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Abstract: A durability philosophy applied throughout project design and delivery processes will contribute
to achieving the sustainable design objectives, achieve capital investment optimisation, lower the risk of
unexpected or early deterioration / damage and, through appropriate design, execution and life-cycle
management measures, help to achieve the concrete structure owner’s required design life / extended
design life and the desired functionality.

Achieving durability is a world-wide concern and the need for improved durability has long been identified
in many international and national technical documents. The missing element has been formal durability
planning to coordinate and appropriately implement the available durability related technical knowledge.

Guidance on formal durability planning is given in the Concrete Institute of Australia (CIA) Recommended
Practice Z7/01 Durability Planning published in 2014. This is an international first and a lead guide as
recognized by the American Concrete Institute (ACI), The International Federation for Structural Concrete
(fib) and others.

This paper focuses on formal durability planning for structures giving a history overview of project use in
Australia and international to present day plus developments expected including by ACI and fib.
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1. Introduction

Information on processes involved in concrete deterioration are available for engineering analysis but a well-
defined formal process for achieving durable structures in design, construction and operational maintenance
is often missing. Durability planning outlined in CIA Z7/01 (1) is a formal durability approach during design,
construction and operation to achieve the required design life. The CIA durability series comprises:

CIA Z7/01 Durability Planning (1).

CIA Z7/02 Durability Exposure Classifications (2)

CIA Z7/03 Durability Deemed to Comply Requirements (in progress).

CIA Z7/04 Good Practice through Design, Concrete Supply and Construction (3).
CIA Z7/05 Durability Modelling Reinforcement Corrosion in Concrete Structures (4).
CIA Z7/06 Concrete Cracking and Crack Control (5).

CIA Z7/07 Performance Tests to Assess Concrete Durability (6).

The project examples provided in this paper are a selection that the authors worked in the project team or
the project is known to the authors. The key intent is to illustrate asset owners that have required a formal
durability plan/durability assessment report and a project designated durability consultant. Some asset
owners have embedded formal durability planning in their new structures and others have variable
application.

The formal durability planning in this paper predominantly refers to concrete structures, however the
approach equally applies to all construction materials.

2. When to Use, Reporting and Terminology

Concrete structures that are complex, critical or uncertain are recommended to use formal durability
planning to define durability design requirements. Durability planning is not expected for simple structures
in exposure conditions excluding moderate or severe (e.g. house slab and paths).

The durability planning outcomes will be delivered in a durability assessment report or durability plan report
(alternative names) specific for the project. The report will describe how the desired level of durability will
be achieved and ensured using appropriate tools and recommendations given in Standards/Codes and
Recommended Practices (e.g. CIA durability series).

A durability assessment report provides a continuous link in durability objectives between design,
construction and operation. Durability planning evaluates, explains and provides solutions for all
stakeholders. Greater confidence is provided for the design and required design life to be achieved.



Terminology is defined in CIA Z7/01 (1) and includes:

o Durability: “The capability of structures, products or materials of continuing to be useful after an
extended period of time and usage. In the context of performance-based design of structures,
durability refers to the fulfilment of the performance requirements within the framework of the planned
use and the foreseeable actions, without unforeseen expenditure on maintenance and repair.”

e Durability consultant: “Person or group who completes the durability assessment and is the author of
the durability assessment report and durability checklists. Intent is a person or group who can apply
materials deterioration knowledge to construction materials and construction processes, additional to
more common structural, civil, geotechnical and other engineering knowledge of design, construction
and maintenance. Maybe an in-house employee of the design team, or an independent consultant
engaged for the purpose. Intended to have a close working relationship with the asset owner, design
team and construction team to ensure durability is provided to achieve the asset owner required
service life. Practical experience is essential to ensure the durability assessment report and durability
checklists do not become a research exercise. Contractor reviews are included to achieve a buildable
final design for the asset owner service life. The durability consultant may be a person with relevant
technical qualifications other than a qualified engineer (e.q. materials scientists), with the asset owner
client (or authorised representative) responsible to approve the durability consultant for a project”.

3. Bridges for Road and Rail Transport in Australia
3.1 General

Bridges are critical transport infrastructure and design concrete durability evaluation has always been
completed to variable extent including deemed to comply requirements in AS 5100.5 (7), which covers “The
design of road, rail, light rail, pedestrian and cyclist path bridges” as per AS 5100.1 (8). Each State in
Australia has a separate Road Authority responsible for road bridges and the formal durability planning and
a durability consultant requirement is variable for new road bridges. Historical development and present day
formal durability planning requirements are outlined below for some States in Australia.

Local Governments in each State are responsible for some small road bridges, which is not covered by this
paper. In general, these small road bridges must comply with the State Road Authority, however a formal
durability plan and a durability consultant may not be required. Local Government Authorities in some States
such as Queensland are responsible for large road bridges, including the Brisbane City Council.

Rail bridges are the responsibility of a separate Rail Authority in each State, however the Road and Rail
Authorities have been combined in some States (e.g. Transport for New South Wales). The Rail Authority
new rail bridges typically adopt the State Road Authority requirements for road bridges, plus additional
requirements that the Rail Authority applies for tunnels (outlined in Section 4).

3.2 Road Bridges in Western Australia

Main Roads Western Australia (MRWA) has required a durability plan report for bridges since 1996, which
is stated in project specific Scope of Works Technical Criteria (SWTC). This was the first Australian Road
Authority to adopt a formal durability planning approach. The timing coincided with a Western Australian
(WA) Government outsourcing of MRWA bridge design capability (i.e. design consultants became the
primary designers of bridges), which meant MRWA was reliant on durability assessment by consultants and
not in-house by MRWA.

Project specific SWTC requirements, MRWA Standard Specifications or MRWA approved project specific
specifications and AS 5100.5 (7) provide requirements that the durability plan report will use to check
compliance.

A MRWA durability plan standard/guide has not been developed to provide additional guidance to STWC
requirements. Project durability plan reports have developed and evolved with continuous improvement
since 1996 for all parties use (i.e. MRWA as asset owner and reviewer, designers, contractors, and durability
consultants). The expected durability assessment analysis and report is understood for MRWA projects and
CIA Z7/01 (1) gives complementary guidance (from 2014 when published and the Task Group for Z7/01
included a Road Authority person).

The MRWA typical approach given in SWTC requirements for bridges includes a design life of 100 years
for concrete structures and members (consistent with AS 5100.5 (7) Clause 4.1 in accordance with



AS 5100.1 (8)) and a durability plan by a suitably qualified durability consultant that must include (as a
minimum):

e Potential durability issues.
Design details and specifications.
Monitoring of durability performance criteria during construction and during the applicable
Defects Liability Period.

¢ Recommendations for ongoing monitoring and assessment.

The A$1 billion dollar Gateway WA Perth Airport and Freight Access Project was a CIA WA Branch Award
for Excellence in the Infrastructure category in 2017 with details published by CIA (9). The Gateway WA
Alliance comprised CPB Contractors, Georgiou, AECOM, BG&E and GHD, working in partnership with
MRWA. The durability consultant was GHD and durability consultant reviewer was AECOM. This project is
an example where a durability plan and durability consultant were MRWA project requirements. The
durability plan delivered a single document that assessed concrete structures for a 100-year design life for
13 new bridges (Figure 1 shows one bridge), two footbridges, seven underpasses, three bath structures
and extensive noise and retaining walls. All road bridges constructed used precast pre-tensioned tee-roff
beams and planks. An appendix of the durability plan contained a table with durability assessment outcomes
for each concrete structure (i.e. all tables in one Appendix). Notwithstanding the technical evaluation in the
durability plan, the tables of outcomes were key matters for use in the project specifications and drawings
and the table format assisted easy identification by all project parties. A separate report evaluated the
concrete early-age thermal maximum and differential temperature, plus crack risk that considered shrinkage
for 100 years. Construction concrete performance feedback was provided by selective site testing to
determine concrete adiabatic temperature, early-age maximum and differential temperature, cracks formed
on the surface (visual inspection, measured and representative core samples through cracks) and in the
concrete (vibrating wire gauge monitoring), restraint and coefficient of thermal expansion/contraction (10).

This project example illustrates the formal durability plan approach and durability consultant typically used
for bridges in WA. The construction concrete testing normally requires visual inspection of cracks with
surface measurements, representative core samples through cracks if required and early-age temperature
monitoring to check compliance. A durability plan verification report was issued prior to practical completion.

Figure 1. Road Bridge c;n Gateway WA Perth Airport and Freight Access Project.
3.3 Road Bridges in Queensland

The Department of Transport and Main Roads (TMR) has required a durability plan report and a durability
consultant for bridges since 2009 when a TMR guideline (11) was published for preparation of durability
plans. This was the second Australian Road Authority to adopt a formal durability planning approach.

The durability plan report will check compliance with the TMR guideline (11), TMR project requirements,
TMR Standard Specifications or TMR approved project specific specifications and AS 5100.5 (7); similar
approach to MRWA with the TMR guideline (11) an additional requirement. The TMR guideline (11) gives
details on:

e Preparation of durability plan reports during concept and engineering design, and prior to
repair/upgrade during service life.



Durability design process with flow charts through asset life cycle.

Design life criteria to be developed.

Exposure conditions to be identified.

Typical deterioration mechanisms to be included in the durability plan report are listed.

Assessment of potential design solutions is required with items listed, including assessment of

concrete early-age thermal temperature and crack risk.

Routine inspections to be conducted as per TMR inspection manual.

e Maintenance activities to be outlined to achieve service life.

e Preparation of durability verification reports following construction stage and repair/upgrade
during service life.

e Preparation of summary tables as outlined.

The TMR guideline (11) started the formal durability planning approach from 2009 with durability plan report
examples for a concrete and steel structures. The durability plan report deliverables have evolved with
improvements by durability consultant interaction with TMR, designers and contractors. Present day
durability plan reports include all TMR guideline (11) assessment requirements, however reporting
requirements may not include all details in the summary tables that were very detailed and now generically
apply to bridges in similar exposure conditions. CIA Z7/01 (1) gives complementary additional guidance
(from 2014) with updated/alternative durability assessment, process, deliverables, summary tables, etc.,
which project parties should have awareness in particular durability consultants and designers.

The present day understanding is durability plan reports for bridges are achieving TMR’s expectations
without the need for an update of the TMR guideline (11).

3.4 Road Bridges in New South Wales

The Road Authority in New South Wales (NSW) is Transport for NSW (TfNSW), which includes Roads and
Maritime Services (RMS) that merged into TINSW effective 1/12/2019. A durability plan report and durability
consultant input on road bridges in NSW have been common for a long-time despite a predominant deemed
to comply approach. The TINSW guidelines documents for durability are:

e SWTC project specific requirements (at present day) will typically require a durability plan
report, which is done by a durability consultant.
e TfNSW Specification B80 (12), formerly RMS B80 has long-time been the deemed to comply
durability requirements for concrete structures with a 100 year design life.
o Applies for roadworks and bridgeworks contracts let by TINSW (and formerly RMS) or by
local councils in NSW.
o Present Specification B80 (12) and prior revisions stated:

“Demonstrate in the Concrete Durability Plan a durability performance equivalent to or better than
that achieved by conforming to Table B80.8 and items (a) to (h) of Clause 3.2.1. The Concrete
Durability Plan must:

(a) fully detail and quantify the effect of each factor affecting concrete durability on the Works, using
field test results and supporting durability calculations;

(b) propose the measures to be taken during the Works to achieve the specified service life of the
structure; and

(c) propose suitable concrete mixes for each structure and/or individual members of the
Works, together with laboratory test results demonstrating conformity with the Concrete
Durability Plan.”
e Guide for the Preparation of a Durability Plan by RMS in 2013 (13). The guide suggests the
following content of a durability plan:
o Executive Summary.
Introduction.
Scope.
Definition of Service Life.
Details of Environment (severity).
Exposure Classification.
Details of Material.
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o Maintenance Schedule.
References.

o Appendices — include results of bore holes or the severity of environment, details of
modelling, calculations and other similar information.

o Additional to the above, concrete thermal crack control modelling should be conducted as
per CIRIA C660 (15, noted replaced by CIRIA C766 (16) in 2018, which is indicative of this
guide not being updated).

e Durability Requirements for Civil Infrastructure by TENSW in 2017 (14). This document requires:

o A durability plan for civil infrastructure projects with construction cost = $2M.

o Compliance with TINSW (RMS) Guide for the Preparation of a Durability Plan (13).

o Additionally to the RMS’s guide, details are provided on concrete deterioration
mechanisms, concrete and steel performance properties, maintenance plans and other
matters.

o This document applies for: bridges and culverts, tunnels and associated underground
station structures, other structures over the tracks such as station concourse supporting
structures and other named structures.

3.5 Road Bridges in South Australia

The South Australian Department for Infrastructure and Transport (DIT, formerly Department for Planning,
Transport and Infrastructure (DPTI) to 7/8/2020) has required a durability plan report and a durability
consultant for selective road bridges since approximately 2010 and generally from July 2021. The DIT
Master Specification ST-SD-D1 Design of Structures Version 4 dated July 2022 (17) has concrete structures
100 year design life with requirements:

(@)

“Durability design for concrete must be in accordance with the AS 5100 with the following additional
requirements:
i) All bridge and culvert structures must conform to the following requirements:
i) durability planning and design must incorporate the recommendations of the Concrete
Institute of Australia publication: Recommended Practice, Durability, Z7; and
ii)  the design must incorporate a Durability Report prepared by a durability consultant.”

Similar durability requirements applied in Version 3 dated August 2021 and prior Version 2 dated September
2019 required a durability report when “...specified as part of the project scope or requirements”.

The first known South Australia (SA) major road bridge for DPTI to require a durability plan report and a
durability consultant was the South Road Superway — a 4.8 km highway corridor in the north of Adelaide
including 2.8 km of elevated roadway. This project was a CIA National Award for Excellence in the
Engineering Projects category in 2015 (18). The South Road Superway was delivered by Urban Superway
— a joint venture between John Holland, MacMahon and Leed, designers included GHD and SMEC and
durability consultant was GHD. Durability plan report deliverables were issued from tender design to
verification report prior to practical completion.

3.6 Road Bridges in Victoria

The Road Authority in Victoria is the Department of Transport and Planning (DTP), which was renamed
from the Department of Transport (DoT) effective 1/1/2023. The DoT was created on 1/7/2019 by the
integration of VicRoads and Public Transport Victoria.

A durability report and durability consultant input on road bridges in Victoria have been less common than
other mainland States in Australia due to VicRoads retaining inhouse more durability skilled people than
other Road Authorities (i.e. durability review completed by VicRoads rather than external consultants) and
a predominant deemed to comply approach using the concrete durability requirements specified in
VicRoads Specification 610 Structural Concrete (19). This approach is similar to RMS/TfNSW Specification
B80 (12) prior to RMS/TfNSW introducing the durability plan report requirement.

More recently, the large road and rail projects have been delivered by a Major Transport Infrastructure
Authority (MTIA). The MTIA’s requirements for individual projects typically specify requirements additional
to those given in VicRoads Specification 610 Structural Concrete (19) including a requirement for durability
assessment and development of a durability assessment report (DAR).



The DARs are most often developed “in house” by a design team and are then reviewed by an Independent
Reviewer and Environmental Auditor, Independent Verifier or a Technical Advisor. The content of DARs
developed in Victoria is consistent with those produced in NSW, Queensland, SA or WA. Development of a
durability verification report at completion of a project is not usually required or a standard practice.

3.7 Road Bridges in Tasmania

The Tasmania Department of State Growth Specification 610 Structural Concrete (20) has in general
adopted the Vic Roads Specification Section 610 Structural Concrete (19) and therefore the approach to
formal durability planning is similar to Victoria in Section 3.6.

3.8  Small Road Bridges in Australia

Small road bridges in Australia over a river or rail (refer Figure 2) can benefit from a durability plan and
durability consultant. The geographic location can be car or airplane long travel time from a capital city. The
design life of concrete bridges is often 100 years and some are reduced to 50 years. The formal durability
planning benefit of minimizing construction and operational defects is similarly important for remote location
bridge as well as a larger bridge in a capital city. Some State Road Authorities require a formal durability
planning approach for remote location smaller bridges.

Figure 2. Small Bridges in Australia over River or Rail.

4 Tunnels and associated Underground Structures for Rail and Road Transport
4.1 General in Australia

Tunnels and associated underground structures are critical transport infrastructure with more onerous
exposure conditions than bridges as buried in soil and usually below groundwater level (permanent or
seasonal). Concrete tunnels must comply with AS 5100.5 (7) via AS 5100.1 (8) stating the scope covers
“culverts, and structural components related to tunnels, except those specifically covered by other Australian
Standards”. Design concrete durability evaluation to variable extent has always been completed for tunnels
including deemed to comply to AS 5100.5 (7). Historical development and present day formal durability
planning is below for some States in Australia.

The Road Authority in each State of Australia is responsible for tunnels for road transport. The formal
durability planning for road bridges in Section 3 equally applies for road tunnels with potential additional
requirements allied by the Road Authority. An example is the Legacy Way 5 km underground road tunnel in
Brisbane completed in 2014 for the Brisbane City Council (21), which used the TMR requirements (refer
Section 3.3).

Each State in Australia has a separate Rail Authority (combined with Road Authority is some States)
responsible for rail tunnels and associated underground structures. The asset owner requirement for formal
durability planning and a durability consultant is variable.



4.2 Tunnels and associated Underground Structures in WA

The Public Transport Authority of Western Australia (PTA) has required a formal durability planning
approach and a durability consultant for new rail tunnels and associated underground structures since the
Perth City Link Rail (PCLR) Project that started in 2010. The PTA formal durability approach was developed
with awareness of MRWA durability for bridges from 1996 (refer Section 3.1) and was the first formal use
by an Australian Rail Authority. The project included sinking a 600-metre section of the Fremantle rail line
shown on Figure 3, a new pedestrian underpass and major upgrades to Perth Station. This project was a
CIA National Award for Excellence in the Infrastructure category in 2013. The Perth City Link Rail Alliance
(PCLRA) comprised PTA, John Holland, GHD and durability consultants Halcrow and GHD.

The project specific Basis of Design and Construction (BDC) requirements in 2010 included (at present day
these requirements have been improved):

e Durability Consultant to develop the durability plan report and provide advice to PCLRA.

e Durability plan report for the selected design, materials and construction processes for each
element of the project works:

Define environment characteristics.

Identify potential deterioration mechanisms in that environment.

Determine likely rate of deterioration.

Assess the material life.

Define required material performance.

o Assess significance of failure.

Assess need and feasibility of providing further protection.

Inspection, monitoring and assessment requirements during construction/defects liability period.

Outline possible repair measures, if required.

Recommend operational monitoring and assessment.

Develop procedures for replacement of elements, if required.

At completion of construction, note all non-conformances in an addendum to the durability plan

(durability consultants defined as a durability verification report).
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Similarly to the Gateway WA Perth Airport and Freight Access Project (refer Section 3.2), the durability plan
delivered a single document that assessed concrete structures for a 120-year design life. An appendix of
the durability plan contained tables with durability assessment outcomes for each concrete structure to allow
easy identification by all project parties (as described at Section 3.1). A separate report evaluated the
concrete early-age thermal maximum and differential temperature, plus crack risk that considered shrinkage
for 120 years. Construction concrete performance feedback was provided by selective site testing to
determine concrete adiabatic temperature, early-age maximum and differential temperature, cracks formed
on the surface (visual inspection, measured and representative core samples through cracks) and
coefficient of thermal expansion/contraction.

The Forrestfield Airport Link (FAL) project completed in 2022 had the most comprehensive formal durability
planning completed for PTA tunnels, underground stations, and associated structures with the SWTC
requiring formal durability planning, a durability design lead (i.e. durability consultant) and a durability design
verifier. The project included twin segmentally lined bored tunnels (each approximately 7 km in length), two
underground and one at-grade stations, open dive structures with cut and cover tunnels, bridge structure to
carry rail track, 12 concrete cross passages between the bored tunnels and three emergency egress shafts
that connect to the tunnel bores. This project Airport Central Station (ACS, shown in Figure 3) was a CIA
WA Branch Award for Excellence in the Infrastructure category in 2023. The project was Design and
Construct by Salini Impregilo and NRW Civil and Mining (SINRW) and included designers GHD and
Geodata Engineering (separate structure portions) and durability consultant GHD.

The durability plan extent resulted in nine separate documents for general, dive structures, bored tunnels,
underground stations, cross passages/emergency egress shafts, above ground station, rail systems/OLE
equipment/track slabs, ancillary buildings and mechanical/electrical equipment. The concrete structures had
a 120 year concrete design life with required maintenance and specific design life for associated
waterproofing, joint details, protective coatings, sealant and other construction materials including structural
steel, roofing, cladding and architectural finishes. Concrete was evaluated for carbonation (climate change
CO2 and high slag content), chloride ingress, reinforcement corrosion to first concrete crack, modelling



early-age thermal crack risk, fire damage, concrete grade, cement type (maximum slag content), minimum
cover and special provisions were outcomes.

Each Design Report had an appendix document developed by the durability consultant that integrated the
relevant durability plan with the Design Report deliverables, which was signed by the designer, durability
consultant and design manager to confirm the Design Report complied with the durability plan. This was a
new approach giving confidence durability was integrated with design (not separate process). A durability
verification report was issued prior to practical completion checking the completed works were in
accordance with the durability plan by review of all non-conformance reports, design change requests and
field change requests for impact on durability.

PTA has continued to require formal durability planning and a durability consultant in projects since 2010
with continuous development and improvement of requirements based on lessons learnt from projects. PTA
has been aware of CIA Z7/01 (1) since 2014 for guidance on formal durability planning.

In 2019, PTA developed a Specification for Concrete Durability to specify PTA requirements for: design of
reinforced concrete infrastructure for a 120 year design life, durability plan assessment and durability plan
report deliverables. A PTA Specification for Design of Reinforcement Concrete was also developed. It is
understood these new PTA Specifications considered FAL Durability Plan Reports and Concrete
Specification deliverables issued by early 2019.
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Figure 3. Rail Tunnel in PCLR Project (left) and FAL Airport Central Station.

4.3 Tunnels and associated Underground Structures in Australia excluding WA

Rail Authorities in various in States of Australia, excluding WA, typically require durability assessment in
tunnel projects. The extent of durability input is variable depending on the tunnel type (e.g. hard rock tunnels
common in Sydney and not in Perth). The PTA in WA has the longest developed formal durability planning
approach with a requirement for a project durability consultant, however other States have similar formal
approach at present. For example, the Sydney Metro Central Station project with a 120 year design life had
asset owner requirements for formal durability planning and a durability consultant. This project was CIA
NSW Branch Award for Excellence in the Infrastructure category in 2023. The project was Design and
Construct by Laing O'Rourke with lead designers and durability consultant GHD and Aurecon.

4.4 Tunnels and associated Underground Structures in Hong Kong

The Western Harbour Tunnel in Hong Kong, completed in 1996, is a concrete road tunnel connecting Hong
Kong Island to Kowloon. This tunnel was the first six-lane immersed tube tunnel (IMT, 1.3 km long) to be
built in South-East Asia. Durability during the 120 year design life was obviously of great importance,
particularly for risk of reinforcement corrosion, watertightness early-age thermal cracking, use of
waterproofing membrane and the need for corrosion protection. The designers Maunsell Consultants Asia
Ltd, Acer Consultants (Far East) Ltd and Parsons Brinckerhoff (Asia) Ltd engaged Taywood Engineering as
a specialist sub-consultant to provide advice on durability. A durability assessment report was issued and
durability consultant input provided from tender stage to project completion. This is an example of the project
team determining a durability report deliverable and a durability consultant was required for a tunnel project
despite the asset owner not requiring a formal durability planning approach and a durability consultant.
Present day tunnel asset owners are more likely to require a formal durability approach.
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5. Water Structures in Australia
5.1 General

Water and wastewater assets are critical infrastructure and design concrete durability evaluation has always
been completed to variable extent including deemed to comply requirements in AS 3735 (22) that has some
reference to AS 3600 (23). A higher level of durability assessment has been required for desalination plants
due to seawater and processed water increased risk of reinforcement corrosion and leaching of concrete.
Each State in Australia has a separate Water Authority (e.g. South Australia, Tasmania and Western
Australia) or multiple Water Authorities (e.g. New South Wales, Queensland and Victoria). Historical
development and present day formal durability planning is discussed below for some States in Australia.

5.2 Water and Wastewater Infrastructure in WA

The Water Corporation of Western Australia (WC) started a formal durability planning approach for the Perth
Desalination Plant in 2006, which was the first desalination plant in Australia. WC were aware of the MRWA
approach on formal durability (refer Section 3.2). The project basis of design and construction (BDC)
required that durability aspects of all civil, building and mechanical structures were adequately addressed
in a durability plan report by a suitably qualified materials technology expert(s). The durability plan reporting
was to start with a tender stage submission and be updated in subsequent revisions as the project
progresses to minimize, maintain and control life-cycle and replacement costs. The BDC required the
durability plan to address matters including:

e Civil, building and mechanical material elements and their respective environmental exposure.

e Potential durability issues for all civil, building, electrical and mechanical material elements for
macro and micro environmental conditions.

e Durability related design details and specifications.

¢ Recommendations for durability performance criteria.

e Concrete liquid retaining structures required an early-age thermal behaviour and imposed
restraint assessment to determine the risk of cracking.

e  Waterproofing.

e Monitoring of durability performance criteria deemed appropriate during construction and during
the defects rectification period.

e Detail durability issues to be captured in the operation and maintenance manuals.

¢ Operations monitoring and assessment.

e Durability factors that may arise during maintenance or repair activities or as a result of plant or
equipment failure with regard to the risk of failure events (e.g. high salinity water escape onto
concrete in reverse osmosis building).

e Any additional matters of durability concern that are identified during the design phase.

WC decided to implement formal durability planning more generally for water and wastewater infrastructure
after evaluating the durability approach, deliverables, interaction with project parties and outcomes from the
constructed Perth Desalination Plant. The formal deliverable became a durability assessment report (DAR,
alternative to durability plan report) by a Durability Consultant for all construction materials, which is
consistent terminology with CIA Z7/01 (1). All liquid retaining concrete structures require a higher level of
durability and waterproofing focus, including no operational water leakage through cracks or joints in the
concrete.

The present day formal durability approach by WC takes into account 15+ years of project durability
assessment reports by durability consultants on projects for water tanks, water treatment plants, wastewater
treatment plants, buried emergency storage tanks, dam upgrades, pump stations, culverts for irrigation and
others. The WC general durability approach includes:

e Project Specific Preliminaries (PSP) or BDC durability requirements for each project based on
WC guidelines. A design and construct (D&C) contract for a water tank may include (similar
applied for other contracts):

o The Contractor shall prepare and submit a durability plan/DAR considering all requirements
of the Specification, all concrete and metal components, coatings, waterproofing, earthing,
floor underlayer, sealants, reinforced concrete, etc. The Durability Plan/DAR shall be



prepared for the Contractor by a recognised durability consultant to the satisfaction of the
Superintendent.

o A durability plan is a procedure by which the quality and suitability of all processes and
materials involved in the production of the final end product are continuously assessed. It
involves the preparation of a number of DAR’s that outline the requirements for durability
and the assessment of compliance with the requirements of the final design, construction
process and end product. The durability plan sets out a process, which, if implemented,
gives an appropriate level of durability for design, construction and operation.

o The design life for assets and components is stated for the project (from WC documents
below).

o An appendix with a DAR Guideline for D&C Contractor (refer below). Notwithstanding the
DAR guideline contents, it is the responsibility of the D&C Contractor to consider all
durability requirements in the design and construction.

e Design Standard DS 61 Water Supply Distribution — Tanks (24) includes:

o For ground tanks, elevated tanks and tank pipework.

o DAR by a recognised durability consultant for all tanks with capacity = 5 ML

o Design life requirements for asset/components with different materials are defined.

o Concrete crack width limits are stated the same as AS 3735 Suppl 1 (25) 0.15 mm in
flexure (Clause 3.2.3) and at early-age (Clause 3.2.2) and 0.1 mm in tension Clause 3.2.3).

o Early-age thermal behaviour and imposed restraint of all concrete elements shall be
evaluated to determine the risk of cracking.

¢ An Asset Condition Assessment (ACA) guidelines document (in-house) gives design lives and
default inspection intervals for all WC asset/component materials.

¢ Design Standards and other technical guidance documents provide details on durability
required by WC.

e WC expected maintenance inspections and repairs during the design life for expected
operating conditions will be in accordance with WC ACA guidelines, DS61 (24) for tanks and
any additional requirements in the DAR Detailed Design and DAR Verification Reports (refer
below).

Project durability documents and technical support by a durability consultant for a design and construct
(D&C) contract may include (similar applies for other contracts):

¢ DAR Guideline for D&C Contractor issued in an Appendix of the PSP, which gives guidelines
for all project parties on the assessment and report deliverables expected.

e DAR Contractor Tender issued with all tender submissions.

¢ DAR Detailed Design issued as progressive revisions until design is issued for construction.
Alternatively, the initial revision could be named a concept or engineering design.

e Durability review as requested by all parties during design.

e A concrete early-age thermal temperature and crack risk assessment and report (separate to
the DAR or in an appendix) for liquid retaining water and wastewater structures (26, 27,28).

e Durability review as requested by all parties for non-compliances and repairs required during
construction.

¢ DAR Verification Report prior to practical completion, which is subject to WC deciding if
required based on the extent of non-compliances and repairs required during construction. This
report is often not required due to acceptable construction including durability consultant review
of non-compliances when they occur.

The formal durability approach by WC provides complimentary additional requirements to Australian
Standards (22, 23) and Water Authority design technical standards to target the lowest life-cycle
management cost during the required design life.

5.3 Water and Wastewater Infrastructure in Australia excluding WA

Desalination Plants have been constructed in most States of Australia after the Perth Desalination Plant (38
million gallons per day (mgd)) in 2006 including at Gold Coast (36 mgd, Queensland), Sydney (66 mgd,
New South Wales), Melbourne (120 mgd, Victoria), Adelaide (80 mgd, South Australia) and Binningup and
Cape Lambert (40 mgd and 32 mgd respectively, Western Australia). Many other desalination plants are
being planned at present. All constructed desalination plants have required a formal durability planning



approach by a durability consultant similar to the Perth Desalination Plant (refer Section 5.1) with improved
requirements since 2006.

Water Authorities in Australia have in general not adopted the formal durability planning approach used by
WC in WA for water and wastewater infrastructure (refer Section 5.2). Durability is typically expected by
deemed to comply compliance with Australian Standards (22, 23) and Water Authority design technical
standard. However, in recent years some Water Authorities and durability consultants are starting to adopt
a more formal approach including:

e A concrete early-age thermal temperature and crack risk assessment and report (separate to
design report) by a durability consultant for liquid retaining water and wastewater structures.

e A durability plan report (separate to design report) by a durability consultant for concrete
structures with a 100 year design life and/or aggressive exposure conditions.

e A Water Authority staring to develop a durability plan guideline.

A more formal durability planning approach is expected by all Water Authorities in the future.
5.4 Design life of 100 years for Water and Wastewater Concrete Infrastructure in Australia
5.4.1 General

Durability assessment for water and wastewater concrete infrastructure for a 100 year design life can raise
queries on the use of Australian Standards for concrete durability compliance. Design life definition for
concrete structures and guidance can be obtained from AS 3735 (22), AS 3600 (23) and AS 2159 (29),
including:

e AS 3735 (22) and AS 3600 (23) exposure conditions for concrete grade and cover
requirements (refer Sections 5.4.2 and 5.4.3); and

e Durability assessment of the project specific concrete durability conditions for a 100 year design
life in accordance with AS 3600 (23) Section 4.1 (refer Section 5.4.3).

e Durability assessment of concrete foundations where depth in the soil justifies AS 2159 (29) for
piling design and installation to a design life of 100 years.

This is a reasonable approach for liquid retaining concrete structures, which has been used for 18+ years
for 100 years design life. CIA Z7/01 (1) provides guidance including reviews of design life in Australian
Standards and the durability assessment approach to achieve a project specific design life. The durability
provisions given in Section 4 of AS 5100.5 (7) are not applicable as deemed to comply requirements for
liquid retaining concrete structures.

5.4.2 Concrete to AS 3735 (22)

AS 3735 (22) Clause 4 requires concrete elements in accordance with Clauses 4.3 and 4.4 for exposure
classifications in Table 4-1 and in accordance with AS 3600 (23) for the most severe environment or use
during the operational life. There is no stated design life in years and AS 3600 (23) applies. AS 3735 (22)
has no requirements to comply with AS 5100.5 (7).

5.4.3 Concrete to AS 3600 (23)
Design life in AS 3600 (23) for concrete structures includes:

e Clause 1.6.3.25 “Design Life: Period for which a structure or a structural member is to remain fit
for use for its designed purpose and maintenance.”
e Clause 1.6.3.36 “Exposure Classification: Designation indicative of the most severe
environment to which a concrete member is to be subjected during its design life (see Table
4.3)".
o Cla)use 4.1: “The requirements of this section apply to plain, reinforced and prestressed
concrete structures and members with a design life of 50 years +/- 20%.
1. More stringent requirements would be appropriate for structures with a design life in excess of
50 years (e.g. monumental structures), while some relaxation of the requirements may be
acceptable for structures with a design life of less than 50 years (e.g. temporary structures).
2. Durability is a complex topic and conformance with these requirements may not be sufficient to
ensure a durable structure.”



Based on Clause 4.1 items 1 and 2, a 100 year design life can be designed by evaluating the AS 3600 (23)
requirements with durability assessment of the project specific durability conditions. As stated at Section
5.4.1, this is a reasonable approach. The typical primary risks for reinforced concrete water and wastewater
structures that require project specific durability assessment to achieve a design life more than 50 years up
to 100 years are:

e Concrete deterioration potential mechanisms:
Alkali aggregate reaction (AAR).
Backfill and soil chemical induced deterioration.
Delayed ettringite formation (DEF).
Acid sulfate soils (ASS).
Soft water attack.
Biogenic sulfide corrosion.
einforcement corrosion potential mechanisms:
Carbonation.
Chloride ingress.
Chloride ingress due to process water quality. This includes precast columns in water tanks
and reservoirs that needs to consider the chloride induced reinforcement corrosion risk just
above the water level primarily due to capillary rise/evaporation cycle mechanism that can
deposit chlorides into the concrete from relatively low chloride concentrations in water.
o Biogenic sulfide corrosion.

5.4.4 Concrete to AS 5100.5 (7) and AS 5100.1 (8)

Key issues in consideration of AS 5100.5 (7) Section 4 for water structures are:
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e Liquid retaining structures are not bridge structures.

e Durability requirements in AS 5100.5 (7) are for bridges without durability consideration for
liquid retaining structures.

e Bridge structures have a known history of corrosion induced damage requiring load restrictions,
major repairs, some collapse events and traffic disruption (i.e. very onerous damage
consequences).

e Design of bridge structures are focused more on ultimate limit states than serviceability limit
states.

¢ Liquid retaining structures are primarily serviceability limit state design (e.g. minimise the risk of
concrete cracks with water leakage).

e AS 3735 (22) and AS 3600 (23) have no requirements to comply with AS 5100.5 (7).

e AS 5100.5 (7) does not consider the increased concrete crack risk and water leakage risk for
water structures resulting from AS 5100.5 (7) Section 4 requirements for concrete grades,
cement types, minimum cement contents, cover requirements, differential temperature limit and
other requirements.

e Therefore, AS 5100.5 (7) Section 4 requirements are not designed for water structures and are
not optimal for water structures.

AS 5100.5 (7) Section 4 for Bridges should not be applied to water structures (liquid retaining or excluding)
and other civil structures (e.g. marine structures) with the expectation durability for 100 years will be assured
(i.e. a potential for increased risk of concrete defects in the water structures and other civil structures).

6. Buildings in Australia

Building concrete elements are recommended to use durability planning in CIA Z7/01 (1) for durability design
requirements that are complex, critical or uncertain, which may include weatherproof exterior fagcade, below
water level basements or longer that standard design life of 50 years. Therefore, buildings do not justify the
formal durability approach generally applied to bridges, tunnels, and water/wastewater infrastructure as
developed by MRWA, PTA and WC (refer Sections 3.2, 4.2 and 5.2). An example Australian building with
durability assessment for a 100 year design life is the Chau Chak Wing Museum that was awarded the CIA
Awards for Excellence Kevin Cavanagh Trophy in 2021 (30).



7. Maritime Structures in Australia

Concrete maritime structures such as wharves, piers, jetties and seawater intake are recommended to use
durability planning in CIA Z7/01 (1) due the aggressive chloride exposure environment. There are a large
number of Government and private sector asset owners of maritime structures around the Australian
coastline and asset the requirements vary. AS 4997 (31, and an Australian Standards review is in progress)
is a guideline for design of maritime structures and design lives vary from 25 years for small craft facilities
to 100 years for special structure/residential. By comparison with asset owners of bridges, tunnels and
water/wastewater structures described at Sections 3, 4 and 5, there are not many asset owners with a large
portfolio of maritime structures with well-developed Technical Standards of requirements for durability
planning. What is more, a formal durability plan report and a durability consultant are generally not required
by the asset owner’s brief or project tender documents.

Durability assessment for new maritime structures is normally done by a durability consultant, in particular
chloride induced reinforcement corrosion risk to achieve the asset owner required design life and
maintenance.

A Government Authority recently used formal durability planning on a new concrete jetty that included:

Durability of structures is a key design requirement for the project.

Design shall be developed considering durability in the harsh marine environment.

Design shall comply with durability requirements in AS 4997-2005 and in addition a durability plan.

Durability Plan should consider for all structure and landscape elements:

o Design life.

Times to first maintenance.

Assumed environmental conditions and zones.

Materials used and associated deterioration mechanisms.

Assumptions for deterioration and modelling (e.g. chloride penetrations).

Inspection intervals above and below water.

Expected maintenance intervals.

Safe design for inspection and maintenance.
o Durability monitoring.

e Design Report shall include a section on durability, and approach to minimise whole of life cycle cost
(WOLCC) and achieve the minimum design life for all jetty elements.

e Durability for jetty structure shall consider, but not be limited to:

o Piles and protective treatment system that is suitable for local environment.

o Use of pre-cast concrete (no underdeck steelwork).

o Use of fibre reinforced plastic (FRP) mesh submerged, intertidal or splash zones.

o Use of appropriate marine-grade aluminium.”
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This example would benefit from improvements including a durability consultant named as a project design
lead and to author the durability plan report and reference to guidance in CIA Z7/01 (1).

Condition assessment, remaining life assessment and inspection maintenance and repair plan for maritime
structures is far more common than durability planning for new structures. Examples are recent CIA Awards
for Excellence in the Technology and Innovation category for Wandoo B Concrete Gravity Structure by
Vermilion Oil and Gas (VOGA) and GHD in 2017 (32) and in the Repair Restoration and Retrofit category
for HMAS Stirling Redevelopment Stage 3A Maritime Structures Remediation by GHD and Duratec (30).

8. International Durability Planning
8.1 General Approach and Durability Guidance

The present day durability design of concrete structures had significant initiatives for development identified
in Europe and North America as outlined below.

Europe: CEB FIP (now fib) Durability of Concrete Structures (33, published in 1983):

e 80 international leaders in concrete technology and durability.

e State-of-the-art technical papers on concrete durability and future work needed.

e “The international concrete profession is, therefore, challenged by acute demands to develop and
implement rational measures of solving the present twofold problems of durability, namely: 1) Find



measures to ensure a satisfactory remaining lifetime of existing structures threatened by premature
deterioration; 2) Incorporate in new structures the knowledge, experience and new research findings,
in order to monitor the structural durability, thus ensuring the required service performance of future
concrete structures.”

e “...an efficient voluntary coordination of activities in order to develop the proposed rationale ‘Durability
Technology’ on a higher professional level than the present, would be welcomed by all parts of the
concrete profession...”

North America: ACI Durability of Concrete Construction (34, published in 1968):

o  “...is written for the intelligent engineer who wants to make or specify durable concrete, but who
needs to be alerted to possible deterioration under various circumstances...”

e “Furthermore, practical measures to achieve durable concrete usually comprise suitable control of
microstructure or chemical properties, or both, although practitioners may not think about it in these
terms. Yet they would be able to act more intelligently and with greater confidence if they had some
general understanding of them.”

Durability knowledge is readily available for durability design of concrete structures with appropriate
assumptions for unknowns. Research and development is continuously ongoing.

Formal durability planning was the missing link to deliver durability for concrete structures in projects until
CIA Z7/01 (1).

Present day development of a more formal durability approach for concrete structures includes:

e fib Model Code 2020 is expected to include an approach for formal durability planning, which will be
first time in the Model Code. The Final Draft is expected published in late 2023 or early 2024.
e ACI 321 Durability Code is drafting in progress.

Available international guidance documents on durability of concrete structures do not have formal durability
planning or a designated durability consultant that are given in CIA Z7/01 (1); refer examples below. The
durability approach is essentially development of deemed to comply requirements.

ISO 16204: Durability — Service life design of concrete structures in 2012 (35):

e Based on "principles given in ISO 2394, General principles on reliability for structures, ISO 13823,
General principles on the design of structures for durability, and fib Model Code for Service Life
Design (MC SLD, today implemented in fib Model Code 2010)".

e Aflowchart “illustrates flow of decisions and design activities needed in a rational service life design
process with a chosen level of reliability:

o Strategy 1: Design to resist deterioration:
= Level 1 Full probabilistic method (option 1).
= Level 2 Practical factor method (option 2).
» [ evel 3 Deemed-to-satisfy method (option 3).
o Strategy 2: Avoidance-of-deterioration method (option 4).”
o Basis of design in Section 5 for: “requirement, principles of limit state design, basic variables, and
verification.”

o Verification of service life design for:

Carbonation-induced corrosion - uncracked concrete.

Chloride-induced corrosion - uncracked concrete.

Influence of cracks upon reinforcement corrosion.

Risk of depassivation with respect to pre-stressed steel.

Freeze/thaw afttack.

Chemical attack.

o Alkali-aggregate reactions.

e Execution for “execution specification, formwork, materials, inspection, and action in the event of non-
conformity’.

e Maintenance and condition assessment.
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Performance-Based Durability Design for Concrete by the Concrete Society in the UK in 2019 (36):

e Overview of present day and future durability design approach:

o “Durability design of concrete forms an essential part of the overall design of a structure, and the
UK has a long history of providing standards and guidance for this purpose. Current European
and UK standards are based on a ‘deemed-to-satisfy’ approach, typically providing tables of
minimum or maximum limitations for concrete designs depending on the type of in-service
exposure anticipated”,

o “Whilst this approach is an established and valid route for the majority of concrete, in certain
circumstances designs based on the durability performance of a concrete structure, product or
element may be more appropriate. Performance-based methods of design have been recognised
as an important aspect in the construction industry for many years, but the development in
relation to concrete durability has yet to be formalised through European standardisation.
Progress is slow despite the recognised need for its inclusion within design standards.”

o “In an effort to illustrate alternative methods of durability design from the current standardised
route, this document discusses the formation of a structured framework using the performance-
based approach.”

o ‘Itis worth emphasizing that performance-based specification is the reserve of specialists and
likely only to be applied on large projects in aggressive environments, where long term durability
is desired or where an element is critical. In reality, a project will have a combination of
performance and prescription specification. The designer will need to decide where specialist
durability assessment associated with a performance-based approach is appropriate.”

o “A good durability design philosophy is appropriate to good sustainability performance. Truly
durable structures impart longer and more reliable service lives before major intervention and
replacement, hence allowing for the opportunity of a more managed, optimised whole-life
maintenance of a structure, and reducing the energy demands from the use of constituents during
replacement (e.g. cements, aggregates). This ‘Circular Economy’ viewpoint is acknowledged and
is increasingly important within the construction industry and wider society. The aim is to extract
as much economic value as possible from resources, materials and components.”

e Concepts in durability design of concrete for “prescriptive and performance durability design, roles
and responsibilities, current standards and guidance and current European testing, and specification
of durability by performance”.

o ‘the prescriptive approach is likely to serve most concrete durability designs adequately, due to
its relative simplicity and ease of use. Table 2.1 suggests design approaches that may be
appropriate, although projects with high prestige or particular client requirements will also dictate

the decision.”
Prestige structures and/or
Intended service life & . . /
UK structures in aggressive
(years) .
environments
<30 Prescriptive Prescriptive
50-120 Prescriptive Performance
=120 Parformance Performance

e Processes of deterioration for “chloride and carbonation induced corrosion of reinforcement,
and corrosion in steel’.

e Analytical evaluation of deterioration for “design philosophy and application, modelling
concepts, reliability analysis, probabilistic modelling, and example modelling approach”.

e Performance testing: durability indicators for “general, and indicator tests for durability’.

e Specification for performance based durability designs for “general guidance, and example
specification clauses”.

e Monitoring durability, updating predictions and residual life for “post-construction
documentation, structure management, bayesian updating, and residual life investigations”.

8.2 International Project Examples

International durability assessment of concrete structures for projects with durability design requirements
that are complex, critical or uncertain is generally known and will continue in the future. However, there are
a lower quantity of project examples with a formal durability approach of a durability consultant (or durability
design lead or similar title) at same project level as design leads for structural, architectural, mechanical and



electrical, etc. and formal durability plan report deliverables from tender to verification of construction
(compared with Sections 3, 4 and 5).

A few international project examples are provided that an author of this paper was a durability consultant or
the project is known by the author.

¢ Rail tunnels, underground stations, elevated viaducts, etc. concrete structures for Hong Kong
KCRC East Rail and West Rail expansion projects that started in 2000. The asset owner’s
tender documents had a formal durability approach requiring a durability assessment report by
a durability consultant and project specific durability requirements were stated for a 120 year
design life.

e Various heritage buildings (concrete structure) restoration and conversion projects in Singapore
(37) in the early 1990’s: Fine Arts Museum (originally a 1852 school), a Religious Temple
(originally an early 1800’s monastery), Country Club (originally a 1920’s National Trust
building), Religious Temple (originally a 1827 Hindu Temple) and Government Building
(originally a 100+ year National Trust building).

o A Materials Technology Consultant (MTC, now termed Durability Consultant) was a project lead
(i.e. equivalent to design lead or architect) and a durability report was delivered. The durability
engagement was via:

» Government or Religious Board tender documents had a had a formal durability approach
with a MTC to be appointed by the Contractor, task requirements listed in the tender and all
reports to the Contractor were required issue to the Government at the same time.

= Statutory Government body or Private asset owner separately engaged MTC in addition to
architect, structural designer and contractor.

= Government appointed a MTC to lead the consultant team for detailed building assessment
and restoration works.

e Burj Dubai — a multi-purpose concrete and steel structure with hotel, residential and office
facilities. Approximately 800 m high in total with reinforced concrete to 586 m high. The asset
developer engaged an Independent Verification and Testing Agency (IVTA) for the concrete
structures and this role was essentially a durability consultant by GHD. Tasks completed
included assisting the contractor and suppliers to pump concrete to record heights, which was
the CIA Award for Excellence in Technology in 2009 (38).

e The new Champlain Bridge was completed in 2019 (39). It is a new 3.4 km bridge across the
Saint-Lawrence River in Montreal, Quebec, downstream from the existing Champlain Bridge,
built in the 1960s. This was part of the New Champlain Bridge Corridor Project that was one of
North America’s largest infrastructure projects at that time. The consortium Signature on the
Saint-Lawrence Group was awarded the design, construct, finance, operate, maintain, and
rehabilitate the new Champlain Bridge for the owner — Infrastructure Canada. The project had a
formal durability approach for the 125 year design life with a durability consultant, durability
reviewer and durability plan report deliverables.

9. Conclusions

Australian bridge, tunnel and water/wastewater infrastructure projects have a history of formal durability
planning approach evolving and developing with improvements since 1996. Some asset owners have
embedded formal durability planning in their new structures and others have variable application. The
generally positive interaction of all parties in projects using formal durability planning indicates future
continued development across Australia.

Durability can be implemented on a project from asset owner brief to operational life-cycle management
with consideration of design, construction and operation. When durability is successfully implemented, the
required design life can be achieved to minimize, maintain and control life-cycle and replacement costs. The
sustainability and low carbon assessments can be completed in parallel with durability assessments.

The durability consultant (or durability design lead or similar title) at same project level as design leads for
structural, architectural, mechanical and electrical, etc. has a history of positive interaction and influence on
durability matters for projects in Australia.

A formal durability plan/assessment report content has progressively evolved with feedback on projects
from all parties. Durability checklists in tabular form provide useful project guidelines complementary to the
report.



CIA Z7/01 (1) has provided a durability planning approach that has prompted consideration of more formal
durability planning internationally by fib and ACI with development of publications in progress.

The formal durability planning in this paper predominantly refers to concrete structures, however, the
approach equally applies to all construction materials.
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