€Y Routledge

g Taylor &Francis Group

Journal of Architectural Conservation

ISSN: 1355-6207 (Print) 2326-6384 (Online) Journal homepage: http://www.tandfonline.com/loi/raco20

Sydney Opera House

Paul Akhurst, Susan Macdonald & Trevor Waters

To cite this article: Paul Akhurst, Susan Macdonald & Trevor Waters (2005)
Sydney Opera House, Journal of Architectural Conservation, 11:3, 45-64, DOI:
10.1080/13556207.2005.10784952

To link to this article: http://dx.doi.org/10.1080/13556207.2005.10784952

ﬁ Published online: 16 Jan 2014.

\]
CJ/ Submit your article to this journal &

||I| Article views: 159

A
& View related articles &'

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=raco20

(Download by: [Nanyang Technological University] Date: 08 June 2016, At: 10:30 )



http://www.tandfonline.com/action/journalInformation?journalCode=raco20
http://www.tandfonline.com/loi/raco20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/13556207.2005.10784952
http://dx.doi.org/10.1080/13556207.2005.10784952
http://www.tandfonline.com/action/authorSubmission?journalCode=raco20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=raco20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/13556207.2005.10784952
http://www.tandfonline.com/doi/mlt/10.1080/13556207.2005.10784952

Downloaded by [Nanyang Technological University] at 10:30 08 June 2016

Sydney Opera House

Analysis and Cleaning of the Concrete

Paul Akburst, Susan Macdonald and Trevor Waters

Abstract

This paper discusses the cleaning and conservation of the folded concrete
beams, a key architectural feature of Sydney Opera House. This cleaning
and conservation work attempts to develop an appropriate method and
specific techniques for dealing with the exposed concrete that can be
applied to other areas of the building in the future. It describes how the
development of the methodology relies on a sound understanding of the
historical development and construction of the building and the signifi-
cance of the concrete in the architectural language of the place. It exempli-
fies the relationship between the Conservation Plan and the Utzon Design
Principles that together provide the framework for decision-making at
Sydney Opera House and shows these documents working in practice.

Through interviews with labourers, supervisors and engineers, consider-
ation is given to site practices employed in 1964 that have proved to be
stable and long-lasting. The development of the approach to the cleaning
of the concrete also shows the value of combining oral and published his-
tory with laboratory assessment of conservation techniques.

Introduction

This is the second paper relating to the conservation of Sydney Opera
House.! Previously the framework for the ongoing conservation and care
of Sydney Opera House was described. This includes the implementation
of a Conservation Plan,? together with the Utzon Design Principles,> which
jointly provide the guiding policy for the ongoing management of this
important building. These policy documents have been adopted by the
Sydney Opera House Trust as its managers, and are also used by the
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Figure 1 Sydney Opera House was envisaged as a sculptural elementin a
magnificent harbour setting. It consists of a substantial, solid platform that draws on
historic references. Atop the platform are the shells, constructed as segmented
precast concrete ribs, overlaid with glittering white glazed tiles. (Courtesy Max
Dupain & Associates)

government heritage agencies responsible for overseeing the conservation
of the building.

The use of extremely high-quality exposed concrete at Sydney Opera
House, cast in situ and incorporating precast elements, exploited the
organic nature of the material — its colour intended to refer to nature. As
Utzon said, ‘You find a similar situation in Gothic cathedrals, where the
structure is also the architecture.* The top surface of the shells, in contrast,
are covered with white glazed tiles, with the exposed structural precast
concrete ribs forming the ceiling below (Figure 1).

The exposed concrete folding beams are a key feature of Sydney Opera
House, providing the means by which the huge spans could be provided
without columns, but also contributing to the architectural character and
quality of the place. The building’s architect Jorn Utzon described the
beams as ‘these ribs shaped so they elegantly express the forces within the
structure. They express the harmony within the structure.”

The folded beams support the southern part of the platform on
which sit the soaring shells of Sydney Opera House. The beams rise from
the ground, support the steps, and provide a concourse beneath. The
folded beams also form the ceilings of the interior box office spaces, the
preliminary foyers to the Opera Theatre and the Concert Hall, and the
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ceilings of the grand external anteroom to these foyers — the Vehicular
Concourse.

The Conservation Plan and the Utzon Design Principles both include
detailed policies for the exposed concrete generally and the folded beams
specifically, which are identified as being of ‘exceptional significance’.® The
work discussed in this paper includes cleaning and conservation of the
folded exposed concrete beams that encase the Utzon Room and Vehicular
Concourse below the monumental steps of the podium.

The recent concrete conservation and cleaning works to the Utzon
Room and Vehicular Concourse required careful analysis and considera-
tion. The importance of the aesthetics of the concrete finish in these areas
demands that any conservation work recognizes this and that it reverses the
effect of time and pollution on the finish of the concrete to preserve the
material authenticity of the building and retard the environmental effects
that contribute to concrete decay.

The study described in this paper attempts to address Sydney Opera
House architect Jorn Utzon’s desire to ‘conceal the defects and bring it up
to a uniform and acceptable standard’,” and the Comnservation Plan’s
Policy 41.1 that ‘beams should remain unpainted and their detail unob-
scured’.® Contemporary accounts and photographs highlight that the
soffits of the folded concrete beams were blemished by a white residue
when the formwork was removed in 1962, well before leaks through the
protective membrane that sits above the folded beams became an issue.
Thus the goal of determining what is ‘clean’ encompassed the removal of
polluting agents and recapturing the visual continuity absent from much of
the original surface. The initial investigation work described in this paper
provides an overall philosophy and framework for the whole process of
conservation from the initial consideration of the need for cleaning and
conservation through to the completion of repairs and ongoing mainte-
nance of the structure.

The folded concrete beams
Background

Jorn Utzon’s original competition drawings of 1956 show beams spanning
the width of the lower concourse, which forms access for vehicular traffic
and pedestrians into the podium (Figure 2).” The folded beam profiles were
arranged in a smooth flowing pattern, starting off as a “T” section and grad-
ually altering into an open ‘U’ profile where the tensile stress is concen-
trated in either the soffit or the crown. The geometry of the folded beams
is a conic section in elevation,'? entirely created with straight lines in pro-
file (Figure 3).

47
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Figure 2 The supporting concrete beams span 47.5 metres (156 feet) across and
down the slope of the grand stairs, without columns. The top surfaces of the
structural beams are covered by precast granite paving, which incorporates open
joints to let surface water run off into troughs formed between the beams.
‘Submission no. 218’, SOH Competition Drawings (Dec. 1956). Technical Information
Management Services, Record No. D1419. (Courtesy of Sydney Opera House Trust)

F‘;l

Figure 3 Detail of the folded beams. (Trevor Waters, 2004)

The construction of Sydney Opera House commenced on site on 5§ May
1959. Late in 1960 the first pair of folded concrete beams was poured. Ove
Arup and Partners were responsible for the design and construction super-
vision of the folded concrete beams. Despite the rigorous contractual
requirements for the formwork, the beams did not achieve the smooth lines
and sharp arises necessary to create the strong geometry that Utzon sought.
The narrow formwork (Figures 4 and 5) precluded the efficient vibration
of the concrete, particularly at the U-shaped knee. Excessive slurry escape
had indicated formwork movement, whilst an obvious sagging at the knee
indicated a fault in the supporting scaffold.!! Despite efforts by the site
supervisory staff to control the quality of the formwork,!? the soffit of the
folded slab acquired streak marks from the slurry escaping (Figures 6
and 7).13
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Figure 4 Constructing the formwork for the folded beams. The sanding down of the
grounds was insisted upon, thus weakening the 4 inch x 1 inch boards and so
restricting the number of reuses, 1962. (Courtesy Max Dupain & Associates)

Figure 5 Large sheets of 3/16 inch plastic-faced plywood were used to line the
formwork for the folded beams. Even minor damage involved the loss of the whole
of that sheet, 1962. (Courtesy Max Dupain & Associates)
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Figure 6 The special
formwork called for by Ove
Arup and Partners involved
sinuous curves and elaborate
setting out procedures for the
soffits and beam sides.The
tolerances demanded by the
engineer were more
consistent with precision
joinery of cabinet making
rather than formwork, 1962.
(Courtesy Max Dupain &
Associates)

Figure 7 This 1962
photograph shows the beams
shortly after the formwork
was stripped and reveals that
the cleaning out of the forms
was unsatisfactory. Excessive
slurry escape in beams K1/K2
indicated formwork
movement. The surface finish
of the concrete was also
unsatisfactory. (Courtesy Max
Dupain & Associates)
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Figure 8 The surface of the
beams was burnished to
create a uniformly white
surface. (Trevor Waters, 2003)

The contractor developed a method of treating the freshly stripped con-
crete, in the northern foyers, to provide a more even finish. The concrete
beams were rapidly dried with fan-forced heaters and slowly buffed with a
sanding disc to disperse the surface efflorescence. The concrete was then
burnished with coarse pads, on variable speed drills, to make the surface
uniformly white (Figure 8).1* The quality of finish met with Utzon’s
approval, but he left Australia before treatment of a similar standard could
be found for the hardened folded concrete beams.

The 2002 Utzon Design Principles, which specifically mentions the con-
crete finish, confirms that a cleaning and resurfacing process is still neces-
sary which is reversible and does not obscure the texture of the
concrete:13-16

Some form of treatment of these surfaces as a whole, or in part will be
necessary to conceal the defects and bring it up to a uniform and accept-
able standard. Such a standard has now been set by the quality produced
in the shell structure and most recently in the bar areas,
but the actual treatment will depend on the outcome of experimental
work ...

Defining an approach to cleaning of the exposed concrete finishes

The condition of the folded beams has deteriorated through prolonged
penetration due to membrane failure!” and the common practice of direct
fixing to the beam structure, as well as ad hoc service penetrations. As
required by the Conservation Plan and identified in its policies,'® careful
investigation and analysis of the surface was undertaken. The intention of
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this approach was to avoid further deterioration and to develop potential
conservation treatments that would be stable and durable over time.
Cleaning treatments should remove contaminating matter as well as even
out the mottled concrete substrate that Utzon regarded as defective and
detrimental to the intended character of the original surface.

The Conservation Plan contains a number of detailed polices about the
exposed concrete beams. These include policy on surface finish (colour and
texture), the importance of using tried and tested methods and proper diag-
nosis of problems, technical adequacy of repairs, and the retention of con-
struction markings or characteristics. Likewise, the Utzon Design
Principles also addresses the concrete finish in terms of colour and tex-
ture.’

The goal of the cleaning process is to rectify obvious defects and also to
establish the appropriate methodology and techniques for the cleaning and
conservation of other sensitive areas of off-form concrete ceilings within
Sydney Opera House.?? The objective of the cleaning process for the folded
concrete beams is to:

1 remove or reduce pollutants from the fabric whilst retaining the natural
visual properties of the concrete surface;

2 treat the unpainted concrete soffits to even out blemishes and to
recapture their early visual appearance in texture, colour, tone, and
uniformity;?!

3 ensure that the cleaning procedure above is only executed through
processes that are fully tested on the actual fabric and for which the con-
sequences are known, and not to introduce agents that may result in
future visual change or deterioration;

4 retain the original post-tension set-out lines, vibrator markings, and
patches that help to explain the past history of the fabric; and

5 involve processes that are stable, long-lasting, and as simple in applica-
tion as the complexity of the task permits.??

Field survey and testing

Prior to commencement, a photographic record of the areas to be cleaned
was developed, with the images compiled to provide detailed mapping of
the cracks and water ingress. Stress cracks radiating from the anchorages
that occurred during construction were identified from the resident engi-
neer’s records (Figure 9).23

Some water staining had occurred along the cracks, which suggested
that the membrane covering the slab had failed. There was evidence of
water ingress. Leaching was noted at a crack in the knee and a scraping
was taken. Preliminary analysis indicated that the material is likely to be
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calcium carbonate with low levels of sulphate. Further scrapings were
taken for laboratory analysis to determine the nature and source of the

blemishes.

Three concrete core samples were analysed to determine chloride and
sulphate penetration profiles at different depths below the surface of the
concrete. At selected depth intervals, layers were ground in a laboratory
disc mill to less than 1 mm and analysis was performed.

Table 1 and Table 2 illustrate that with the exception of some results
from the outer layers, the chlorides were well below the 1150 ppm (0.4 per
cent by weight of cement) threshold of concern,?* and would not constitute

Depth Chloride Sulphate
(mm) (ppm) (ppm)
All 100 110
0-10 100 1,020
20-30 70 770
40-50 50 790
Depth Chloride Sulphate
(mm) (ppm) (ppm)
All 580 2,050
0-10 770 420
20-30 130 340
40-50 <10 450
140-150 10 330
160-170 <10 360
180-190 20 910

Figure 9 A photographic
survey of the folded slab to
the Utzon Room mapped the
open crack and areas of
water ingress. The arrows
highlight the crack and
leaching of the beam as a
result of water penetration.
(Trevor Waters, 2004)

Table 1 Chloride and
sulphate concentrations at
depths up to 50 mm within
the Utzon Room.

Table 2 Chloride and
sulphate concentrations at
190 mm depth within the
Vehicular Concourse.
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a significant risk of chloride-induced corrosion of the reinforcing steel with
cover greater than 20 mm. It also appears that the original mix of concrete
had a very low chloride content, in the order of 20 ppm. While the absolute
levels of sulphates detected remained well below the threshold (14,000
ppm or 5 per cent by weight of cement), these results indicate some eleva-
tion of sulphates above the background.®

Prolonged exposure to the sulphates and chlorides in sea spray may have
promoted the development of insoluble calcium sulphate dihydrate
(gypsum) and calcium chloride to the top and lower surface of the beams
in the Vehicular Concourse areas. There is no evidence of salt penetration
through the concrete, or of internal seawater attack.

Surface scrapings of the folded concrete beams were collected from dif-
ferent locations within the Utzon Room to determine the composition of
the stains and blemishes to the soffits.>® The laboratory results are graphi-
cally represented as a percentage by weight of calcium carbonate CaCO,,
calcium hydroxide Ca(OH),, hydration water H,O, organics, and quartz
(or other) (Tables 3 and 4).27

Thermal analysis of the concrete surface scraping samples reveals a
greater proportion of mineral deposits than of organic matter such as
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Table 3 Analysis of surface scrapings.

CaCO, Ca(OH), H,0 Organics Quartz and other
41.50% 0.67% 9.58% 4.64% 43.61%

Table 4 Scrapings average % composition.
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algae, fungi, bacteria, smoke residue, or formwork oil. This type of organic
deposit is more likely on the exposed beams at the extremities of the
Vehicular Concourse. Here the weathered and porous surface presents an
ideal habitat for organic growth to establish.

Notable quantities of calcium hydroxide Ca(OH), were detected in sam-
ples collected from active water leaks. Samples 15 to 19 were taken from
areas with distinct white efflorescence close to construction joints or cracks
with a stream of deposits on the soffit. The weeping of lime is usually
caused by acidic rainwater (carbonic acid) dissolving calcium from the
cement matrix to form calcium bicarbonate Ca(HCO,),. Precipitating cal-
cium salts form as a bloom or indistinct whitening around the leak.?8

The ratio of CaCOj, to quartz over the soffit of the concrete is variable.
However, there is no evidence of significant leaching of concrete compo-
nents and subsequent salt deposition on the soffit of the beams. The vari-
able coloration is due to the uneven distribution of calcium hydroxide
Ca(OH),. This is a natural by-product of the hydration of cement that has
carbonated on exposure to air forming insoluble calcium carbonate
CaCO,. This chalky residue is the most likely cause of the ‘cloudiness’ in
the matrix of the concrete and streaks, clearly described by the resident
architect and evident in the contemporary photographs taken during con-
struction (See Figure 7).

Further chemical analysis of surface scrapings was undertaken to deter-
mine if there was a compositional variation between the staining in the
exposed Vehicular Concourse and the interior of the Utzon Room (Tables
5 and 6).%° The expected outcome was that due to the failure of the origi-
nal membrane there would be evidence of external seawater attack and salt
penetration in both areas sampled.

Sample 1A is taken from the level portion of the beam adjacent to the
south-eastern wall of the Utzon Room. Serious leaking of water through
the open crack has lead to the formation of stalactites on the soffit of the
folded beam. There is evident failure of the original and new membranes.

The scraping was taken from this fissure and analysis has proved it to
contain predominantly calcium salts (5.3 per cent). This is symptomatic of
a significant rainwater leak. The results show the composition of magne-
sium oxides to be very low, less than 0.5 per cent, with a small percentage
of both sodium and potassium oxides. These low concentrations do not
indicate a more severe problem of saltwater migration that is having an
adverse effect on the concrete durability. Few sulphates were detected (0.03
per cent) and the cement surrounding the crack does not have the friable
material that would be expected if the crack was caused by the softening
or dissolution of the hydrated cement by sulphate present in seawater.
Furthermore the low levels of iron oxide suggest that rusting of the rein-
forcement by water ingress may not be widespread.
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Sample 1A Utzon Room Sample 5A Vehicular concourse
Raw element analysis results (% by weight)
%Fe 0.2 2.9
% Ca 3.8 2.6
%Mg 0.1 1.2
%Na 0.8 0.9
%K 0.8 1.0
%S0, 0.03 5.7
% Cr n.d n.d
Recalculated oxide composition (% by weight)
%Fe,0, 0.3 4.1
% CaO 5.3 3.6
%MgO 0.2 2.0
%Na,0 1.1 1.2
%K,0 1.0 1.2
%S0, 0.03 5.7
% Cr n.d n.d
Oxide ¥ 7.8 17.9

Table 5 Chemical analysis of surface scrapings.

6.04
5.51
5.01
4.54
4.0+
3.51
3.01
2.51
2.0
1.5
1.0+
0.5

%Fe 203

%Ca0 %MgO  %NayO %K 0 %S03 %Cr
Oxide composition

Sample 1A E Sample 5A

Table 6 Graph of the recalculated oxide composition (% by weight) for the Utzon
Room (Sample 1A) and the Vehicular Concourse (Sample 5A).
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Figure 10 The folded
concrete beams to the Utzon
Room retain the original
mottled and rust-stained finish
that was evident in 1962
construction photographs.
(Trevor Waters, 2003)

Sample SA was collected from the sloping soffit of the western beam in
the Vehicular Concourse. Although the internal concentration of sulphates
was low, the superficial build-up of SO, (5.7 per cent by weight) is a con-
cern. Unless sulphates being deposited by sea spray are regularly cleaned
off, there is a risk that they will attack the cement matrix and induce cor-
rosion of the reinforcing steel. Very slight sulphate attack has been detected
on the external faces of the first and last beams, which are those closest to
the harbour.

The 4 per cent iron oxide component is consistent with an overall rust
coloration within the Vehicular Concourse and is probably a stain from
construction. The formwork was exposed for long periods, largely due to
the extra quantity and complexity of reinforcement, causing excessive
weathering deterioration. The increased reinforcement made it difficult to
clean out the forms before casting.3? Rust from the bars was washed onto
the soffit formwork by rain, resulting in the permanent staining of the con-
crete face (Figure 10).

The preceding test results support the view that the concrete is sound, of
high strength and relatively impervious to moisture. Furthermore the per-
meability of this high grade of concrete would not allow a ready migration
of salt except through obvious cracks.3! The analysis of cores and surface
scrapings has demonstrated that the current efflorescence and staining was
present, in part, when the slabs were first poured. The discontinuous and
uneven surface that so displeased Utzon in 1962 is integral to the structure
and is not the result of salt penetrating through the folded concrete beams
and depositing on the surface.

Conservation programme

As recently as 2002 Utzon continued to express his dissatisfaction with the
presentation and finish of the folded concrete beams to the Vehicular
Concourse, Utzon Room, and southern foyers:3?
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One way to remedy this is to raise the light level in the area artificially.
Another way could be to whitewash the concrete surfaces of the ceiling
above the area. Whitewash can be cleaned off again, or applied in such
a way that it does not camouflage the concrete texture. Trials in
‘selected” areas would be needed to establish the correct procedure.

Steve Tsoukalas, conservation tradesperson, has worked on the con-
struction and maintenance of Sydney Opera House for thirty-five years. He
retained the tools necessary for the original finishing process and was able
to demonstrate the original buffing process that turned dull, blotched
concrete into a lustrous, translucent finish (Figure 11). On freshly stripped
concrete the cleaning process is similar to the process employed in the buff-
ing of the northern foyer beams after 1964. The surface staining, rust
streaks, and calcium hydroxide Ca(OH), blemishes are dispersed evenly
with a coarse pad on a 7-inch variable-speed buffing tool. The precipitate
is worked to a constant edge in a tracking motion rather than broad
uneven strokes, taking care not to leave behind swirl marks or a slurry
build. The pressure is gentle and the speed is slow (400 rpm). As the cal-
cium hydroxide is buffed the slurry becomes a tacky or viscous film on the
surface. Within a month the surface is fully carbonated to a translucent

Figure 11 Steve Tsoukalas
demonstrates the use of the
original drill used to burnish
the soffits of the freshly
stripped concrete. The
hardened concrete is
currently ‘reactivated’ with a
calcium bicarbonate solution
that evens out the blemishes
and fills the pores, creating a
denser surface. This figure
demonstrates the process
only - correct safety
procedures were followed
when undertaking the task.
(Trevor Waters, 2003)
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calcium carbonate film that has a strong polarizing effect when viewed
through a polarizing film. This is typical of calcite crystal formation.33 The
same tools and action were initially unsuccessful when used for the conser-
vation treatment of hardened concrete. Site trials demonstrated that once
the calcium hydroxide (lime) had fully carbonated on the folded concrete
beams, the resultant calcium carbonate (calcite) was difficult to remove. As
calcium carbonate is virtually insoluble and has little binding power it is
important that it is dissolved and dispersed evenly into the micropores of
the concrete. An emulsion was required that would significantly increase
the solubility of calcium carbonate in water. Laboratory experiments and
site trials investigated lime washes and thick calcium carbonate suspensions
that were ‘painted’ over the surface, but obscured the character of the con-
crete. Sugar solutions readily formed soluble calcium saccharate; however,
analysis confirmed that even after repeated washing residual sugar formed
loose organic bonds with hydroxides, reducing alkalinity and increasing
the risk of degradation. Sodium silicate, which reacts with free hydroxides
to form a glass-like binder around the calcium carbonate, was also consid-
ered.’* These treatments were rejected as they did not fulfil the primary
objective of involving processes that are stable, long-lasting, and simple
in application.

Conservation treatment

The treatment adopted follows the same process that enables acidic rain-
water to dissolve calcium carbonate from within cracks and disperse it
evenly over the soffits of the beams. Thus the hardest problem, water
ingress, becomes the basis of the simplest solution. The mixture is easily
prepared by dissipating calcium carbonate in a bottle of carbonated water.
This carbonic acid H,CO, dissolves the insoluble CaCO; into the soluble
calcium bicarbonate Ca(HCO,),.

Ca%*(aq) + (HCO;),(aq) < > CaCOj,(solid) + CO,(gas) + H,O(liquid)

calcium bicarbonate < > calcium carbonate + carbon dioxide + water

The soluble ‘life’ of the bicarbonate is limited. If the container is left
open CO, gas is desorbed and CaCO, precipitates from solution; the same
effect is obtained at drying. This process when applied to cleaning hard-
ened concrete has the potential to induce controlled dissipation.

The substrate is first steam-cleaned to remove organic deposits and sol-
uble salts, leaving the micropores more open. The substrate is left to dry
for several hours so that it will absorb the carbonated water faster and
deeper. A fresh bicarbonate solution (prepared just before application) is
applied as a thin wash over the surface of the concrete. The depth to which
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the calcium bicarbonate will penetrate depends on factors such as opened
porosity or moisture content.

Once the calcium bicarbonate is applied and absorbed into the pores of
the concrete, the subsequent evaporation of the water will generate precip-
itation of the calcium carbonate into the pores. Slow, natural evaporation
is preferable to accelerated drying. Gentle buffing with a coarse finishing
pad, during drying, changes the surface from a translucent film to a tacky
opaque glaze. This is the same effect as observed on freshly stripped con-
crete. When it is dry a microscopic layer of calcium carbonate is formed on
the surface and within the pores of the concrete. This treatment evens out
the dappled blotches, disperses the rust stains, lightens the surface, and
recaptures the character of the concrete beams as they appeared after
removal of the formwork (Figure 12).

Consequently, Sydney Opera House has adopted a low-pressure clean-
ing solution saturated with calcium and containing an excess of dissolved
CO,. Carbon dioxide is bubbled through a suspension of water and cal-
cium carbonate to form an acidic calcium bicarbonate solution (6.75 pH at
11°C and 140 psi). Calcium solids are initially dissolved from the surface
of the concrete and then evenly deposited as the water evaporates and
carbon dioxide is lost from the liquid. In practice the bicarbonate solution
removes superficial grime and efflorescence, evening out the white staining
(Figure 13).

Although some carbonation of the existing calcium hydroxides within
the concrete can be considered to be occurring, this process can be
regarded as a way of introducing carbonation from external sources, caus-
ing the calcium carbonate to be formed on the surface, not within the con-
crete matrix.>®> The depth of full carbonation remains less than 1 mm
before and after cleaning.

Conclusions

The conclusions to be drawn from the development of a methodology for
the cleaning of the concrete and conservation of the surface finishes of the
concrete at Sydney Opera House are two-fold. First, the cause and treat-
ment of surface discoloration has been comprehensively established.
Second, through detailed historic understanding of the building as well as
sound scientific investigation and a robust philosophical approach, an
approach to maintenance has been demonstrated that can be transferred to
many situations and materials.

Sydney Opera House has undertaken extensive investigations regarding
the causes of discoloration of the folded concrete beams. These have
demonstrated that the efflorescence and staining were present, in part,
when the slabs were first poured. The variable coloration is due to the
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Figure 12 The Utzon Room presentation has been improved by the cleaning and
treatment of the concrete without compromising the character of the concrete finish
or having to remove early structural patches that help to tell the story of the place.
The work sought to reinstate the authentic finish of the exposed concrete, which is
such a strong aesthetic element in the building. (Trevor Waters, 2005)

Figure 13 Visual inspection
of the soffits confirmed that
there were no apparent
adverse effects from the
cleaning process. (Trevor
Waters, 2005)

uneven distribution of calcium hydroxide Ca(OH),. This is clearly evident
in the contemporary photographs taken during construction. Treatment
with calcium bicarbonate has successfully evened out the discoloration and
brought the beams closer to the architect’s original intent. The effect of the
cleaning and treatment is to remove sulphates, soiling, and stains, whilst
not altering the character of the off-form finish.
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The approach taken to developing this treatment is consistent with the
unique original design and construction process at Sydney Opera House:
that is investigation, experimentation, and implementation.
Experimentation on any significant fabric must be undertaken with great
care so as not to cause irreparable damage. Through investigation the
architect’s original intent was established (Utzon Design Principles), whilst
the conservation management plan provided practical policies for evaluat-
ing the heritage significance of the elements to be treated in a current con-
text. Records from the design and construction period further informed the
maintenance process. By augmenting documentary records with the collec-
tive memory of former workers and supervisors, it was possible to repro-
duce the techniques employed after 1964. This philosophical approach,
adopting considerable investigation before undertaking any work or even
experimentation, can be readily applied in many situations and demon-
strates the value of understanding the designer’s intent before commencing
restoration work. This is important when the significance of the place is
largely derived from the architectural significance, as is the case at the
Sydney Opera House.

This work provides an important record and template for the treatment
of the exposed concrete of Sydney Opera House that can be used in the
future. By example, this work establishes a documented approach to main-
tenance and restoration based upon scientific principles and an under-
standing of the intent and achievements of the original architect and
construction workers.
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