Designing prefabricated concrete cladding and pavers for the
Sydney Opera House 2007-2023

John Woodside OAM
Principal, J Woodside Consulting Pty Ltd

Abstract: The author has been involved in the design and erection of the prefabricated concrete
cladding and pavers at the Sydney Opera House for the past 15 years. The paper does not discuss
the prefabricated concrete beams internally or other prefabricated concrete elements, including the
roof tiles.

This paper reviews the original design by Ove Arup and Partners of the precast concrete cladding and
pavers and various projects since about 2007, and some of the design requirements for a heritage
building where the architectural precast concrete elements exposed to view must match the existing.
It also records the history of the precast concrete cladding and pavers at the Sydney Opera House for
the Sydney Opera House and future generations of architects, engineers and precast concrete
manufacturers.

The original cladding panels and pavers around the perimeter of the building were veneer
construction. All new panels and pavers are made from the same material, a Tarana Granite from
near Lithgow, but they are not veneer construction.

The projects are not large but are interesting and often quite challenging. They are a mixture of wall
panels, pavers, steps and the like. SA Precast in Adelaide has developed expertise in making
prefabricated concrete elements very much like the original, even down to ferrules that must match
previous designs. The author has assisted them with the design, handling and bracing design and
inspections before concreting as required.

The existing external prefabricated concrete elements exposed to view have performed well, although
the sea wall around the perimeter of the building has been gradually replaced as the durability
requirements were not well understood at the time of the original design. However, the Opera House
has developed a very efficient system of replacing the sea wall panels where required.

Testing for chlorides has shown that the ingress of chlorides is low for walls and pavers externally.

Sydney Opera House reuses prefabricated concrete elements where possible, although reuse is not
always possible or practicable.

1. Introduction

Construction of the Sydney Opera House started in March 1959 and took 14 years to complete to its
opening on 20 October 1973. Since then, it has become one of the most recognised buildings in the
world, with about 5,000 visitors a day and 8.2 million visitors a year. The Opera house is over 50
years old, and significant upgrades and renewals have occurred in the last 20 years since the building
was initially constructed. This paper refers to precast concrete, now called prefabricated concrete, at
the Opera House.

General views of the Sydney Opera House 1969 and 1971

The original construction was in 3 separate stages as follows:-



e Stage | was the Podium.

e Stage 2 was the roof.

o Stage 3 was the Interior and exterior finishes, including the paving and cladding. This paper
discusses the paving and cladding for this stage of the original project.

It is important to remember that the Sydney Opera House was designed nearly 60 years ago, and
there have been significant changes in technology and our understanding of how reinforced concrete
performs under various exposures over that proceeding time. Our knowledge of the durability of
concrete has also improved substantially over the past 60 years.

2. Original Precast Concrete Paving and Cladding

The Constructional Review of November 1973 [1] has an excellent article on the original prefabricated
(precast) concrete elements of the Sydney Opera House, which included the sea wall, parapets,
Broadwalk, podium, steps, paving cladding and hoods over doors.

There was a total area of precast concrete of about 436,000 sq ft or 10 acres (40,550 m? ) made by
the precast concrete manufacturer EPM, which was the largest single use of precast concrete in the
southern hemisphere at that time. The tender price was $2,758,600, or about $38 million in today's
value.

Acid etched reconstructed pink Tarana Granite finish was employed for all exposed external surfaces
at the lower levels and internally in a lot of the public areas, principally being walls and pavers. Over
11,600 units were cast of 39 different types, including 2,096 standard paving units, 2,785 special
paving units, 467 external wall panels, 438 internal wall panels, 1393 standard treads and other
numerous special units. Three thousand (3,000 tons of Tarana Granite was crushed and stockpiled
before commencing manufacture to maintain uniformity of appearance. The precast elements were
cast face down on a vibrating table, and a 3/4 inch (20mm) layer of veneer concrete was placed, and
the structural mix was then placed and vibrated, and the back surface was wood floated. External wall
panels were 3 inches thick and U-shaped, and the paving slabs were 4%z inches thick. Honing
occurred about 3 days after casting, and then they were immersed in hydrochloric acid to remove the
top laitance before being washed to remove the acid.

Wall claddings were of 4 basic types as follows:-

Flat slabs for smaller elements, such as balustrades

U-shaped panels to external major wall areas spanning vertically up to 35 feet (10.7 m)
Various types of sun hoods over doors and window openings externally

Internal walls were flat panels.

The forecourt which shows the paving, wall panels, parapets, and sea wall.



3. Tarana Granite

Tarana Granite is a pink, medium-grained granite, composed largely of quartz and feldspar with minor
biotite, which has been employed as an important monumental stone in NSW, including use in the
Sydney Opera House and the ANZAC Memorial in Hyde Park in Sydney.

Fortunately, a local farm near the original quarry has similar granite. From time to time, material from
the farm is quarried and crushed to provide granite for the small quantities of prefabricated concrete
which is now made. The crushing is carried out at Lithgow, and the aggregate is transported to
Adelaide by truck in bulka bags which is expensive. It is going to be important for the Sydney Opera
House to source and set aside enough material for the future for the next 50-100 years, in our
opinion. [2].

4. Original precast (prefabricated) concrete manufacturer - EPM

Regarding innovation in complex architectural work, few companies could match EPM (England Pipe
and Marlite), which began in Melbourne in 1951, manufacturing small-diameter unreinforced concrete
pipes and concrete wash troughs. With WP Brown (the first president of the CIA) as their chief
engineer in 1951, EPM began expanding into the structural market. EPM ceased in about 1984.

According to John Burke in his book the Rescrete Story 1968-2005 [3], Concrete Industries Monier
(CIM) had developed the Opera House surface finish for Utzon and treated it as a trade secret, but
EPM won the tender in 1966, and CIM subsequently left the market for major precast projects.

Arrises of all panels were rounded off with a 1 inch (25 mm) radius formed by the rolled channel
sections used for the formwork edges. Slabs were cast face down on vibrating tables, and a % inch
(19 mm) layer of veneer concrete was placed and vibrated for 5 minutes. Veneer concrete was hand
packed around the edges of the mould and vibrated.

ETL

Curved arrises to new panels to match the existing.

Reinforcement originally was in layers and was separated by plastic spacers and was suspended
from the top of the mould, i.e., the back of the panel so that spacers were not seen of the finished
face, which is the technique still used today. The structural mix was then placed on the veneer
concrete and vibrated for 30 seconds, and the top surface was wood floated being the back of the
panel. Reinforcement to the panels was typically 4 in, and 3/8 inch mild steel round bar in both
directions and sometimes CW60 (60,000 psi) bar was used in the return legs.



All the fixings were phosphor bronze, and they performed satisfactorily during the life of the building.
Currently, Grade 316 stainless steel is for ferrules, brackets, and the like are used. One difficulty,
however, is proprietary face and edge lifters other than ferrules are not available in stainless steel and
are available only in a hot dipped galvanised finish, and therefore care is needed where they are used
and exposed to the elements.

It is important to remember that the range of fixings and fasteners in this era was limited, and Ove
Arup and Partners developed various details for the fasteners and the connections, which were
probably state-of-the-art at that time.

Phosphor Bronze bracket with bronze bolts

5. The original design of cladding and pavers — Ove Arup and Partners

The precast cladding units were documented in 1966 as part of the Stage 3 Project. We have copies
of 23 drawings showing the fixings and reinforcement [4]. All dimensions are imperial. The drawings
were prepared in September 1966 and were of a good standard, and the connections were phosphor
bronze. There are likely to be other drawings available that we do not have.

6. Concrete Code CA2 1958 and 1963

In 1958, the second edition of AS CA2 was published, titled Australian Standard Rules for the Use of
Normal Reinforced Concrete in Buildings, known as the SAA Code for Concrete in Buildings [5]. In the
preface to CA2 — 1958, it was a complete revision of the 1937 edition of the SAA Code for Concrete in
Building. The initial design of the concrete for the Sydney Opera House was probably to AS CA2-
1958 [6]. The design of the concrete in that era was working stress design using a plain round mild
steel bar Grade 250.

Also, in 1958 Australia Standards A81-84 and A92 [7] were published for Steel Reinforcing Materials
for Normal Reinforced Concrete. Between 1958 and 1963, three new types of reinforcing bar were
introduced to the Australian market, being a square twisted bar (ST), a deformed bar (DB), and cold
worked bar CW60 bar (CW or C), with new Codes of Practice for steel reinforcing materials also
published in 1965. The Guide to Historical Steel Reinforcement in Australia [8], by the SRIA, had
further information on this historical reinforcement.



The Concrete Code CA2 was substantially amended in 1963. However, compared to modern
concrete Standards, it was a very primitive Code of Practice. This Code would have been used for the
design of the precast pavers and walls for the Sydney Opera House. It had limited information on
precast concrete (3/4 of a page), and the cover to the reinforcement in sheltered positions was % inch
(20mm) but could be reduced to 'z inch (12mm) where the strength of the concrete was specified.
The Code suggested that concrete exposed to corrosive waters, including seawater and sea spray
that the cover should be increased by an amount sufficient to provide additional protection from the
reinforcement but did not provide any values. Accelerated curing was also allowed.

Based on experience, the Code CA2-1963 had a number of problems, including:-

e Poor durability, particularly for precast concrete when exposed to the weather or elements
e Long-term creep deflection of slabs and beams
¢ Inadequate design information on columns and walls, in particular

7. Sea Wall

In 1990 a report was prepared on the Broadwalk substructure and presented at a joint CIA and
Institution of Engineers Seminar titled Sydney Opera House upgrade-the Structure and its
Maintenance [9] held on 13 August 1990 at the Sydney Opera House with papers from the Public
Works Department, Ove Arup and Partners, Taywood Engineering Pty Ltd and Maunsell Pty Ltd.

This report referred to the skirting panels (sea wall), which were reinforced precast concrete fagade
cladding units attached to the perimeter of the Broadwalk. Panels were typically about 5 m high and
about 1.2 m wide, supported on the perimeter of a beam of the Broadwalk and attached to the lower
ring beam. The lower section is either totally immersed or periodically immersed as the tide changes.
The main purpose of these panels is to continue the theme of the fagade from the Broadwalk down to
the waterline and to prevent the access of small craft underneath.

There have been problems with the sea wall over many years, and many of the sea wall panels have
been replaced over that time. The durability requirements of concrete in a marine environment at the
time of the original construction were not well understood.

By 1990 it was recognised that there were issues with the durability of the sea wall. In many locations,
particularly on the western side, most sea wall panels have been replaced.

The Sydney Opera House, in conjunction with SA Precast, has developed appropriate techniques
when a panel falls into the sea or fails for its replacement.

Several sea wall panels are manufactured each year by SA Precast and can be dispatched rapidly to
Sydney by truck, loaded onto a barge, and within a few days, the damaged panel can be replaced.
Purpose made lifters have been designed to allow the new unit to be easily installed between the
existing sea wall panels.

Removal of a failed sea wall panel.



8. Stair treads and Pavers

The stair treads and pavers have performed satisfactorily, but both the pavers and stair treads show
the effects of long-term creep deflection. At the time of the original design, long-term creep deflection
of concrete was not well recognised but would be considered in any new project now. CA2 1963
allowed a span-to-depth ratio of 30, whereas the current design would be about 20 to 24. Structurally
they are adequate.

Generally, new paving slabs are now supported at much closer centres to avoid problems in the
future. Internally pavers are typically grouted underneath.
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Existing steps and note the deflection between supports.

Fixings for all the original paving and cladding were designed on the general principles of the weight
of the units being transferred through a mortar bed to a base structure or corbel. This principle has
also been continued for all new panels. Open drain joints were used between all external wall panels
except for the major hood units.

9. External pavers, wall panels and external hoods

From our observation over the years, the pavers, wall panels and hoods appeared to have performed
satisfactorily, which is a credit to the original designers. One of the original hood panels at what is
now the Function Centre was hit by a truck and extensively damaged some years ago with the loss of
life. It has been replaced with the upgrade to the Function Centre.

10. Renewal and maintenance

Like all buildings, maintenance is always required, and that is ongoing. SA Precast provides small
pavers and similar as and when required regularly to the maintenance department.

However, from about 2013, the Sydney Opera House undertook a significant renewal program,
including the Concert Hall, the Entrance and Foyers, the Function Centre, the Creative Learning
Centre, and the Joan Sutherland Theatre [10]. As a result of these renewal projects, SA Precast has
been involved in most of these projects and provided new and reworked precast concrete elements
as required to the nominated contractor. In many cases, disability requirements have included new
access, lifts, and the like.

11. New work

Over the past 20 years or so, major upgrade works have been carried out at the Sydney Opera
House, and one of the requirements was that all the new precast concrete had to match the existing



in detail. Much of this work has been associated with the renewal program, although some of the work
is maintenance as well.

This work has included the following:-

e in 2005-2006 a Western Foyer and Western Loggia on the western side were carried out by
Hanson.

e In 2007 Southern Foyer included new panels for the escalator.

e In 2007 Western Foyer which included new panels for a new lift.

¢ In 2013 a new entrance foyer on the western side was the $152 million Vehicle Access and
Pedestrian Safety Project (VAPS).

e In 2014 work involved a small precast fire door about 1200 mm high by 690 mm wide to be
placed in an existing opening in an existing precast concrete wall panel.

e In 2016 Eastern accommodation project was considered but did not proceed.

e In 2017 as part of the Renewal Project, this project included a number of pavers, and JWC
had to certify that pavers which were 3.646 mm (12 feet) long by 1210 mm (4 feet) wide by
110 mm (4 %z inches) thick reinforced with SL82 central were adequate for lifting by 4 ferrules,
one in each corner.

¢ In 2018 the Function Centre was a significant project with new precast sunshades and new
precast panels, including hoods and brackets and pavers.

¢ In 2018 the JWC had to certify the lifting of an unusually shaped paver.

e In 2018 JWC provided the Sydney Opera House with a desktop study of the proposed
alterations and additions to the existing precast panels in the Utzon Stair as part of the
Building Renewal Program and Entry Foyer Escalators Project as designed by the structural
engineer and the architect.

e 2018 Sea Wall JWC provided advice to SA on one of the panels, which was replaced on the
eastern side.

e In 2019 JWC provided a design associated with Lift 36 with new walls to match the existing.

¢ In 2019 new pavers 80 mm thick and security wall underneath the main stairs

e In 2020, JWC provided engineering advice regarding the existing precast concrete panels,

including ceiling panels, to the Creative Centre.

In 2020 JWC provided structural advice relating to Lift 30.

12. SA Precast

It is important to remember that matching the existing granite precast pavers and walls requires skill
and attention to detail that has been developed over many years. To their credit, the Sydney Opera
House has employed SA Precast as their chosen precaster to carry out all these works except for the
entrance foyer on the western side in the past 20 years for the Sydney Opera House and particularly
for the recent renewal projects.

Also, much of the installation work is often out of hours at night from about 11 pm until 9 am the
following morning when the Sydney Opera House is not presenting performances. Therefore, labour
costs are very high due to the out-of-hours working conditions and high charge-out rates for the
precast erector staff and contractor's staff for this out-of-hours work.

The Sydney Opera House has tried to reuse the old precast panels where possible, and a number of
them are stored offsite, which is commendable. However, because of the aggressive environment,
many of them are reaching the end of their useful life because of the ingress of chlorides. Often it is
more economical to replace some of the precast panels with new panels because of the costs and
time involved in removing and reworking to suit the new project.

13. Conclusions

For significant projects, structural engineering is carried out by the various consulting engineers
appointed for each project, who are Sydney-based. One concern JWC has as an experienced
structural engineer is that periodic inspections of the manufacture of the precast elements are not
carried out by the structural engineers for the project in Adelaide for such an important building. They
depend on QA procedures which, in our opinion, are not suited to the building industry, and
particularly, the Opera House and precast concrete manufacturers are not structural engineers. For all



future projects, JWC strongly recommends that periodic inspections in Adelaide of all the precast
elements of the Sydney Opera House are carried out by the architect and engineer with written
reports submitted to the Sydney Opera House. Experience has shown that QA procedures are not
appropriate for this type of work, and indeed, a problem was picked up before the casting of an
element, which was rectified at JWC's request.

Also, the tender drawings by the structural engineer, at times, have little resemblance to what has
finally occurred on site. Often, the structural engineer does not upgrade their structural drawings to
reflect all the significant changes that have occurred to construction. They use the shop drawings,
sketches and the like to show their updated requirements.

In our opinion, the use of upgrading shop drawings and sketches is a poor way of making such
changes because of the extensive changes which can occur, particularly with complicated structures.
Unfortunately, the old-fashioned way of upgrading the drawings to properly reflect changes has now
been bypassed by many structural engineers to the detriment of projects. Upgraded drawings by all
consultants are needed to reflect these changes, and otherwise, over the next 100 years, when more
work is required in this area, the drawings will not correctly reflect what has been built. In the interests
of the Sydney Opera House, all documents must accurately reflect what has been constructed on site
for future reference. They must also be stored digitally and available for future generations.

Also, many structural engineers seem to lack an understanding that the Sydney Opera House is not a
greenfield site, and what is shown on their design drawings may not apply when the builder starts
opening areas. Therefore, common sense with regular visits to the site and quick turnaround is
fundamental to make each of these projects work as each of them are separate project.

One of the most interesting designs by JWC was a precast door inside the building, which weighed
approximately 600 kg. As there was no door hinge capable of carrying such loads, the door was
supported on a tapered roller bearing at the bottom of the door and restrained at the top with a pin
and bracket. JWC was advised that the design life of the bearing was approximately 100,000
revolutions. As the door is only open about six times a year, JWC was satisfied that it would last for
many years to come.

In conclusion, it has been a wonderful experience to be involved with the Sydney Opera House over
many years and thanks for the opportunity to be involved.
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