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SYNOPSIS
This report presents a brief summary on the current status of the CRC CI research
project entitled “Sustainable infrastructure for aggressive environments”.
The main aim of this research project is to develop a diagnostic tool that assists in
the interpretation of distress symptoms experienced by bridges in aggressive
environments including an estimation of residual service life based on probabilistic
approaches. For this purpose a methodology of research and objectives has been
proposed. This has been followed by an investigation of real time case study bridges
in the state of Queensland. Early benefits of this research in capturing the knowledge
base have been outlined in this report. An evaluation of existing knowledge based
expert systems from literature has been presented. Proposals of sophisticated levels
of condition assessment and modelling residual life have been presented.
The report concludes with the benefits of this research and identifies future research
requirements.
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1 OVERVIEW
1.1

Introduction

Durability issues of reinforced concrete construction costs millions of dollars in repair
or demolition. Identification of the causes of degradation and a prediction of service
life based on experience, judgement and local knowledge has limitations in
addressing all the associated issues. The objective of this CRC CI research project is
to develop a tool that will assist in the interpretation of the systems, degradation of
concrete structures, estimate residual service life and recommend cost effective
solutions. This report presents the current status of the research project undertaken
in this context.
The primary focus of this research is centred on the case studies provided by
Organisations like Queensland Department of Main Roads (QDMR) and Brisbane
city council. These organisations are endowed with the responsibility of managing a
huge volume of bridge stock in the state of Queensland, Australia. A range of
distress mechanisms have been identified as the potential cause(s) of distress
mechanisms. Carse, 2005, has noted that the road authorities need to invest their
first dollars in understanding their local concretes and optimising durability
performance and then look at potential remedial strategies. The next section provides
a brief background to the project.

1.2

Background

There are about 2850 bridges including major culverts with an estimated replacement
value of about $3 million (Fenwick and Rotolone,2003). These are exposed to variety
of exposure conditions and loading conditions. Given the importance of these bridges
in relation to the transport network and the expected increase in loading conditions
the Queensland Department of Main Roads (QDMR) has already recognised the
need for new and effective bridge management practices. It has been stated by
QDMR that there are currently no corporate procedures for managing these assets.
The first step towards developing these management procedures is to develop an
understanding of the causative mechanisms of deterioration and estimate the life
cycle costs based on established procedures.
Given the fact that infrastructure investments in global context are around US $500
billion per year, international research collaboration is being envisaged in this project.
Dr. Steve Millard of Liverpool University, UK has agreed to participate in this project
to provide the UK perspective.
The next section of the report presents a brief summary of the research objectives,
methodology and strategies.
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2 RESEARCH METHODOLOGY
The proposed research methodology has been presented in Figure 2-1. [Nezamian,
et.al, (2004)]. The framework is self explanatory.
Case Studies of infrastructure
exposed to aggressive environments
Database of
signs of
distress

Crazing
Stains

Identify all the external
signs of distress

Drying shrinkage

Cracks

Plastic shrinkage
ASR

Spalling

Corrosion

Environmental
Data

Field Measurements

Design Documentation
Field data

A database of signs
and related causes of
degradation

Identify the possible
causes of observed signs

Rule based matrix
relating known
parameters, to a
given sign of distress
based on expert
opinion and results of
field tests

Determine the likelihood
of the identified causes

Probabilistic evaluation of
the residual capacity and
performance curves for a
given structural element

Mathematical
models on material
degradation- stateof-the art
Treatment Options

Do nothing

Restrict use

Traditional treatments

Innovative treatments

Evaluate options using
whole of life cycle cost
analysis

Output
Ranked solutions

Guidelines for new
design and construction

Figure 2-1: Decision support framework (Nezamian, et.al., 2004)
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The above framework clearly revolves around four major tasks:
Case studies of bridges exposed to aggressive environments
Relating distress mechanisms with symptoms of degradation (Rule based matrix)
Evaluation of Residual Service Life
Life cycle cost analysis for different options
It can be noted that the foremost task in the above framework is the development of
a rule-based matrix. Initially a literature review has been undertaken to establish the
current body of knowledge (Refer to the list of references). Documents such as
QDMR – BIM ‘s provide detailed descriptions and can be referred in this connection.
In order to capture the knowledge base available in the inspection reports of QDMR,
a model towards developing the rule-based matrix, has been presented in Figure 2-2.

Rule Based
Matrix

Basic informations

Environment

History

Structure

Symptoms / Signs
Such as Cracking, Stains, Delaminations
Time Scale

Hypothesis
ASR, Chloride ingress – Corrosion etc.,

Diagnosis
Tests such as Petrography, Expert opinion

Visits to
QDMR

Remedial action
Repair / Rebuild / Do nothing

Figure 2-2. A knowledge based model for QDMR inspection reports
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3 ANALYSIS OF `QDMR’ CASE STUDY BRIDGES
By adopting the above model, about ten case study bridges has been reviewed. A
summary of the results of this investigation has been presented in the following
sections of the report.

3.1

Munna Point Bridge, Noosa Shire Council
Rule Based
Matrix
1970’s

Basic informations (Environment, History, Structure)
Seven span bridge, each 15 m – prestressed deck –
substructure 2 piers cast-insitu supported by 10 driven PSC
piles
Symptoms / Signs

2001

Time Scale

2002, 2005

Horizontal cracks (severe cracking) observed in the top
of pile caps extending 300 mm below. Chloride profiles
inconclusive
Hypothesis
Chloride induced Corrosion

Diagnosis
Petrographic tests, Diving inspections and Visual
inspections – Chloride induced corrosion in pile caps,
Piles – Alkali Silica Reactivity (ASR).

Visits to
QDMR

Remedial action
Do nothing – Eventual failure
Impressed current cathodic protection system
Compatible cementitious concrete repairs
Concrete encasements

Figure 3-1. Knowledge base model for Munna Point bridge based on QDMR
inspection reports
The intention of the above figure is to demonstrate the applicability of the model
developed in Figure 2-2. However, the reports do contain more informations than
described in Figure 3-1. Therefore, additional informations available from the reports
have been documented in the form of dot points. It has been noted that this is an
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example and many other bridges have been reviewed thus far. The following Table
3-1 summarises the distress mechanisms observed in case study bridges and the
corresponding symptoms.

3.2

Summary of additional case study bridges

Table 3-1. Summary of distress mechanisms observed in case study bridges
Case
bridge

study Observed
Defects
distress
symptoms
mechanisms /
causes
Cracking,
Tallebudgera
Chloride
ingress
Corrosion,
Potential ASR

Munna point

Chloride
ingress
corrosion
ASR

Vines Creek

Structurally
adequate

Sandy Creek

Chloride
ingress
Corrosion

/ Remedial
options

Horizontal
– cracking in pile
& caps,
delamination in
vertical faces
of pile caps,
rusting. Pitting
observed
Observed
cracking
not
related
to
durability
issues
(Flexural)
Vertical
- cracking in the
tidal
zone,
cracking at the
corners
of
piers.
No
spalling
observed

Pile
encasement

Impressed
cathodic
protection,
cementitious
coating

Additional
comments

Cathodic
protection not
recommended
considering
the
cracked
nature
of
hollow
spun
piles
Cracks evident
in tidal zone

Carbon
fibre
wrapping
to
piers
and
encasement to
piles

Level
inspection
according
BIS

2

Encasement of
piers for short
term
options
and Cathodic
protection for
long
term
option

Crack widths
not increasing
with time are
the results of
flexural cracks

to

From the above table and in going through other observations it is possible to gain
further understanding of the distress mechanisms and defects. For example, the
cracks observed in the tidal zone in a salt water environment decreasing with height
and in the corners could be attributed to the chloride induced corrosion. This form of
documentation is considered to be the early benefits of this research. This is further
explained with two case study bridges namely the Dawson River Bridge and the
Nerang River Bridge. Interestingly, in the Dawson River Bridge, the distress
mechanism was hypothesised as ASR – however, petrographic analysis of the
reports provided evidence of Delayed Ettringite formation as and additional cause of
the distress mechanism. A typical format or a logic chart for ascertaining the possible
distress mechanism has been presented in Figure 3-2.
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Year of construction of the bridge
Evaluate the age (More than 10 years?)
Type of bridge structure (for the case
study bridges this is PSC)

Bridge location
Coastal
(Possible mechanisms are chloride
induced corrosion, carbonation, ASR
followed by corrosion, Shrinkage
followed by corrosion)

Major
distress
evident in
tidal zone

Major distress
evident in
superstructure

Chloride
induced
corrosion

Carbonation
induced
corrosion

Recommend
protections
such as ICCP

Inland
(Possible mechanisms are
ASR, carbonation induced
corrosion)

Fly ash used in
construction?

NO ; (This can be related to the year of
construction and construction practices
adopted ) then higher chances of ASR.
If YES, still ASR could be the cause.
Needs to verify with the data

Confirm aggregate
qualities, whether
aggregates have track
records of ASR

Analyse the signs of distress such as cracks,
powdery formations, bubble formations and
look for any unknown or suspect signs
Confirm the dominant mechanism such
as ASR or ettringite (In this case it is
ASR) through specific laboratory tests

Recommend remedial action

Figure 3-2. Typical format or logic for ascertaining the distress mechanisms based on
case study bridges
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Despite the limitation of the above format lacking generic application, it is at least
possible to hypothesise the distress mechanism with a certain degree of confidence.
It has to be noted however that further case studies and careful assessment of the
information would be required in developing a rigorous rule based matrix to cover a
range of distress mechanisms.
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4 EXAMPLES OF EXISTING RULE BASED MATRICES
This section of the report presents some of the rule based matrices from the
literature. Chan, P.P.F (1996) developed an expert system for diagnosing durability
problems in concrete structures. A typical table on crack information and location of
structure covering corrosion and ASR has been presented in Table 4-1.
Table 4-1. Crack formation and location on structures (Chan, P.P.F., 1996)
Type of
cracking

Crack
Pattern

Corrosion
of reo

Vertical

Corrosion
of reo

Horizontal

ASR

Random

Most
location
Crack
formation
Natural

Calcium
chloride

common
Structural
element
Columns
and
beams
Precast
concrete
Damp
locations

Cause of problem

Remedy

Time
of
appearance

Primary
cause
Inadequate
cover

Eliminate
causes

More than
two years

Eliminate
causes

More than
two years

Eliminate
causes

More than
five years

Secondary
cause
Poor
quality of
concrete
Excess
Poor
calcium
quality of
chloride
concrete
Reactive aggregates plus
high alkali cement

Applying the above table of information as a basis for evaluating our case study
bridges, two significant differences can be noted. First, the above table does not
include tidal zone as a parameter for crack locations and the onset time of cracks is
about 2 to 5 years. However, we find in most cases the case study bridges are about
30 years old. Therefore application of existing expert systems directly to typical case
study bridges is bound to have limitations. Chan reports that the above table was
adopted to diagnose the deterioration of a reinforced concrete bridge in Hong Kong
which exhibited problems like cracking, spalling, reo corrosion and accidental
damages. “Physical damage” and “Chemical attack” were concluded as the likely
causes of deteriorations. There are other similar tables proposed in the literature
such as the ones from Bungey and Millard, (1996) and Dhir, R.K., (1993). Perhaps
organisations like QDMR and BCC would require more comprehensive assessment.
This requires a detailed evaluation of existing knowledge based systems similar to
Chan’s methodology and this is currently being undertaken. In addition, this leads us
to the requirement of analysing the existing methods of inspection and management
procedures adopted by QDMR and BCC. The following section presents the
analyses and possibilities of developing a comprehensive diagnostic tool.
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5 DEVELOPMENT OF A DIAGNOSTIC TOOL
A review of the discussion thus far highlights that the existing methodologies do not
specify any information about the remaining life of the bridge structure in relevance to
the existing condition. It can be clearly noted from the inspection reports of QDMR
that the repair strategies were dependent on the probable estimation of the remaining
service life. Literature presents some of the probabilistic methodologies of assessing
residual service life of concrete structures. However, these models recommend a suit
of condition assessment procedures which may not be synonymous with the
inspection procedures of QDMR. Therefore, an integrated effort of condition
assessment, identification of distress mechanism and residual service life is
essential. This has the benefits of selecting the appropriate remedial action,
minimising cost and prioritising the remedial actions or repair.
Reviewing the BIM of QDMR and other similar documents it is possible to categorise
the present levels of condition assessment into three or four levels (QDMR adopts a
3 level approach). These can be summarised as follows:
Level 1 : Routine Maintenance Inspections – Lower tier of assessment
Level 2 : Bridge Condition Inspections – next higher level of assessment (Typically
assessing conditions according to an established condition rating system)
Level 3: Detailed structural engineering inspections – Higher level of assessment
(Includes physical testing and structural analysis)
Detailed guidance for carrying out these levels is available and reasonably
established in practice. However, these levels do not provide any indication of the
probable remaining life of the structures in the absence of remedial actions. As noted
earlier remedial actions are driven by the remaining life. Further analysis and
prioritising the ranking of remedial actions are required for optimising the
maintenance cost. Therefore, the following levels are proposed that significantly
leads to higher level of sophisticated maintenance.
Level 4: Probabilistic evaluation of Residual Service life capacity. This will
include the development of performance curves for a given element and scenario.
Limit states of performance needs to be established for this purpose.
Level 5: Prioritising maintenance regimes: This will be based on the evaluation of
different remedial options and ranking. Knowledge gained from these two levels can
be integrated for future design and construction.
These levels can be further enhanced to incorporate a global requirement and
possibly documented in the BIM’s of QDMR.
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6 CONCLUDING REMARKS
This report has presented the current status of the CRC CI Research Project entitled
“Sustainable infrastructure for aggressive environments”. Significant conclusions
from this report are:


Evaluation of distress mechanisms based on the prevalent distress symptoms
is essential towards successful maintenance of bridges exposed to
aggressive environments.



Analyses of inspection reports on case study bridges provide useful
information in identifying the real cause of distress mechanism(s).



Existing expert systems of identifying distress mechanisms needs rigorous
evaluation to confirm their applicability to real time large bridge stocks



Need for sophisticated levels of bridge management has been highlighted

This report has covered a reasonable volume of literature. Further work is needed to
undertake a state-of-the-art review on distress mechanisms and evaluation of
knowledge based expert systems. Thus the future research needs are;


Undertake a state-of-the-art review on distress mechanisms affecting bridges
exposed to aggressive environments



Review and evaluation of knowledge based systems specifically on bridges



Further review of case study bridges



Development of a rule-based matrix connecting symptoms and distress
mechanisms



Development of the diagnostic tool covering sophisticated levels of condition
assessment of bridges
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