay sods
and that shallow depth to the bed rock seems to
coticettrate the witeation enetgy close to the sface and
which can resdt in ground borne wibration problems at
latge distanices from the track. Factors such as layering of
the sodl and depth to water table can also have significant
effects on the propagation of ground borne wibration

(FTA, 2006).
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Aol layering will have a  substartial, bt
urpredictable, effect on the viteation levels since each
stratam  can have significantly dfferent  dymamic
characteristics. Therefore in evaluation of wibrations in
tmerical methods inclusion of all soil layers present at
the site, even those with small thickness coudd lead to
more exact predict o,

The presence of the water table may have a
sigrificant effect oo ground-borne Wbration, but a defirdte
relaticnship has not been established (FTA 2Z006).
Urterberger (2004 wsitig Flac 4.0 show ed that there was
o distinet relabionship between the changes in the
ground water table and the brations created doe to the
passage of trains.

Vi-Oun Tang ef . (2008) using continuous dynamic
mordtoring by means of embedded earth pressure
plezoemeters and pore plezometers around the tormel
studied the response frequency and stress amplitode of
the satirated soft clay with the distance from the turmel
due to the subway Abration loading, Also they proposed
& formula for the attermation of the dynamic water
pressure response inthe soil.

Vihration receiver: The vibration of the transit struchare
excites the adjacent ground, creating wibe ation waves that
propagate fhwough the various soil and rock strata to
the foundations of neartby buoildings, The -abration
propagates from the foundation throughost the emainder
of the bl ding strachare.

The receiver budlding is a key component in the
evaluation of grownd borte Wbration since growndborne
vibtation peoblems ocowr almost exclusively inside
buildings. The wibration levels inside a buwlding are
dependert on the wibration energy that reaches the
building foundaticn, the coupling of the building
foundation to the soil and the propagation of the
vibration through the bollding The general sdeline is
that the heavier a boilding is, the lower the resporse will
be to the incident vibration etnergy.

NUMERICAL MODELING

Itn this research, the predicion of subwray indoced
vibrations an the ground suface in Alwraz city, 15 made
using the computer code Plaxis V&, The tunel, train
loading and surr ounding soil are modeled in plane strain
cotudition.

Engineering geology of the city: Soil conditions of Abwraz
subnray route are taken from  geotechnical repoots
supplied from getieral cortractor Keyson Co. of [ran. By
catefil study of all geotechnical boring logs of the metro
route, eight soil profiles at the location of the metro
stations were selected as representative of the whole
route to beused in dynamic analysis Accordingto Fig 2,
the selected soil profiles were named as M1 to Me. By
precige assessmnerd of geotechnical profiles of these
stationig, as shown in Appendiz, the selected soil profiles

Fig 2: Plan wiew of the Alrraz metro rote

2003



J. Applied Sci., 9 (11): 2001-2015, 2009

could be divided in two distinct parts. First one, the soil
profiles from north half of the route mainly consisted of
fine grain clay and silty layers over the bedrock formation
consisting of red marl, siltstone and sandstone at a
shallow depth. Second part, the soil profiles from the
south half of the route on which the bedrock formation
falls below a depth of 40 m under young alluvial deposits
due to the presence of the Ahwaz fault The young
alluvial deposit consists of layers of fine to medium sand,
clay and silt with low to medium density.

Determination of Rayleigh damping coefficient: It is very
clear that damping in soil and structure affects the amount
and form of dynamic response of the system very much.
Although, a lot of research in this subject have been
done 1n the past, however lhttle information 1s available
about the determination of damping parameters. Rayleigh
damping coefficient 1s defined as:

€ = aMHBK D

where, coefficient ¢ 1s related to the effect of mass on
system damping and coefficient P relates the effect of
stiffness on system damping.

For high values of B, vibrations with high frequencies
are damped. The coefficient ¢ and P could be determined
from the damping ratio D, which is related to vibrations
with frequency w; The relationship between these
parameters is as follows:

o+ B! = 20D, (2)

Because the strains developed in the scil due to
vibrations created by passage of trains are generally low
we can assign a constant value for D in the Eq. 2, then:

=D 0 3)
(ﬂl + (X)Z
1
B=2D 4)
- o,

Now, we can determine natural frequencies of soil
layer in first and second mode using empirical equations
and then obtain D and from that, damping coefficient ¢
and P are computed. As it can be seen due to very low
strain level, low damping ratios are obtained. By this
method values of ¢ and P for all soil layers in different
stations are calculated. The values of & and B are in the
range of 0.008-2.353 and 0.0083-0.00005, respectively.

Determination of train dynamic load: vibrations due to
the train passage on the rail are resultant of several

different mechanisms. The most important of these
mechamsms are deformation of the rail system due to
passage of the wheels, roughness of the rail and the
wheels and the rail joints. There are several methods for
determining train dynamic loading as an input for dynamic
analysis. These methods include, pseudo static load
function, analytical load function and direct measurement
of train dynamic load In pseudo static load function
method movement of a determined load causes an
oscillating load function m one section of the route. In
this method the effects of roughness of rail and wheels,
the geometry of rail and wheels and impacts due to train
braking close to stations are ignored. In direct
measurement method, by attaching several velocity meter
sensors at an appropriate place near to the train track, the
vibrations induced by train movement at rail-subgrade
level are directly measured and after some correction, the
obtamed time history 1s used as an mnput loading for
dynamic ground response analysis.

In this research, the tlurd method 1s used and the
particle velocity time history obtained from measurement
in Hasanabad station in Tehran metro i1s used as a
dynamic load input in dynamic analysis. Tt should be
mentioned that at the time of this research, Ahwaz metro
project is at its initial stage and precise information about
type of wagons, rail system and subgrade system under
rail is not yet known and there may be some differences
between the two projects, yet the use of this method as
compared with other methods is more precise. In this
method all the mechamism that cause the vibration during
the passage of train such as train speed, rail joints,
roughness of rail and wheels, rail and wheel geometry,
impacts due to train braking and etc. are recorded by
measurements in Hasanabad station. For recording
vibrations seismograph SSR-1 equipped with three short
period seismograph SS-1 from Kinemetrics Co. was used.
The SSR-1 equipment depending on number of canals was
capable of recording 0.03 to 1000 samples per second. The
seismograph SS-1 record the velosity with one second
period with damping ratio of 0.7.

In order to record vibrations at the same time two
sensors was attached, one on the tummel floor at a
distance of 3 m from the rail and second one on the
ground surface. The vibrations were recorded at time
interval of 0.01 sec for period of 600 sec that include the
passage of train. In order to mimmise traffic noise, the
measurement were performed during the weekend.

In this research the time history of velocity related to
the vertical component of vibrations was selected as
dynamic loading and it was applied as vertical vibration
to tunnel floor in numerical modeling. Tt should be
mentioned that because the measurement was close to the
metro station, train has been decelerating, therefore the
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Fig. 3: Measured vibrations at rails level, during the passage of train at Hasanabad station Tehran metro
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Fig. 4: View of modeling in Plaxis

measured vibration should include the vibration due to
braking of the train. Therefore, the selected recording that
lasts for 20.48 sec includes all the factors responsible for
vibrations during the passage of train. This time history
is shown in Fig. 3.

The vibrations measurement in Tehran metro is
obtained only at one speed of train and information about
vibrations at other train speed was not at hand. Therefore
in order to determine the dynamic loading for different
speeds of train, empirical method given by US Department
of Transportation that is based on many measurements is
used to calculate vibrations at different speed of train at
a distance of 3 m from the axis of the rail. Then the
velocity time history obtained in this way is scaled to the
same level of vibration obtained in empirical method. The
average speed for train in Tehran metro is 60 km h™" and
the maximum speed is 80 km h™". If we assume the same
range of speed for Ahwaz metro, the above mentioned

Table 1: Geometry characteristics of 2D model

Geometry characteristics Values
Dimension of the model 70235 m
Depth of tunnel 12m
Diameter of tunnel 6m
Thickness of lining 30 cm
Thickness of concrete layer at the tunnel floor 70 cm

method was used in this research to predict the vibrations
due to train speed of 20 to 100 km h™".

Numerical modeling in plaxis: Here, a 2D model of
tunnel, surrounding soil and dynamic loading of train with
the use of Plaxis V8 is introduced in order to evaluate the
vibrations propagation due to train passage to the ground
surface. The geometry characteristics of 2D model (Fig. 4)
are shown in Table | and the train dynamic loading is
applied to the model as an uniform distributed loading at
the rail location.

In this model, two phases of analysis is defined. The
first phase consists of elasto-plastic analysis of tunnel
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excavation atd placing the tarnel lining and the second
phase inclades dynamic analysis related to the passage of
traininside the tunnel.

Geotechrdcal properties of soil layers at different
gtations used in munericd modeling ae shown in
appendy and Mobe-coulomb criterionwas selected as the
soil beharior model. Concrete Hning properties used in the

modeling are (E = 20000 LF &) and (Polssonraio= 0150

In dynamic analysis, in addition to static boondary
cotuditions, reflection of wawves at the model houndaries
shold be considered. In fact some special boundasy
cotuditions have to be defined to account for the effect
that ity reality the soil isa semi-infirdte medan . Withoat
these special bounday conditions the waves woudld be
reflected on the model boundaries, causing pertorhbati on.
To avoid these spurious reflections, the static boundaries
of the model (which do not exist in reality) are taken
sufficiently far away to awvold direct influence of the
boundary conditions and also absorbent bowdaties are
specified at the bottom and right hand side boundary,

Inthe model 15 nodes tranmd ar elem ents were used
infinite elem ent mesh For determiring the optiroun size
of elem ents in order to get reasonable precize result in a

: HI U A T R R S TR T

Fig 5:Fitie element generation in Flaxiz model
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minitnized tme, fowr different meshing pattern were
analyzed and the resdts of anaysis with very fine and
fitie meshing were very close to each other theref v e, fine
meshing pattert were chosen (Fig 5.

RESULTS

Wibrations at Darvareh station (IN3): &5 we cbserve from
borehole in thislocation (Appendx), geotechrical profile
cotwsts generally of mudstone, sandstorne and siltstone.
The rock formation in this location belongs to A ghajan
form atiorn. Figare & show s the vel ocity loading applied to
turtiel floor and Fig 7 to 11 show diagram of wertical
patticle velocity a points A, B, © and D o the swface
ground. The position of these poirds is shown in Fig 4.
&g we compare Abrations at ral lewvel and at the swface
grownd, for example poitd A, an increase in vbrations
lewel iz chserved. Also by comparing the results for point
&nl) we ohserve a decrease in vibrations with distance
froon the turmel. Figre 11 show s ELS welocity in terms of
decibiel. In Fig 11, average wikrations procduced at the
auface ground at different distances from rail axis during
the passage of train with speed of 20 kan b' can be seen,
Zecording to Fig 11, wbrations at point A (zero distance
froon the rail on grownd seface) is equad to 84 dB, & point
Bl0m)="79.7 dB, at point C (20 m) =77 .5 dB and at point
D GE0m) =732 dB.

One of the noticesble point of the analysis at this
location 18 that the amount of deerease in wibrations with
digtarice away from the tarmel islow asitis shownin
Fig. 11. The diagram is fld as compared with those in
other stations shown later it the study. The teason for
thiz phenoth enon is the presetice of the bedrock formation
close to the suface of ground. Actually, wteati on ener gy
ig conwcerdrated in the suface layers and is propagated
horiz otutally.

=+ "o & e & e
L T o T L T T =T T T T = ==
— o~ o~ H A H A~ H A

Tme (sec)

Fig &: V elodity loading applied to turmel floot, train speed= 80 km h™", Darvazeh station (M 3)
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Fig. 7: Computed velocity with time at point A, train speed = 80 km h™', Darvazeh station (N3)
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Fig. 8: Computed velocity with time at point B, train speed = 80 km h™', Darvazeh station (N3)
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Fig. 9: Computed velocity with time at point C, train speed = 80 km h™', Darvazeh station (N3)

Vibrations at Kargar station (N8): Geotechnical profile at
this station that is shown in Appendix consists of young
alluvial deposits including clayey, silty and sandy
deposits. The first 2 m of soil consist of fill materials then
it turns to brown medium to firm silty clay to depth of
3.8 m, to medium fine sand to depth of 5.9 m, to medium to
firm brown sandy silt to depth of 8.5 m. to firm to very firm

brown clay to depth of 10 m and finally to dense sand to
depth of 35 m.

Figure 12 shows the result of analysis for train with
speed of 80 km h™' at point A located above the axis of
the rail on the ground surface.

As we compare Fig. 12 with Fig. 6, we observe that
the vibrations at tunnel level, has been damped as they
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Fig 12: Computed velocity with time at point &, train speed = E0 km b, Kargar station (HE)

reach the suface of grownd of this station Figore 13
shiowr s BIE welocity interm s of decibel at differert poivts
awray from the axis of the rail Asitisshownin Fig 13, the
lewel of Abrations rapi dy decreases with distance away
from the aviz of the rail. For examgle at distanice 30 m from
the rail (point T, wibrations bave decreased by 17 dB . The
oz important reason is significant gecmetric damping of

the wawes due to the presence of bedrock formation at
much deeper elevation at this location In fact,
propagation of waves dowrwrard into the ground, without
atry considerable reflection, can cause arapid decrease of
vibration level at the suface with distance away from the
axis. Thiz prediction is completely differert from N3
staion explained eatlier. We cat also obzerve that the

2008



J. Applied Sci., 9 (11): 2001-2015, 2009

" /‘\‘\\

sc T T T T T T T T 1
40 30 20 -10 0 10 20 30 40

Distance (m)

RMS velocity (dB)
b |
(=]

Fig. 13: Ground surface vibrations at different distances
from rail axis-train speed = 80 km h™", Kargar
station (N8)
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Fig. 14: Ground surface vibrations at different distances
from rail axis-train speed = 80 km h™" all stations

level of vibrations in this station is lower than those in
station N3. These differences are due to different layering
and material properties at the two stations.

Vibrations of ground surface along the metro route: The
results of analysis for other stations at speed of 80 km h™'
are shown m Fig. 14. By comparing vibrations of ground
surface at different stations from Northeast (N1) to
Southwest (N8) along the metro route we can see a
general decrease in the level of vibrations. However, there
are some exceptions to this general trend. For example, in
station N7 the level of vibrations is slightly higher than
that in station N8 despite of the similarity in scil profile.
This phenomenon could be due to the presence of layer
of dense sand at the depth of 18 m at the station N7 which
acts like a bedrock formation and causes reflection of
waves to the surface layers. In general, the level of
vibrations in North part of the Ahwaz metro route 1s
higher than that m Southern part. This observation 1s
consistent with the depth of rock along the route.
Geotechnical boring logs of the metro route, in selected
stations are shown m Appendix.

Decrease in vibrations with distance from the rail axis:
One of the noticeable points in the surface ground
vibration curves in Fig. 14 1s the slope of these curves,
which mdicates the rate of decrease of vibration with

0~ —8— N8
N1

g

SN

20 0 20 40
Distance (m)

RMS velocity (VdB)
g -l

th & =
L= I~ -

Fig. 15: Comparison of slop of curves of ground surface
vibrations with distance-speed = 80 km h™'

increase 1n distance from the axis of the rail. The slope of
curves in Northeast of the route is very low. This means
that the vibrations due to passage of train could affect
even the buildings m far distances. On the other hand the
slope of the curves in Southwest of the route 1s lugher
which means vibrations damp very fast with the distance
from the axis of the rail and they could only affect the
buildings in close distance. In Fig. 15, this point is clearly
observed for stations Zeytoon (N1) and Kargar (Ng)

One of the most important reasons for this difference
in behavior between the ground surface vibrations curves
in Northeast and Southwest stations is the depth of
bedrock. The shallow depth of bedrock in Northeast part
of the route causes effective propagation of vibrations to
the ground surface. Major parts of waves will be reflected
back to the surface as they hit the bedrock and therefore
with multiple reflections of waves they propagate
horizontally in surface layers.

In Fig. 16 and 17, particle velocity vectors after
passage of train from station N3 and N& are shown. The
difference in the pattem of vectors i Fig. 16 and 17 can
be seen clearly.

Effect of train speed on vibrations: The speed of train
along the route between stations varies, therefore in order
to predict exact vibration at each point along the route it
is necessary to evaluate the ground vibrations at different
train speed. Figure 18 shows changes i speed of train
with time and with the traveled distance between two
metro stations.

As it is observed in this Fig. 18, the train begins to
travel at the station from zero speed, after a distance of
about 250 m it reaches to maximum speed of 80 km h™" and
it travels at this constant speed for a distance of about
600 m. Then at a distance of about 250 m from the next
station then tramn begins to decelerate until it reaches
speed of zero when it arrives at the station. This i1s
repeated in other parts of the route between stations.

In order to evaluate the effect of train speed on
vibrations, train dynamic load related to speed of 20, 40,
60, 80 and 100 km h™" was applied to the model at stations
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Fig. l&: Concertration of vibration energy at suface layers due to reflection of wawves doring impact with rock-Datvazeh
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Fig 1% Changesin distance and speed of train with time
betwreen two stations

M1 to ME and dymamic analysiz was petformed. Figure 19
shows the changes of the ground suface wibrations in
termas of tn s velocity at a distanee of 20 m from the axis of
turmiel at different speed of train According to Fig 19,
when train speed becomes twice, the ground wibrations
inereases by about 4 to 6 dB. This result is consistert
with experiments performed by U3 Department of
Tratsportation Figwe 20 and 21 alzo show the changes

i peak paticle welocity at the ground swface with
distatice from the acis of the rail o different train speed. it
ig obzerved that PPV at the ground surface decrease with
distatice from the axis of the rail and this decrease at
frether distatcesisnot much affected by train speed

E ffect of dep th o foround water tab ke on v rations: Depth
of ground water table dong the route of Ahwaz metro is
very close to the ground swface. Also because of
seasonal floctuation of ground water table, it is necessary
to evaluate this effect on the lewel of wibrations
Therefare, dynamic analysiswith train speed of 80 lan 1
was petformed at B argar stati on (M) with different depth
to the ground water table. Figure 22 shows the remits of
this analysis. According to these results there iz no
regular telationship bebween the ground suwface wibeation
atid depth of ground water table. F or example, wibrations
ata distanice of 30 m from the axis of the rail, when depth
of growd water table iz at 3.8 m iz equal to 57.9 dB. WWith
lowering the water table the wbrations is inereased such
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Fig. 21: Maximum particle velocity at different distances
from the axis of the rail train speed = 40 km h™

that when water table 1s at depth of 11.5 m the vibrations
at a distance of 30 m from the axis of the rail amount to
63.65 dB and with further lowering of water table, the level
of vibration decreases again. Therefore, For precise
evaluation of the ground surface vibrations, it 1s
necessary that the depth to the water table to be
determined exactly.

Resonance during passage of train: One of the important
aspects in evaluation of subway induced vibrations that
should be taken into account is determination of natural
frequency of railing system and frequency content of
dynamic loading of train. When the magmtude of the two

809 x=30m—bk—x=20m 4¢—x=10m—-x=0m

|
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Fig. 22: Changes in vibrations at different depth of water
table-Kargar station (N)

frequencies are close to each other, the occupance of
resonance 1s probable. In other word the rail system, rail
support and tunnel liming should be designed m such way
that natural frequency of the whole system is far enough
from prominent frequency of dynamic loading of train

In order to determine the natural frequency of the
railing system we used trial and error method in which a
harminic sinusoidal loading with different frequencies 1s
applied to the railing system for 2 sec. Then for evaluating
natural frequency of the system in free osilation, it was
allowed to osilate without outside loading for 2 sec. This
loading function 18 shown m Fig. 23. After that, the
ground surface vibrations due to this loading were
obtained. At Zeytoon station (N1) harmonic loading with
frequencies of 1 to 5 Hz was applied to the model and the
resulting response is shown in Fig. 24. As it is observed
in Fig. 24, the ground surface vibration due to this loading
pattern with frequency of 1 Hz 13 iwregular and the
amplitude of vibration is very low. With increase in
loading frequency, the vibrations become more regular
and the amplitude is increased. As it is clear from
Fig. 24 vibrations at loading frequency of 3 Hz have
highest amplitude and at higher frequencies the amplitude
of vibration 1s decreased and the vibration becomes
irregular again indicating the occupance of resonance at
frequency of 3 Hz. Therefore from thuis observation we can
conclude that the natural frequency of the system mn this
station is 3 Hz. By repeating this procedure for other
stations, it 18 concluded that natural frequency of the
railing system along the metro route in Ahwaz geology 1s
about 2-3 Hz.

In order to determine frequency content of train
loading function, using fast Fourier transformation, time
domain function is converted to frequency domain as
shown n Fig. 25. As it 15 observed from Fig. 25, the
predominate frequency of tran loading is in the range of
10 to 25 Hz. Therefore, comparing the predominant
frequency of tran loading and natural frequency of the
system along the Ahwaz metro route, it 18 concluded that
the probability of resonance occupance is very low.
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CONCLUSIONS

According to dynamic analysis performed, the

following conclusions are reached in regard to subway
induced vibrations in Ahwaz geology.

With comparison of the ground surface vibrations in
different stations along the Ahwaz metro route, it was
observed that in general the level of vibrations in
Northeast part of the route are higher than the
southwest part. One of the most important factor
responsible for this observation is the shallow depth
of the rock and also soil profile in the Northeast part
of the route

Assuming allowable vibration of 75 dB for residential
building and 30 to 70 passage of train each day, it
seems that when the speed of train is 80 km h™" in
Darvazeh station (N3) at a distance of 25 m from the
axis of the rail, Zeytoon station (N1) at a distance of
30 m and Naft station (N2) at a distance of 10 m from
the axis of the rail, the vibrations at the ground
surface become more than 75 dB and appropriate
should be taken these

measures to decrease

vibrations

APPENDIX

Sherkat naft
[N2)

Zevtoon
(N1}

Because of shallow depth of rock in Norheast part of
the route, vibration energy due to passage of train is
concentrated in the surface layers and these
vibrations affect the buildings in far distances from
the axis of the rail

The speed of train is an inportant factor in vibrations
due to passage of train.According to the result of
this research, with twice increase in speed of train,
the ground surface vibrations increase by 4 to 6 dB
which is consistent with other researches

Maximum particle velocity at the ground surface
decreases with distance from the axis of the rail and
this decrease is not affected by the speed of train at
a distance about 15 m from the axis of the rail

The depth to water table is one of the effective
factors in level of propagated vibrations to the
ground surface. However, according to this research
there is no distinct relationship between vibrations
and depth of water table

According to this research the natural frequency of
the railing system and soil profile along the Ahwaz
metro route is about 2 to 3 Hz and the predominant
frequency of train loading is determined to be
10 to 25 Hz, therefore, it is concluded that probability
of the resonance occurrence along the Ahwaz metro
is very low
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Appendix: Boring logs of stations and soil parameters used in dynamic analysis
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Appendix: Geotechnical properties of soil layers at different stations used in numerical modelling
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(Damping parameters)

Ya W, C, [0) E K
Layer (KNm™) (%) (kN m™2) (deg) I, (kN m—?) Ky D o B (cm sec™")
Zeytoon station (N1)
No. 1 15.0 ~ - 25 - 2000 0.57 12 0.190 0.0005 ~
No. 2 15.0 22 30 - 23 3300 0.56 09 0.109 0.00058 ~
No. 3 16.0 20 - 28 - 20000 0.53 12 2.353 5.38E-03 ~
No. 4 15.8 20 40 - 85 4000 0.46 1.1 0.365 0.000278 ~
No. 5 Sta. 19.7 ~ 600 30 ~ 80000 1.00 - - - ~
No. 5 dyn. 19.7 ~ 600 30 ~ 883600 1.00 ~ 8.00E-03  8.30E-04 ~
Sherkat Naft station
(N2)
No. 1 15 ~ - 25 2000 0.57 1.2 0.190 5.00E-04  1.00E-05
No. 2 15.6 24 35 - 4500 048 1 0.161 5.60E-04  5.00E-06
No. 3 16.5 20 - 32 10000 047 1.2 1.300 970E-05  6.00E-06
No. 4 15.4 25 30 - 5500 0.48 1 0.535 1.69E-04  35.00E-06
No. 5 Sta. 600 15 80000 1.00 - - - ~
No. 5 Dyn. 600 30 883600 1.00 ~ 0.008 0.0083 ~
Darvazeh station (N3)
No. 1 15 ~ - 25 - 2000 0.57 12 0.190 0.0005 ~
No. 2 30 - 16 13000 0.51 1.0 0.142 0.00056 ~
No. 3 Sta. 19.7 ~ 600 30 ~ 80000 1 - - - ~
No. 3 Dyn. 19.7 ~ 600 30 ~ 883600 1 ~ 8.00E-03  8.30E-04 ~
Daneshgah SQ. station
(N4)
No. 1 15 ~ - 25 - 2000 0.57 12 0.190 0.0005 ~
No. 2 16.1 22 55 - 25 4000 0.58 0.8 0.112 0.000541 5.00E-06
No. 3 16.5 20 - 35 - 14200 0.43 12 0.777 0.000163 6.00E-06
No. 4 16.5 21 60 - 8 8300 0.46 1.1 0.229 0.00045 5.00E-06
No. 5 16.5 20 - 35 - 16600 0.43 12 0.254 0.000497 8.50E-06
No. 6 17.4 19 200 - 21 20000 0.55 09 0.296 0.00023 9.75E-06
No. 7 16.5 22 - 42 - 40000 0.33 12 0.435 0.00029 4.50E-06
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Appendix continued:

(Damping parameters)

Ya [N C, & E K
Layer ENmH (%) ENm?)  (deg) 1, (KNm™) K D o B {cm sec™h)
Dormitory station (NS)
No. 1 15.0 - - 25 ~ 2000 0.57 1.2 0.19 0.0005 -
No. 2 16.7 18 40 - 24.5 7700 0.57 0.9 0.204 0.000301 5.00E-06
No. 3 16.2 22 - 32 - 10000 0.47 1.2 0.906 0.00014 7.00E-06
No. 4 16.5 21 60 - 15.0 8300 0.50 1.2 0.289 0.000284 5.00E-06
No. § 16.8 18 - 35 - 12500 0.42 1.2 1.221 0.000104 5.00E-06
No. 6 17.2 19 20 - 22.0 8300 0.55 0.9 0.141 0.000465 4.50E-06
No. 7 16.7 20 - 38 - 25000 0.38 1.2 2.101 6.02E-05 4.00E-06
No. 8 17.2 19 170 - 19.0 25000 0.53 0.9 0.119 0.000607 3.00E-06
(Damping pararmeters)
Ya iy (o P E K
Layer Nm™) %)  &Nm?) (degy KNm? Ky D o B {cmsec")
Ab va Bargh station (N6)
No. 1 15.0 - - 25 2000 0.57 1.2 0.19 5.00E-04  1.00E-05
No. 2 18.0 ~ 32 5 10000 0.50 1.2 0.118 T40E-4  ~
No. 3 19.7 ~ 600 30 80000 1.00 - 8.00E-03  8.30E-04 ~
Oloom Pezeshki station (N7)
No. 1 15.0 ~ - 25 2000 0.57 1.2 0.19 0.0005 ~
No. 2 16.4 22 60 - 4000 0.54 0.9 0.147 0.00047 3.00E-06
No. 3 16.6 20 - 32 7700 0.47 1.2 2.11 5.00E-05  3.00E-05
No. 4 16.3 22 65 - 5555 0.50 1.0 0.184 0.0004 3.00E-05
No. § 1.61 23 45 - 6666 0.46 1.1 0.253 0.00036 8.00E-05
No. 6 16.6 21 - 35 33300 0.43 1.2 0.73 0.00014 5.00E-05
No. 7 16.8 20 - 37 25000 0.40 1.2 1.90 5.68E-05 1.00E-05
No. 8 17.7 17 200 - 33300 0.52 1.0 0.579 0.00013 5.00E-06
Kargar station (N8)
No. 1 15.0 ~ - 25 2000 0.57 1.2 0.190 5.00E-04  1.00E-05
No. 2 16.0 23 35 - 4000 0.55 0.9 0.320 2.03E-04  1.00E-06
No. 3 17.0 20 - 30 20000 0.50 1.0 0.869 1.45E-04  1.00E-05
No. 4 16.1 23 45 6600 0.50 1.0 0.328 0.00025 2.00E-06
No. § 16.4 21 75 6600 0.50 0.9 0.472 0.0001 1.00E-06
No. 6 16.0 21 - 35 20000 0.42 1.0 0.073 0.0017 1.13E-05
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