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FREQUENCY-DEPENDENT ASSESSMENT OF
FACADE SOUND INSULATION REQUIREMENTS
UNDER NOISE EXPOSURE FROM ABOVE-
GROUND METRO SYSTEMS

Zafar Tulaganov

PhD Researcher, Tashkent University of
Architecture and Civil Engineering
E-mail: tulyaganovzafar8@gmail.com

Rakhmatullo Pirmatov
Professor, Department of Buildings and Industrial
Structures Tashkent State Transport University

Abstract. This study presents a frequency-dependent assessment of facade sound insulation requirements for buildings
exposed to elevated metro noise in Tashkent. The analysis uses octave-band noise spectra, field measurements near
Matonat and Tuzel stations, and sanitary noise limits. The results indicate that night-time noise limits are exceeded by up
to 33 dB at Matonat and 31 dB at Tuzel within the 250—-1000 Hz frequency range. The findings highlight the importance of
considering frequency-dependent insulation characteristics when selecting facade components. At a design facade noise
level of 78 dB(A), none of the evaluated glazing systems meets the 30 dB(A) night-time limit for residential rooms. The 40
dB(A) daytime limit is achieved only by laminated and double-chamber acoustic glazing systems.

Keywords: elevated metro, facade sound insulation, octave-band spectrum, indoor noise, acoustic comfort, spectrum
adaptation term, noise regulation.

Annotatsiya. Tadgiqotda Toshkent shahridagi yerusti metropoliteni shovqini ta’siriga uchraydigan fugarolik binolari fasa-
dlarining tovush izolatsiyasiga qo‘yiladigan talablar chastotaga bog'liq holda baholangan. Tahlilda «Matonat» va «Tuzel»
bekatlari yaqinidagi fasad zonalarida o‘tkazilgan oflchovlar, oktava chastota spektrlari va shovginning sanitariya me’yorlari
hisobga olingan. Natijalarga ko‘ra, 250—-1000 Gts diapazonida tungi me’yoriy ko‘rsatkichlardan oshish «Matonat» hudu-
dida 33 dB, «Tuzel» hududida esa 31 dB gacha yetgan. Fasad elementlarini tanlashda tovush izolatsiyasining umumiy
ko‘rsatkichlari bilan birga ularning chastotaviy xususiyatlarini hisobga olish zarurligi asoslangan. Fasad oldidagi hisobiy
shovqin darajasi 78 dBA bo‘lganda, ko'rib chigilgan oynalash variantlarining hech biri turar joy xonalari uchun belgilan-
gan tungi 30 dBA me’yorini ta’minlamagan. Kunduzgi 40 dBA me’yoriga esa faqat ko‘p qatlamli va ikki kamerali akustik
oynalash tizimlari mos kelgan.

Kalit so‘zlar: yerusti metropoliteni, fasad tovush izolatsiyasi, oktava spektri, bino ichidagi shovqin, akustik qulaylik, spek-
tral moslashtirish ko‘rsatkichi, shovqinni me’yorlash.

AHHoTauwms. [peacraBneHa YacTOTHO-3aBMCKMas OLieHKa TpeboBaHMI K 3BYKOM30MALMM hacafoB rpaXkaaHCKUX 3aaHnN,
NoABEpraLLnXCa BO3AEWCTBUIO LyMa HaA3eMHOro MEeTpononvTeHa B TallkeHTe. AHanmm3 OCHOBaH Ha pesyrnbraTtax
ob6cnenoBaHns acagHbiX 30H BOMM3W cTtaHumi «MaTtoHat» u «Ty3enby, OKTaBHbIX CMEKTpax LlymMa UM CaHUTapHbIX
HopMaTuBax. YCTaHOBMEHO, YTo B AnanasoHe 250—1000 Iy npeBbIlLeHNne HOYHbIX HOPMATMBHBIX 3HA4YeHu gocturaet 33
Ab Ha yyacTtke «MatoHaTt» 1 31 ab Ha yyacTke «Ty3enb». O60CcHOBaHa HEOOXOANMOCTb YYETA YACTOTHBIX XapaKTEPUCTUK
3BYKOM30MSLMN NMpU Bblbope dhacagHbliX KOHCTPYKUMA. Mpy pacyéTHOM ypoBHe wyma y dacaga 78 ABA Hu oauH u3
pacCMOTPEHHbIX BApMaHTOB OCTEKIEHMS He obecneyrBaeT cobnogeHnst HouyHoro Hopmatmea 30 ABA Ans XKUNbIX KOMHAT.
[HeBHoW HopmaTve 40 oBA obecnevmBaeTCcs TONMbKO MHOTOCMONHBIM U AByXKaMEPHbIM aKyCTUYECKUM OCTEKITEHVEM.

KnioueBble cnoBa: Haf3eMHbIi METPOMONWUTEH, 3BYKOM3ONSAUMS hacafa, OKTaBHbLIWM CNeKTp, LyM B MOMELLEHUN,
aKycTM4eckuni KoMOopPT, CNeKTparnbHbIV Nnokasatens agantauuM, HOpMUpOBaHME LLyMa.
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INTRODUCTION

Urban rail transport is an integral component of sustainable mobility; however, above-ground metro lines
generate specific acoustic loads on nearby residential and public buildings. Unlike underground lines, above-
ground sections radiate noise directly into the urban environment. The resulting acoustic field comprises
rolling noise generated by wheel-rail interaction, vibrations of the track superstructure, acoustic radiation from
elevated guideway components, and sound reflected from surrounding building surfaces [1-3].

For buildings located near above-ground metro sections, the facade serves as the primary acoustic barrier
between the external transportation noise field and the indoor environment. The acoustic performance of a
facade is determined not only by the overall sound level but also by the spectral composition of the incident
noise. When the dominant frequency components of metro noise coincide with frequency ranges in which
windows, installation joints, or ventilation openings exhibit reduced sound insulation, additional protective
measures may be required to ensure indoor acoustic comfort, even when the facade achieves an acceptable
single-number sound insulation rating. Therefore, alongside the weighted sound reduction index (Rw), the
spectrum adaptation term (Ctr) is used to account for noise sources dominated by low- and medium-frequency
components, including rail transport [4].

The adverse effects of transportation noise on human health, particularly sleep quality, have been
documented in comprehensive epidemiological studies [5]. These findings highlight the particular importance
of nighttime conditions in establishing noise limits and designing acoustic protection measures.

Tashkent provides a representative case study of this issue, as above-ground metro sections pass close
to existing residential and public developments. As part of the doctoral research, acoustic measurements were
conducted in facade zones near the Matonat and Tuzel metro stations [6, 7]. The objective of this study is to
develop a frequency-dependent assessment of facade sound insulation requirements based on octave-band
data and to identify the frequency bands that most strongly determine the need for structural and acoustic
protection measures.

The scientific novelty of this study lies in formulating facade sound insulation requirements not only in
terms of overall sound levels but also across individual octave frequency bands, through direct comparison
of the noise spectrum generated by above-ground metro operations with regulatory reference curves. The
proposed approach also incorporates separate assessments of compliance with daytime and nighttime noise
limits for residential interiors.

YacToTHO-3aBMCHMAasi MOJAEJIb Nepeaavyr uiyMa HAA3€MHOro
METPONOJIMTEHA MO CX€ME «HCTOYHMK — NMyTh — (pacaj — moMelmeHue»

M oo o R --‘.'g)’ A e T ke SRy s T
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Figure 1. Frequency-Dependent Model of Noise Transmission from an Above-Ground Metro System Through the
“Source-Propagation Path-Facade-Room” Framework!

LITERATURE REVIEW

In a study published in 2016, Li X., Thompson D. J., and Jones C. J. C. examined the mechanisms of railway
bridge noise generation, including wheel-rail interaction, vibration of structural components, and acoustic
radiation. The authors synthesized scientific findings concerning the characteristics of noise propagation from

1 ABTOpCKasn pa3paboTka
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rail transport systems [1]. In 2025, Song L., Luo T., Zhang B., and Liu X. investigated the acoustic characteristics
of noise generated by trains operating on elevated urban rail transit structures. Their findings are relevant to
assessing the noise impact of above-ground metro lines on surrounding buildings [2].

In 2025, Liu Q., Han X., Wang X., and Zhang Y. investigated noise radiation from elevated rail transit
systems incorporating track structures with different elastic properties. Their study highlights the importance of
track structural characteristics in assessing acoustic impacts [3]. The international standard 1SO 717-1:2020
establishes methods for evaluating airborne sound insulation in building elements, including the application of the
weighted sound reduction index R  and spectrum adaptation terms. These provisions provide a methodological
basis for assessing the acoustic performance of facade and window systems [4].

The World Health Organization’s guidelines for the European Region, published in 2018, synthesize scientific
evidence on the effects of transportation noise on human health, sleep quality, and living conditions [5]. The
reviewed studies address the mechanisms of transportation noise generation, its propagation characteristics,
and methods for evaluating the sound insulation performance of building elements. Based on these findings, a
frequency-dependent assessment of facade sound insulation requirements for buildings located near above-
ground metro lines is considered appropriate, taking into account octave-band noise spectra and regulatory
limits for daytime and nighttime conditions.

RESEARCH METHODOLOGY

Input Data. This study utilizes generalized octave-band spectra obtained from acoustic surveys conducted in
facade zones near the above-ground Matonat and Tuzel metro stations in Tashkent as part of doctoral research.
The assessment is based on octave-band sound pressure levels because facade components, particularly
windows and glazed structures, exhibit substantially nonuniform sound insulation performance across different
frequencies. The measured data are compared with daytime and nighttime regulatory reference curves used in
sanitary noise assessments [8, 9]. The measurement methodology is based on references [10-12], while the
calculation of indoor sound levels follows the approach presented in [13].

The nature of the input data should be explicitly clarified: the spectra presented represent generalized
(smoothed) values derived from the survey results rather than individual measurement records. The associated
limitations are discussed in Section 5.

Calculation Equations. The facade is considered a composite acoustic system comprising opaque wall
sections, window units, installation joints, ventilation openings, and potential buffer zones. The overall sound
transmission coefficient of such a facade within a specified octave band is determined through area-weighted
energy summation:

1218iTi(fr)

)
s(f) = TymLs (D

Where 71.(f,) is the overall sound transmission coefficient of the facade in the octave band with center
frequency f,; S, is the area of the j-th facade element, m?; Tj(fk) is the sound transmission coefficient of the j-th
element; and \(m\) is the number of facade elements considered.

The equivalent sound insulation performance of the facade is expressed as follows:

R's(fi) = 10lg

1
Tz (fk)

(2)

where R',(f,) is the equivalent sound reduction index of the facade as a whole, dB.
The indoor sound pressure level resulting from noise incident on the facade is expressed as:

Lin(fk) - Lout,fac(fk) - er.‘(fk) + RC(fk) 3)

where L, (f,) is the calculated indoor sound pressure level, dB; L_, . (f,) is the sound pressure level incident
on the facade, dB; R (f,) = 10 Ig (S/A) is the receiving-room correction, dB; S is the area of the external building
envelope, m?; and A is the equivalent sound absorption area of the room, m2.

To compare two facade configurations, the reduction in indoor sound level achieved through an improved
facade solution is determined as follows:

ALimpr = Lin,base - Lin,sol 4)
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where AL, is the improvement achieved by the selected facade solution, dB; L,
indoor sound level for the baseline configuration, dBA; and L,
improved configuration, dBA.

The required facade sound insulation for a specified permissible indoor sound level is determined from
Equation (3):

noase 1S the calculated
is the calculated indoor sound level for the

Rreq = Lout,fac = Lingam + Rc + 4 (3)
where Rreq is the required facade sound insulation, L, . is the permissible indoor sound level, dBA; and
A, is the safety margin accounting for uncertainty, installation quality, and potential acoustic leakage paths, dB.

Assumptions Adopted for the Calculation Scenario. In the calculation scenario presented in Section 3,
R. = 0 dB, corresponding to the condition S = A (reference room), and A, = 0 dB. These assumptions enable
different glazing configurations to be compared on a consistent basis. When designing a specific building,
the values of R and A_ must be determined according to the actual room geometry and the assessment of
installation quality.

The sum R+ C,_is used as the sound insulation performance indicator for facade elements because the
noise spectrum of above-ground metro systems is characterized by predominantly low- and medium-frequency
components [4].

ANALYSIS AND RESULTS

Table 1 presents the octave-band sound pressure levels measured in facade zones near the Matonat
and Tuzel metro stations, together with the regulatory reference curves for areas immediately adjacent to
residential buildings. The spectra exhibit nonuniform frequency distributions, with elevated sound pressure
levels observed in the 250-1000 Hz frequency range at both locations. This characteristic is particularly
important when selecting facade and window systems.

Table 1. Octave-Band Sound Pressure Levels in Facade Zones and Regulatory Reference Curves for Adjacent Areas,
dB?

Location / Frequency, Hz 63 | 125 (250 [500 |[1000 |2000 |4000 |\(L_{Aeq}\), dBA
Matonat station (survey) 68 |72 75 76 73 68 61 77.3

Tuzel station (survey) 66 | 70 73 74 71 66 59 75.3

Daytime regulatory limit (adjacent area) 75 | 66 59 54 50 47 45 55

Nighttime regulatory limit (adjacent area) 67 | 57 49 44 40 37 35 45

Note. The L,  values for the surveyed locations were calculated by energetically summing the octave-
band sound pressure levels after applying A-weighting corrections. For the regulatory reference curves, the
corresponding overall permissible values are presented.

The comparison indicates that, at 63 Hz, the measured sound pressure levels remain below the daytime
regulatory reference curve. However, substantial exceedances of the regulatory limits are observed from 125
Hz onward. At the Matonat location, the daytime regulatory limits are exceeded by 6 dB at 125 Hz, 16 dB at
250 Hz, 22 dB at 500 Hz, and 23 dB at 1000 Hz. At the Tuzel location, the corresponding exceedances are 4,
14, 20, and 21 dB, respectively. Thus, the most significant exceedances of daytime regulatory limits occur in
the 500 and 1000 Hz octave bands.

2 ABTOpCKas pa3paboTka
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Figure 2. Octave-Band Noise Spectra in the Facade Zones of Matonat and Tuzel Stations Compared with Regulatory
Reference Curves for Adjacent Areas?

A comparison of nighttime conditions indicates more stringent requirements for acoustic protection (Table
2). At the Matonat location, the measured levels exceed the nighttime regulatory reference curve by 1 dB at 63
Hz, 15 dB at 125 Hz, 26 dB at 250 Hz, 32 dB at 500 Hz, 33 dB at 1000 Hz, 31 dB at 2000 Hz, and 26 dB at 4000
Hz. At the Tuzel location, the corresponding differences are -1, 13, 24, 30, 31, 29, and 24 dB. These findings
confirm the importance of establishing nighttime acoustic protection requirements based on both overall sound
levels and frequency-dependent assessments.

Table 2. Exceedance of the Nighttime Regulatory Reference Curve by Octave Band, dB*

Location / Frequency, Hz 63 125 250 500 1000 2000 4000
Matonat — exceedance 1 15 26 32 33 31 26
Tuzel — exceedance -1 13 24 30 31 29 24
Difference (Matonat — Tuzel) 2 2 2 2 2 2 2

3 ABTOpCKas pa3paboTka
4 ABTOpCKas pa3paboTka
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Figure 3. Exceedance of the Nighttime Regulatory Reference Curve by Octave Band at the Surveyed Locations®

An additional calculation scenario was examined for an external sound level of 78 dBA at the facade. This
value is consistent with the overall sound level of LAaks = 77,3 dBA derived from the octave-band spectrum
at the Matonat location (Table 1) and was rounded upward. The scenario was used to compare the relative
acoustic performance of different glazing configurations. The results are presented in Table 3.

Table 3.

Calculation Scenario: Indoor Sound Levels at an External Facade Sound Level of 78 dBA (RC = 0 nb, As = 0 gb) ¢
Facade glazing Rw + Ctr, dB Lin, dBA ALimpr, dB Difference from Difference from
configuration daytime limit (40 nighttime limit (30

dBA), dB dBA), dB
Single glazing 21.0 57.0 — +17.0 +27.0
Double glazing,
4-6-4 29.0 49.0 8.0 +9.0 +19.0
Double glazing,
4-16-4 32.0 46.0 11.0 +6.0 +16.0
Laminated acoustic | 59 g 38.5 18.5 -15 +8.5
glazing
Acoustic dout?le- 46.0 32.0 25.0 -8.0 20
chamber glazing

Note. The daytime (40 dBA) and nighttime (30 dBA) limits apply to living rooms in residential apartments and
were adopted from references [8, 9]. The indoor sound levels L, were calculated using Equation (3), assuming
R.=00b, moecms L, =78~ (R, +C,).

5 ABTOpCKasn pa3paboTka
6 ABTOpCKas paspaboTka
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Figure 4. Calculated Indoor Sound Levels for Different Glazing Configurations at an External Facade Sound Level of
78 dBA’

The numerical comparison demonstrates that single glazing results in a calculated indoor sound level
exceeding the daytime regulatory limit for residential living rooms by 17.0 dB and the nighttime limit by 27.0
dB. When conventional double-glazed units with configurations of 4—6—4 and 4-16—4 are used, the daytime
limits are exceeded by 9.0 and 6.0 dB, while the nighttime exceedances reach 19.0 and 16.0 dB, respectively.
Laminated acoustic glazing satisfies the daytime limit with a margin of 1.5 dB, although the nighttime limit is
exceeded by 8.5 dB. Acoustic double-chamber glazing provides a margin of 8.0 dB relative to the daytime limit;
however, the calculated indoor sound level remains approximately 2.0 dB above the nighttime limit.

The findings confirm that acoustic facade design for buildings located near above-ground metro lines must
account for the frequency-dependent characteristics of sound insulation. The greatest exceedances occur
not in the lowest octave band of 63 Hz but predominantly within the 250-1000 Hz frequency range. This is
particularly important because many window systems exhibit nonuniform sound insulation performance and
may demonstrate reduced acoustic attenuation within resonant frequency ranges, including the mass—air—
mass resonance region.

A comparison of the Matonat and Tuzel locations reveals a consistent difference of approximately 2 dB
across all examined octave bands, with higher sound pressure levels recorded at Matonat. Although this
difference is relatively small, substantial exceedances of nighttime regulatory limits are observed at both
locations. Consequently, structural and acoustic protection measures are necessary in both cases. The
differences between the locations should be considered when selecting the safety margin A_ and determining
facade performance requirements, without altering the overall need for protective measures.

The calculation scenario demonstrates that conventional window systems require additional improvements
in acoustic performance to ensure compliance with indoor noise limits during both daytime and nighttime
periods. For double-glazed units with configurations of 4—-6—4 and 4-16—4, the daytime regulatory limits for
residential living rooms are exceeded by 9.0 and 6.0 dB, respectively. This finding emphasizes the importance
of distinguishing between regulatory limits applicable to adjacent outdoor areas and those established for indoor
environments, as their application without appropriate differentiation may result in inaccurate assessments of
the acoustic performance of conventional glazed structures.

Even acoustic double-chamber glazing must be combined with airtight installation joints, acoustically
protected ventilation systems, and effective control of potential sound leakage paths. When ventilation is
provided by opening windows, the actual sound insulation performance of the facade decreases substantially,
regardless of the nominal laboratory rating of the glazing unit. Furthermore, achieving an overall facade sound

7 ABTOpCKas pa3paboTka
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insulation rating of approximately R +C =46 dB, including the effects of installation joints and ventilation
openings, presents considerable technical challenges. This further demonstrates the need for comprehensive
acoustic protection measures rather than relying exclusively on glazing replacement.

Low-frequency and structure-borne noise components transmitted through elevated guideway structures
and the ground also require particular attention. Their assessment extends beyond the scope of airborne sound
insulation provided by the facade and requires separate investigation in accordance with reference [14].

In practical building design, facade noise protection should include the selection of acoustic glazing
based on octave-band data and the R +C_ rating; the use of airtight connections between window frames
and surrounding walls; the installation of acoustically attenuated air inlets or mechanical ventilation systems;
the orientation of noise-sensitive rooms away from above-ground metro lines; and in situ acoustic verification
following construction or renovation in accordance with reference [12].

The octave-band spectra presented in this study represent generalized values derived from acoustic surveys
conducted in facade zones and do not constitute individual measurement records. In particular, the difference
between the Matonat and Tuzel locations is exactly 2 dB across all seven octave bands (Table 2), reflecting
the data generalization procedure rather than an independently measured frequency-dependent difference.
Further validation requires independent measurements in each octave band, including documentation of the
sound level meter type and accuracy class, measurement dates and meteorological conditions, microphone
height and distance from the facade plane, the number of train pass-by events considered, and the expanded
measurement uncertainty in accordance with references [10, 11].

Further clarification is required regarding whether the external facade sound level L, .. - accounts for sound
reflection from the facade surface. Depending on the adopted measurement configuration, this may introduce
differences of up to 3 dB, directly affecting the calculated indoor sound levels.

The R +C, values presented in Table 3 represent nominal sound insulation ratings of glazed structures.
Under in situ conditions, facade sound insulation is generally 3-5 dB lower than laboratory values because
of installation joints, ventilation openings, and flanking sound transmission. Therefore, the final assessment
should be based on in situ measurements conducted in accordance with reference [12].

The calculation scenario assumes R.=0 dB and A =0 dB. For an actual room, R, may vary by several
decibels in either direction, depending on the ratio between the area of the external building envelope and the
equivalent sound absorption area.

CONCLUSIONS AND RECOMMENDATIONS

1. A frequency-dependent approach to assessing facade sound insulation requirements under noise
exposure from above-ground metro systems has been developed. The octave-band data obtained in facade
zones near the Matonat and Tuzel stations indicate that the most substantial exceedances of regulatory limits
occur within the 250-1000 Hz frequency range.

2. At the Matonat location, exceedances of nighttime regulatory limits reach 32 dB at 500 Hz and 33 dB at
1000 Hz. At the Tuzel location, the corresponding exceedances are 30 and 31 dB. These findings demonstrate
the importance of considering not only overall sound levels but also the spectral relationship between metro
noise and the frequency-dependent sound insulation characteristics of facade components.

3. The calculation scenario for an external facade sound level of 78 dBA indicates that single glazing
results in an indoor sound level of approximately 57 dBA, whereas acoustic double-chamber glazing reduces
the calculated level to approximately 32 dBA. Thus, the improved glazing configuration provides a 25 dB
reduction in indoor sound level relative to the baseline configuration.

4. The examined glazing configurations demonstrate different degrees of compliance with the nighttime
regulatory limit of 30 dBA for residential living rooms. Even with the most effective configuration, the calculated
indoor sound level exceeds the established nighttime limit by approximately 2 dB. Meanwhile, compliance with
the daytime limit of 40 dBA is achieved only with laminated acoustic glazing and acoustic double-chamber
glazing.

5. Effective acoustic protection of buildings requires an integrated approach combining glazing selected
according to the R +C, rating, airtight installation, controlled acoustically attenuated ventilation, and appropriate
spatial arrangement of noise-sensitive rooms. The calculated results require further refinement through in situ
measurements for each individual building.

Practical Recommendations

1. Apply frequency-dependent assessments of facade sound insulation when designing buildings located
near above-ground metro lines.

2. Use laminated acoustic glazing and acoustic double-chamber glazing in accordance with applicable
regulatory requirements.

202 t.me/scupus_IST2100 https://ist-journal.uz
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3. Ensure airtight installation joints and incorporate acoustically attenuated ventilation systems.
4. Provide appropriate spatial arrangements of residential rooms in relation to transportation noise sources.
5. Conduct in situ acoustic measurements to verify the effectiveness of the adopted design solutions.
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