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The paper reviews the current status of service life prediction and performance testing for concrete structures. Part I
emphasizes the advantages of performance-based approaches to durability prediction, fromwhich flows service life
modeling. It also deals, inter alia, with issues around performance specifications, durability indicators, and develop-
ments in code approaches. In Part II, a practical application of the performance approach tomarine concrete is given
byway of data from laboratory and site-based tests. It is shown that chloride-transport tests as well as rapid indica-
tors based on electrical properties can be used as inputs tomodels to provide reasonably reliable predictions of per-
formancewith certain limitations. Conversely, predictivemodels can be used to determine performance parameters
to evaluate candidatemixtures to ensure the required performance in a givenmarine-exposure condition. Of neces-
sity, the review is limited, and the interested reader is referred to the literature for further information.

© 2015 Elsevier Ltd. All rights reserved.

Contents

1. Introduction — part I: background and current developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
2. Design and specification for control of concrete durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

2.1. Prescriptive design and specifications for control of concrete durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
2.2. Performance-based design and specifications for control of concrete durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

2.2.1. Performance testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
2.2.2. Performance specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
2.2.3. Hybrid performance-based approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
2.2.4. Durability indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
2.2.5. Durability indicators and performance-based approaches in different regions . . . . . . . . . . . . . . . . . . . . . . . . . 158
2.2.6. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

3. Developments in code approaches to performance-based durability design and specifications . . . . . . . . . . . . . . . . . . . . . . . . . 159
3.1. Limit states for durability, and service life design approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

3.1.1. The deemed-to-satisfy approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
3.1.2. The probabilistic approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
3.1.3. Performance verification using the full-probabilistic approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
3.1.4. Performance verification using the partial safety factor approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

3.2. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
4. Part II: practical application and case study — marine concrete performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

4.1. Performance testing and predictive models for marine performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
4.1.1. Predictive model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
4.1.2. Performance tests — lab samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
4.1.3. Data from Treat Island, Maine — site samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
4.1.4. Marine performance summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5. Discussion and closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Cement and Concrete Research 78 (2015) 155–164

⁎ Corresponding author.
E-mail addresses: mark.alexander@uct.ac.za (M. Alexander), mdat@unb.ca (M. Thomas).

http://dx.doi.org/10.1016/j.cemconres.2015.05.013
0008-8846/© 2015 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Cement and Concrete Research

j ourna l homepage: ht tp : / /ees .e lsev ie r .com/CEMCON/defau l t .asp

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2015.05.013&domain=pdf
http://dx.doi.org/10.1016/j.cemconres.2015.05.013
mailto:mark.alexander@uct.ac.za
mailto:mdat@unb.ca
http://dx.doi.org/10.1016/j.cemconres.2015.05.013
http://www.sciencedirect.com/science/journal/00088846
http://ees.elsevier.com/CEMCON/default.asp


1. Introduction — part I: background and current developments

Huge developments in modern infrastructure development world-
wide in the last half century or so have been due largely to the remark-
able success of concrete as a functional, efficient, and universally
available construction material. The built environment sector accounts
for about 70% of all global material flows; taken as a percentage of
materials usage in the built environment, concrete accounts for
roughly 30% [1]. Part of the efficiency of concrete relates to its gener-
ally proven and excellent durability performance. Further, despite
the negative perceptions of the sustainability of concrete (largely be-
cause of CO2 emissions from cement production), it performs better
than most other common construction materials, based on many
measures. For example, using the sustainability metrics of embodied
energy and CO2 emissions, normal concrete achieves values of about
0.95MJ/kg and 0.13 kg CO2,eq/kg respectively, whereas the correspond-
ing values for fired clay bricks are 3.00 MJ/kg and 0.22 kg CO2,eq/kg re-
spectively, and for steel 35 MJ/kg and 2.80 kg CO2,eq/kg respectively
[2]. Considering concrete as a bulk construction material without
which human development would not be possible in the modern age,
the material performs remarkably well.

As mentioned, concrete generally has excellent durability perfor-
mance, as witnessed by the many concrete structures and buildings
that continue to perform adequately with minimum maintenance for
many decades. Even when concrete does deteriorate, repair options
are usually available. Notwithstanding the ability of concrete to provide
useful and long-lasting infrastructure, concrete structures on occasion
face durability problems mainly due to premature deterioration,
which threatens economic growth, natural and non-renewable re-
sources, and human safety [3–5]. Considering purely the economic
losses due to premature concrete deterioration, these are substantial
with the annual cost of corrosion worldwide estimated at US$ 2.2 tril-
lion (2010), which is about 3% of the world's gross domestic product
(GDP) of US$ 73.33 trillion [6], and concrete corrosion contributes in
some measure to this. A particular example of where concrete is sub-
jected to very harsh environmental conditions is the Arabian Gulf, due
to high temperatures and salinities. For instance, the annual cost of re-
pair and rehabilitation due to corrosion in the United Arab Emirates
(UAE) is estimated at US$ 14.26 billion (2011), which is about 5.2% of
the country's GDP over three years (2009–2011) [6]. These examples
of costs of repair and maintenance of RC structures serve to illustrate
the scale of the problem and to highlight the threat to the concrete con-
struction industry worldwide.

In view of the above, it is appropriate to consider how designers and
engineers control the problem of concrete deterioration in structures.
Put in other words, what are the approaches to ensure durability in
concrete construction, particularly in aggressive environments? The
balance of this paper seeks to address this question, by considering: cur-
rent and emerging approaches to durability design and specifications
for concrete structures including code developments; and an example
of a practical application using a case study of concrete exposure from
the Treat Island site in the USA.

2. Design and specification for control of concrete durability

Almost universally, the current approach to design and specification
for control of concrete durability is still the so-called prescriptive meth-
od, long-standing in concrete practice. This is in contrast to emerging
trends towards performance-based design and specification. These dif-
ferent approaches are dealt with below.

2.1. Prescriptive design and specifications for control of concrete durability

This approach sets limiting values for concrete mix compositions
andmaterials – typically w/b ratio, minimum binder content, and bind-
er type, which might include requirements for use of supplementary

cementitious materials (SCMs) – and for concrete strength grade and
nominal cover. It may also provide guidelines on execution of construc-
tion. These limiting prescriptive values are based on laboratory and field
tests, empirical relationships, and past experience.

The prescriptive approach, however, hasmajor drawbacks. Themain
problems are that the specified requirements are difficult if not impos-
sible to verify in-situ, it cannot account for rapid developments in new
materials and processes, it stifles innovation such as use of novel
cements and aggregates, and perhaps most telling that, despite the
prescriptions becoming ever more onerous with time, the quality of
concrete construction has in general not shown corresponding im-
provement [7]. Material and construction variability are not taken into
account, and even if intensive site supervision is carried out, it is difficult
to ensure that all specified requirements are achieved [8]. Moreover, re-
quirements such as maximumw/b ratio and minimum cement content
are impractical or costly to verify in practice [9]. The general consensus
is that these requirements have limited effectiveness and often stifle in-
novation [10].

Considering the title of this paper, the prescriptive approach is also
completely unable to account explicitly for a specific service life require-
ment, i.e. it provides no rational way in which to predict a given period
of time during which the structure is to remain serviceable without
undue deterioration. Thus, it is also not possible to undertake proper
economic analysis of the structure's performance or to budget ade-
quately for on-going service life maintenance.

In view of the shortcomings of the prescriptive approach, there
has been a strong move, at least in terms of research effort, towards
performance-based approaches to concrete durability design and specifi-
cation. This is discussed in the next section.

2.2. Performance-based design and specifications for control of concrete
durability

In essence, the argument is that durability is a material performance
concept for a structure in a given environment, and as such it cannot
easily be assessed through simple mix parameters [11,12]. A perfor-
mance approach focuses importantly onmeasurement of relevant prop-
erties of the concrete, in particular transport-related properties for
durability. Consequently, robust and industry-accepted test methods
are required to underpin this approach, with test results that can be
shown to be accurate, reliable and reproducible. In the past, this issue
of acceptable testmethods, which are ‘proven’ to represent the relevant
durability properties of concrete, has been the stumbling block to more
rapid and general adoption of performance-based methods.

In practice, performance approaches represent either a partial ap-
proach (termed ‘hybrid’, see later), or a full performance-based approach.
Both encompass key elements such as: reliable and meaningful tests by
which to characterize the desired performance; definition and specifica-
tion of performance limits by which to judge acceptable performance;
and importantly, integration of durability requirements anddurability de-
sign through service life models in order to estimate service life of the RC
structure [13,14]. Crucially, in a full performance approach, specified con-
crete properties should be measurable in situ to ensure as-built quality is
actually achieved. This leads on to questions of performance testing and
performance specifications, dealt with below.

2.2.1. Performance testing
Performance testing requires the development and ‘proving in prac-

tice’ of reliable and meaningful test methods and the imposition of
suitable performance limits. In some cases the appropriate limit may
come from service life models— e.g. deriving a chloride diffusion coeffi-
cient such as from the Life-365 model [15]. In other cases, particularly
where service life models are not well developed, the limits may come
from best judgment and experience, with the intent to modify or im-
prove these limits as bettermodels are developed. Further, performance
tests may be used in different ways. Typically they are used for pre-
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