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Abstract This paper investigates the noise inside a metro coach running through the most
recent tunnel of Cairo. The study focuses on the effects of alignment profiles on the A-
weighted noise level. Although the latest line has not been studied yet, noise levels inside
the old lines attracted the attention of researchers due to their importance as the first mass
transit system in Africa. Given that windows are usually kept open, measurements were con-
ducted inside the empty cabin at the end of the train with open windows according to ISO
3381:2005. Results showed that noise emissions inside the running coaches are high and do
not follow either international or general national legislation, which presents health hazards
for drivers and commuters. Speech intelligibility is required for train radio units and driver con-
soles for voice communications, which provides a safe working environment for the train crew.
The present study reveals that tight curves mainly contribute to high noise. The noise levels
are further raised by the reflective surface of the tunnel with a circular cross-section and
the unballasted track. Moreover, the noise level is affected by the location of the coach and
window conditions (open/close) to some extent.
ª 2020 Higher Education Press Limited Company. Publishing services by Elsevier B.V. on behalf
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Railway noise represents a daily environmental concern in
developed and developing countries (Fields and Walker,
1982) and affects the safety and health of employees and
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passengers (Eade, 1999). The World Health Organization
(WHO) indicates that environmental noise in western Eu-
ropean countries, which is estimated at approximately one
million healthy life years per year due to traffic noise,
significantly impacts the disability adjusted life years
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(DALYs) (WHO, 2011). Hearing loss is the most common ef-
fect caused by exposure to excessive noise according to the
2010 occupational illnesses report. Noise resulting from
transportation, including vehicles, railway, and aircraft,
represents approximately 60% of noise in Africa (UN-
Habitat, 2014) and the main cause of noise in Greater
Cairo (Egyptian Environmental Affairs Agency, 2008).
Excessive noise exposure, viruses, and conditions caused by
normal aging are the main reasons for sensorineural hearing
loss, which is defined as an impairment that is associated
with irreversible deterioration to the inner ear and mostly
cannot be healed (OSHA, 2019). Noise-induced hearing loss
(NIHL) represents one of the common occupational diseases
in different cities of the United States (Bauer et al., 2001).
In addition, a recent study showed that exposure to freight
train noise together with its vibration affects the heart rate
during sleep, which may influence cardiovascular func-
tioning (Croy et al., 2013). Moreover, excessive noise
exposure influences human health in several ways, such as
headache, insomnia, fatigue, high blood pressure,
arrhythmia, annoyance, problems with performance and
communications, lowered morale, poor signal intelligibility,
and poor concentration (OSHA, 2019).

Underground train noise can be classified into airborne
and structure-borne noise. Airborne noise originates from
different sources, such as steel wheel/rail action, train
siren/whistle, aerodynamic noise, power and auxiliary
equipment (such as HVAC systems), power units, and en-
gines (Croy et al., 2013).

Structure-borne noise is derived from vibro-acoustic
sources radiated by vibration transmission into the train
envelope from bogies and mounted equipment, in which
the predominant frequencies are mostly below 200 Hz (Choi
et al., 2004). The emission of wheel/rail noise increases
with the train speed and the surface roughness of wheel/
rail contact. Instead of cast-iron treaded brake stocks,
applying disc brakes for rolling stocks results in reduced
noise by 8 dB(A) at speeds of 160 km/h (Eade, 1999). Noise
barriers can be an effective countermeasure for mitigating
wayside noise but does not decrease the noise inside the
coaches and the driver cabin (Eade, 1999).

Noise emission from trains arising between the wheels
and rails is influenced by rail alignment, lack of mainte-
nance, and rigidity of track supports (ARUP, 2015). How-
ever, any alignment usually runs along narrow corridors,
which comprises numerous horizontal curves and vertical
slope gradients. Such curves lead to the excessive wear of
rails because of the abrasive action of the rolling wheels.

Greater Cairo, which is the first of Africa’s megacities and
the second by 2025, has approximately 17 million residents.
Northern African cities, including Egypt, experience pollu-
tion and congestion because of the high numbers of private
motor cars (UN-Habitat, 2014). Mass public transport sys-
tems, particularly railway transportation, have been applied
to address the needs of overpopulation. Fig. 1 shows that the
Great Cairo Metro network links three governorates with
three lines in operation. As of 2020, the network comprises
68 stations with a total length of 81.6 km. The underground
section extends approximately 36 km (roughly 44% of the
total length) and mainly comprises two different cross-
sections, namely cut & cover and circular sections.
Line 3 is the latest in operation despite the inauguration
of only three of its five phases. Upon completion, Line 3 will
form the east-west corridor of the city, which connects Alf
Maskin (east) to Boulak and/or Rod El Farag suburbs (west).
The overall length of Line 3 will be approximately 34.5 km
and comprise 34 stations. The current routing, which is fully
located underground, is 16 km long and includes 13 un-
derground stations (National Authority for tunnel, 2012a).
The tunnel lots connecting these stations have a circular
cross-section.

The literature on railway noise in Egypt, particularly
inside tunnels, includes some reports on this particular
problem despite the presence of many tunnels in the Cairo
mass transit network, which is currently continuously
extended. Thus, studying the noise levels along the existing
tunnels is crucial to examine the daily exposure for the
train crew and passengers and determine the influential
factors. Based on field measurements, this paper in-
vestigates the airborne noise caused by rapid transit trains
inside the typical circular tunnel of the newest line of
Cairo’s Metro network.

1.1. Literature review

Environmental noise in Greater Cairo is a well-known
concern that exceeds the allowable limits set by the
Egyptian legislation (environmental law 4/1994) (Egyptian
Environmental Affairs Agency, 2015). Noise represents the
second largest environmental pollution issue in Egypt.
Therefore, the Egyptian Environmental Affairs Agency
developed a national plan for noise mitigation (Egyptian
Environmental Affairs Agency, 2008). One of the strate-
gies of this plan is to monitor noise levels in the first and
second lines of Cairo Metro. The monitoring results are then
transferred to the Ministry of Transport to control/lower
these levels.

Noise levels inside the underground stations of Line 2
and their acoustic performance were assessed on the
basis of field measurements using Brüel & Kjear in-
struments (type 2260) and simulation techniques using
CATT room acoustic software version 8.0 b (Abdin and
Eldakdoky, 2010) (Eldakdoky and Abdel Hamed, 2011).
Another study was conducted to evaluate the noise inside
the platforms and train coaches of the same line using
B&K 2230 SLM and B&K mediator 2238 (Mostafa, 2005).
This line carries around two million daily passengers and
one thousand personnel who complain regarding the
excessive noise. The results of these studies revealed that
the noise levels significantly exceeded the acceptable
national and international limits where the noise inside
the coaches is the highest. This finding was caused by the
open windows during normal operation. Meanwhile, clos-
ing these windows can decrease the noise by approxi-
mately 20e25 dB(A). The studies clarified that noise
increases because of the tunnel shape and the reflective
surfaces of the platforms.

Noise levels at eight surface locations along the planned
routing of Phase 3 of Line 3 were measured using B&K Sound
Analyzer type 2260. The results showed that all levels
exceed the permissible limits outlined in the law (Egyptian
Environmental Affairs Agency, 2015), which requires noise



Fig. 1 Cairo metro network map (National Authority for tunnel, 2015).
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level reduction at night (National Authority for tunnel,
2012b).

The sources of noise in railway transport and design
considerations to reduce such noise were theoretically
studied. The study divided sources into primary sources
(such as auxiliary and traction devices, rolling of wheel on
rail, and air turbulence) and secondary sources (such as
signals and shunting operations). The main possible solu-
tions on vehicles included structural amendments of vehi-
cles and enhancement of track alignment (Zvolensky et al.,
2017).

The airborne noise was investigated during the commis-
sioning phase due to the excessive noise levels experienced
inside the test trains traveling through 13 km underground
railway between Epping and Chatswood, ECRL/Sydney. The
train’s speed was 80 km/h and operated on an unballasted
slab track. The study clarified that this continuous noise,
namely 80e99 dB(A), was not attributed to tight curves or
rail defects but was due to rolling noise. The adopted target
of maximum LAeq was 85 dB(A), while 80 dB(A) was to be
achieved at least 80% of the time. Many trials were con-
ducted considering sound absorption, rail roughness, and rail
damping. Hence, a design model was developed on the basis
of these contributory factors. The study revealed that using
additional absorption reduced overall noise by up to 9 dB(A),
while applying rail grinding resulted in reduced noise by
approximately 3 dB(A). The measurements followed the
mitigation regime implementation, which clarified that
noise levels met the noise targets or remained within
applicable limits. The study highlighted the difficulties in
achieving criteria to manage noise in tunnels (Coker and
Anderson, 2010).

2. Methods

2.1. Line 3 configuration

The tunnel of Line 3 comprises 12 lots connecting 13 sta-
tions, as shown in Fig. 2. These lots are constructed by a
tunneling boring machine, where the cross-section of tun-
nels is cylindrical with an internal diameter of 8.35 m
(Fig. 3) (National Authority for tunnel, 2015). The unbal-
lasted slab track, which is characterized by its durability,
availability, maintainability, and light weight, is applied
along the underground sections. The internal surfaces of
the tunnels are fair-face concrete without any soft/acous-
tic treatment (National Authority for tunnel, 2014a).

The trains in Line 3 are Mitsubishi, which is 139.78 m long
and 2.69 m wide; each train has eight coaches. The train
capacity is 1752 passengers (i.e., 219 passengers/coach).
The pause time at the arrival platform is 25 s, and the
common headway is 150 s. The design speed is 100 km/h,
while the maximum permissive speed in operation on
tangent and level track is 80 km/h. The minimum com-
mercial speed is approximately 38 km/h. However, the line
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speed is subjected to various factors, such as restrictions on
curves or slope gradient for signaling purposes.

The maximum acceleration rate is 0.9 m/s2 during
starting, and the operating service braking rate is consid-
ered to be 0.65 m/s2. Trains should pass a safety visit once
every 10,000 km or once per month, while major in-
spections occur every 120,000 km or every 12 months. The
track equipment, such as bed structure, concrete sleepers,
third rail, rail, and fasteners, should be maintained
(National Authority for tunnel, 2014b).

2.2. Measurement configurations

Noise measurements were performed inside the empty
cabin at the end of the train with open windows during
daytime (between 9:30 and 12:30 p.m.). Notably, the first
and last coaches include the driver cabin. The back cabin
was chosen to isolate the noise from the passengers inside
the coaches. Thus, this cabin does not affect the actual
noise levels resulting from the tunnel and/or the moving
train. In addition, this position prevents the effect of the
audio signals that the train commander receives from the
centralized control room. The trains may operate where
windows are opened or closed; therefore, measurements
with open windows represent the worst case. The sound
level meter (SLM) was installed in the middle of the aisle
behind the seat roughly 1.2 m away from the side windows.
The height of the SLM was 1.3 m to simulate the ear of a
sitting person. 01 dB SLM (Model SOLO SLM, No.11553, Class
1) was processed to measure equivalent continuous levels
(LpAeq), minimum and maximum noise levels (LpAeqmin and
LpAeqmax) at the one-third octave bands, and fast response-
A-weight. The measurements were performed in accor-
dance with ISO 3381:2005 (ISO 3381, 2005) along the tunnel
Lots. The SLM was turned on and off when the train left a
station and halted at the next station, respectively. This
Fig. 2 Alignment of Line 3 (National Authority for Tunnel, 2012b
through the vertical profile.
procedure was repeated 12 times, which as many as the
number of Lots along the line. The same procedure was
reiterated on the other tracks in the opposite direction.

A time-series analysis was conducted again through Lot
10, which is the noisiest Lot, to check the impact of
different alignment parameters on noise levels and opera-
tional speed restrictions. The location of the train coach,
the occupation, and the equivalent noise levels were
remeasured inside a middle coach in four cases of closing
and open the windows for the occupied/unoccupied status
to investigate the effect of window conditions (open/
close). These measurements were conducted again through
Lot 12.

The clearest procedure to analyze the collected data is
to calculate a single logarithmic value of the measured
noise levels in each Lot. This analysis was performed at
each band using Eq. (1) (William and Joseph, 1999).

L Z 10 log

�
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L1
10 þ 10

L2
10 þ . þ 10

Lx
10

�
dB; ð1Þ

where L1, L2 ., Lx is the reiterated measured values.
The results were illustrated in two graphs; the former

shows frequencies versus logarithmic equivalent noise
level, while the latter presents Lots versus noise. This
analysis was conducted to determine the relationship be-
tween noise, frequency, and alignment for the Lots. For
ease of comparison, the measured values were categorized
into three groups: low (25 Hze200 Hz), mid (250 Hze2 kHz),
and high frequencies (2.5 kHze20 kHz). Finally, the noise
characteristics were identified, and the results were dis-
cussed in comparison to the characteristic of the horizontal
and vertical profiles of the Lot alignment.

The measured values were compared with the maximum
allowable noise exposure according to EPA/WHO, NIOSH,
and OSHA and the allowable limits outlined in Egyptian
environmental law annex 7 to evaluate the degree of noise
). (a) Horizontal alignment. (b) Schematic longitudinal section



Fig. 3 Typical cross-section of the bored tunnel (National Authority for Tunnel, 2012b).
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exposure in the tunnels. The following methodology was
applied to obtain the exposure time.

- The measurement time was considered to be a function
of the total working hours per day (7 h/day).

- A time interval, which elapsed between each two mea-
surement events, was subtracted from the total expo-
sure time.

- The measured values were categorized in accordance
with the limits shown in the international references,
OSHA, NIOSH, and EPA/WHO.

- The duration of each category was counted as a function
of the measurement period.

- The duration time was applied as a periodic event iter-
ation through the working hours.
3. Results

Fig. 4(a) shows that Line 3 is characterized by high airborne
noise levels. The highest values are found at the mid-
frequency range, namely 250 Hze2 kHz, which is the
important spectrum for speech intelligibility (Leo, 2010).
Considerable differences are found between the high, mid,
and low frequencies, as shown in Fig. 4(b).

The train generates logarithmic equivalent noise
(LAeq), which varies between 90 dB(A) to 105 dB(A) in the
different Lots, whereas LAmax and LAmin vary between 95
dB(A) to 112 dB(A) and 64 dB(A) to 72 dB(A), respectively.
Fig. 5 shows the noise peaks in five Lots, in which the
peak LAeq is experienced in Lot 10. The second highest
LAeq is obtained in Lot 12, followed by Lots 14, 02, and 18,
in which the recorded values are comparable. By
contrast, Lots 06 and 22 have low L Aeq values, wherein
the difference between the peak and lower LAeq value is
high. The values of LAeq, slope gradient, and the length
and radius of curves are plotted on the horizontal align-
ment in Fig. 5(a) to check the locations of key geometric
features affecting the noise levels and represented
graphically in Fig. 5(b) and (c). Fig. 5 clarifies that the
highest LAeq is correlated to the geometry of the align-
ment; however, the most influential cause may be one or
more of these geometric features.

Lot 10 is distinguished by its long length (1940.2 m), and
three horizontal reverse curves of radii 401.5, 451.4, and
308.5 m are introduced; the length of the three curves is
1648.8 m long. In addition, four opposite slope gradients of
an average of 6.7% are found along its vertical profile. Lot
12 is the second noisiest Lot, in which LAeq is 101 dB(A); this
lot is also long at 1569.8 m. The noise is due to the re-
introduction of tight long curves. Lot 12 includes two hor-
izontal reverse curves of radii 401.4 and 501.5 m, wherein
the vertical profile is slightly steep, and the slope gradients
vary from 1.2% to 2.1%.

The values of LAeq in three of the five peaks, namely Lots
02, 14, and 18, are almost equal at approximately 99 dB(A).
Notably, the lengths of these Lots are different, particu-
larly Lot 02, which is roughly one-third the length of two
other Lots. The vertical profiles of the three Lots are not
considerably steep, but their horizontal alignment includes
remarkably tight curves. Approximately three-quarters of
the horizontal profile of Lot 2, that is, 454 m of 609 m, is a
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tight curve of radius 336.6 m. Lot 18 includes the smallest
curve along the line, which is even smaller than the tight
curve of Lot 02, as demonstrated in Fig. 5. However, the
arched portion in Lot 18 is shorter than that in Lot 2 by
approximately one-seventh. Lot 14 is longer than Lots 02
and 18 and includes two tight curves, wherein its arched
portion is longer than the arcs of Lots 02 and 18 by 1.5 and
1.7 times, respectively. Furthermore, the radii of Lot 14
arcs are larger than the two other Lots by a factor of
roughly 1.2e1.6 times. The arched portions in the three
Lots are considered long, varying from 392 m to 662 m.

The measured noise in Lot 16 comes in sixth place at 96
dB(A) after the five peaks. This Lot is not considered long
because 789 m is shorter than all other Lots, except for Lots
02, 06, and 20. Considering the slope gradient, Fig. 5(a)
shows that Lot 16 is steeper than the three Lots of 08, 12,
and 14 and comparable to Lot 10. This condition reveals
that the short slope gradient is not the most influential
factor. This finding is confirmed via observation of the slope
gradients of the three Lots 04, 20, and 24 (Fig. 5(c)), in
which the vertical profile is steep, but their LAeq is less than
Lot 18.

Lots 04 and 20 are in seventh place, which both have the
same LAeq of 94 dB(A). Lot 20 includes a short arc of radius
of 301.5 m, and its vertical profile includes a steep slope of
approximately 4.4% over approximately 220 m. Meanwhile,
Lot 04 does not comprise any tight curves; its length is
Fig. 4 Noise levels in different Lots (Authors). (a) Logarithmic s
band. (b) LpAeq in the low-, mid-, and high-frequency bands.
approximately twice the length of Lot 20, and three-
quarters of its vertical profile comprise sharp reverse
slopes of 6% over approximately 1 km. This finding indicates
that the impact of long steep gradients is equivalent to the
short tight curve with a steep gradient over a short length.
Therefore, the long steep gradient has a significant impact
but less than the tight long curves. This result is validated in
Lots 24 and 08, in which LAeq is remarkably close to LAeq in
Lots 04 and 20.

Lot 24 includes a short tight curve, which is approxi-
mately one-tenth of its length, in addition to a sharp slope
of 5.6% over limited length. Lot 08 includes a tight curve of
only 138 m long and a steep slope gradient for more than
one-third of the Lot length at approximately 334 m.

The least noise is found in the two Lots 06 and 22, in
which LAeq is approximately 90 dB(A) as shown in Fig. 5. Lot
06 does not include any tight curves but only sharp reverse
slopes of 3% over 281 m, approximately one-third of its
length. Lot 22 includes a tight curve but of only short length
at 17.6 m and a slope gradient for more than one-third of
the Lot length at approximately 340 m.

Aeroacoustics noise is absent because trains operate at
the minimum commercial speed and the operator imposes a
speed restriction. Therefore, the braking distances are not
exceeded. The overall speed at each Lot was estimated on
the basis of the measurement period and Lot length. The
speed varies from 37 km/h to 50 km/h as shown in Fig. 5,
ingle value of LpAeq, LpAeqmin, and LpAeqmax at one-third octave



Fig. 5 LAeq in line 3 lots (authors). (a) LAeq in Line 3 Lots versus estimated speed and geometry features of the alignment. (b) Arc
length and radius versus LAeq in Line 3 Lots. (c) Slope gradient and train speed versus LAeq in Line 3 Lots.
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where the lowest speed is estimated in Lot 10 and the
highest value is found in Lot 06, followed by Lots 08 and 22.
This finding can be justified from the rule “trains operate at
a low speed on curves and consecutive ascending grade,”
and such situations exist in Lots 04, 10, 12, 16, and 20.
Therefore, wheel/rail rolling noise is the main noise source,
while aerodynamic noise is irrelevant in this case due to the
operation speed.
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4. Discussion

Fig. 6 shows that the noise produced by trains inside Line 3
Lots exceeds the allowable exposure limits established by
EPA/WHO, NIOSH, and also partially the OSHA limit. This
noise production also violates the noise legislation of Egypt,
in which the noise exposure limit in workplaces requiring
speech intelligibility and audible signals is 80 dB for 8 h
(Egyptian Environmental Affairs Agency, 1994). Fig. 6 clar-
ifies that noise exposure up to 85 dB is over seven working
hours (one shift), while the exposure to 90 dB is approxi-
mately half the shift. The exposure to �100 dB lasts for
approximately 30e12 min/shift.

The logarithmic equivalent noise inside Line 3 tunnel
varies from 90 dB(A) to 105 dB(A). Therefore, the exposure
period of drivers and passengers should not be more than 13
min according to NIOSH and 1.5 min/day according to WHO/
EPA. Following the Environmental Egyptian law (Annex No.4),
all measurements markedly exceed the legislation. The daily
working period is 7 h. Therefore, the drivers and train crew
experience an unsafe working environment, thus putting
them at risk. The previous analysis indicates that the highest
noise levels exist at the important frequencies for speech
intelligibility; mid-frequencies range from 250 Hz to 2 kHz,
where the drivers cannot recognize intelligibly the vocal
signaling and safety alerts of the centralized control room.
Thus, the safety of the trains could be at risk. Commuters are
also exposed to different noise diseases, such as NIHL.

Several possibilities can be the cause of different noise
levels in the tunnel Lots as outlined in Fig. 5. Alignment
profiles govern the noise variance between the different
Lots. Four common parameters of a horizontal profile,
namely overall length and curve radius and length, in
addition to a slope gradient of the vertical profile, are the
rationale behind these variations. Therefore, these factors
have collectively increased the noise in the examined Lots.

The highest noise occurred in Lot 10, which includes
the largest number of tight curves and the longest arc
lengths. Briefly, approximately 80% of the length of Lot
10, that is, 1556 m, comprises tight arcs; in addition, the
vertical profile contains sharp slope gradients. The hori-
zontal alignment of Lot 12, the second nosiest Lot, in-
cludes two tight curves with a total length equal to 687 m.
The total arched portions are 879 m long, which is more
than 50% of the Lot. Meanwhile, the entire vertical profile
is steep but without sharp gradients. The comparison
Fig. 6 Comparison between LAeq in Line 3 and the allow
between the two Lots reveals that the common parame-
ters in both lots are the long-arched portions and the
small radii curves of the horizontal profile; a long arched
portion and a small radius lead to higher noise. Moreover,
the sharp slope gradient in the vertical profile contributes
to the excessive noise.

Although Lots 02, 14, and 18 have almost equal LAeq,
these Lots differ in their horizontal length and vertical
profile. Lots 14 and 18 can be considered long, whereas Lot
02 is the shortest Lot along Line 3 tunnel. The horizontal
profiles of these Lots comprise tight curves despite the
unequal portions either in radius or length. By comparing
the three Lots, Lot 18 has a small radius in its horizontal
curve and arc length but a long and sharp vertical slope
gradient. The horizontal alignment in Lot 14 has a large
radius and arc length together with a slightly steep vertical
profile, while these parameters at Lot 02 are in between.
This result substantiates the finding that Lot length is not
influential unless it comprises tight arcs. The high noise in
these Lots is mainly due to the arched portions together
with the vertical slope gradient, and the first factor is the
most influential.

Similarly, the horizontal profile of Lot 16 includes a tight
arc representing two-thirds of its length. The arc radius is
larger than the arc radii in Lots 02, 18, 20, 22, and 24 and
comparable to the arc radii in Lots 08, 10, 12, and 14. By
comparing the length of the arcs, those of Lots 16 and 14
are almost equal, but that of Lot 16 is three times the arc
length of Lot 08, which is almost one- and two-thirds that of
Lots 10 and 12, respectively. The horizontal alignment
cannot be considered the only factor governing noise
emission because the noise in these Lots is different.

Therefore, the steep slope gradient affects the noise
levels as evidenced in Lot 04, which has no tight curves.
However, three-quarters of its vertical profile, which is
approximately 1 km, comprise a sharp slope gradient
varying from 2.7% to 4%. The logarithmic equivalent noise in
Lot 04 is similar to Lot 20, which includes an arc of radius
302 m that is slightly long but synchronized with a steep
vertical profile; the length of Lot 04 is almost twice the
length of Lot 20. Nevertheless, the individual impact of
tight horizontal curves has far more effect on noise than
steep slopes. This finding is demonstrated upon comparing
LAeq in Lot 04 with other Lots, including tight curves,
whereas the worst case is found by combining both factors.
able noise exposure (different standards) (Authors).



Fig. 7 Time-series analysis for the noise inside Lot 10 (Authors).
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The analysis in Fig. 5 indicates that the horizontal curves
are the most influential factor. Moreover, an inverse pro-
portion exists between curve radius and LAeq, with a cor-
relation coefficient of approximately �0.5. However, a
definite correlation (with a correlation coefficient of 0.9) is
found between arc length and LAeq, while the vertical slope
gradient and LAeq appear uncorrelated. Nevertheless, the
worst values are found when both factors (arc length and
vertical slope gradient) are synchronized.

The results of the time-series analysis for Lot 10 showed
that noise levels rise with the close curve of the arc line
together with the sharp slope gradient, as shown in Fig. 7.
In addition to the train speed which slowed down, partic-
ularly on the transition arc line, the effect of the arc line is
contingent on the slope gradient. This condition can explain
the reduced noise at the transition plots between the
different horizontal curves.

Notably, the noise levels are also affected by the loca-
tion of the train coach. The remeasurement results of the
noise inside an unoccupied middle coach running through
Lot 12 showed LAeq of 97 dB(A) versus 101 dB(A) for the
similar condition but inside the empty cabin at end of the
train. This difference can be justified from the free end of
the last coach, while the middle ones are connected at both
ends. As expected, the closed windows of the unoccupied
middle coach decreased LAeq by approximately 3 dB(A) to
94 dB(A). By contrast, the best reduction is found by
combining the occupation with the closed windows, where
LAeq further decreased to approximately 90.5 dB(A). How-
ever, the noise is still remarkably high. In other words,
other supplementary factors affect the noise inside train
coaches. Unlike the end coach with opened windows, in
which the noise is highest, occupied coaches with closing
windows are exposed to minimal noise.

Additionally, the circular cross-section of the tunnel
focuses on the reflections of noise waves, and the unbal-
lasted tracks contribute to the reverberant field inside the
tunnel. Compared with the ballasted tracks (Choi et al.,
2004; Heckl et al., 1996), the noise inside such tunnels is
high by approximately 7 dB(A). The reflection from the
tunnel surface is assumed to be transmitted through open
windows and coach envelopes and contributes to the inte-
rior noise. The form of the tunnel is governed by structural
and construction considerations. Therefore, the surface
treatment used to dampen the excessive reflections of
noise generated by trains is a necessity.

5. Conclusions

Noise profiling and analysis reveal that the Line 3 tunnel is a
noisy environment that detracts from functionality and
affects the health of drivers and commuters. The desk of
the driver cabin is fitted with a radio unit and a set of de-
vices for mobile communication services between drivers
and the centralized control room. Therefore, speech
intelligibility is a crucial parameter. The degraded sonic
environment inside Line 3 tunnel presents overexposure to
health hazards and design issues for the telecom/signaling
system.

The wide variance in noise levels from one Lot to
another indicates that noise sources within a train are
significantly affected by track alignment. The extreme
emission of wheel/rail noise is the main source of airborne
noise inside the tunnel; thus, the rail system comprises
elements that pose a challenge to noise mitigation.
Permanently closing coach windows to limit the penetrated
noise is recommended until this issue can be resolved,
where the occupation and window conditions are other
factors that affect noise levels inside the coaches.

The analysis substantiates an important correlation be-
tween noise levels, arc radius and length of the horizontal
curve, and/or vertical slope gradient. The change to noise
levels is a function of horizontal curves and/or slope
gradient. The abrasive action of the rolling wheels over the
long and tight horizontal curve results in excessive wear of
the rail, thus increasing track roughness and generating a
high noise.

Surface treatment of the tunnel will alleviate this issue.
However, such treatment is not expected to be a radical
solution. However, further studies are necessary to quan-
tify and identify noise and other influential factors to
resolve the root causes of this issue. These studies will
enable and facilitate the implementation of engineering
noise mitigation options. The other way to reduce noise
exposure is to contain or control the noise at its source.
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