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Abstract: The Cistercian order is of acoustic interest because previous research has hypothesized
that Cistercian architectural structures were designed for longer reverberation times in order to
reinforce Gregorian chants. The presented study focused on an archaeoacacoustics analysis of the
Cistercian Beaulieu Abbey (Hampshire, England, UK), using Geometrical Acoustics (GA) to recreate
and investigate the acoustical properties of the original structure. To construct an acoustic model
of the Abbey, the building’s dimensions and layout were retrieved from published archaeology
research and comparison with equivalent structures. Absorption and scattering coefficients were
assigned to emulate the original room surface materials’ acoustics properties. CATT-Acoustics was
then used to perform the acoustics analysis of the simplified building structure. Shorter reverbera-
tion time (RTs) was generally observed at higher frequencies for all the simulated scenarios. Low
speech intelligibility index (STI) and speech clarity (C50) values were observed across Abbey’s nave
section. Despite limitations given by the impossibility to calibrate the model according to in situ
measurements conducted in the original structure, the simulated acoustics performance suggested
how the Abbey could have been designed to promote sacral music and chants, rather than preserve
high speech intelligibility.

Keywords: room acoustics; archaeoacoustics; Beaulieu Abbey; acoustic heritage; geometrical acous-
tics; acoustic simulation; reverberation time; speech intelligibility; speech clarity

1. Introduction

Archaeoacoustics is the merging of two disciplines: archaeology and acoustics [1].
Methods used to conduct studies within this field can be, besides traditional acoustics
measurements, computer modelling and virtual reality technologies as well as acoustics
measurements [1,2]. These tools can be used to simulate the acoustics of buildings and
structures that either no longer or only partially exist. Creating a methodology to do this is
however complex as physical acoustic measurements at such sites are either unrepresen-
tative or impossible [1]. The current paper focuses on the analysis of the Beaulieu Abbey
(Hampshire, England), which was destroyed in 1538. The research aimed to investigate the
acoustics properties of the original Cistercian structure, to ascertain if the results suggest
Cistercian architects had an understanding of the principles of acoustics, that influenced
the design. This question is based on previous research by A. Magrini and U. Magrini [3,4].
The following report looks at speech and singing intelligibility in three different scenarios
from the pulpit to the nave section, from the altar to the quire area and from quire to the
nave section of the Abbey. The results are scrutinised to determine whether a relationship
between Cistercian liturgies and acoustics properties of Cistercian architecture can be
confirmed. The findings are them compared with representative data from equivalate
structures belonging to both the Cistercian faith and other Christian orders.
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1.1. Cistercian and Gothic Architecture

Cistercian architecture is strictly related to the Gothic architectural style. Gothic
churches, which are located around Europe, are a symbol of immense cultural heritage that
should be sustained very conscientiously. The construction of the Gothic churches was
carried out between the 12th and 14th century. The majority of Gothic churches could be
considered more massive than necessary, for the Ad Gloriam Dei, in order to express the
richness of the community and the clergy [5].

One of the essential parts of the cultural heritage are the acoustic properties and the
atmosphere of Gothic churches. The split of clergy and laity in different parts of the church
interior, as well as the development of church music during the baroque period, were some
of the main factors that led to changes in the requirements of the acoustic environment in
the Gothic churches [5].

The Abbey of St. Mary of Beaulieu (southern England, UK), located in the heart of
the New Forest in Hampshire, was established in 1203 by King John [6]. The Abbey was
taken over at the time of the dissolution of the monasteries in England (1538) and three
years later was pulled down. In the same period, a lot of the original abbey buildings were
ruined [7]. One of them was the church of the abbey in which remains only the cloisters
and part of the shell.

Today, the whole of the building has been removed, remaining only the wall of the
nave aisle and one course of stones. Nevertheless, the foundations of the church, after
excavation, remain except the east end and part of the north wall of the nave aisle. During
the Beaulieu church construction, most of the materials were transported by the sea due
to the convenient position of the Abbey upon a tidal river. The walls in the interior of
the church were consisted of ashlar. Marble was the primary material for the doorways.
Hope and Brakspear [8] state that tiles of fair quality were placed on the floors of the
church. These days many Gothic and Cistercian churches are maintained in use with a
remodelled interior.

For this reason, the question arises in which acoustic properties and parameters
should be investigated into analysing the acoustic situation for listeners in the interior of
the building. According to Meyer [5], Reverberation time (RT) and Speech Transmission
Index (STI) remain the two essential acoustic properties for the acoustic analysis of the
Gothic churches. Speech intelligibility of a preacher in institutes of worship has regularly
not been seen as a priority for large periods of the Cristian faith [9]. This was partially due
to the priest preaching in Latin which was not the congregations’ native tongue.

1.2. Reverberation Time

Reverberation time (RT) is considered the most relevant descriptor of room acous-
tics [10]. According to previous research regarding the acoustics properties of Cistercian
Italian abbeys, longer RT values at low frequencies have been observed, that could infer the
intent of the Cistercian architects to enhance acoustics properties in accordance with the
Gregorian chants sang by the choir (Figure 1), implying a valid acoustics knowledge [3].

Several studies have found similar values in T-30 results. In particular, the analysis of
the T-30 values from previous studies shows the typical behavior observed in the majority
of Gothic churches [10,11]. Desarnaulds and Carvalho research of five Gothic churches
with different volumes [12], observed that in terms of volume, dimensions ≥ 10,000 m3

lead to a significant decrease of the reverberation time for frequency bands > 2 kHz.
Greater values of reverberation time have been observed in churches such as St. Petronio
Basilica in Bologna due to the enormous volume (170,000 m3). Álvarez-Morales et al. [10]
and Desarnaulds and Carvalho [12] agree that air absorption explains this effect in this
frequency range.

Another factor for the increase of the reverberation time curve in low frequencies is the
architectural style. Accurately, hard surfaces prevail in the Gothic style and there are only
small areas like wooden floors or windows that can cause vibration [12]. The windows are
considered the most crucial area for low-frequency absorption in Gothic churches. Since



Acoustics 2021, 3 254

the windows do not consist of a closed air cavity behind the vibrating plate no resonance
effect exists resulting in sound absorption on very low frequencies [5]. Reported RTs for
four different English cathedrals (York, Salisbury, Canterbury and Durham) varied from
5.5 s at mid-high frequencies up to 8 s at low frequencies [13]. In addition, measured T30
values from the Gothic cathedral of Murcia (50,000 m3) varied from approximately 4.5 s at
125 Hz to 2.3 s at 4 kHz in normal occupied conditions, confirming the common RT slope
and stressing the relationship between Cistercian and Gothic architectural style.
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1.3. C50-C80

Parameter of Clarity index (Cte) is generally used to express a value about the per-
ception of clarity referred to music or speech and the quality of the transmission speech
intelligibility by a specific transmission channel (e.g., from a speaker to the audience in a
room) [14].

In accordance with available research, optimal values of C50m (500 Hz–1 kHz) for
both speech and signing are equal to ≥0 dB [15]. Significantly low C50 values varying
from a minimum of −11.33 dB up to −6.40 dB averaged over standard frequency bands
(125 Hz–4 kHz) have been found in six Cistercian Abbeys [3]. The researchers hypoth-
esized that Cistercian architecture, might have characterized the acoustics of worship
environments with poorer C50 values than the above-mentioned requirement for speech
and singing. According with research [16], acceptable values for C80m in Gothic cathedrals
are equal to ≥0 dB. However, Wolfgang and Wolfgang stated acceptable C80 values for
sacral music of −5 dB [17].

1.4. Speech Transmission Index (STI)

The Speech Transmission Index (STI) method is based on the determination above of
the modulation frequency broad-band and is defined as a physical quantity that represents
speech transmission in respect to intelligibility [18].

According to Sant’Ana and Zannin [19], speech intelligibility is favored by a lower RT,
but this condition is not enough to characterize a worship space as sufficient for speech.

Galindo et al. [20] and Álvarez-Morales et al. [10] studies in Gothic churches resulted
in “Poor” speech intelligibility and an extremely high T-30 for a “meeting room.” Despite
this, Álvarez-Morales et al. [16] state that in the recommended values for Gothic churches,
the psychoacoustic and cultural factors should be taken into account. Carvalho and Nasci-
mento [21] published related research between two identical chapels but with different
acoustic treatments, asking the users to choose the most adequate for the transmission
of a word. The paper noted that users preferred the less reverberant church as suitable
for speech only because of the similarity with the acoustic environment of Portuguese
churches.
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Research into the nave section of Gothic Cathedral’s showed “POOR” STI values at
distances ≥8.5 m in the nave of Ripon Gothic Cathedral (31,000 m3) and in the Gothic
Cathedral of Murcia (50,000 m3) where values oscillated between 0.40 and 0.47 [22].

2. Materials and Methods

As only ruins of the abbey now exist, in situ measurements of the structures acoustic
parameters are not possible. Therefore, the approach taken by the current study was to
create an acoustic model of the structure. The acoustics of a space can be modelled in two
main frameworks: solving the wave equation and geometrical acoustics (GA) [23]. The
current study used GA software CATT Acoustic, v. 9.0 with TUCT (The Universal Cone
Tracer) [24]. CATT does not solve the wave equation, instead approximates how simulated
sound interacts with objects and spaces based on the geometrical features and programmed
properties [25].

2.1. Establishing the Internal Dimensions

The model was initially produced using the program Sketchup [26]. It was then
transferred to CATT acoustics using Sketchup extension SU2CATT [27]. The horizontal
dimensions for the abbey model were based on the scaled abbey floor published by Hope
and Brakspear [8], see the below Figure 2. This image was imported in Sketchup and set to
the correct proportions using the scaling function within the program using the dimensions
shown on the plan.
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There is minimal historical data as to what the vertical dimensions of the abbey would
have been. Previous virtual and scale models have been constructed, such as the scale
model on display at Beaulieu Museum [28], have been created based on estimations in
comparison to the horizontal dimensions. The previous models have only delt with the
external dimensions and with no estimations of internal vertical dimensions of the abbey.
Therefore, all the proportions used in the current research were ascertained with a large
element of conjecture. The approach taken by the current study was to take cross-sections
of abbeys and cathedrals built in a similar period and scale their horizontal dimensions to
those of Beaulieu Abbey. Then, an average was taken of the heights of the internal pillars
and arches. This average was used for the internal vertical dimensions of the abbey. Due
to the level of uncertainty of these dimensions, they were cross-referenced with research
on equivalent structures to check for their likely accuracy. For example, the calculated
tower height of Beaulieu Abbey was 42 m, slightly smaller than that of Bath, St Albans
and Tewkesbury Abbey [29]. However, Beaulieu Abbey’s smaller footprint would point
towards the calculated height being within an acceptable margin of error.
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Even upon concluding this procedure, the modelling process still contained a large
degree of uncertainty. A key example of this is with the Abbeys tower. In Hope and
Brakspear 1906 paper the only reference is that there was likely a tower at the crossing of
the transept tower [8]. Many towers of this period are closed such as Roche Abbey [30].
Based on this research the closed tower approach was taken for Beaulieu Abbey. The
below Figure 3 is an illustration of Roche Abbey with a closed tower alongside a modelled
Beaulieu Abbey tower.
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Figure 3. Illustration by Peter Urmston of the Roche Abbey Tower (left) was used as an architectural
reference to model the Beaulieu Abbey Tower (right) [8].

2.2. Model Complexity

The aim when producing a GA model is to create an acoustically accurate simulation
not an architecturally accurate model [25]. The necessary complexity of a GA model is
a topic that has been extensively researched [31]. It has been argued that limiting the
number of surfaces and compensating with a higher scattering coefficient can produce
more accurate results [25]. Efforts have also been made to standardise the optimum level
of complexity in terms of a ratio between model surfaces to volume [32]. These are shown
in Table 1 below.

Table 1. Planes to volume detail ratio [32].

Level of Detail # of Surfaces/Volume (m−3)

Low 0.003 to 0.010
Medium 0.010 to 0.015

High 0.015 to 0.030

The results from the Bradley and Wang study concluded that if the geometry of the
main structure is constructed accurately then the level of detail has minimal effect on
results [32]. The methodology used by the current study was to only model components
smaller than 0.5 m, equivalent to 700 Hz wavelength [9]. However, this was only adhered
to when it did not jeopardize the inclusion of the structure’s crucial features [32]. Upon
exporting the model into CATT, a calculation was conducted in line with Bradly and Wang
research and the model’s detail was found to be above recommendations [32]. The model
was therefore simplified until the ratio between planes and volume equaled 0.03 (based on
a predicted abbey volume of 44,673 m3), with the intention of using scattering coefficients
to counterbalance the simplified structure [25].The main simplification was of the arches as
displayed below in Figure 4.
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2.3. Absorption and Scattering Coefficients

Each plane in a CATT model can be assigned absorption and scattering coefficient,
these dictate the amount of simulated sound energy that is absorbed upon interaction and
is scattered from the incident wave [9]. The coefficients are expressed as percentages per
octave band frequency.

2.3.1. Absorption Coefficients

Absorption coefficients were assigned to each of the materials in accordance with
literature values. Table 2 below displays the employed absorption coefficients.

Table 2. Absorption coefficients used in model.

Material 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz Reference

Arches & Pillars 16 18 16 16 18 17 [9]
Limestone Walls 3 3 3 4 5 5 [33]

Ceiling 20 15 10 8 7 7 [34]
Floor 4 3 1 1 1 5 [35]

Audience & Monks 52 68 85 97 93 85 [24]
Pulpit 12 12 15 15 18 18 [9]

Windows 35 25 18 12 07 04 [36]
Door 14 10 6 8 10 10 [9]

2.3.2. Scattering Coefficients

There is no empirical library of scattering coefficients for the properties of materials
in situ [20]. For a model with complexed or curved geometry, as is being modelled with
Beaulieu Abbey arches, a scattering coefficient of around 30% has been shown to provide
representative results [25]. However, the effect of scattering is dependent on frequency
and area of the plane [25]. The methodology used by the current study was based upon
research by Alonso et al. and Martellotta that used the ratio between a surface’s geometrical
proportions and its irregularities to create an average scattering coefficient for different
planes spatial complexity [11,37]. Table 3 below shows research calculated values:

Table 3. Recommended scattering coefficients [37].

Alonso et al. Scattering Coefficients (s)

Surface 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
Smooth 12 13 14 15 16 17

Moderately Irregular 20 25 30 35 40 45
Irregular 30 40 50 60 70 80

It should be noted that approaches using methodologies implying averaged values
for varying irregularities can mean that acoustic trends that would be present in real world
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measurements can be missing in a simulated model [38]. However, in absence of accurate
published data, particularly in instances like the structures of the arches and pillars, this
approach was deemed the least flawed. An alteration to the averaged scattering coefficients
was however made for the relatively smooth surfaces of the limestone walls and the floor,
both of which have been moderately raised to take into account the coarseness of actual
surfaces [34]. The full list of scattering coefficients can be seen in Table 4.

Table 4. Scattering coefficients used in final model [34].

Material 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz

Arches & Pillars 30 40 50 60 70 80
Limestone Walls 14 15 16 17 18 19

Ceiling 30 40 50 60 70 80
Floor 14 15 16 17 18 19

Audience & Monks 30 40 50 60 70 80
Pulpit 20 25 30 35 40 45

Windows 12 13 14 15 16 17
Door 20 25 30 35 40 45

2.4. Sound Sources and Receivers

In archaeoacoustics studies it is not always deemed appropriate to use a sound source
in line with the signal to noise guidance of BS-EN-ISO-3382-1:2009 [14], as it is unlikely
to provide representative speech intelligibility data [29]. Sound sources and receivers’
properties were therefore chosen to better represent typical scenarios including both sacral
chants from the quire and speeches from the altar and the pulpit sections. The sound
pressure levels for the source used were based on research on octave band levels of human
speech at different volumes, measured at 1 m [39]. The directionality of the source was
based upon research on human voices [40]. The frequency data used for the first two
scenarios can be seen in Table 5 below.

Table 5. Frequency data used for sound source [40].

REFERENCE 125 250 500 1 kHz 2 kHz 4 kHz

Loud male voice 57 65 72 71 66 60

To give a broad range understanding of the acoustic parameters of the abbey, 3 assess-
ment simulations were devised, these were done based on typical activities that would
occur in a Cistercian service [41].

2.4.1. Scenario 1: Pulpit to Nave

A sound source was created at 1.7 m above the floor of the pulpit, to represent a
preacher delivering a service. The proprieties of the sound source were based on those
previously discussed. Receiver points were introduced into the model and audience
planes were placed across the seating rows of the nave. Figure 5 shows sound source and
receiver positions.
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2.4.2. Scenario 2: Altar to Quire

While the same sound source properties used to simulate the speech voice from the
pulpit (reported in Section 2.4) were also employed to emulate the priest’s speech from the
altar, six receivers were taken into consideration across the quire area at 1.2 m to reproduce
seated audience conditions. Figure 6 shows sound source and receiver positions.
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2.4.3. Scenario 3: Quire to Nave

Cistercian abbeys were inhabited by choir monks and lay brothers. While the first
two modelled scenarios aimed to evaluate a speech given by a priest either from the pulpit
or from the altar areas, a third scenario was implemented to investigate the impact of a
singing choir on the acoustics properties of the Abbey. Monks were obliged to perform
the divine office and sing the plasms in the choir, lay brothers were exempted from any
liturgical practice and were not therefore admitted to the choir [41]. Although no data
was available for the Beaulieu abbey, the number of choir monks living in other Cistercian
abbeys varied from 30 or less choir monks up to a maximum of 140 monks in the Rievaulx
abbey in the early days [42]. Nevertheless, only 22 monks were living at Rievaulx abbey
at the time of its suppression in 1538 [43]. A total of 20 individual sound sources were
located parallel to each other at the two sides of the quire section to simulate the acoustics
properties of the choir monks singing in the Abbey. Sound sources directivity and SPL
values at 1 m were taken from available singer’s directivity data [40]. A total of 6 receiver
positions were determined across the nave [14]. Sound sources and receiver positions are
shown in Figure 7 while the SPLs assigned to the individual sound sources are displayed
in Table 6.
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Table 6. Frequency data used for sound source (Marshall and Meyer 1985).

Frequency 125 250 500 1 kHz 2 kHz 4 kHz

Singer 65 68 71 74 77 80

2.5. CATTAcoustic Calculation Settings

CATT has 3 algorithms based on the research by Michael Vorländer [33]. Algorithm 1
is based on stochastic diffuse rays, while Algorithms 2 and 3 are based on the split-up of
the definite diffuse ray [25,44]. Algorithm 2 is suited for the in-depth study of enclosed
spaces, while the 3rd algorithm is shown to be the most suitable for open air venues [44].

Algorithm 2 was used in the render results from pulpit to nave and the presbytery to
the quire as it is advisable for closed models with complex geometry [3]. However, due to
the large number of sound sources and receivers used in the quire to nave scenario, algo-
rithm 1 was employed to reduce the calculation times. For all calculations 250,000 rays were
used, as well as 1000 ms echograms/impulse response based on the TUCT auto feature.

3. Results
3.1. Reverberation Time (RT) rResults

By taking into account the spectral behavior of the spatial-averaged T30 shown in
Figure 8, an overall decrease in T30 equal to 1.40 s is found from 125 Hz to 4 kHz for the
scenario emulating speech conditions from the altar to the quire area. Similarly, to the
results obtained from the quire area, although a smaller decrease from 125 Hz to 4 kHz is
noticed (0.40 s), the average T30 results predicted across the nave section from the pulpit
show a slight reduction from low to high frequency bands. Nevertheless, a relatively flat
and constant decay curve is observed across the investigated standard frequency bands
stated in ISO 3382-1 [14]. Finally, differently from the previous analyzed scenarios, while
the longest values of T30 predicted from the quire to the nave section are found between
500 Hz and 1 kHz octave bands (4.32 and 4.19 s, respectively), a significant T30 decrease of
3.66 s is noticed from 125 Hz to 4 kHz.

Additionally, Figure 9 reports mid-frequency [500 Hz–1 kHz] averaged T30 results
over distance. It can be noticed, by taking into account the standard deviation (SD) values
for each simulated scenario, low and similar in T30 results are found both when emulating
a speech scenario from the pulpit to the nave area (SD = 0.03) as well as sacral chants sung
from the quire to the nave section (SD = 0.04). Conversely, the greatest variation in T30
values is observed when simulating a speech from the altar to the quire section (SD = 0.23).
Finally, considering the Just Noticeable Difference (JND) values based on the lowest T30
results from each emulated set, it is observed how variations above standard JND% are
only found for the simulated speech scenarios.
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3.2. C50 Results

As it can be observed from Figure 10 despite decreases at mid-frequency bands are
observed for the spoken simulated scenarios, increases at highest frequency bands in C50
and C80 values are generally found for all the presented scenarios. Specifically, while the
lowest C50 values are observed for the modelling settings emulating a speech given from
the pulpit towards the nave, highest values are noticed for the same hypothetic sound
source, simulating a speech male voice addressed to choir monks disposed within the
quire area. On the other hand, considering C50 and C80 values over frequency bands, it
is noticed how differences exceeding 1 JND value are found for almost all the analyzed
frequency bands (250 Hz–500 Hz–2 kHz–4 kHz–8 kHz).

As shown in Figure 11, noticeable decreases of 2.29 dB and 3.21 dB, respectively in
C50 and C80 values are observed from the closest to the most distant receivers’ positions
across the nave when evaluating the impact of the modelled sound sources located within
the quire area. A more significant reduction in C50 is noticed when assessing C50 results
given by the sound source positioned on the abbey’s pulpit. A 11 dB reduction is found
when comparing the furthest receiver positions within the nave section (3) to the receiver
positions modelled within the Abbey’s transepts (4 and 5). In addition, although smaller, a
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decrease in C50 of 7.54 dB is also to be highlighted from position 3 and 6, located in the
altar section, due to the directionality of the sound source and the position of receivers 4, 5
and 6 (located at the back of the sound source).

Acoustics 2021, 3 FOR PEER REVIEW  11 
 

 

  

(a) (b) 

Figure 9. mid-frequency [500 Hz–1 kHz] T30 results: (a) T30 results over receiver positions; (b) T30 results over distance. 

3.2. C50 Results 
As it can be observed from Figure 10 despite decreases at mid-frequency bands are 

observed for the spoken simulated scenarios, increases at highest frequency bands in C50 
and C80 values are generally found for all the presented scenarios. Specifically, while the 
lowest C50 values are observed for the modelling settings emulating a speech given from 
the pulpit towards the nave, highest values are noticed for the same hypothetic sound 
source, simulating a speech male voice addressed to choir monks disposed within the 
quire area. On the other hand, considering C50 and C80 values over frequency bands, it 
is noticed how differences exceeding 1 JND value are found for almost all the analyzed 
frequency bands (250 Hz–500 Hz–2 kHz–4 kHz–8 kHz). 

 
Figure 10. C50 and C80 results over standard frequency bands. 

As shown in Figure 11, noticeable decreases of 2.29 dB and 3.21 dB, respectively in 
C50 and C80 values are observed from the closest to the most distant receivers’ positions 
across the nave when evaluating the impact of the modelled sound sources located within 
the quire area. A more significant reduction in C50 is noticed when assessing C50 results 
given by the sound source positioned on the abbey’s pulpit. A 11 dB reduction is found 
when comparing the furthest receiver positions within the nave section (3) to the receiver 
positions modelled within the Abbey’s transepts (4 and 5). In addition, although smaller, 

Figure 10. C50 and C80 results over standard frequency bands.

Acoustics 2021, 3 FOR PEER REVIEW  12 
 

 

a decrease in C50 of 7.54 dB is also to be highlighted from position 3 and 6, located in the 
altar section, due to the directionality of the sound source and the position of receivers 4, 
5 and 6 (located at the back of the sound source). 

  
(a) (b) 

Figure 11. C50 results: (a) C50 results over receiver positions; (b) C50 results over distance. 

3.3. STI Results 
From Figure 12, while no excellent STI values are found, highest results are provided 

by the receiver positions in the quire section from the sound source located in the altar. 
While averaged STI values of 0.44, resulting in POOR intelligibility are obtained across 
the nave, an averaged STI value of 0.60 is retrieved for the receivers disposed of within 
the quire. 

 
Figure 12. STI results for the simulated scenarios. 

In evaluating STI results over the different receiver positions (see Figure 13), it can 
be stated that while STI values generally decrease at further distances from the sound 
sources, a reduction in STI results is also observed for receivers’ positions located behind 
the sound source (4, 5 and 6) when emulating a speech male voice from the pulpit. These 
results are to be expected due to the directionality of the sound source used and the lower 
signal to noise ratio at receivers further away from the source. 

Figure 11. C50 results: (a) C50 results over receiver positions; (b) C50 results over distance.

3.3. STI Results

From Figure 12, while no excellent STI values are found, highest results are provided
by the receiver positions in the quire section from the sound source located in the altar.
While averaged STI values of 0.44, resulting in POOR intelligibility are obtained across
the nave, an averaged STI value of 0.60 is retrieved for the receivers disposed of within
the quire.

In evaluating STI results over the different receiver positions (see Figure 13), it can be
stated that while STI values generally decrease at further distances from the sound sources,
a reduction in STI results is also observed for receivers’ positions located behind the sound
source (4, 5 and 6) when emulating a speech male voice from the pulpit. These results are
to be expected due to the directionality of the sound source used and the lower signal to
noise ratio at receivers further away from the source.
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4. Discussions
4.1. RT Considerations

The observed RT decrease at higher frequencies and the consequent longer values at
low frequencies are expected trends observed within churches and cathedrals characterized
hard reflective surfaces. However, air absorption is responsible for the shorter decay
times at frequencies ≥1 kHz. Similar decrease in RT at high frequencies were observed in
different English cathedrals [13]. Measured T30 values from the Gothic cathedral of Murcia
(50,000 m3) are in accordance with the RT curve observed in the Beaulieu Abbey, stressing
a relationship between Cistercian and Gothic architectural style. The longer RT values at
low frequencies are also in accordance with previous research concerning the acoustics of
Cistercian Italian Abbeys [3].

Table 7 considers available RT data from both Gothic and Cistercian cathedrals and
abbeys. Initially it is noticed how the spatially and frequency averaged simulated T30
values gathered for the 3rd modelled scenario show similarities to the measured values
found in Basilica of Saint Mary Major and Murcia Cathedral which provided the closest
room volume when compared to the Beaulieu Abbey. In some studied structures with
larger room volumes, such as St. Peter’s Basilica in Rome, Basilica of Saint Paul outside
Walls and Basilica of St. John Lateran longer RT values are observed. Nonetheless, notable
discrepancies are observed when comparing the simulated T30 values gathered for the 3rd
modelled scenario with the measured RT spatially and spectrally averaged results from the
Cistercian abbeys investigated by Magrini and Magrini [3].

The used scattering and absorption coefficients in the presented research might be
observed as the major source of stochastic uncertainties [45], different sound source and
receivers positioning as well as the number of sound sources, would have to be considered
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as a major cause of the variations. In fact, both from Table 7 and from the previously
mentioned RT results from Figure 8, a significant discrepancy from 4.20 s to 2.49 and
2.39 s at mid-frequency bands [500 Hz–1 kHz] is observed from the 3rd to the 1st and 2nd
modelled scenarios.

Table 7. Spatially and frequency averaged RT values comparison.

Acoustic Environment Room Volume [ m3] RT [s]

Beaulieu Abbey 47,062 2.39 s ≤ T30mid[500 Hz − 1 kHz] ≤ 4.20 s
2.29 s ≤ T30mid[125 Hz − 4 kHz] ≤ 3.69 s

Senanque Abbey 8330 T30[125 Hz − 4 kHz] = 5.43 s
Silvacane Abbey 10,100 T30[125 Hz − 4 kHz] = 6.02 s

Le Thoronet Abbey 7360 T30[125 Hz − 4 kHz] = 7.96 s
Tiglieto Abbey 3390 T30[125 Hz − 4 kHz] = 3.13 s

Morimondo Abbey 12,110 T30[125 Hz − 4 kHz] = 3.82 s
Chiaravalle Abbey 14,970 T30[125 Hz − 4 kHz] = 4.41 s

St. Peter’s Basilica in Rome 480,000 T30mid[500 Hz − 1 kHz] = 9.9 s
T30[125 Hz − 4 kHz] = 9.6 s

Basilica of Saint Paul outside Walls 160,000 T30mid[500 Hz − 1 kHz] = 8.3 s
Basilica of St. John Lateran 120,000 T30mid[500 Hz − 1 kHz] = 5.7 s

Basilica of Saint Mary Major 38,000 T30mid[500 Hz − 1 kHz] = 4.3 s
Murcia cathedral 50,000 4.28 s ≤ T30mid[500 Hz − 1 kHz] ≤ 4.54 s

Similar differences are encountered from the analysis of T30 results from three differ-
ent source-receiver combinations investigated within Ripon cathedral [35]. However, this
research did not attempt to explain the variations among the different scenarios. Several
causes might be related to the significant variations in RTs between the 3rd modelled
scenario and the first 2 simulated conditions. The difference could be due to the presence
of coupled volumes in the Abbey which can occur when different areas within the same
room volume separated by an acoustically transparent opening exhibit different RT char-
acteristics [46]. The effect can usually be encountered in cathedrals and similar worship
environments which are characterized by the presence of several subspaces (e.g., choir,
dome, transepts) [47]. As it is the case of the investigated Cistercian Abbey which, besides
the two lateral transepts, features a 40 m tower within the choir area which is linked to
the nave, the transepts and the altar sections (characterized by a height of ∼= 21 m) by
acoustically transparent openings. Although it can be hypothesized how the different
RT observed with the sound source placed in the choir section is due to weakly coupled
volumes. For this reason, further research and analysis should be carried out in accordance
with previous recommended methods [48].

In addition, the taller and narrower ceiling in the choir area does not help to reflect
the sound toward the nave but it rather focusses the sound energy back to the choir thus
decreasing the amount of sound energy reaching the receivers.

The direction of the sound sources might also represent a key aspect for the increased
RT values obtained from the 3rd scenario. In fact, as previous research pointed out, the
sound source direction can have an effective influence on the RT [49]. It should also be
noted that as scenario 3 used 20 sound sources each focusing sound energy in a slightly
different vector makes specific comparisons to the first 2 scenarios severely limited.

While there is no strict standard for what the ideal reverberation time of an abbey,
proposed optimal RT values for choral music and congregational singing between 1.8–
2.5 s in Christian worship environments [50] are considerably lower than the simulated
measurements results, suggesting how different Christian religious orders might have been
characterized by different RTs. Moreover, a useful assessment can be established comparing
the results reported in Figure 9 with the Building Bulletin 93 (BB93) document [51]. The
nearest comparison to the Abbey in this table would be Multi-Purpose hall, for which the
document advises should have a reverberation time between 0.8 s and 1.2 s for a new build
and 0.8 s and 1.5 s for refurbishment. Accordingly, the resulting RTs from all the modelled
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scenarios proved how the abbey provides an excessive mid-frequency RT (500 Hz–1 kHz)
which could not guarantee optimal speech intelligibility conditions.

Overall, it can be concluded how the simulated RT values confirmed a relationship
be-tween Cistercian and Gothic architecture and they also stressed the similarity between
common RT behaviors observed in Cistercian abbeys and the sound intensity levels of
Gregorian chants proposed in previous research [3], highlighting the suitability of Cistercian
architecture to host sacral chants.

4.2. C50/C80 Considerations

The shortest distance from the altar to the quire section (<22 m) lead to the highest
C50 results which were found close to 0 dB for most of receiver positions, resulting in
acceptable speech clarity values [9,17], mid-frequency (500 Hz–1 kHz) averaged values
equal to <0 dB are always observed across the nave section for receiver positions located
at further distances >10 m. Considering spatially averaged values, the results are in
accordance with literature findings reporting considerable low C50 values ranging from
−11.33 dB to − 6.40 dB from acoustics investigations conducted across six Cistercian
Abbeys characterized by smaller room volumes (varying from 3390 m3 up to 14,970 m3).
It can be observed from Table 8, it has to be mentioned how the highest frequency and
spatially averaged results simulated within the Beaulieu Abbey are higher than the C50
and C80 averaged values found across other examples of similar environments although
closest values are observed for C80mid results between the Beaulieu Abbey and Murcia
cathedral. Overall, the results stress how Cistercian architecture might have characterized
the acoustics of worship environments with poorer C50 compared to modern recommended
values [13]. In evaluating the suitability of the Abbey for music, although acceptable results
in gothic cathedrals are found to be >0 dB [26], available recommended values for sacral
music indicate a lower threshold equals to –5 dB [17]. Consequently, the retrieved C80
values predicted across the nave section would suggest the suitability of the Abbey to host
sacral music and chants rather than speeches. While the results show that the structures
aptness for the performance of Gregorian chants, it should be noted that this does not
implicitly imply the Cistercian architects had an understanding of the principles of acoustics
that influenced the design.

Table 8. Spatially and frequency averaged C50/C80 values comparison.

Acoustic Environment Room Volume [ m3] C50 and C80 [dB]

Beaulieu Abbey 47,062

−8.06 dB ≤ C50mid[500 Hz − 1 kHz] ≤ 0.77 dB
−7.44 dB ≤ C50[125 Hz − 4 kHz] ≤ 2.92 dB

C80mid[500 Hz − 1 kHz] = −2.45 dB
C80[125 Hz−4 kHz] = −1.11 dB

Senanque Abbey 8330 C50[125 Hz − 4 kHz] = −11.13 dB
C80[125 Hz − 4 kHz] = −8.11 dB

Silvacane Abbey 10,100 C50[125 Hz − 4 kHz] = −11.32 dB
C80[125 Hz − 4 kHz] = −8.35 dB

Le Thoronet Abbey 7360 C50[125 Hz − 4 kHz] = −11.33 dB
C80[125 Hz − 4 kHz] = −8.73 dB

Tiglieto Abbey 3390 C50[125 Hz − 4 kHz] = −6.40 dB
C80[125 Hz − 4 kHz] = −3.88 dB

Morimondo Abbey 12,110 C50[125 Hz − 4 kHz] = −8.29 dB
C80[125 Hz − 4 kHz] = −5.26 dB

Chiaravalle Abbey 14,970 C50[125 Hz − 4 kHz] = −8.58 dB
C80[125 Hz − 4 kHz] = −6.50 dB

Murcia cathedral 50,000 C50[500 Hz − 1 kHz] = −5.18 dB
C80[500 Hz − 1 kHz] = −3.79 dB



Acoustics 2021, 3 266

4.3. STI Considerations

As with the above mentioned C50 results discussion, while the shortest distance from
the altar to the quire showed the highest STI values highlighting the impact of distance on
speech conditions [52], “POOR” STI values are observed for the remaining investigated
acoustics scenarios [18]. “POOR” STI values were also observed in the Gothic cathedrals of
Murcia and Ripon [16,22]. Through a comparison among spatially averaged STI simulated
values from Gothic cathedrals shown in Table 9 demonstrates how the results from the
above table show that the Beaulieu Abbey model would provide equal or higher speech
intelligibility ratings compared to the further considered values.

Table 9. Spatially averaged STI comparisons.

Acoustic
Environment Room Volume [ m3] STI STI Rating STI Rating

(Non-Native Speakers)

Beaulieu Abbey 47,062 0.45 ≤ STI ≤ 0.60 Bad-poor ≤ STI ≤ Fair-good Bad-poor ≤ STI ≤ Bad-poor
Malaga cathedral 118,500 0.42 Bad-poor Bad-poor
Ripon cathedral 31,000 0.49 Poor-fair Bad-poor
Seville cathedral 200,000 0.52 Poor-fair Bad-poor

Cordoba cathedral 155,000 0.40 Bad-poor Bad-poor
Christian Basilica 100,000 0.51 Poor-fair Bad-poor

STI measured values from Christian worship buildings showed spatial averages of
0.49 and 0.40, implying similarities between Cistercian and Gothic architecture [12,15].
Finally, it should also be noticed how “FAIR” STI values for non-native speakers can only
be reached with values ≥ 0.75 [18]. Therefore, as can also be observed from Table 9, the
simulated STI values, as well as the rest of the cathedrals examples, could only provide
bad or poor speech intelligibility properties. The observation is in accordance with the fact
that before Vatican II in 1963 there was no desire for low RTs and high intelligibility since
liturgy was sung in Latin only [53].

5. Limitations

In building the Abbey Model numerous assumptions have had to be made. These
include approximations of the vertical dimensions, As well as assumptions on the different
surface’s geometrical proportions and irregularities. Therefore, following the previously
discussed Alonso et al. and Martellotta research, to create an average scattering coefficient
for different planes spatial complexity is problematic with no clear evidence of what the
original abbey equivalent planes would look like. The current paper has attempted to
overcome these issues by using Alonso et al. plane complexity averages as the basis for
the scattering coefficients [37]. As noted in the methodology section that this approach can
mean that acoustic trends from the real-world structure could be missing in a simulated
model [38]. Therefore, the current paper is not stating categorically that these would have
been the real-world results of the acoustic parameters that could be measured within the
abbey when it was standing. Rather these are an estimation of the discussed parameters
using the information and resources available to the authors.

As the Abbey is destroyed, the current paper has attempted to verify its findings
by cross-referencing with relevant research. However, variations in the test methods
used in the real-world studies, the parameters used with computer simulated studies
and the differences volume in all the buildings studied are among the problems with any
cross-referencing methodology. The current paper has tried to counteract these issues by
checking both an average of comparable results as well as individual specific equivalent
findings. However, as there is no standardised methodology for archaeoacoustics [54], and
many studies create a specific procedure for an investigation, meaning most comparisons
have a degree of weaknesses [1].

The current papers tailored methodology of using 3 scenarios to analyse the acoustic
properties of typical activities in a Cistercian abbey, caused significant limitations in com-
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paring the results from the 3 scenarios. This is especially true when considering scenario 3
which had 20 sound sources all with different directionality considerations, in comparison
to scenarios 1 and 2 which had one. The degree of uncertainty in the comparisons is then
compounded when the results of the investigation are compared to relevant studies, some
with their own bespoke methodology. The limitations of the present study highlight the
need for more standardised procedures in the field of archaeoacoustics.

As well as the restrictions in the methodology of obtaining the parameters of ruined
historic structures and the complicities of comparing the results to relevant research, there
is also a significant limitation in the interpretation of the results. Coimbra states there is
a “danger of looking at the past with the mind of a 21st century” [1]. Meaning we are looking
for significant data from 21st century knowledge that was not present in the minds of the
original designers. This is particularly true in the case of the current paper, that is using
modern acoustic parameters to try and understand the intentions of 13th century architects.

Despite, these significant limitations of the current paper and more broadly the field
of archaeoacoustics in general, it’s believed to be important to understand our acoustic
heritage to enhance the appreciation for ancient sites and monuments [2]. However, when
interpreting the results, the scale of the limitations should not be understated.

6. Conclusions

The presented report aimed to investigate the acoustics properties of the Beaulieu
Abbey in order to provide an estimation of the original acoustics conditions characterizing
the structure destroyed in 1538. A 3D model was implemented on SketchUp software and
uploaded into CATT-Acoustics which was used to conduct the acoustics analysis. Similar
RT slopes to those simulated by the model were found across other examples of Cistercian
and Gothic architecture, supporting the hypothesis of a valid acoustics knowledge by
Cistercian architects. Acceptable speech intelligibility conditions could have been provided
from the altar to the quire section of the Abbey. However, it was highlighted how only BAD
and POOR intelligibility conditions would have been reached across the nave section. Suit-
able C80 values for sacral music were found in accordance with available recommendations,
thus emphasizing the low importance placed on good speech intelligibility suggesting
the willingness of Cistercian architecture to achieve optimal conditions for sacral music
and chants.
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