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INTRODUCTICN

The Glasgow Roya! Concert Hall opened in Oclober 1930. It seats an audience of 2195 plus 283
chair. This makes it comparable in capacity with the Free Trade Hall, Manchesler, and tha Royal
Concert Hall, Nottingham, but larger than Symphony Hall, Birmingham. The intemal voluma of the
hall Is 28,700 m® with the furthest seat at 37 m from the staga front. As wall as the normal concert
arrangement with raked stalis seating, the firsi elaven rows of stalls saating can be removed by being
hovered on air-castors. This, together with tha fact that all slaga sections are on lifts, allows the
crealion of an extensive Rat floor area and the staging of arena formal productions. As well as
Hexibility in the auditorium, additional facilities are provided in the building for conferences, functions
and exhibitions,

BRIEF HISTORY

Britain's only classical reclangular concert hall with a good acoustic reputation, St Andrew’s Hall of
1877, tragically burnt down in 1962 (sea Beranek [1] for discussion of the hall). Dasign of an arls
complex including not only a replacement concert hall but also a drama thealre and accommodation
for tha Royal Scottish Academy of Music and Drama was begun in 1968 by Sir Leslie Martin [2,3).
Early schemas included a large space suitable for conceris with a fiytower aver the slage for dramatic
performance. However, no solid commilment to actually build it was made until tha mid-1980s. In the
meantime, Scotlish Opera had moved into the renovated Glasgow Theatre Royal and the Royal
Scollish Academy had commissioned purpose-built headquariers.

But, despile changas in the briet, tha site for the development had remained constant. A dasignfora
larga concert hall was produced in 1984 which in its ganeral form was in the tradition of galleried halls
like-the old St Andrew’s Hall but thae plan form and section improved all tha sight fines as well as
offering acouslic advantagaes. In 1985 this design was tested as an acoustic scale model at 1:50
scale. This and subsequent dasigns had seating at two basic lavels with two lovels of access. The
1885 plan was an elongated hexagon with a single balcony running around all six sides. Around the
stage the balcony served as choir seating. The basic symmelry of the plan provided for both an
orchestral stage and central arena performanca,

The elongated hexagonal plan was then medified for reasons both of performance and acoustics to be
parallel-sided al the slage end with a reversa-fan plan towards the rear. Serious progress towards
realisation of the scheme occurred in early 1987 when Glasgow learnt that it had succeeded in its
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nomination as the European City of Culture for 1950, Design now proceaded in earnast with
responsibility for the architecture passing from Sir Leslie Martin to RMJM (Scotland}, wha completed
the design and acted as execulive architects. Sandy Brown Associales wera appointed at that time as
acoustlic consultants for the entire project with Dr M Barron remaining jointly responsible for the
auditorium.

In both the elangated hexagon plan and its successor, structural support of the roof consisted of
opan-truss beams within the hall. Developments involved altemative methods for visual screening
this structure. Some ventilation ducling was also included within the auditorium volume. As the width
of the hall was very substantial at the highest level, reflectors wera introduced around the sidas 1o
enhance aearly reflections lo the balceny seating. The design both of the reflactors and the hall as a
whole was tasted in two further acoustic scale models in 1987 and 1988.
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Plan of the 1984/8S design of the Glasgow hall,
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DEVELOPMENT OF THE DESIGN

The design of an auditorium is shaped by a mullitude of factors, of which the acoustics is but one.
The foflowing discusses developments as seen from an acouslic perspecliva. The basic acoustic
concem in tha early design stages was to ensura that there ware sulficient exposed surfaces 1o
provide early reflections at each seating leval,

The elongated haxagonat plan of 1985 is shown in Figure 1. The form has a persuasive logic about it.
The need for a narrow stage generates a fan shape plan, but the fan shapa has attained a poor
acoustic reputation, especially for conditions towards the rear of the auditarium. The use of a
raverse-splay plan for tha rear half of the hall introduces a virtuous acoustic form, noled for ils dense
provision of lateral raflections. A famous example of the elongated hexaganal plan is the De Doelen
concert hall of Rotterdam (1866). Virtually all room surfaces in that hall have been rendered
acoustically diffusing. Thera ara no ovarhangs in the hall, but the subdivision of the stalls sealing is of
paricular interast [4].

In the 1585 design of tha Glasgow hall, the slalls sealing was on a flat central ficor surrounded by
raked sealing overhung by the balcony. The maximum widths ware about 32 m at stalls leve! ang

44 m at balcony leval. Thesa widihs have remained substantially constant with 31 m and 42 min the
final dosign. The side walls at high level just below tha ceiling in the 1985 design wera tilted down
from the verlical, providing an external appearance for tha hall reminiscent of a box for an egg.

Model tasts showad reasonabla uniformity in responsa axcept {or an unforessen problem of

"focusing' by plane surlaces. It was found that at least six surfaces wera tangential to an ellipsoid with
one focus near the source position. An excess number of reflections arrived in the region of the other
focus; with delays of between 160 and 180 ms they would have baan perceived as an echo. At this
receiver position there was also a lack of early sound.

Thera wera several ways in which these problems could have bean resolved. it was decided for
perfermance as much as acouslic reasons fo replace the fan-shaped element of the plan with a
parallel-sided one. The bounding walls at the upper lavel also became continuous, vertical and
parallel with the main axis of the hall. The early reflaction situation in the rear central stalls was
improved by raking the stalls Aoor, tilting the balcony fronts to direct reflections down onto the stalls
and lilting down from the verical the side walls bounding the stalls. Wilh regards to the wall below the
balcony opposita tha stage, this tilting of the bounding wall had the effecl of suppressing a possibla
acho back to the stage. Model tasts had also shown a lack of early reflactions in soma side areas of
the balcony. I was propased o remedy the situalion by introducing freely suspended reflectors in the
ceiling area,

The sealing arrangement described above remained virtually unchanged from 1987 to lhe complated
building, Figure 2. The width at ceiling level bacame 44.5 m and a technical gallery was installed
along the sides above a promenade behind balcony seating. With a tight design and construction
schedule, changes were mainly limited to the upper levels of the hall. In the 1987 modal, visual
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Figure 2 Plan and long-section of the Glasgow Royal Concerl Hall
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screening of the structure was achievad by a suspended horizonlal egg-crale. A model measuremant
of iransmissibility through the screen showed that at high frequencies it was worse than one predicts
from geomatrical considerations of the fraction of area abscured, Figure 3. This would have the effect
that, rather than enargy being reflected off a horizontal ceiling towards the rear of the hall, a lot of
energy would ba reflacted back towards the stage end. As a solution lo visual screening, it appears to
camy acoustic risks.
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Figure 3 Sound leve! reduction for sound passing lhrough regular slals,

280 mm high spaced 900 mm apar, with reflection off a hard ceiling
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The final design for the structura which supports the roof consists of five V-shaped trusses. These
have been screenad on both faces by acoustically ransparent perforated boards. Compared to the
agg-crate screen thera is evidenca that he revised ceiling scheme provides mare reflacted energy.
In the open stalls area, for instance, made! measurements suggest that the ceifing is responsible for
20-30% of early enargy {within 80 ms of the direct sound).

Increased rellection from the ceiling inspired a re-assessment of the situation in the open stalls.
Sinca tha original design in which inadequate refleclions reached the stalls sealing, design changes to
remedy this and changes made for olher reasons had led to an excess of early reflections in these
seats. The side walls bounding the stalls were therefore made vertical again, as opposed 1o being
filled down.

REFLECTORDESIGN

Concart halls of the capacity of the Glasgow hall confront what can be called the large concert hall
problem': that, by incorporating an enclosed volume sufficiently large lo achiave a long enough
reverberation time, the room surfaces bacome too remote from sealing areas to supply sufficiently
strong early raflactions. A solution to this problem has been termed the 'direcied reflaction sequence
hall' by Marshall. The first of these, the Chrisichurch Town Hall in New Zoaland of 1972 [5), spawned
two further derived halls; the Michae! Fowler Centre, Wellington, New Zealand of 1983 [6], and the
Hong Kong Cultural Centra of 1989, All thesa halls use freely suspended reflectors to enhance early
refllections to the balcony seating. Plane refleclors were used in Chrisichurch, but ware found o
produce two minor undesirable effects of false localisation and tone colouration. To avoid these
problems, plane reflactors were replaced by Quadralic Residua Diffuseres (QRDs) in the two later
halls,

For the Glasgow Royal Concert Hall, suitable crientalion of a series of plane reflectors was calculated
that gave good geometrical reflection coverage lo the side balcony areas. This reflaction arrangement
was then tested in the model and found 1o give satisfactory objective behaviour, Plane refleclors were
replaced by ORDs at the same locations and subjected fo further model tests. The final reflacior
schema consists on each sida of the auditorium of four pairs of single elemant QRDs; all QRDs have
the same profite based on prime number 7. One series of mode! tests looked at the oplions of having
aither a plane reflactive panel in the space between a pair of ORDs or of having a void in the gap. R
was anticipaled thal a Enking panel would cause greater reflaction at low frequencies but that with the
panal there mighl be axcessive screening of the balcony seats from later reverberant sound. Both
these effacts were observad in the model but on balance a void between the QRDs was judged to be
tha preferred option.

In addition, overstage reflectors hava been provided to assist the orchestra with hearing themselves
and cna anolher; these reflectors also mask lighting grids.
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REVERBERANT CONDITIONS

Orchestral excellence having been strassed in the brief, it was our intantion to supplement the lateral
reflections wilh adequate reverberation. Tha large voluma - 28,700 m? for an audience of 2,455.
providing 11.7 m® per seat - was expectad to give a mid-frequency reverberation time (T, o) N @xcess
of two seconds.

As the design developed, the widespread usa of timber panelling as the preferred finish gave us soms
concem. All the imber finish was sclected to be heavy, ranging from 19 mm dense chipboard with a
Melamina facing 1o 12 mm plywood. The timber materials ware testad in a reverberation room and
the calculated T, using these resulls still looked adequate. However, in praclice, an excessive
amount of untrealed {rear) surface was exposed and in some cases edge sealing of panalling was not
included. As a result the reverberation time was lower than calculated and the mid-frequency T in
the fully occupied auditorium was measured at 1,75 seconds. The measured values with and without
an audience are compared in Figure 4.

The results show a risa to 125 Hz which adds warmth to the sound, The reduction in reverbaeration
time with the audience prasent is greater than expected, particularly al low frequencies; some of this
difference will be explained by the inherent inaccuracies of measuring RTe from gunshot recordings.
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Figura 4 Comparison of reverberation times in occupied and unoccupied audilorium
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Impulse response measuramenls in the complated hall have shown the following, The mean early
decay time (EDT) at mid-frequencies is 88% of the measured reverbaration time. The ratio of EDT to
RT is slightly lower in tha Stalls than the Circle, in line with subjective responses. Calculation of the
88% figure does nol include ovarhung seats which traditionally have low EDT values, Values of the
mid-frequency Carity Index {ratio of early-l1o-lata energy) are in the range of -1 dB to 3 dB for seats
that are nol overhung. The fraction of early laleral energy is one of the highest measured in British
halls, with no seats having deficient values. This indicates the effectiveness of tha tapered plan forms
and the refleclars around and above the Circla. The total sound level is abova criterion al all seals
except those in the Upper Circle opposite the stage, but no complaints of quiet sound have been
raceived from this sealing area.

NOISE CONTROL

The concert hall sile was selecled and mainlained over many years becauss, in planning terms, it was
a prime site on the axis of two of the major slreets of cenlral Glasgow (Sauchishall Street and
Buchanan Streel). Howaver, acoustically it was a challenging sile with heavy traffic on two sides -
ona of the reads rising to traffic lights on the carner — and the underground train passing immediately
beneath tha auditorium at the stage end; aircrafi noise did nol contribute 10 the overall noise climata.

Tha airborne traffic noise was eliminated by the usual design expedient of wrapping foyers and rear-
of-house accommodation around the auditorium; foyer noise levels are compatible with their
proposed use. Traffic noise is barely audible in the auditorium aven at stage laft, where a wide
passage with thres sels of doors having removable central stiles provide access.

Underground train noisa was predicied to ba intrusive on the basis of site measurements carried out
on tast piles and the decision was taken to float the auditorium and its surrounding accommodation on
alastomeric pads. On the soulh side of the sile, tha break could be achieved baneath the first floor
(auditorium) slab and over shops, the elaslomeric pads being siled on the expanded pile caps 1o allow
@asy access and examination and minimise the bridging that can occur when the isolation is in the
ground; however, the road level rises sulficiently across the sile for the separation to fall below
ground level for the external walls at the north side of tha building. The achievable separalion, laking
into account the need for weatherproofing on the outside skin, shear keys at hift shafts for wind stability
and screw jacks deep inlo the ground for stage lifls, was less than had been predicled and in the
unoccupied audilorium trains are just audible,

The audibility of the underground train noisa in tha quiet auditorium has been exaggerated by the
extremely quiet building sarvices. The design background noise lavel of MNR 20 {low frequency
waighled NR 20) was bettered and ventilation noise is so low (approximalely NR 10) that noise from
auditorium house lights has had to be further attenuated. The main planiroom is sited al roof lavel in
the second, unisolated parl of the building - containing function room, axhibition hall, restaurant, elc -
and the distance and isolation of the auditorium have conlributed 1o the low noise level; these quiet
condilions have been a source of favourabla comment to the extent that wa are inhibited from raising
the noise level. ‘
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ACOUSTIC CHARACTERISTICS OF THE COMPLETED HALL

Only an incomplete study of the subjective behaviour of the hall has been made. Minor differences in
sound quality within the hall were observed but these constituted differences of character rather than
.matters of consistent preference. There was no obvious preference for one seating area compared to
another. To the perceptive listener, the character of sound in the Stalls is more immediate and in the
Circle is more reverberant. The difference is however quite subtle.

Overall the sound is clear, intimate, enveloping and sufficiently loud. The sense of reverberance is
sufficient but not as high as in some halls. The hall can offer very exciling listening conditions with a
high degree of perceived musical detail against a background of room sound. There have been no
complaints of undesirable acoustic effects associated with the QRD reflectors.
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