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The Bridgewater Hall in Manchester, UK, forms the new home for the Hallé orchestra and a major
international venue for symphonic and classical music. The hall comprises a 2400 seat auditorium
together with orchestral accommodation and backstage facilities. This paper presents the design
of the vibration isolation system used to prevent excessive groundborne noise from the adjacent
railway. Predictions and measurements are compared, showing reasonable agreement of overall
results but with significant differences in source levels, propagation losses and isolation insertion
loss.

1 INTRODUCTION
The concert hall site iapproximately 30m fronthe “Metrolink” light rail transit system in
Manchester, UK (see Figure 1). Both the hall and the railway are founded on sandstone bedrock.
The risk of disturbance due to groundborne Lower Mosley Street
railway vibration waddentified atthe outset of
the concert halbesign in 1989 and vibration
isolation wasincorporated in thebuilding to
mitigate the problem.
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The Metrolink railway is a new system and was ,@d‘
not operating at the time of the building design.
The vibration isolation design was therefore
carried out onthe basis ofpredictedrailway
vibration levels, as describedS$ection 2. The
detailed considerations taken into account during <

the isolation desigare described in Section Gro
while the results ofvibration and noise ' Brioger
measurements carried out on the site during.the O Stroey

life of the project are presented in Section 4.0 50m
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Figure 1: Site Plan



2 PREDICTED VIBRATION AND NOISE LEVELS
The railway vibratiorlevels at 10m from the track were estimated based on results from similar
light rail transit (LRT) systems in Europe, including the Docklands light railway in London, UK
and the LRT in Nantes, France. Vibration levels at the concert hall location (30m from the track)
were predicted using estimatpbpagation losses in the bedrock. The estimated losses were
derived from relevant literatuté | supplemented by the results of on-site propagation tests using
a tripod borehole construction rig as the source, and vibration transducers located in boreholes at
bedrock level (10m and 30m from the source) as the receivers.

Noise levels in the auditorium were predicted by considering the acoustic wedjated by
a surface with a meaguare normal surface vibration velocityy 2> averaged over time and
the surface area, determined by the relation

W = pcSo<v?>

whereS is the surface area of thératingstructure and is the radiatiorefficiency. It was
assumedhat thecoupling loss (i¢he loss irvibration energy at the interface between the rock
and the building foundations) would be negligible and that the vibration response of floor and wall
elements of the hall would provide averall amplificationfactor between 3 and 5dB.
Substituting for the characteristic impedance opais 416 kgrﬁ2 g the vibration velocity level,

L, with a reference velocity of 1x0 m/s, and solving for the radiated sound power Jevel, L ,
referenced to 1xI® W, gives

L, = L,+10log S+10log 0 -34.

The radiatiorefficiency (o) varies with frequencyf depending on theaterial properties and
construction of the radiating surface, but ganerally be assumed to be umtyove thepanel
critical frequency.The predicted noidevelswere compared with a recommended traoise

limit, which is sightly higher than the PNC15 design goal for continuous noise from the services
systems (air conditioning, lighting etc). The results of the predictions are shown in Table 1.

Octave Band Centre Frequency,

Hz

315 63 125
Predicted vibration velocity level at 10m from the 88 95 90
Metrolink railway, dB re 1 x 18 m/s
Predicted vibration velocity level at 30m from the 80 83 75
Metrolink railway, dB re 1 x 18 m/s
Predicted structure-radiated noise level in the 63 66 57
auditorium, dB re 20uPa
PNC15 (limit for continuous noise from building 58 43 35
services, etc), dB re 20uPa
Recommended train noise limit (TNL), dB2euPa 63 50 40
Predicted excess above TNL, dB 0 16 17

Table 1: Predicted vibration and noise levels (without building isolation)



3 BUILDING ISOLATION DESIGN
It was clear from the predictions (Table 1) that the auditorium would require substantial protection
from groundborne railway vibration. Vibration isolation at source (ie at the railway) was strongly
recommended but, unfortunately, could not be incorporated cost effectively due to the imminent
construction of theailway system. Desigaptions forisolatingthe building structure were
therefore evaluated, with tlam of identifyingthe system offeringhe best practicasolation
performance.

Although the auditorium is the only
acoustically critical space requiring
protection from railway vibration, it was
decided that thevhole building should
be isolated, rather than just thell.
Experience from previoustructural
isolation projects had indicated that
internal resilient joints between isolated '% S
and non-isolated parts of a building are @Audltorlum @Plam Tower (@) Vibration Tsolation

costly and introduce significant risks of Figure 2 Section

bridging. Figure Zhows the concept

design for the vibration isolation, incorporating resilient bearings below the whole building. The
main heating, cooling and ventilation plant is located in a separate building as part of the strategy
for controlling noise ingress the auditorium. The plabtdwer building isthe only part of the
complex which isiotisolated from the ground. Consequently, all service connections between
the plant toweand the concert hdiluilding required resilient connection details suchhase

shown in Figure 3.

Non isolated

structure The next step idevelopingthe building
isolation design was to determine the
Lsolation appropriate type ofresilient bearing.
hanger Detailed consideration wagven to the
two primary alternatives; elastomeric pads
(which have beensed inmany solated
building structure%) andhelical steel
springs (which have been used on a
number of more recent projeti ).

Isolated
structure

There are mumber of differences in the
dynamic behaviour of elastomeric pads
and steel springs. The first difference is
the natural frequencyf§ which can be
achieved under structural loading
conditions. Simple singledegree of
freedom theory indicatethat alower
natural frequency provides better isolation
performance(at f > v2xf.). To date,
elastomeric pads have typically been used
in buildingisolation systems with natural
™~ frequencies irthe range of 10 to 15Hz.
Figure 3: Resilient pipe connection One or two projects have achieved lower
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Flexible connection



natural frequencies, in the region of 7z , and proposals have been developed for an elastomeric
bearing system with a natural frequency of approximdtdly (although these have yet to be
tested in a buildingtructure). Lower naturdiequencies require larger (and therefore more
costly) bearing assembliasd result in substantial static deflections utiderdead load of the
supported building. High deflections can cause problems during the construction phase (due to
differential deflections) and are associated with increased incidence of long term creep.

Steel spring systenfsr building isolationare most costfficient inthe range of 3Hz to 5Hz
natural frequency. (Higher natural frequencies require stiffer sprvigle lower natural
frequencies can compromise spring stability.)

Perhaps the most importadifference between elastomepads and steel springiss in the
dynamic characteristics of thmaterials and components. Elastomeric materials have the
advantage of solid-type dampfng which allows the slope of the transmissibility response to follow
the ideal 12dB per octave curve above the natural freq(@ssyming a single degree of freedom
system). Steel spring systems have minimal inherent damping, but are often used in conjunction
with viscousdamping devicegdashpots)which result in aless desirabléédB per octave
transmissibility slope.

Elastomeric materials exhibit significant non-linear effects. At a given excitation amplitude, the
dynamic stiffness of an elastomenmunt increases with frequency. Atgaven excitation
frequency, the dynamic stiffness decreases with increasing displacement amplitude. These effects
can be critical in an isolation system designegratect asensitive building frongroundborne

railway vibration because; the @ation frequencies are high (typically 10 to 20 times the natural
frequency), antdhe excitatiordisplacement amplitudesevery small (typically ofthe order of

10"m rms displacement).

Both types of isolator alsexhibit a number of ‘whole body’ effects, such as wave effects in
elastomeric pads and the coil resonance in a spring.

In addition to the practical aspects of isolator dynamic performance, it is, of course, important to
note that thedynamic response of the —
structure departssignificantly from the
“lumped mass” assumption of simgiagle
degree of freedom theory, furthieniting g
the overall isolation performance which ¢
be achievedl® . In practice, limiting value
isolation performance are typically found
be 15 to 20dBvhich compares poorly wit
theoretical performance in excess of 40d
f> 10 xf,..

It was determinedhat the best practics
isolation performanctr this project could
be obtained withhelical steel springs
(without viscous damping), providing
natural frequency of approximately 3.5Hz.

The spring units were provided by Gerb

Schwingungsisolierungen Gmiqef Essen, Figure 4: Spring unit




Germany) and a typical unit is shown in Figure 4. The spring assemblies are provided with two
significant features; pre-compression (typically to 80% of the expected dead load of the structure)
to avoid deflection during the early stages of construction of the superstructure, and embedment
of the spring coils in a ‘bath’ of viscous liquid, to damp the coil resonance effect.

Even withthe spring isolation system, noise predictions sugg#st¢ttain noise levels would
still be likely to exeed the recommendkdit within the auditorium. Aprogram of measurements
was therefore conducteturing theremainder othe project to monitoany variations from
predicted effects. The results are discussed in Section 4.

4 SITE MEASUREMENT RESULTS
The Metrolink railway begaoperation in June 1992. THiest measurements of groundborne
railway vibration were carried out on the site shortly afterwards, even though the construction of
the concert hall building had not yet begun. The measurements were achieved by excavating to
bedrock level athe future concert hall location and attaching transducers todkevia a
concrete pad foundation. The results are showialote 2, andire compared with thearlier
predictions.

Octave Band Centre Frequency,

Distance from Description Hz
track
315 63 125
Measurement 96 95 78
10m Prediction 88 95 90
Difference, dB 8 0 -12
Measurement 81 75 44
30m Prediction 80 83 75
Difference, dB 1 -8 -31
Table 2: Measured sourcevibration levels, compared with predictions,

dB re 1x10° m/s

Given the(inevitably) widetolerances on the estimates, the predistibdation levels and
propagation effects are in reasonable agreement with the measurements at 31.5Hz and 63Hz. At
125Hz, however, the source levels were overestimated by more than 10dB and the losses in the
ground were underestimated by nearly 20dB. The reduced vibration output at 125Hz compared
with the results achieved by similar LRT systems is considered to be due to the resilience of the
polymer embedment usddr therail. Theground propagation effectaay bedue to local
variations in the jointing of the bedrock. The overall implication of the measured source vibration
levels was thatess isolation performance was requiredh& springsystem than had been
previously predicted. The required isolation performance was therefore more likely to be achieved
and the project could proceed with a less severe risk of unacceptable train noise levels.

The next measurements carried out on site were conducted in 1994 after the construction of the
concrete pad footings and sub-structure columns. The results showed that most of the site was
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Figure 5: Measured vibration and noise levels in the stalls of the auditorium

exposed to vibration levels similar to those measured on the test foundation in 1992. However,
a smallnumber of foundation columns exhibited vibration levels 10 to 15dB higher in the 63Hz
octave than those on thestfoundation. The reason for this waat clear, butseveral of the
affected columns were located adjacent tatigjmment of a disused canal which had been buried
during a previous use of the site. It was suspected that the buried canal walls formed a structural
link between the railway and part of the site. The walls were therefore excavated and moderate
reduction in vibration (5 to 7dB) was achieved on the affected foundations.

The final phase of measurements took place when the concert hall building neared completion in
1996. Vibration measurements were carriedt above and below the spring units, in the
auditorium (at stalls and gallery levels) and the roof structure.Simultaneous noiskevel
measurements were madettie hall. The results for thetallsare shown in Figure 5. They
indicate thattrain vibration and structure-radiated noiseels could be detectedbove
background levels in the frequency range spanning the 25Hz to 100Hz third octave bands. The
noise levels were close to (but within) the design target, indicating that a successful outcome was
achieved.

Vibration measurements below spring level showed similar results to the earlier survey carried out
before the construction of the superstructure, although in céguency bands the vibration
levels had decreased by up to 3dBhisreductionmay bethe result of the imposesdructural

load.

As expected, vibration levels above the springs were significantly lower than those below, due to
the isolation performance of the springs. It must be noted, however, that the difference between



vibration levels above and below the springs can not be considered to be indicative of the spring
performance. This is because the vibration measurements represent the forced response of parts
of a very complexstructure, each part @fhich exhibits itsown response behaviouTypical

results from vibration measurements carried out above and below spring units are given in Table
3.

Vibration and noise levels at the gallery level of the hall were very similar to those at stalls level,
suggesting that vibration energy was spre@tky throughout the seating area of the auditorium.

It was not possible to detect any vibration above background levels within the roof structure above
the auditorium.

Third octave Band Centre Frequency, Hz
Location
25 315 40 50 63 80

Below spring units 66 74 79 80 80 63
Above spring units 58 58 55 58 57 50

Difference, dB 8 16 24 22 23 13
Table 3: Measured vibration levels above and below spring units, dB ré*1x10 m/s

An alternative to comparing vibration levalsove and below springs as a measumestdlled
isolation performance is to compdhe predicted and measured transfer functions between the
foundation columns and the auditorium. This comparison is given in Table 4.

Third octave Band Centre Frequency, Hz

25 315 40 50 63 80

Predicted vibration velocity level at foundations, 70 75 78 78 80 75
dBre1x1® m/s

Predicted structure-radiated noise level in auditorium 53 58 61 61 63 58
(without spring isolation), dB re 20pPa

Difference (= predicted transfer function), dB 17 17 17 17 17 17

Measured vibration velocity level at foundations, 66 74 79 75 75 63
dBre1x1® m/s

Measured structure-radiated noise level in auditorium 48 49 48 44 39 35
(with spring isolation), dB re 20pPa

Difference (= measured transfer function), dB 18 25 31 31 36 28

Difference between measured transfer function and 1 8 14 14 19 11
predicted transfer function
(= apparent isolation performance)

Table 4: Predicted and measured transfer functions between the foundations and the auditorium




The analysis shown in Table 4 suggetitghtly lower isolation than theraple comparison of
vibration levelsabove and below the spring84ore importantly, both indicators a$olation
performance confirnthatthe results achieved are substantially less than the performance which
would be expected from a single degree of freedom system.

5 DISCUSSION AND CONCLUSIONS
The vibration isolation systeflor the new Bridgewatddall in Manchester has successfully
protected the auditorium from disturbance due to groundborne noise from the Metrolink railway.

The measurements carried out before and during the construction of the hall provide useful insight
into the generation and propagation of railway vibration and noise. Many of the results confirm
the predicted effects. However, the measurements also highlighted a number of effects which had
not been predicted, the most significant being:

» thatrailway vibration levels ithe 125Hz octave band were less than predicted due to the
resilient rail embedment,

 that attenuation of vibration with propagation in the ground was greater than predicted in the
125Hz octave band at many parts of the site, and

» that attenuation ofibration with propagation in the ground was much less than predicted in
the 63Hz octave band at parts of the site near to a buried canal wall.

At the end of abuilding isolationproject it isdesirable to determinéhe achievedsolation
performance of the chosen isolation system. Unfortunately the isolation performance of a complex
building system can not be measured directly. Instead, it must be estimated from comparison of
measured and predicted vibration responsacoéssiblgarts of the structureThis type of
comparison has been carriedt onthis projects andonfirmsthat theisolation performance
achieved is significantly lesban thatwvhich would be expected from single degree of freedom
theory (approximately 20dB in this case).
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