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Abstract

Room-average reverberation time (RT) is commonly used to assess acoustic conditions in
existing sports halls. Still, it provides limited guidance on where additional measurements
or retrofit investigations should be prioritised. This study develops and demonstrates
an auditable acoustic performance decision framework using measurements from four
school sports halls in Amman, Jordan. The framework separates five decision dimensions:
benchmark-relative performance deficit, receiver-level and octave-band heterogeneity, spec-
tral behaviour, first-order intervention burden, and evidence quality. Octave-band RT and
descriptive unoccupied sound pressure-level data were available at three receiver positions
from 125 to 8000 Hz. Mid-frequency RT (Tmf; 500, 1000, and 2000 Hz) was compared
with the BB93 refurbishment benchmark, with leave-one-receiver-out sensitivity and data-
quality checks used to test the stability of the diagnosis. All four halls exceeded Tyf =2.0's
(2.50-3.11 s). Case 1 showed the largest deficit (~56%) and T f receiver variability (~25%);
Cases 2 and 3 showed moderate deficits with low variability; and Case 4 combined the
smallest mean deficit with the highest mean bandwise variability (~15%). The framework
converts measurement data into explicit case-specific next actions for measurement and
retrofit development while making evidence quality visible.

Keywords: building acoustics; acoustic performance; sports halls; reverberation time;
receiver variability; retrofit prioritisation; decision framework; building performance

1. Introduction

Acoustic performance is an integral component of indoor environmental quality in
sports facilities, where large room volumes, extensive hard finishes, and long source—
receiver distances can prolong sound decay and compromise speech communication [1-3].
In physical education teaching, verbal instruction must remain intelligible while activity-
related sound is often high. Measurements in school sports halls and larger multi-hall
investigations have documented prolonged reverberation, spatially variable acoustic condi-
tions, and difficulties in speech communication [4-6]. Recent occupational health evidence
also indicates elevated risks of voice and hearing disorders among specialist physical educa-
tion teachers [7]. An integrative review of educational-building acoustics likewise identifies
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acoustic conditions, occupant performance, and health as major research themes and calls
for stronger evaluation and improvement methods [8]. From an architectural-engineering
perspective, these outcomes represent building performance problems shaped by enclosure
scale, geometry, material selection, and the distribution of acoustic absorption.

Building performance evaluation provides a useful framework for interpreting mea-
sured indoor conditions as evidence of how a building performs rather than as isolated
test results. Indoor environmental quality is commonly understood as a multi-domain
construct that includes acoustic conditions alongside thermal, visual, and indoor air quality
performance [9-11]. A recent mixed-method systematic review further characterises IEQ
as a multidisciplinary field and identifies cross-domain interactions as an area requiring
greater integration [12]. Within that broader context, the present study treats acoustics
as a domain-specific building performance module: it documents architectural context,
quantifies the measured state, identifies benchmark-relative performance gaps, charac-
terises receiver-level variability, and translates those observations into explicit retrofit
follow-up decisions.

Reverberation time is the most widely reported descriptor in sports hall studies
because it is comparatively simple to measure and directly reflects the balance between
room volume and sound absorption. However, RT alone cannot fully represent acoustic
building performance. Speech intelligibility also depends on source level, background noise,
source-receiver geometry, early-to-late energy balance, and source orientation [13-15]. Ren,
Liu [14] showed in two university classrooms that changing speaker orientation altered
speech level by up to 3 dBA and the Speech Transmission Index (STI) by up to 0.11; acoustic
treatment improved speech-intelligibility scores by 5-10%. Yang and Mak [15] likewise
demonstrated, across secondary school and university classrooms, that signal to noise
ratio (SNR), early decay time (EDT), and clarity (C80) provide complementary information
when explaining speech intelligibility at different listening positions. Jurak, Kovac [4]
measured 35 school sports halls in Slovenia and reported poor or only satisfactory speech
intelligibility in 86% of the sample, while Del Brenna [16] found that fewer than half of
18 measured sports halls met the applicable regulation limits and that some halls failing
RT limits nevertheless exhibited a comparatively better STL. Measurements in 29 sports
halls have likewise combined Ty with sound strength and the STI, showing relationships
among equivalent absorption, sound strength, and speech-related performance [5]. Broader
architectural-acoustics synthesis argues that acoustic evidence should be incorporated
into built-environment decision processes [17]. At the same time, a recent systematic
review of educational spaces identifies reverberation time, background noise, SNR, speech
transmission, and speech clarity as complementary acoustic performance descriptors linked
to design enablers [18]. Recent multi-criteria acoustic-design research similarly treats
reverberation, clarity, definition, and sound distribution as complementary performance
dimensions rather than a single optimisation target [19]. Together, this evidence supports a
performance diagnosis that retains RT but does not reduce the condition of the building to
a single room-average value.

A further complication is that sports halls frequently violate the diffuse-field as-
sumptions underlying simple Sabine-type prediction. Absorption is often concentrated
at the ceiling while lower walls and floors remain reflective, allowing flutter echoes and
position-dependent decay behaviour. Comparative modelling has shown that diffuse-field
methods can deviate from measured sports hall responses when absorption is strongly
non-uniform [20]. At the same time, scale-model work has demonstrated that profiled
ceilings can alter low-frequency reverberation through scattering and geometry-dependent
effects [21]. Large in situ datasets likewise emphasise that the location of absorbing surfaces
matters, not only the total amount of absorption [6].
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The benchmark itself also requires careful interpretation. Building Bulletin 93 (BB93)
provides school acoustics performance criteria in the United Kingdom, including a re-
furbishment maximum for indoor sports halls. In contrast, ASA/ANSI 512.60-2019 /Part
4 (R2024) is specifically directed at physical education teaching environments and in-
cludes criteria and guidance for reverberation and source background noise [22,23]. DIN
18041:2016 likewise treats sports halls as rooms in which speech communication over
medium and large distances is important and explicitly covers sports halls and indoor
swimming pools up to approximately 30,000 m® [24]. The existence of multiple national
criteria reflects different regulatory contexts and design philosophies rather than a single
universal sports hall limit; Liithi and Desarnaulds [6] similarly documented substantial
variation across 12 standards and recommendations. Accordingly, any external benchmark
used in a Jordanian case study must be identified as a comparison framework rather than a
local statutory requirement.

Retrofit design therefore requires more than adding a nominal quantity of absorber.
Absorption coefficients vary with frequency, specimen configuration, mounting depth,
backing, perforation ratio, and construction [25-28]. ISO 354 measurements characterise test
assemblies in a reverberation room and are valuable for comparison and design calculation,
but they do not guarantee identical installed performance in a non-diffuse sports hall
field [28]. Recent gymnasium renovation research has moved toward calibrated room
acoustic models, comparison of alternative schemes, implementation, and post-renovation
verification [29]. For preliminary diagnosis, however, transparent first-order calculations
can still be useful when their assumptions and limitations are explicit and when they are
not presented as validated predictions.

Evidence Base from Sports Hall Measurements and Standards

Field evidence from sports and physical education spaces consistently shows that
reverberation problems are not isolated to one country or building type. Del Brenna [16]
assessed 18 sports halls across 14 facilities using reverberation time, the Speech Trans-
mission Index (STI), and weighted noise level, illustrating the value of combining decay,
intelligibility, and noise descriptors. Liithi and Desarnaulds [6] subsequently compared
12 standards/recommendations and assembled in situ data from 52 sports halls, while
Wenmaekers, van Hout [5] measured 29 sports halls using Ty, sound strength, the STI,
room volume, and equivalent absorption. Taken together, these earlier investigations and
more recent multi-hall studies [5,6] demonstrate that prolonged reverberation remains an
important concern in sports facilities while highlighting the limitations of characterising
acoustic conditions through room-average RT alone. Subsequent research has examined
receiver-dependent reverberation behaviour [30] and extended retrofit assessment towards
calibrated modelling and post-renovation verification [29]. These developments provide
the basis for positioning the present study as a pre-retrofit diagnostic investigation rather
than a complete acoustic characterisation or a validated retrofit intervention.

Spatial non-uniformity is particularly relevant when only a few receiver positions are
available. Still, a limited receiver set should not be interpreted as a complete map of the
room field. Recent room acoustic research has shown that frequency-dependent RT can
vary with position and that source/receiver selection affects estimates of spatially averaged
decay, especially at low frequencies [30]. Field measurements have documented flutter
echoes in sports halls [5]. Acoustic modelling and scale-model investigations have also
demonstrated the influence of non-diffuse sound propagation, absorption distribution, and
profiled-ceiling geometry on acoustic behaviour [20,21]. The present analysis therefore
treats spatial dispersion as an observed property of the P1-P3 measurements, not as a
complete spatial characterisation of each hall.
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The literature also shows that the consequences extend beyond a purely technical
room acoustics problem. Ryan and van der Mars [31] describe the rationale for the physical
education-specific ANSI/ASA 512.60 standard, which treats reverberation and background
noise as distinct design concerns. In a representative sample of 858 teachers, Markelj,
Kovat [7] found that specialist physical education teachers had elevated risks of hearing
disorders and hoarseness relative to other teacher groups. More recently, Huang, Liang [32]
combined measurements and questionnaires in six indoor badminton gyms with 527 par-
ticipants and found that sound pressure level alone had limited explanatory power for
perceived acoustic comfort. A complementary user-centred study in the same venue type
used online review evidence to show that acoustic perception can be embedded in broader
functional and experiential evaluations of indoor badminton venues rather than appearing
only as explicit noise complaints [33]. These studies support a multi-layer interpretation in
which reverberation, noise, spatial distribution, speech communication, and user response
are related but not interchangeable outcomes.

Retrofit studies also suggest a progression in methodological strength. Alibaba and
Ozdeniz [34] combined unoccupied measurements with room acoustic simulation for a
multipurpose university hall, while Wang, Ma [29] coupled field measurements, calibrated
ODEON simulation, scheme comparison, implementation, and post-renovation verification.
The present study instead focuses on diagnostic assessment and retrofit prioritisation, with
screening calculations intentionally separated from validated retrofit prediction.

Jordan provides an important regional context but remains comparatively under-
documented. Hammad [35] reported the acoustic design and outcome of the Amman
Sport Arena. Al-Arja [36] subsequently measured 20 indoor sports and gymnasium halls in
Amman and reported reverberation times from 1.09 to 5.38 s together with activity noise
levels of 80-110 dB(A), demonstrating that long reverberation and high activity noise are
not isolated problems in the local building stock. The present study focuses on four school
multi-sport halls measured while unoccupied—but retains position-level octave-band RT
data that allow a transparent analysis of spectral behaviour and spatial variability.

Against this background, the research problem addressed in the present study is
how a restricted set of measured acoustic data can be interpreted to identify transpar-
ent, case-specific follow-up actions before retrofit interventions are selected. The study
demonstrates a structured diagnostic workflow rather than proposing a new acoustic
performance indicator or claiming validated retrofit outcomes. Instead of aggregating
the available evidence into a single score, the framework presents five decision dimen-
sions: (1) benchmark-relative acoustic performance deficit; (2) observed receiver-level and
octave-band variability; (3) low-, mid-, and high-frequency RT contrasts; (4) first-order
intervention burden in absolute and floor-area-normalised terms; and (5) robustness and
evidence quality considerations. These dimensions are not assumed to be statistically
independent; rather, they provide different, partly related interpretations of the measured
data and architectural context. Their combined interpretation supports differentiation
of follow-up requirements that would not necessarily be apparent from room-average
RT alone.

Three questions guide the analysis: (1) how do the four halls differ in benchmark-
relative Tryf, spectral pattern, and receiver-level variability; (2) how robust are those
case-level diagnoses to receiver omission and data quality considerations; and (3) what
scale of first-order intervention burden is indicated when the measured acoustic deficit
is interpreted together with architectural context? The workflow is designed to identify
the most appropriate next step for each case, from measurement to frequency-resolved
modelling and retrofit development.
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2. Materials and Methods

This study is a multi-case diagnostic study of four indoor school multi-sport halls
in Amman, Jordan. The halls span volumes from 817 to 20,736 m?3 and differ in height,
glazing proportion, and principal interior finishes, providing a heterogeneous architectural
testbed for the decision framework. The analysis followed five stages: (1) documentation of
building-scale and material characteristics; (2) analysis of RT and unoccupied octave-band
sound pressure-level data at three receiver positions; (3) derivation of benchmark-relative,
spectral, and receiver-level performance indicators; (4) robustness and data quality checks;
and (5) first-order screening of retrofit intervention burden. The hall is the case-level unit of
comparison. The three receiver positions are repeated measurement locations within each
hall and are not treated as independent experimental replicates. Accordingly, the analysis
is descriptive and diagnostic rather than inferential: it is intended to support case-specific
performance assessment and follow-up design decisions, not population estimates for
Jordanian sports halls.

2.1. Description of the Case Study Sports Halls

The four halls differed substantially in dimensions, volume, glazing proportion, and
interior finish. Their principal architectural characteristics are summarised in Table 1, and
Figure 1 illustrates the interior configuration of each case.

Table 1. Architectural characteristics of the four case study sports halls.

Case Hall g;lght :‘ni;lgth m)d th Xﬁ;;lme (G()/l;lzmg Principal Interior Finishes

Tla’a Al-Ali Walls: corrugated metal (upper);

School 12 48 36 20736 5 gypsum plaster/paint (lower)

Sport Hall ’ Ceiling: exposed corrugated ceiling
P Floor: hardwood

Al-Ridwan Walls: gypsum plaster, coloured

School 41 15.7 127 817 3 paint, reflective panel

Sport Hall ' ' ' Ceiling: gypsum plaster
P Floor: rubber tiles

Amman Walls: carpet (lower); gypsum

Academy 11 30 21 6930 5 plaster (upper) .

Sport Hall Ceiling: exposed corrugated ceiling
P Floor: PVC vinyl

Al Hasad Walls: gypsum plaster

School 6 30 15 2700 50 Ceiling: gypsum plaster

Sport Hall Floor: PVC vinyl

2.2. Acoustic Performance Diagnostic Framework for Building Performance Assessment

To connect room acoustic evidence with building performance decision making, the
analysis was organised as a decision-oriented acoustic performance pathway (Figure 2).
The first layer documents architectural context—room scale, geometry, glazing, and princi-
pal finishes—because these conditions define the enclosure in which acoustic performance
emerges. The second layer retains the measured acoustic state (octave-band RT and descrip-
tive unoccupied SPL). The third layer translates the measurements into distinct diagnostics:
benchmark-relative Tinf deficit, observed receiver-level heterogeneity, spectral contrasts,
and evidence quality /receiver sensitivity checks. The fourth layer estimates first-order
intervention burden through AAgceen and plan-area normalisation. The final layer converts
those diagnostics into a staged decision pathway: prioritise follow-up survey, then progress
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to frequency-resolved modelling or design, certified material specification, installation, and

post-retrofit verification.

(b)

(d)

Figure 1. Interior views of the four indoor sports halls included in the field investigation: (a) Case 1,
Tla’a Al-Ali; (b) Case 2, Al-Ridwan; (c) Case 3, Amman Academy; and (d) Case 4, Al Hasad.

1 ARCHITECTURAL
CONTEXT

Scale & geometry

2 MEASURED ACOUSTIC
STATE

Octave-band RT

A 4

3 PERFORMANCE DIAGNOSIS

Tmf gap + spatial CV
Spectral pattern + evidence

Glazing & principal finishes Contextual unoccupied SPL quality
7'y
A 4
4 INTERVENTION BURDEN 5 RETROFIT DECISION PATHWAY
DAscreen : i Prioritise — follow-up survey
Plan-area-normalised burden : Model/desigh — post-retrofit verification

Post-retrofit verification closes the performance feedback loop

Single-domain acoustic building-performance module

Figure 2. Acoustic performance diagnostic pathway linking architectural context, measured acoustic
state, performance deficit and receiver-level heterogeneity, intervention burden, and performance-
based retrofit decision making. Solid arrows indicate the sequence of diagnostic stages, while the
dashed line represents the post-retrofit verification feedback loop.
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2.3. Acoustic Performance Criteria and Calculation Methods

Acoustic performance was evaluated using octave-band RT and unoccupied sound
pressure-level records from 125 to 8000 Hz. The sound-level data are reported as descriptive
octave-band SPLs and are not used for formal environmental noise assessment. This
distinction is important: activity noise exposure in occupied sports halls can be substantially
higher than unoccupied room levels and is governed by different assessment criteria [23,36].

Reverberation time is used as the principal acoustic indicator for the present prelim-
inary assessment, but it does not provide a comprehensive description of room acoustic
quality. Complementary parameters, including clarity (C50/C80), definition (D50), and
sound strength (G), provide additional information on the temporal distribution of sound
energy and the strength of the sound field [5,18,19]. However, the retained dataset does not
contain the time-resolved room impulse responses required to derive clarity and definition
reliably or the appropriately referenced and calibrated measurements necessary to calculate
sound strength. Consequently, these parameters cannot be reconstructed reliably from
the available octave-band RT and descriptive SPL records. This study therefore focuses
on RT-based diagnostic screening while recognising the need for complementary acoustic
measurements in subsequent investigations.

Reverberation time describes the decay of sound energy after the source is interrupted
and is conventionally normalised to a 60 dB decay. The measured decay parameter is
referred to as reverberation time (RT) throughout the study. ISO 3382-2:2008 specifies
procedures, apparatus, measurement positions, data evaluation, and reporting for RT
in ordinary rooms, but it does not prescribe a target RT [37]. For these existing school
sports halls, BB93 is used as a traceable external refurbishment benchmark because it
defines Tryf as the arithmetic mean of the 500, 1000, and 2000 Hz RT values and specifies a
refurbishment limit of Tinf < 2.0 s for indoor sports halls [22]. ASA/ANSI 5§12.60-2019/Part
4 (R2024) provides complementary physical education-specific guidance and is used here
for contextual comparison rather than compliance assessment [23,31]. The investigated
halls are assessed in their existing function as school sports facilities used for physical
education and related activities; no change of use is proposed. The BB93 refurbishment
threshold of Trnf < 2.0 s is adopted as an external reference for preliminary reverberation-
time diagnosis rather than as a universally optimal target or a statutory requirement in
Jordan. Exceeding this benchmark indicates a reverberation-related performance deficit
requiring further investigation, whereas meeting it alone would not demonstrate adequate
speech intelligibility or acoustic suitability for every activity. For preliminary absorption
screening, the relationship between reverberation time, room volume, and equivalent
sound absorption area was expressed using the Sabine equation:

T=0.161V/A (1)

where
T is the reverberation time in seconds.
V is the room volume in cubic metres.
A is the total equivalent absorption area of the room (m? sabin).

Tuf = (RTs00 + RT1000 + RT2000)/3 )

AAscreen =0.161V (1/Ttarget - 1/Tmf) (3)

For each hall, Tinf was calculated as the arithmetic mean of the spatially averaged RT
values at 500, 1000, and 2000 Hz (Equation (2)), consistent with the BB93 definition [22].
A first-order additional-absorption screening index was then obtained by rearranging
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the Sabine relation (Equation (3)), with Ttarget = 2.0 s [25,26]. This provides a transpar-
ent scale estimate of the extra equivalent absorption associated with reducing the single
mid-frequency indicator from the measured T f to the adopted benchmark. The result-
ing AAgcreen is a first-order, geometry-dependent screening indicator derived from the
measured T f and hall volume, rather than an independently measured absorption require-
ment or a prediction of installed retrofit performance. Normalising this value by floor area
facilitates comparisons between the investigated cases but does not eliminate the influence
of room geometry, particularly height. Furthermore, the Sabine-based calculation assumes
an approximately diffuse sound field and does not account for the frequency-dependent
performance or mounting configuration of specific absorbing assemblies. Accordingly,
AAgcreen is used only for preliminary comparative screening, while the octave-band RT
measurements remain the primary acoustic evidence.

2.4. Measurement Equipment and Field Procedure

Measurements were conducted in one-octave bands from 125 to 8000 Hz. A Briiel
& Kjeer Type 4205 sound-power source, a Briiel & Kjeer Type 2306 level recorder (Briiel
& Kjeer, Neerum, Denmark), and a sound-level meter/octave-band analyser were used
to generate the test signal, record sound levels, and determine the octave-band acoustic
response (Figure 3). Manufacturer documentation identifies the Type 4205 as a selectable
wide-band/octave-band noise source suitable for measurements, including reverberation
time [38].

Figure 3. Measurement equipment: (1) Briiel & Kjeer Type 4205 sound-power source; (2) Type
2306 level recorder; and (3) sound-level meter/octave-band analyser.

Field measurements were undertaken during school hours (08:00-14:00) while the halls
were unoccupied. During the measurement procedure, the sound source was repositioned
among three measurement locations. The retained acoustic dataset comprises measure-
ments at three receiver positions (P1-P3) in each hall, with the microphone positioned
1.5 m above floor level. Reverberation time and unoccupied octave-band sound pressure
levels were recorded across the 125-8000 Hz frequency range. The receiver positions were
distributed across different parts of the hall, as illustrated in Figure 4, to obtain an initial
comparison of receiver-dependent acoustic behaviour rather than repeated observations
from one local area. The arrangement was intended for preliminary diagnostic assessment,
not comprehensive spatial mapping. The measurement records do not preserve the com-
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plete source—receiver pairings, the number of independent measurement combinations,
repeated decay counts, or dimensioned source and receiver coordinates. Consequently,
the exact separation distances from reflecting surfaces and between sources and receivers
cannot be verified, nor can full compliance with a specific ISO 3382-2:2008 measurement
procedure be established. ISO 3382-2:2008 is therefore used as an international method-
ological reference for measurement and reporting [37], rather than as evidence of verified
compliance or a statutory requirement in Jordan.
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Figure 4. Schematic representation of the three receiver locations used in the field measurements (not
to scale).

2.5. Data Processing and Descriptive Variability

For each hall and octave band, the mean and sample standard deviation were calcu-
lated across P1-P3. A receiver-specific Trmf was then calculated from the 500, 1000, and
2000 Hz values, and hall Tr,f was taken as the arithmetic mean of the three receiver-specific
values. The resulting sample standard deviation describes variability among the three
receiver positions; with only three receivers, it is treated as a descriptive dispersion indi-
cator rather than a complete spatial-field characterisation, measurement uncertainty, or
confidence interval. Throughout this study, receiver-level variability refers to differences
among the recorded P1-P3 measurements. Because the complete source-receiver combi-
nations were not retained, these differences cannot be attributed exclusively to receiver
location; variations in source placement may also have contributed. The reported variabil-
ity indicators are therefore interpreted descriptively rather than as isolated measures of
receiver-position effects.

Additional descriptive indicators were derived from the data. Receiver-level Tp,f
range was retained to show the spread between the least and most reverberant measured
positions, and the receiver-level coefficient of variation (CV = SD/Tmnf x 100) expressed that
spread relative to the hall mean. Benchmark exceedance was calculated as 100(Tr,f/2.0 — 1).
The first-order Sabine screening index followed Equation (3) and was normalised by hall
floor area to express nominal intervention burden per unit plan area. This normalisation
is not size-independent because V/floor area approximately reflects mean room height;
it is therefore interpreted as an intervention-intensity proxy, not a pure severity index.
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Frequency-specific receiver-to-receiver non-uniformity was described using a bandwise CV
at each octave band, with the mean of the seven bandwise CVs retained as a compact whole-
spectrum descriptor. Two exploratory spectral contrasts were also calculated: ATmid-low =
Tmf — mean(RT125, RT250) and ATmid-high = Tr,f — mean(RT4000, RT8000). Positive val-
ues indicate a mid-frequency elevation relative to the corresponding low- or high-frequency
region. These contrasts are descriptive rather than standardised acoustic indices. To enable
comparison across the three diagnostic indicators, benchmark exceedance, receiver-level
Tmf CV, and AA_screen/A_floor were each independently max-normalised by dividing
the value for each hall by the maximum observed value for that indicator across the four
halls. The resulting values range from 0 to 1 and are used solely for relative comparison
within the dataset; they do not constitute a composite performance score.

2.6. Robustness and Data Quality Checks

Two sensitivity checks were used to assess whether the main diagnostic interpretation
depended disproportionately on a single receiver. First, receiver-specific T f values were
summarised by both their arithmetic mean and median. Second, a leave-one-receiver-out
(LOO) Tmf was recalculated three times per hall using each possible pair of receiver-specific
Tmf values; the resulting minimum-maximum LOO range indicates how much the hall-
level Tinf changes when any one receiver is omitted. These checks are descriptive and do
not create additional independent observations, but they provide a direct robustness test
for the three-position dataset. Evidence quality was additionally assessed by auditing the
availability of key measurement metadata, including environmental conditions, source
geometry, repeat-decay counts, instrumentation class, calibration history, and RT estimator.

The data quality review also considered whether the retained measurement records
included background noise levels paired with individual RT measurements, corresponding
excitation levels, and time-resolved decay information. These records were insufficient
to assess the available decay range relative to the noise floor or to quantify the influence
of background noise on individual RT estimates. Consequently, no measurement-specific
signal-to-noise ratios or noise-related corrections were calculated. This limitation was
retained within the evidence quality assessment rather than converted into an additional
quantitative diagnostic indicator.

3. Results

3.1. Field Measurements

RT was available at three receiver positions (P1-P3) in each hall at 125, 250, 500, 1000,
2000, 4000, and 8000 Hz. Table 2 reports the position-level RT dataset used in the analysis.
Spatial means and standard deviations were calculated from these values for the derived
analyses below. Case 1 has a pronounced mid-frequency peak, with one position at 4.00 s
Tf and the other two at approximately 2.70 and 2.63 s. Cases 2 and 3 are considerably
more uniform, while Case 4 shows intermediate spatial spread and stronger low-frequency
position dependence. These patterns are examined through the frequency-resolved and
receiver-sensitivity analyses below.

3.2. Frequency-Resolved RT Patterns and Receiver-Level Variability

Figure 5 summarises the spatial mean RT spectrum with +1 sample SD across the
three receiver positions. Case 1 exhibits a mid-frequency elevation, with mean RT values
of approximately 3.47 s at 500 Hz, 2.90 s at 1000 Hz, and 2.97 s at 2000 Hz. Its spatial SD
reaches approximately 0.90 s at 500 and 2000 Hz. By contrast, Cases 2 and 3 remain close
to 2.5-2.7 s through most of the speech frequency range and show much smaller spatial
dispersion. Case 4 is lower on average but more variable at 125-500 Hz. The frequency-
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dependent spread supports the view that a single room-average RT does not fully describe
these halls.

Table 2. Octave-band reverberation-time values (s) at the three receiver positions.

Case Position 125 250 500 1000 2000 4000 8000
P1 24 2.5 4.5 3.5 4 2.6 3
1 P2 2.7 25 3 2.6 2.5 1.9 2.7
P3 2.5 2.5 2.9 2.6 24 2.6 2.8
P1 24 2.6 2.5 2.7 2.5 24 2.7
2 P2 2.6 2.7 2.6 2.8 2.5 2.7 2.6
P3 2.6 2.7 2.6 25 2.8 2.7 2.9
P1 2.5 2.8 2.5 2.7 2.6 25 3.5
3 P2 2.5 2.8 2.6 2.3 2.7 2.5 29
P3 2.6 2.5 2.7 2.6 2.5 2.7 2.6
P1 2.7 2.5 24 2.7 2.7 2.8 2.6
4 P2 2.3 2.7 2.9 2.6 2.6 2.7 2.8
P3 1.7 1.95 1.8 2.2 2.6 24 1.8
5
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Figure 5. Spatially averaged reverberation-time spectra with 1 sample SD across the three receiver
positions.

A simple descriptive spectral contrast further separates the four cases. In Case 1,
the mean Tmf exceeds the average of the 4000 and 8000 Hz RT values by about 0.51 s
and exceeds the 125-250 Hz mean by about 0.59 s. By contrast, Cases 2—4 have mid-high
contrasts from approximately —0.21 to —0.02 s and mid-low contrasts from approximately
—0.04 t0 0.19 s. These contrasts are not standardised acoustic indices; they are reported only
to demonstrate that the main problem in Case 1 is a distinct mid-frequency build-up rather
than uniformly long decay across the entire measured spectrum. For retrofit development,
this pattern indicates that follow-up measurements and treatment testing in Case 1 should
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resolve the 500-2000 Hz range explicitly while also checking the receiver spread at 4000 Hz
rather than assuming a uniform broadband problem.

3.3. Benchmark-Relative Performance Deficit

Figure 6 compares hall T f with the BB93 refurbishment benchmark. All four cases
exceed 2.0 s, but the magnitude of the deficit is not uniform: Case 1 is approximately 56%
above the benchmark, while Cases 2—4 are approximately 25-31% above it. The descriptive
error bars are receiver-level SDs, not confidence intervals. The contrast between mean Ty, f
and receiver-level SD is important: Case 1 is both more reverberant and more variable
across the three observed receivers than Cases 2 and 3, while Case 4 has a lower mean
but greater receiver variability than those two cases. Mean benchmark exceedance and
receiver-level dispersion should therefore be considered together when planning follow-up
measurement density and potential treatment distribution.

5 1
45 -
= 4 1 B Tmf - - -BB93 benchmark
= ]
= ]
= .
o 3.5 ]
£
e 3 -
=t .
g 25 g
£
S 2
@ ]
=:r1.5
g .
o 1
5 .
J‘I.". ]
< 05 1
p= 1
0

Case 1 Case 2 Case 3 Case 4

Figure 6. Measured mid-frequency reverberation time (T f) with &1 sample SD across receivers,
compared with the BB93 refurbishment benchmark of 2.0 s. Error bars are descriptive, not
confidence intervals.

3.4. Unoccupied Octave-Band Sound Pressure-Level Profiles

Unoccupied octave-band SPLs are presented in Figure 7 as descriptive contextual
measurements. The recorded levels generally decrease towards higher frequencies. Cases 3
and 4 exhibit the highest arithmetic mean SPL values at 125 Hz (approximately 55.7 dB),
followed by Case 2 (52.7 dB) and Case 1 (45.0 dB). These values reflect the receiver-level
records associated with the respective halls. Because the available measurement metadata
do not sufficiently document time averaging, the SPL data are not converted to LAeq,
assessed against formal background noise criteria, or used directly to rank retrofit priorities.

Background noise is relevant to the present assessment in two distinct ways. During
reverberation-time measurements, an elevated noise floor may limit the usable decay range
and affect the reliability of the estimated RT. This concern is particularly relevant where the
difference between excitation level and background noise is insufficient in a given frequency
band, including low-frequency bands. During occupied activities, ambient and activity-
related noise may also mask speech and reduce intelligibility. However, the retained dataset
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does not contain measurement-specific excitation levels, paired noise—floor records, or raw
decay curves needed to quantify noise-related RT bias. Nor do the unoccupied SPL records
establish representative speech-to-noise ratios during sports activities. Accordingly, the
potential influence of background noise is identified as a limitation of the available evidence
rather than incorporated as an unsupported quantitative decision dimension.

= 55 . —0—Casel Case 2 —4—Case 3 —&—Case 4
T 00 ]
= ]
w50 4
< ]
g 45 3
T
2] -
a0
3 ]
= 35
2 ]
530 3
] ]
g 25 7
= ]
20 A
15 A : T : T : T : . : T : T : :
125 250 500 1000 2000 4000 8000
Octave-band centre frequency (Hz)
Figure 7. Spatially averaged unoccupied octave-band sound pressure-level spectra for the four
sports halls.
3.5. Retrofit Absorption Screening Indicators
For each hall, AAgcreen Was calculated from Tp,f and volume using the adopted 2.0 s
benchmark. Table 3 also reports receiver-level T f range, percentage performance deficit
relative to the benchmark, and floor area-normalised intervention burden. These descrip-
tors separate three building performance questions that are often conflated: how far the
measured acoustic state lies from the adopted target, how spatially variable the observed
response is, and how large a first-order absorption intervention would be relative to the
hall footprint.
Table 3. Derived mid-frequency variability, benchmark exceedance, and first-order absorption-
screening indices.
Case Volume Tmf SD Tmf Range  Excess AAgcreen AA/Floor
(m?) () (s) (s) (%) (m? Sabin)  (m? Sabin/m?)
1 20,736 3.11 0.77 2.63-4.00 55.6 596.2 0.345
2 817 2.61 0.04 2.57-2.63 30.6 154 0.077
3 6930 2.58 0.04 2.53-2.60 28.9 125.0 0.198
4 2700 2.50 0.26 2.20-2.70 25.0 43.5 0.097

Case 1 forms the distinct high-deficit case: its Tiyf is 55.6% above the benchmark
and its floor area-normalised AAgcreen is 0.345 m? sabin per m? of floor area. Case 3 has
a moderate absolute screening deficit (125.0 m? sabin) and an intermediate normalised
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burden (0.198), whereas Cases 2 and 4 have lower plan area burdens (0.077 and 0.097). The
floor area normalisation is useful for expressing intervention intensity per unit plan area.
Still, it is not a size-independent acoustic index because it remains influenced by hall height
and by the simplifying assumptions of the Sabine screening relationship.

Table 4 combines complementary descriptors of receiver-level and spectral behaviour.
The receiver-level Ty f CV distinguishes relative mid-frequency variability, while the mean
bandwise CV summarises receiver-to-receiver non-uniformity across 125-8000 Hz. The
spectral contrasts show whether mid-frequency decay is elevated relative to the lower
and upper ends of the measured spectrum. Case 1 has the highest Tr,f CV (24.8%) and
strong positive mid-low and mid-high contrasts. Case 4 is diagnostically different: its
Tmf is the lowest in the sample, yet its mean bandwise CV is slightly the highest (about
15%), closely followed by Case 1 (~14.6%), driven by large receiver-to-receiver variation at
125, 250, 500, and 8000 Hz. The result shows that mean benchmark deficit and broadband
receiver-level non-uniformity are distinct performance dimensions. For design follow-up,
Case 4 therefore warrants denser spatial verification before treatment placement is fixed.
In contrast, Case 1 requires both confirmation of the elevated mid-frequency mean and
verification of its position dependence.

Table 4. Dimensionless and spectral descriptors derived from the position-level RT data.

Mean Bandwise Peak Bandwise CV

Case Tmf CV (%) ATmid-Low (s) ~ ATmid-High(s) -y, (%) (%)

1 24.8 0.59 0.51 14.6 30.2 (2000 Hz)

2 1.5 0.01 —0.06 4.8 6.7 (2000/4000 Hz)
3 1.5 —0.04 —-0.21 6.3 15.3 (8000 Hz)

4 10.6 0.19 —0.02 15.0 23.3 (500 Hz)

3.6. Integrated Acoustic Performance Diagnosis and Prioritisation

Figure 8 shows the bandwise CV across the three receiver positions for every case.
The pattern is not captured by T f alone. Case 1 shows strong receiver variability at
500-2000 Hz, with CV values of about 25.9% at 500 Hz and 30.2% at 2000 Hz. Its 125-250 Hz
and 8000 Hz responses are comparatively uniform, while 4000 Hz also shows notable
variability (~17.1%). Case 4 shows a similarly broad frequency spread of receiver variability,
with CV values above 16% at 125-250 Hz, 23.3% at 500 Hz, and 22.0% at 8000 Hz. Case
3 is generally uniform except at 8000 Hz, and Case 2 is the most uniform across the
measured spectrum. These results add a frequency-resolved receiver-level dimension to
the room-average RT diagnosis.

Figure 9 presents a normalised heatmap of the three screening dimensions: benchmark-
relative Ty f deficit, receiver-level T, f variability, and floor area-normalised intervention
burden. Each indicator is scaled independently to the maximum observed value across
the four cases, such that 1.0 represents the highest within-dataset value for that indicator.
Case 1 has the highest relative deficit, receiver-level variability, and intervention burden
per unit floor area. Cases 2 and 3 have similar moderate deficits and very low receiver-level
variability, although Case 3 has a larger relative intervention burden. Case 4 combines
the smallest benchmark deficit with substantially greater receiver-level variability than
Cases 2 and 3. The heatmap therefore enables comparison of the three dimensions without
combining them into a single composite score.
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Figure 8. Coefficient of variation of reverberation time across the three receiver positions at each

octave band. Values are descriptive because n = 3 receiver positions per hall and should not be

interpreted as a complete spatial-field map.
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Figure 9. Max-normalised diagnostic heatmap comparing benchmark-relative T f deficit, receiver-

level T f variability, and floor area-normalised intervention burden across the four cases. Each

indicator is scaled independently to its maximum observed value (1.0).

3.7. Robustness and Sensitivity Analysis

Table 5 presents the receiver-selection sensitivity of the hall-level mid-frequency

reverberation-time indicator. The benchmark-exceedance conclusion is stable to receiver

omission. Across all three leave-one-receiver-out combinations, T, f remained above 2.0 s
in every hall. Case 1 retained the largest benchmark deficit under every receiver omission,
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with a pairwise Tryf range of 2.67-3.35 s. Cases 2 and 3 were highly stable (2.60-2.63 s and
2.57-2.60 s), while Case 4 was more sensitive to receiver selection (2.40-2.65 s) and remained
above the adopted benchmark. Median receiver-level T, f values were 2.70, 2.63, 2.60, and
2.60 s for Cases 1-4, respectively. These results confirm that benchmark exceedance persists
when any one of the recorded receiver positions is omitted. However, they do not establish
that the estimated hall-average RT, relative case ranking, or spatial variability would remain
unchanged under a different or more extensive receiver arrangement.

Table 5. Receiver-selection sensitivity of the hall-level mid-frequency reverberation-time indicator.

. . Lowest LOO
Case Mean Ty f (s) ,11\,/[ efd (18a)n It Ili(a)l? ;r(“s‘f Exceedance Above
m s 2.0's (%)
1 3.11 2.70 2.67-3.35 33.3
2 2.61 2.63 2.60-2.63 30.0
3 2.58 2.60 2.57-2.60 28.3
4 2.50 2.60 2.40-2.65 20.0

Note. LOO = leave one receiver out. Each LOO value is the mean of the remaining two receiver-
specific Tiwf values; the analysis is a receiver-sensitivity check rather than inferential resampling.

The distinction between benchmark-exceedance stability and receiver-selection sensi-
tivity is particularly important for Cases 1 and 4. In Case 1, the receiver-specific T, f values
are 4.00, 2.70, and 2.63 s, producing a hall mean of 3.11 s and a median of 2.70 s. Removing
P1 reduces the two-receiver mean to approximately 2.67 s, whereas removing P3 increases
it to 3.35 s. Although both estimates remain above the adopted benchmark, the magnitude
of the estimated deficit is sensitive to receiver selection.

The relative ordering of the cases is also affected. With all receivers included, the
descending T f ranking is Case 1 > Case 2 > Case 3 > Case 4. Omitting P3 from each case
produces two-receiver means of 3.35, 2.60, 2.57, and 2.65 s, respectively, placing Case 4
second rather than fourth. This comparison is illustrative and does not imply equivalent P3
locations across the halls or a more representative alternative ranking. It demonstrates that
receiver selection may affect the relative interpretation of the cases, even when benchmark
exceedance remains unchanged.

The degree to which the three recorded receivers represent the full spatial distribution
of reverberation time cannot be quantified without measurements at additional locations.
The reported variability therefore describes only the sampled positions and may under-
estimate or overestimate the heterogeneity of the complete acoustic field. Adding five
or seven receiver positions could reveal further spatial variation, but its effect cannot be
quantified without additional measurements. Accordingly, the LOO results provide a
limited robustness check within the available dataset rather than evidence of complete
spatial representativeness.

4. Discussion
4.1. Architectural Context and Acoustic Performance

The four cases do not support a simple single-variable explanation of acoustic building
performance. Case 1 is the largest hall and also has the highest Ti,f, suggesting that enclo-
sure scale may contribute to the observed pattern. Still, volume alone is insufficient: Case 3
is substantially larger than Cases 2 and 4 yet has a Tf close to theirs. Glazing proportion
is likewise not a reliable causal indicator in this sample; Case 4 has the highest glazing
ratio (50%) but the lowest Tryf. Similarly, an exposed corrugated ceiling occurs in Cases 1
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and 3, yet Case 3 is far less reverberant than Case 1. These contrasts are consistent with
room acoustic theory and prior sports hall studies showing that geometry, total absorption,
absorption distribution, and scattering act together rather than independently [6,20,21].
With only four purposively selected cases, these architectural variables are therefore treated
as performance context rather than statistical predictors or causal explanations.

The recorded position-level data provide an additional perspective on acoustic per-
formance. Case 1 combines a large mean reverberation deficit with substantial variation
among the measured positions. Case 4 presents a different pattern: despite having the
lowest mean Tpf, its mean bandwise CV (15.0%) is slightly higher than that of Case 1
(14.6%). This difference supports further frequency-resolved investigation but should
not be interpreted as evidence that Case 4 is necessarily more spatially heterogeneous
throughout the entire hall. This is consistent with evidence that RT estimates can vary
with receiver position [30] and with sports hall measurements showing flutter-echo and
non-diffuse behaviour [5]. Accordingly, the observed variation is interpreted diagnostically
rather than causally.

Taken together, the cases resolve into three practical diagnostic patterns rather than a
single ordered severity continuum: (i) a high-deficit, mid-frequency receiver-heterogeneity
pattern represented by Case 1; (ii) a moderate-deficit, comparatively uniform receiver
pattern represented by Cases 2 and 3; and (iii) a lower-mean-deficit but broadband
receiver-heterogeneity pattern represented by Case 4. Their value is operational: each
pattern implies a different emphasis for follow-up measurement, model calibration, and
treatment testing.

Table 6 synthesises architectural context, the principal acoustic performance pattern,
the plan area-normalised intervention burden, and the recommended next action for each
case. The matrix is intentionally decision-oriented but remains descriptive: it translates
measured differences into follow-up priorities without assigning causal weights to volume,
glazing, or finish type.

4.2. Acoustic Performance Within Building Performance and Retrofit Design

Within building performance evaluation, acoustic measurements become more use-
ful when they are connected to architectural context and to an explicit design decision
pathway. The present study therefore treats acoustics as one indoor environmental perfor-
mance domain. It retains the frequency-resolved and receiver-level information required
to decide whether the next step should be follow-up measurement, modelling, or treat-
ment testing [10,19]. Recent architectural-acoustics synthesis argues that acoustic evidence
should be embedded in built-environment decision processes [17]. In contrast, systematic
review evidence identifies material selection, room volume, layout, noise, and occupancy
among design enablers that interact with multiple acoustic performance indicators [18].
Data-driven work in educational buildings further shows how acoustic indicators can be
integrated into design-evaluation workflows [39].

For retrofit, the design question is therefore not simply whether RT is excessive. It
is how large the adopted benchmark deficit is, how consistently it appears across the
observed receivers and frequency bands, what first-order intervention burden it implies,
and what evidence is still missing before materials and layouts are specified. This decision
framing connects measured indoor performance to a staged architectural intervention
process rather than treating acoustics as an isolated test result. Future work can couple the
acoustic module with measured energy use, thermal comfort, daylight/visual performance,
indoor air quality, and occupant response. Such integration should be measured rather than
assumed; controlled evidence indicates that thermal and acoustic conditions can interact in
shaping overall comfort within identifiable environmental ranges [40,41].

https:/ /doi.org/10.3390/buildings16214258


https://doi.org/10.3390/buildings16214258

Buildings 2026, 16, 4258

18 of 24

Table 6. Architectural context, acoustic performance pattern, intervention burden, and recommended
next action for the four cases.

Acoustic Performance

AA/Floor

Case Architectural Context Pattern (m? Sabin/m?) Recommended Next Action
o . Conduct a

20,736 m3; H = 12 m; 5% irgii‘%)larsl:izvr?sfecgvz?f 6/?’/, standards-compliant

1 glazing; corrugated High deficit with high. o 0.345 follow-up survey with denser
upper wall/ceiling; mid-frequency receiver ’ 500-4000 Hz coverage;
hardwood floor variabilgc y evaluate distributed

Y absorption strategies.
3.1 = . 0, . o/ .

8};172?1 ’_H =4.1m;3% ;ﬁiﬁ'gﬁié&?iecgvlfgg/’ Confirm the baseline, then

2 & & . o 0.077 test a targeted lower-intensity
plaster/reflective panels; Moderate deficit with low absorption intervention
rubber floor observed receiver variability. p '
6930 m%; H=11m;5%  Tmf2.58s; Tmf CV 1.5%; . .
glazing; lower-wall mean bandwise CV 6.3%. Verify the b?s.e line and

3 . 0.198 compare efficient
carpet; corrugated Moderate deficit with low wall /ceiling options
ceiling; PVC floor Tmf receiver variability. & op )

Tmf2.50s; Tmf CV 10.6%; Increase receiver density

2700 m3; H = 6 m; 50% mean bandwise CV 15.0%. before fixing treatment

4 glazing; plaster Smallest mean deficit but 0.097 location; identify the bands

walls/ ceiling; PVC floor

highest average bandwise
receiver variability.

and positions driving
non-uniformity.

4.3. Comparison with Regional and International Evidence

The measured T f range of 2.50-3.11 s lies within the broader 1.09-5.38 s reverberation-
time range reported by Al-Arja [36] for 20 indoor sports and gymnasium halls in Amman.
Del Brenna [16] examined RT, the STI, and weighted noise levels in 18 Finnish sports halls,
while larger international investigations by Liithi and Desarnaulds [6] and Wenmaekers,
van Hout [5] provide additional evidence concerning reverberation, measurement variabil-
ity, and the influence of absorption characteristics. Although differences in room types,
measurement procedures, and acoustic indicators prevent direct numerical equivalence
with the present T, f values, these studies establish that prolonged reverberation and
spatially dependent acoustic behaviour remain relevant concerns in sports facilities.

The choice of benchmark also affects interpretation. BB93 is retained here because the
buildings are existing school sports halls and the refurbishment limit is explicit, but it is not
a Jordanian legal requirement. DIN 18041:2016 and ASA/ANSI S12.60-2019/Part 4 (R2024)
independently confirm that sports and physical education spaces warrant dedicated room
acoustic treatment and speech communication criteria [23,24,31]. Liithi and Desarnaulds [6]
found substantial variation among 12 national standards and recommendations, so the
present exceedance percentages should be read as benchmark-relative descriptors rather
than universal compliance statements. This distinction is especially important because
perceived comfort and occupational risk are not determined by RT alone. Huang, Liang [32]
found limited explanatory power for SPL alone in badminton gyms; a complementary
review-based venue study linked acoustic perception with broader user-experience dimen-
sions [33], and Markelj, Kova¢ [7] reported elevated hearing disorder and hoarseness risks
among specialist physical education teachers. Table 7 shows the positioning of the present
study relative to selected sports hall acoustic evidence.
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Table 7. Positioning of the present study relative to selected sports hall acoustic evidence.

Study Context/Sample Primary Approach Relevance to Present Study
86% had poor or only satisfactory speech
35 school sports halls, intelligibility; supports retaining
[4] Slovenia RT and the STI speech-related interpretation beyond RT
alone.
. RT, activity LAeq, RT 1.09-5.38 s and activity LAeq
[36] 20 indoor sports/gym subjective survey, case 80-110 dB(A); directly relevant regional
halls, Amman . . .
simulation evidence.
Fewer than half met regulation limits;
[16] 18 halls in 14 facilities, RT, the STI, and weighted some RT-noncompliant halls had a
Helsinki area noise level comparatively better STI, highlighting
multi-metric assessment.
52 sports halls + 12 stan- In situ RT database + Shows benchmark diversity e.md
[6] . . : importance of absorber location and
dards/recommendations simulation . .
non-uniform absorption.
Links sound strength to equivalent
5] 29 sports halls, g"zf(i, Z(r):(linj f;fj;i;}; G, the absorption and the STI to average
Netherlands sanceq absorption; documents flutter-echo
absorption .
behaviour.
858 teachers, including Occupational health survey Pr9v1des e\fldence of e.levaFed 1
[7] .o . voice/hearing health risks in specialist PE
specialist PE teachers and regression
teachers.
Measured and simulated Spatial analysis of Shows .that frequen.c y-dependent RT may
[30] L be spatially non-uniform and that receiver
rooms band-limited RT . )
selection affects spatial averages.
Measurement + calibrated ~ Represents a stronger validation pathway
[29] Multipurpose gymnasium  ODEON + implementation for final retrofit design than first-order
+ post-retrofit verification =~ screening alone.
Shows that SPL alone has limited
6 indoor badminton gyms; Field acoustic explanatory power for perce.n{ed acoustic
[32] measurements + occupant  comfort and supports combining

527 participants

questionnaires

measured acoustic indicators with
occupant-response evidence.

4.4. Diagnostic Contribution: Separating Deficit, Heterogeneity, Retrofit Burden,
and Evidence Quality

The central contribution of the proposed framework is the structured interpretation

of acoustic evidence for pre-retrofit decision making, rather than the introduction of a

new acoustic indicator. The results demonstrate that benchmark deficit, observed receiver-

level and spectral variability, estimated intervention burden, and evidence quality provide

different, although partly related, information. When assessed using hall-average T f

alone, the four cases are ranked according to benchmark exceedance, with Case 1 showing

the greatest deficit and Case 4 the smallest. However, this ranking does not fully describe

the nature of the subsequent investigations required.

Case 1 combines the greatest mean reverberation deficit with substantial receiver-level

heterogeneity, supporting priority for a more comprehensive follow-up survey. Cases 2

and 3 have similar Ty f values (2.61 and 2.58 s) and low observed receiver variability, but

different first-order floor-normalised absorption screening indices (approximately 0.077

and 0.198 m? sabin/m?, respectively). These differences partly reflect room geometry,
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particularly height, and should not be interpreted as independent measures of retrofit
complexity. Case 4 provides a different diagnostic pattern: despite having the lowest mean
Tmf (2.50 s), it exhibits the highest mean bandwise receiver CV (15.0%), and its relative
position in the mean-RT ranking changes under receiver omission. This supports additional
spatial and frequency-specific verification before selecting treatment locations.

In the four investigated cases, the combined interpretation of acoustic indicators
identified different follow-up requirements that were not apparent from ranking the halls
by mean RT alone. The methodological contribution lies in explicitly linking the available
measurements, derived indicators, evidence limitations, and case-specific recommendations
(Table 6). These recommendations are preliminary diagnostic interpretations and have not
been validated against implemented retrofit outcomes.

4.5. Implications for Performance-Based Acoustic Retrofit Design

For case-specific retrofit prioritisation, Case 1 warrants priority for a follow-up
standards-compliant acoustic survey: it is 55.6% above the adopted Trf benchmark, has a
receiver-level T CV of 24.8%, and has a floor-normalised AAgcreen 0f 0.345 m? sabin/m?.
Case 3 has a larger plan area intervention burden than Cases 2 and 4 despite a similar
Tmf deficit, while Case 4 requires a different follow-up because its mean Tp,f is the lowest.
Still, its broadband receiver-variability pattern is the strongest. These distinctions demon-
strate why a retrofit priority cannot be derived from Tn,f alone. Figure 10 translates the
findings into a staged performance-based pathway: screening diagnosis is followed by
measurement, calibrated or frequency-resolved option testing, multidisciplinary design
coordination, documented installation, and post-retrofit verification [6,29].

1 SCREEN 2 FOLLOW-UP 3 MODEL 4 COORDINATE 5INSTALL & 6 VERIFY POST-
PERFORMANCE MEASUREMENT ALTERNATIVES DESIGN COMMISSION RETROFIT
Deficit + |  Standards- | | Frequency- Acoustic + architectural + Documented | | Measured
heterogeneity + compliant resolved option structural + fire/durability treatment outcome +
burden baseline verification testing constraints installation feedback

A
Performance feedback loop

Screening diagnosis — follow-up measurement — validated option testing — coordinated implementation — measured verification

Figure 10. Staged performance-based acoustic retrofit pathway from screening diagnosis to post-
retrofit verification.

4.5.1. Installation-Dependent Absorption Performance and Retrofit Verification

The translation of preliminary absorption requirements into practical retrofit solutions
depends on the properties and installation conditions of the selected acoustic assemblies.
This is particularly relevant to the investigated halls, which include corrugated metal
ceiling and upper-wall surfaces (Case 1), a corrugated ceiling with carpeted lower walls
(Case 3), and predominantly plaster-finished surfaces with extensive glazing (Case 4).

Potential absorbing systems, such as perforated panels with porous backing, must
be assessed in relation to their frequency-dependent absorption characteristics, mounting
configuration, backing material, cavity depth, perforation ratio, and treatment distribu-
tion. Exposed edges, joints, and partial surface coverage may further influence installed
performance relative to laboratory-tested assemblies [25-28]. Consequently, absorption
coefficients obtained for laboratory specimens should not be assumed to represent the
performance of assemblies installed under different boundary and mounting conditions.

In subsequent retrofit development, these differences should be addressed by selecting
octave-band absorption data for assemblies with documented construction and mounting
conditions, incorporating the actual treatment areas and proposed configurations into
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frequency-resolved room acoustic models, and comparing alternative cavity depths, back-
ing materials, and treatment distributions. Where installation details remain uncertain,
sensitivity analyses should be used to examine plausible performance variations rather
than applying unsupported fixed correction factors. Model calibration should use suitably
documented baseline acoustic measurements, while post-installation field measurements
are required to verify the realised performance [6,29].

No acoustic treatment systems were installed or evaluated in the present study. Ac-
cordingly, the reported AAgcreen Values remain preliminary comparative estimates and are
not presented as material-specific predictions of retrofit performance.

4.5.2. Electroacoustic Considerations for Speech Communication

Electroacoustic amplification represents a separate consideration for speech communi-
cation in these halls. Although appropriately designed sound reinforcement may improve
speech audibility, it does not directly reduce room reverberation time. The available records
do not establish the presence or performance of amplification systems in the investigated
halls. Their suitability would therefore require separate assessment of background noise,
source—receiver conditions, and speech-intelligibility performance under representative
operating conditions.

4.6. Study Limitations

Several limitations bound the interpretation of the findings. First, the sample com-
prises four school sports halls located in Amman, Jordan. Although the cases differ in
volume, glazing proportion, and interior finishes, this architectural variation does not
establish representativeness across other geographical contexts, construction periods, or
building-use profiles. The findings should therefore be interpreted as case-specific diagnos-
tic evidence rather than population-level estimates.

Second, only three receiver positions were available per hall. The reported standard
deviations and coefficients of variation describe variation among the recorded positions, not
the complete spatial acoustic field or measurement uncertainty. The leave-one-receiver-out
(LOO) analysis confirms that benchmark exceedance persists within the available receiver
set. Still, the estimated mean RT and relative ordering of the cases remain sensitive to
receiver selection. This is particularly relevant to Cases 1 and 4. Additional measure-
ments would be required to assess spatial acoustic variability beyond the three sampled
receiver positions.

Third, although the sound source was repositioned among three measurement loca-
tions, the records do not sufficiently document the complete source-receiver combinations,
recommended separation distances, repeated decay measurements, environmental con-
ditions, instrumentation specifications, calibration history, or RT estimation procedure.
Consequently, full compliance with a specific ISO 3382-2 measurement procedure [37]
cannot be verified. The available data are therefore used for preliminary acoustic diagnosis
rather than standards compliance certification.

Fourth, measurements were conducted under unoccupied conditions, whereas oc-
cupancy would introduce additional absorption and activity-related noise. The retained
octave-band SPL records provide descriptive acoustic information but do not include the
paired excitation levels, measurement-specific noise floors, or raw decay characteristics
required to quantify the influence of background noise on RT estimation. Representative
speech-to-noise ratios during actual activities also cannot be established. Complementary
acoustic indicators, including clarity, definition, sound strength, and speech intelligibility,
were not available for this assessment.
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The analytical screening introduces additional constraints. BB93 is used as an ex-
ternal refurbishment benchmark, not as a statutory requirement in Jordan. The AAgcreen
index is derived from the measured mid-frequency RT and hall volume using the Sabine
relationship, and its floor area normalisation remains dependent on room geometry, par-
ticularly height. These estimates do not constitute unique frequency-resolved absorption
requirements or validated predictions of installed treatment performance. Actual retrofit de-
velopment requires assembly-specific absorption data, documented installation conditions,
appropriate acoustic modelling, and post-installation verification.

Finally, the proposed diagnostic recommendations have not been prospectively eval-
uated using independent measurement campaigns or verified against completed retrofit
interventions. Their stability under more comprehensive acoustic evidence, transferability
to other building contexts, and practical effectiveness therefore remain to be established.
Since only acoustic performance was investigated, the study should not be interpreted as a
comprehensive multi-domain indoor environmental quality assessment.

5. Conclusions

This study develops and demonstrates an auditable acoustic performance decision
framework for existing sports halls in which measured deficit, receiver-level heterogeneity,
spectral behaviour, intervention burden, and evidence quality remain separate decision
dimensions. Applied to measurements from four school multi-sport halls in Amman, the
framework identified three operational patterns: a high-deficit pattern with pronounced
mid-frequency receiver heterogeneity (Case 1), a moderate-deficit pattern with low receiver-
to-receiver variability (Cases 2 and 3), and a smaller mean deficit with stronger broadband
receiver heterogeneity (Case 4). All four halls exceeded the adopted BB93 refurbishment
benchmark (Tmf = 2.50-3.11 s), and that conclusion persisted under every leave-one-
receiver-out combination.

The decision framework adds information that room-average Trf alone does not
provide. The first-order AAgcreen index ranged from 15.4 to 596.2 m? sabin, with floor area-
normalised burdens of 0.077-0.345 m? sabin/m?, while the receiver and spectral indicators
distinguished where measurement should be denser and which frequency ranges require
explicit follow-up. In this form, measurement data become a transparent basis for deciding
what to verify next rather than an endpoint in themselves.

The principal contribution is methodological: a transparent diagnostic pathway that
relates measured acoustic conditions, receiver-level and spectral variability, geometry-
dependent screening estimates, and evidence limitations to case-specific follow-up actions.
The framework is intended to precede, rather than replace, comprehensive acoustic mea-
surement, retrofit design, and post-installation verification. An important remaining
research gap is the absence of prospective validation of the proposed recommendations.
Future studies should examine a larger and more diverse set of sports halls across different
geographical contexts, construction periods, and usage profiles, using denser and fully doc-
umented source-receiver arrangements. Complementary indicators derived from suitable
room impulse responses, including clarity and definition, together with sound strength and
speech-intelligibility assessments and documented background noise conditions, would
allow the diagnostic recommendations to be tested against more comprehensive acoustic
evidence. Subsequent investigations should compare framework-guided follow-up de-
cisions with calibrated acoustic models, implemented treatments, and before-and-after
measurements to establish their practical effectiveness. Further work may then examine
integration with other measured building performance domains.
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