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Abstract

The diffusion equation model has been used for room
acoustics simulations because of its computational ef-
ficiency. Traditionally, the diffusion coefficient of the
diffusion equation has been treated as a constant de-
pending on the room’s volume and total surface area.
However, numerical investigations have demonstrated
that in elongated spaces, this assumption does not
hold: the diffusion coefficient varies with spatial loca-
tion, source position, and absorption coefficient of the
boundaries. Despite these theoretical insights, experi-
mental validation of spatial dependencies is lacking.
This study addresses this gap by presenting experimen-
tal measurements of the diffusion coefficient within
one of the tunnels of the Schoenenbourg fort, a struc-
ture belonging to the historic Maginot line in France.
The methodology relies on intensity and energy den-
sity measurements taken along the tunnel, allowing
the diffusion coefficient to be derived directly from
its definition given by Fick’s law. The measurement
results demonstrate that the diffusion coefficient can-
not be regarded as a constant in elongated spaces but
instead depends on spatial conditions. In addition, a
preliminary validation was performed by incorporat-
ing the experimentally obtained diffusion coefficient
into the diffusion equation model. The comparison
revealed that the model, when used with the mea-
sured diffusion coefficient, successfully reproduces the
tunnel sound pressure level and reverberation time.
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1. Introduction

In recent decades, the diffusion equation has emerged
as a modeling method for predicting room acoustics
[1]. This method is based on the analogy with diffu-
sion processes in heat conduction and fluid dynamics,
in which the field is described by particles moving
within a scattering medium. In the acoustic analogy,
sound energy is represented by particles propagating
through air and scattering at the room boundaries [2],
[3]. Under the assumption of isotropic behaviour of
sound and Fick’s law of diffusion, the time-dependent
diffusion equation model is derived for the acoustic
energy density w(r,t) in [kg / (m s?)] [4] together with
its boundary conditions:
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where r = (x,y,2) is the position vector, ¢ is the
speed of sound, ¢ is the energy per volume of an
omnidirectional sound source, n is the normal to the
surface, and A, is the modified absorption factor. The
modified absorption factor depends on the absorption
coefficient of the particular surface and is defined

as ——— [5]. The diffusion coefficient D(r) is a

22— )
proportionality factor that scales the energy density
of the room. It is generally treated as a constant value
based on the geometry of the space [4]:
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where Dy, stands for the theoretical diffusion coeffi-
cient. Within classical acoustic theory, A is the mean
free path of the room in [m] and is more commonly
expressed as 4V/S, with V' corresponding to the vol-
ume of the room and S to its entire boundary surface
area.
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The diffusion coeflicient, as described above, is gener-
ally accurate for proportional rooms with low absorp-
tion surfaces. However, for non-proportional rooms,
its accuracy decreases significantly [6]. Over the years,
numerous researchers have attempted to better un-
derstand the diffusion coefficient for non-proportional
long rooms. By numerically calculating the sound
field, specifically the sound intensity vector I and the
gradient of the reverberant energy density w(r) (in kg
/ (m s?)), the researchers have estimated the diffusion
coefficient along the main longitudinal z-axis [7]. This
estimate is based on Fick’s law of diffusion, assuming
a constant intensity and energy density across the
room’s cross-section and a main power flow along the
X-axis.

I,
ox

The diffusion coefficient can be determined using Equa-
tion (3), but requires knowledge of the intensity of
the sound and the energy density. Subsequently, the
nature of the diffusion coefficient has been investi-
gated through simulations, optimisation techniques,
and measurements on scale models for long rooms
[8], [9]. However, these attempts focused mainly on
adjusting or interpreting the diffusion coefficient indi-
rectly to predict the sound pressure level (SPL) and
the reverberation time (Thp). Direct measurements
of the diffusion coefficient in real-scale spaces remain
limited.

The present study addresses this gap by directly de-
termining the diffusion coefficient, using Equation (3),
from spatial measurements of the sound intensity and
energy density. Acoustic measurements are carried
out in a real long exceptional space, the Schoenen-
bourg Fort tunnel, allowing the diffusion coefficient to
be quantified experimentally. The measured diffusion
coefficient is validated by inserting it into the diffusion
equation model and comparing the resulting SPL and
Ty prediction with experimental measurements.

2. Site descriptions

The Schoenenburg fort represents one of the most
prominent sections along the Maginot Line, a series of
fortifications constructed before World War 1II to de-
fend against hostile attacks. Situated approximately
50 km north of Strasbourg, this underground fortress
extends about 30 m below the ground level and spans
approximately 1500 m in length. The fort comprises in-
terconnected tunnels and surface-level blocks, each de-
signed for specific military purposes, including infantry
casemates, retractable gun turrets, artillery blocks,
ammunition entrances, and personnel entrances. All
blocks are connected through an intricate network of
underground passageways [10]. A schematic layout of
the Schoenenbourg fort is shown in Figure 1.

From this study, a tunnel approximately 300 m long
(with a 112.5 m segment specifically used for the mea-
surements) was selected for the investigation. This
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Figure 1: Schoenenbourg fort plan [10].

tunnel is marked in Figure 1.

Figure 2: 300 m long tunnel.

The tunnel, illustrated in Figure 2, spans 2.5 m in
width and features an arched ceiling that rises from
2 m on the side walls to a maximum of 3 m at its
highest point. The lateral long surfaces, it presents
some recesses for the passage of cables between 0.85 m
and 2 m from the floor. The 112.5 m segment of the
tunnel is assumed to be fully open at its extremities,
as the potential return energy is negligible.

The concrete structure makes the tunnel acoustically
reflective, but not fully diffusely scattering, because
of the smoothness of the boundary surfaces.
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Figure 3: Schematic representation of the section of the tunnel with measurement set-up and positions. The red dot
indicates the source position, the blue dots indicate the impulse response measurement positions, and the green dots

indicate the intensity measurement positions.

3. Acoustics measurements

Acoustic measurements were performed on the nights
between March 19th and 21st, 2025, from 6:00 pm
to 2:00 am, when the facility was closed to the pub-
lic, ensuring minimal background noise and distur-
bance. The air conditioning system was turned off
to eliminate mechanical noise. The experiments were
conducted under controlled environmental conditions
of 13 degrees and humidity 50%. Two measurement
campaigns were conducted. Campaign A consisted of
impulse response measurements to obtain reverbera-
tion time over the length of the tunnel. Campaign
B consisted of intensimetric measurements to simul-
taneously acquire sound pressure and intensity data,
which were then used to calculate the diffusion coeffi-
cient of the diffusion equation via Equation (3). An
omnidirectional sound source (Bruel & Kjaer 4296)
connected to the Lab Gruppen type 300 power am-
plifier was used in both campaigns. The excitation
signals were generated using DIRAC 6 software run-
ning on a personal computer equipped with a Triton
Acoustics Engineering sound card. Two types of signal
were emitted: a 10.6 s exponential sine sweep for Cam-
paign A and a 10.6 s maximum-length sequence (MLS)
for Campaign B. Each signal was repeated twice, with
a frequency range from 31.5 Hz to 16000 Hz and a
sampling frequency of 48000 Hz. The sound source
was positioned 100 m from the end of the tunnel (100
m, 1.25 m, 1.5 m). For Campaign A, two preamplified
microphones (Bruel & Kjaer 4189 and Bruel & Kjaer
2671) were used, connected to a Triton sound card.
One microphone was fixed at a distance of 2 m from
the source at coordinates (102 m, 1.25 m, 1.5 m) to
allow for any fluctuations to be observed, while the
second microphone was moved along the tunnels in 2
m increments, resulting in a total of 56 measurement
positions (R0O1-R56). For campaign B, an intensity
probe (Bruel & Kjaer 4197) connected to a sound level
meter (Bruel & Kjaer 2270) was used. The system
was calibrated before and after measurements, both
for level and phase. The intensity probe was moved
along the x-axis of the tunnel in increments of 0.5
m, yielding 225 measurement positions (I001-1225).
Assuming a constant diffusion coefficient and sound
pressure level in the cross section of the tunnel, only
the intensity along the x-axis was measured. The
equipment information used for the measurements is
available upon request. The measurement layout is

shown in Figure 3.

The INR, a measure of the quality of the impulse
response [11], was checked to be greater than 35 dB for
most frequencies; therefore, the quality of the impulse
response and the estimation of the reverberation time
can be considered satisfactory [12]. In addition, the
background level was checked to be at least 10 dB
lower than the average level.

4. Measurement results

In this section, intensity measurement results of the
long tunnel are discussed, only for the 1000 Hz fre-
quency band. Similar results were found for other
frequency bands. The output of the intensity sound
meter is presented in terms of intensity in [W/m?]
and energy density in [kg/m s?] in Figure 4(a, b).
Figures 4 (a, b) show that the intensity and energy
density over the distance between source and receiver
along the x-axis decrease with an exponential decay.
To enable the calculation of the diffusion coefficient,
the raw values of intensity and energy density are
fitted using a single-term exponential function:

y; = aje” (4)

where y; is the fitted value of intensity or energy den-
sity with j being = [I,w], = is the distance between
source and receiver, and a;, b; are the fitted coeffi-
cients for respectively intensity I and energy density
w. The starting point of the fitting is chosen after two
mean free path distances from the source, as the val-
ues close to the source are not accurate enough when
calculated with the diffusion equation, since the sound
field close to the source is dominated by a direct field
and not by a diffusion process [13]. From these fitted
values, the gradient of the energy density of Figure 4
(c¢) is calculated using a finite difference scheme and
the diffusion coefficient Figure 4 (d) is subsequently
determined using Equation (3).

As shown in Figure 4, the gradient of the energy den-
sity increases along the x-axis. The obtained diffusion
coefficient is not constant and increases almost lin-
early with distance from the source. This agrees with
the findings of [7], [8], [9] based on numerical simu-
lations and scale model experiments. Increasing the
frequency yields smaller values of the derived diffusion
coefficient and a smaller gradient in the slope of the
diffusion coefficient with respect to distance.
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Figure 4: (a) Intensity, (b) energy density, (c) gradient
of energy density, and (d) diffusion coefficient of the tun-
nel 112.5 m x 2.5 m x 2-3 m for 1000 Hz; —Measured
values, === Fitted curve, ms= Calculated from fitted curves.

5. Validation of diffusion coefficient in
diffusion equation

The validation study consists of comparing the nu-
merical estimates of SPL and T5y obtained from the
diffusion equation model using the measured diffu-
sion coefficient with the corresponding experimental
measurement results. These are also compared to the
results of the diffusion equation model using a theoret-
ical diffusion coefficient. To perform this validation,
the tunnel is numerically simulated using the finite
volume method implementation of the diffusion equa-
tion model from the 'acousticDE’ GitHub repository
[14] developed by the Building Acoustics Group at the
Eindhoven University of Technology. The geometry
of the simulated tunnel has the same cross-section
as the real tunnel, including the curved ceiling and
a length of 116.5 m. The total length of 116.5 m
includes 2 m before the source position, 112.5 m of
the measurement region, and an additional 2 m after
that. The resulting 3D model has a volume of 802.42
m? and a total surface area of 1177.05 m?. With
these dimensions, the value of the theoretical diffu-
sion coefficient calculated by Equation (2) is 331.76
m?/s. The choice of truncating the tunnel length to
116.5 m did not influence the value of the theoreti-
cal diffusion coefficient, since the ratio between the
volume and the total surface area remains constant
independently of the length of the tunnel. To simplify
the model, the recesses for the passage of cables along
the lateral surfaces have not been considered. The
diffusion equation was solved using a tetrahedral mesh
with a mesh length of 0.5 m to discretise the volume.
For time discretisation, a At of 1/20000 s was used
for a total simulation duration of around 7 seconds
(corresponding to the higher value of Ty measured
in the tunnel). In addition to geometry, the diffu-
sion equation requires the diffusion coefficient and the
absorption coefficients as input. The diffusion coeffi-
cients estimated from the intensity and energy density
measurements, as explained in Section 4 and shown
in Figure 4 (d) are taken. From the beginning of the
tunnel to the starting point of the fitting, the value of
the diffusion coefficient in the simulation is considered
equal to the value at the starting point of the fitting;
the same applies to the last value of the diffusion co-
efficient after the last point of fitting. The absorption
coefficients of the tunnel surfaces could not be mea-
sured during the campaign. Therefore, the absorption
coefficients for each frequency are estimated from the
average values of Thy over the distance from the source
and calculated using the Sabine formula. From the
reverberation time measurements of the long tunnels,
assuming that since the extensive tunnel network, any
return of sound to the measurement zone is negligi-
ble and therefore imposing the absorption coefficient
of the extremities of the tunnel equal to 1, the ab-
sorption coefficient of the longitudinal surfaces of the
tunnel was estimated to be 0.0226 at 1000 Hz. Since
Sabine assumes a diffuse field, this estimate might not
be accurate. Therefore, a physically realistic range
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of absorption coefficients for concrete materials was
taken from the literature [15], where typical values
range between 0.01 and 0.05. Therefore, two addi-
tional simulations were performed, corresponding to
the absorption values of 0.01 and 0.05 at 1000 Hz. The
comparison between simulations and measurement re-
sults is shown in Figure 5 in terms of SPL and Th.
This figure shows the influence of both absorption and
diffusion coefficient on the simulated results.

SPL (dB)
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Figure 5: (a) SPL comparison, (b) T2 comparison at
1000 Hz between: ——Measurements, === Diffusion Model
with measured fitted diffusion coefficient (a = 0.0226),
--------- Diffusion Model with measured fitted diffusion coeffi-
cient (& = 0.01) and (@ = 0.05), - --Diffusion Model with
theoretical diffusion coefficient. The range between the
absorption coefficients 0.01 and 0.05 is shown as a gray
area.

Figure 5 shows that the absorption coefficient of
0.0226, as estimated from Sabine’s formula, gives a
good estimate for Thy. Good agreement is observed
near the source, while discrepancies increase farther
away from the source for a maximum of 0.6 s. For
the SPL, the simulated values with 0.0226 absorption
coefficient show good agreement with the values of
the measured results up to 50 m from the source. The
observed difference in SPL between the simulated and
measured results increases with the distance from the
source to a maximum value of 2.3 dB at 112.5 m
from the source. The difference in SPL and T5g can
be attributed to the fact that the absorption coeffi-
cient was estimated rather than measured directly.
At higher frequencies (not shown in these figures),

the SPL discrepancy decreases slightly, ranging from
approximately 0.6 to 1 dB instead of exactly 2.3 dB.
Figure 5 also shows the results of the diffusion equa-
tion when using the theoretical diffusion coefficient
value of 311.76 m?/s; in this case, the difference be-
tween the simulated and measured results is very large,
reaching 50 dB for SPL and more than 3 s for Th.
This confirms that the theoretical diffusion coefficient
cannot be used for elongated rooms and that the real
diffusion coefficient changes over distance from the
source because of the physical characteristics of the
room. The measured diffusion coefficient leads to
more realistic and accurate results of the SPL and Toq
in the tunnel.

6. Further work and discussion

As shown in Figure 4, the measured values of the
diffusion coefficient are consistently higher than the
theoretical diffusion coefficient of 311.76 m? / s, which
contrasts with most findings in the literature. At
2-3 m distance from the source, the coefficient is ap-
proximately 5000 m? /s, corresponding to a value of
16 - Dy, and increases to roughly 6000 m? /s (19 - Dyy,)
at a distance of 112 m. A possible explanation for
this offset is surface scattering. In the diffusion equa-
tion model, the reflections are assumed to be fully
scattered (scattering coefficient equal to 1), while, in
practice, the boundary surfaces are relatively smooth.
In fact, looking at the scattering elements in the tun-
nel in Figure 2 there is only a significant scattering
effect in the vertical plane. Considering that the dom-
inant propagation direction is the length of the tunnel,
according to the literature [16], [17], a scattering coef-
ficient for the smooth concrete surfaces of the tunnel
of 0.05 is considered to be realistic. The effect of
scattering on the diffusion coefficient was investigated
by Foy [18], who proposed to incorporate scattering
by multiplying the theoretical diffusion coefficient by
a factor of 1/(a + (1 — «)s). This modification was
determined analytically for an unbounded medium
and very low absorption coefficients. Using a scat-
tering coefficient of 0.05 and an average value of the
absorption coefficient at 1000 Hz of 0.0226, derived
from the measurements of reverberation time, this
factor is evaluated to approximately 15. Therefore,
the high diffusion coefficient around 16 - Dy, could be
attributed to surface scattering.

7. Conclusions

For elongated rooms, the diffusion equation model,
which uses the theoretical diffusion coefficient, incor-
rectly estimates its variable properties SPL and T5g.
Earlier, researchers have numerically estimated that
the diffusion coefficient in elongated tunnels should
be spatially dependent. In this work, experimental
measurements are made in a 300 m long tunnel of
the Schoenenbourg fort of the Maginot line. In par-
ticular, intensity and energy density were measured
over the length of the tunnel to calculate the diffusion
coeflicient, while SPL and 75y were measured to have
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reference result values. Through these experimental
measurements, it was demonstrated that the diffusion
coeflicient is not constant and that it changes over the
distance from the source. In addition, the measured
diffusion coeflicient values are used in the diffusion
equation to verify that the SPL and T, are the same
compared to the measured results. SPL and T5y on
the length of the tunnel are successfully reproduced
with much higher accuracy compared to when using
the theoretical diffusion coefficient.

8. Acknowledgments

The authors thank Marc Halter, the entire Schoenen-
bourg Fort team for permitting the extended acoustics
measurements conducted on-site, and Laurent Brendel
for his outstanding work in the technical organiza-
tion of the measurement campaign. The authors also
thank the Dutch Research Council (NWO) for funding
the project ”A new era of room acoustics simulation
software: from academic advances to a sustainable
opensource project and community”.

References

[1] C. Mou, Q. Yang, J. Xing, T. Chen, and R. Zou,
“An improved acoustic diffusion equation model
for long-channel underground spaces,” Sensors,
vol. 23, no. 18, Sep. 2023, 1SSN: 14248220. DOI:
10.3390/523187738.

[2] F. Ollendorff, “Statistical room-acoustics as a
problem of diffusion (a proposal),” Acta Acustica
united with Acustica, vol. 21, no. 4, pp. 236-245,
1969.

[3] J. Picaut, L. Simon, and J. D. Polack, “A math-
ematical model of diffuse sound field based on a
diffusion equation,” Acta Acustica united with
Acustica, vol. 83, pp. 614-621, 1997.

[4] P. Morse and H. Feshbach, Methods of theoreti-
cal physics. McGraw-HillBook Company, 1953,
pp- 171-200.

[5] Y. Jing and N. Xiang, “On boundary conditions
for the diffusion equation in room-acoustic pre-
diction: Theory, simulations, and experiments,”
The Journal of the Acoustical Society of Amer-
ica, vol. 123, no. 1, pp. 145-153, Oct. 2008, 1SSN:
0001-4966. DoI: 10.1121/1.2805618.

[6] J. Picaut, L. Simon, and J.-D. Polack, “Sound
field in long rooms with diffusely reflecting
boundaries,” Applied Acoustics, vol. 56, pp. 217—
240, 1999. por: 10 . 1016 / S0003 - 682X(98)
00032-2.

[7] C. Visentin, N. Prodi, V. Valeau, and J. Picaut,
“A numerical investigation of the Fick’s law of
diffusion in room acoustics,” The Journal of the
Acoustical Society of America, vol. 132, no. 5,
pp. 3180-3189, Nov. 2012, 188N: 0001-4966. DOL:
10.1121/1.4756924.

[12]

[13]

[14]

[15]

[16]

C. Visentin, N. Prodi, V. Valeau, and J. Picaut,
“Experimental analysis of the relationship be-
tween reverberant acoustic intensity and energy
density inside long rooms,” The Journal of the
Acoustical Society of America, vol. 138, pp. 181—
192, 2015, 18sN: 0001-4966. por: 10.1121/1.
4922334.

I. Fichera, C. Van hoorickx, and M. Hornikx,
“An empirical diffusion coefficient function for
the acoustic diffusion equation model in long
rooms,” vol. 246, 2026. por: 10 . 1016/ j .
apacoust.2026.111234.

Le fort de Schoenenbourg. [Online]. Available:
https://www.lignemaginot.com/accueil/
indexen.htm.

International Organization for Standardization,
“ISO 3382-1:2009, Acoustics — Measurement
of room acoustic parameters. Part 1: Perfor-
mance spaces,” International Organization for
Standardization, Tech. Rep., 2009.

C. C. Hak, R. H. Wenmaekers, and L. C.
Van Luxemburg, “Measuring room impulse re-
sponses: Impact of the decay range on de-
rived room acoustic parameters,” Acta Acustica
united with Acustica, vol. 98, no. 6, pp. 907-915,
Nov. 2012, 1sSN: 16101928. DOI: 10.3813/AAA.
918574.

V. Valeau, J. Picaut, and M. Hodgson, “On the
use of a diffusion equation for room-acoustic
prediction,” The Journal of the Acoustical Soci-
ety of America, vol. 119, no. 3, pp. 1504-1513,
Mar. 2006, 1ssN: 0001-4966. por: 10.1121/1.
2161433.

I. Fichera, C. Van hoorickx, and M. Hornikx,
acousticDE, version 0.1.0, Dec. 2025. [Online].
Available: https://github.com/Building-
acoustics-TU-Eindhoven/acousticDE.

M. Vorlander, Auralization, 1st ed. Springer
Berlin Heidelberg, 2008. por: 10. 1007 /978~
3-540-48830-9.

X. Zeng, C. L. Christensen, and J. H. Rindel,
“Practical methods to define scattering coeffi-
cients in a room acoustics computer model,”
Applied Acoustics, vol. 67, no. 8, pp. 771-786,
Aug. 2006, 1sSN: 0003682X. DOI: 10.1016/j.
apacoust.2005.12.001.

ODEON, “ODEON User’s Manual,” Tech. Rep.,
2025. [Online]. Available: www.odeon.dk.

C. Foy, J. Picaut, and V. Valeau, “Including
scattering within the room acoustics diffusion
model: An analytical approach,” The Journal
of the Acoustical Society of America, vol. 140,
no. 4, pp. 2659-2669, Oct. 2016, 1sSN: 0001-4966.
DOI: 10.1121/1.4963081.

12th Convention of the European Acoustics Association
Graz, Austria « 8" — 12" September 2026 o

AUSTRIAN ACOUSTICS ASSOCIATION


https://doi.org/10.3390/s23187738
https://doi.org/10.1121/1.2805618
https://doi.org/10.1016/S0003-682X(98)00032-2
https://doi.org/10.1016/S0003-682X(98)00032-2
https://doi.org/10.1121/1.4756924
https://doi.org/10.1121/1.4922334
https://doi.org/10.1121/1.4922334
https://doi.org/10.1016/j.apacoust.2026.111234
https://doi.org/10.1016/j.apacoust.2026.111234
https://www.lignemaginot.com/accueil/indexen.htm
https://www.lignemaginot.com/accueil/indexen.htm
https://doi.org/10.3813/AAA.918574
https://doi.org/10.3813/AAA.918574
https://doi.org/10.1121/1.2161433
https://doi.org/10.1121/1.2161433
https://github.com/Building-acoustics-TU-Eindhoven/acousticDE
https://github.com/Building-acoustics-TU-Eindhoven/acousticDE
https://doi.org/10.1007/978-3-540-48830-9
https://doi.org/10.1007/978-3-540-48830-9
https://doi.org/10.1016/j.apacoust.2005.12.001
https://doi.org/10.1016/j.apacoust.2005.12.001
www.odeon.dk
https://doi.org/10.1121/1.4963081
https://euracoustics.org/
http://aaa-oega.org/

	Introduction
	Site descriptions
	Acoustics measurements
	Measurement results
	Validation of diffusion coefficient in diffusion equation
	Further work and discussion
	Conclusions
	Acknowledgments

