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Synopsis:

The paper is essentially in two parts. The first part, looks at concrete as a
construction material and why it is widely used. The variable nature of concrete is discussed
highlighting the importance of near surface concrete in relation to durability. The penneation
properties which play an important role in determining the resistance of concrete to any
deterioration are explained in detail. In the second part of the paper the question of the production
of durable concrete is delt with. Th.e relevant codes are discussed in particular the approach
adopted in ENV 206. The importance of matching the exposure conditions with the binder type,
binder content and binder/water ratio is emphasized. Finally, the paper outlines a perfonnancebased approach to concrete durability.

INTRODUCI'ION
Concrete comes from the latin word concretus, meaning living together. It bas a long and
impressive history dating back 8000 years. Indeed, the Romans used concrete for every type of
construction, from bridges and towns to small fann buildings. They also attempted to reduce the
weight of concrete (lightweight concrete) and therefore had some appreciation of its versatility.
The revival of concrete construction carne in the 18th century, but even so the Portland cement
as we know it today was fust produced commercially in the 19th century (1824). The current
cement production worldwide is well over 1 billion tonnes per annum. This is approximately
equivalent to 4.5 billion tonnes of concrete production per year, more than 1 tonne for every living
human being [1]. This shows the scale of concrete construction which covers infrastructure,
buildings, defence, environment protection and, local and domestic construction.
Although concrete is regarded as an inherently durable material, it can be vulnerable to attack in

a variety of different exposures unless certain precautions are taken. Indeed, a recent survey of
highway bridges in the UK revealed that nearly one-third of these were in poor condition mainly
due to chloride corrosion, and were in need of attention. The repair cost for this was estimated
to exceed £800M [2].
The aim of this paper is to review the main characteristics of concrete as a construction material.
Coverage is given to the constituent materials and their effective utilisation. The variable nature
of the material, factors controlling this and the important parameters governing fluid transmission
in concrete are considered. The paper then addresses the question of producing concrete for
durable construction.
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BASIC CHARACTERISTICS
Of the conventional construction materials available to engineers, concrete is the most widely used.
This is due to the many advantages the material offers:
1.

ExceUent potential resistance to most fonns of exposure. Unlike timber and steel
concrete has the ability to function in a wide range of environments and conditions. It is
for example capable of use in water storage and transportation. The high alkalinity of the
concrete also offers a very high level of protection to embedded steel. It is only in very
specific and severe conditions that problems can arise.

2.

The ease wltb which structural elements can be fonned into almost any shape and
size, on-site or under factory conditions. Concrete can be easily cold moulded on site
into a variety of shapes and sizes. The material lends itself to a considerable variety of
surface fmishes, features and textures and these in tum can be emphasised by skilled detail
combined with the use of colour and choice of aggregates. The material can be used in
both small and large scale elements, and can be tailored for specific applications.

3.

The cheapest and most readily available material on-site. Concrete is the cheapest of
the available construction materials. The basic constituent materials, Portland cement and
aggregates, are normally widely available in most areas of the world and are relatively
inexpensive.

Concrete also requires considerably less energy input, moreover, many industrial wastes can be
recycled, as a substitute for cement or aggregate in concrete. Thus, in the future, considerations
of energy and resource conservation are likely to make the choice of concrete as a structural
materials even more attractive.

OPTIMISING CONCRETE PERFORMANCE
Concrete is a composite material, consisting of a mixture of cement and water (cement paste)
which binds together the aggregate. The characteristics of the cement paste phase vary with the
choice of binders (Portland cements, such as OPC, RHPC, SRC; additions, such as PFA, GGBS)
and chemical admixtures (such as accelerators and plasticizers) used. Likewise, the type of
aggregate (such as crushed-rock, gravel, lightweight) can be very important in determining the
performance of concrete. The range of concrete materials marketed is now extensive and this
allows very wide variations to the basic concrete in terms of its performance, as well as cost [3].
In order to effectively use these materials, it is necessary to determine what is required of the
concrete and also if there are any constraints influencing its use. These relate to the process of
production and placement of concrete. In addition, and more importantly, it is necessary to know
the potential sources of deterioration of concrete. Thereafter, a serious attempt can be made during
the design and specification stage to select a suitable concrete solution from the options available.
The attainment of a performance in a given set of exposure conditions is affected by material
selection, specification, handling and by response of a specific concrete to curing, which also has
a cost element. Concrete has a minimum performance no matter bow it is treated and in some
situations this performance is adequate, but at a cost which is normally not recognised.
Application of curing rapidly realises this lost potential, but it bas to be paid for. Thus, engineers
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have always to balance construction materials, cost and perfonnanc:. Achieving this balance is
indeed both a dilemma and a challenge (Figure 1).

Figure 1 Construction dilemma?

Although this triangle appears an impossible one, in reality it is not without solution. The balance
between cost and perfonnance is, however, dependent on one's own particular viewpoint;
contractor, engineer or client.

IN-SITU CONCRETE
Standard concrete (laboratory-made concrete) prepared and tested under a clearly defined set of
conditions, such as production methods, specimen size, curing, testing conditions, can be a
consistent material. However, the properties of in-situ concrete where such strict controls are not
possible can be very variable. It is important that engineers should understand this aspect of
concrete construction and direct their efforts to minimise such in-situ effects [4].

VariabiUty due to Workmanship
Non-unifonn supply of materials and their hatching and mixing, and then the transportation,
placing, compaction and finishing of concrete, as well as the quality of fonnwork, segregation at
the reinforcement and curing will all result in variations of concrete in a structural member. These
effects can be substantial and impair the integrity of a structural member [5]. As they are random
in nature, it can be difficult to quantify their effect from laboratory-based results. Nevertheless.
for general purposes, typical values may be adopted, an example of which in terms of strength is
given in Table 1.
Table 1. Comparison of in-situ and 'standard' cube strengths
MEMBER TYPE
Column
Wall
Beam
Slab

STRENGTH wrt STANDARD CURED CUBE STRENGTH
Average%

65
65

75
50
15

Likely Range % 55-75

45-95
60-100
40-60

Intrinsic Variability Across a Member Section
Freshly mixed concrete is intrinsically an unstable material and even a well proportioned
high-cement-content mix will have a tendency for the mix water to rise and aggregate to settle
during construction. The rate and magnitude of this effect is greatly affected by the mix
composition, aggregate grading and member size and type, as well as the degree of compaction
and curing imparted, particularly at the early stages of concrete placement. A typical set of
strength variations, derived from non-destructive testing, according to member type are illustrated
in Figure 2. It should also be noted that durability response to such variations can be very
different.

Top r-----.-----rr--.--,"----.-----.

~\

\

\

3/4 1Beam

.8E

~1
.

M 1d

-~

c
.!?

Wall

:;;

...J

Slab

Colum!\
1

\

/~\

"

g

\

\

E
c

~

'"~
"- ,\---

I

\\

\, I

1!4

I

\ I
\ \\

Bottom
0

25

50

75

100

125

Relative strength (%)

Figure 2. Within-member variations

Variations due to

C~cking

Differential, load-independent, dimensional changes arising from effects such as the heat of
hydration and moisture loss (shrinkage), alternative wetting/drying and cyclic variations in
temperature can all result in cracking within a concrete section and with it, in the loss of the
quality of structural concrete, particularly in its ability to resist deterioration. This deviation in insitu concrete quality from that of standard concrete can be difficult to determine. Load-dependent
dimensional changes can also give rise to cracking and alter the potential durability of in-situ
concrete.

NEAR SURFACE CONCRETE
Due to the migration of mix water towards the upper surface, entrapment of water and air close
to the formwork and rapid and premature evaporation of moisture in the absence of adequate
curing, the quality of concrete in terms of its composition (including pH) and pore structure
(pores/crack size and distribution) can vary from the surface layers to the inner bulk [6-9],
Figure 3 [10]. Unfortunately for concrete this banding of quality occurs with the poorest zones
at the near-surface immediately interfacing with the environment and they form the first lines of
defence to all external physical and chemical aggressions, and in the case of reinforced and
prestressed concrete structures also provide protection to embedded steel.
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Aa • Cast surface

Figure 3. Variations of concrete quality across a section
When concrete is tested for its bulk engineering properties such as strength, the true nature of the
near-surface layer of concrete is not revealed, and therefore it is desirable to test concrete by other
means such as penneation tests (Figure 4).
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Figure 4. Variation in absorption and depth of carbonation of concrete
MECHANISMS OF FLUID TRANSMISSION IN CONCRETE
T he problem of durability usually involves the transportation (permeation) of aggressive media,
in the form of ions, moisture and gases, from the environment into the concrete followed by
physical and/or chemical changes in the internal structure, possibly leading to deterioration. This
can be divided into three distinct but connected transportation phenomena: (1) absorption, (2)
diffusion and (3) permeability [11]. The role of these in relation to the properties and
characteristics governing concrete resistance is summarised in Figure 5 [12].
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Figure 5. Transport phenomena in concrete

Absorption
This describes the process by which concrete takes in a liquid, normally water or aqueous solution,
by capillary attraction. The rate at which water enters is termed absorptivity (or sorptivity) and
can be described by,
Absorptivity =

f [ capillary size, capillary interconnection, moisture gradient

J

The moisture may contain dissolved saJts, such as chlorides or sulphates and dissolved gases. such
as oxygen, carbon dioxide and sulphur dioxide. The transportation of ions at the surface, is
therefore, often a combination of absorption and diffusion. The concrete will tend to absorb
moisture containing ions perhaps to a depth of 20 to 25mrn in typicaJ situations and thereafter, the
ions penetrate deeper into the cover by diffusion.
Absorption of water often leads to wetting and drying strains and can fonn, for example, part of
the action that may lead to ASR or freeze/thaw attack. Absorption may be controlled by reducing
the size and interconnection of capillary pores by using a low water/cement ratio and providing
good curing.

Diffusion
This is the process by which a vapour, gas or ion can pass through concrete under the action of
a concentration gradient. Diffusivity defines the rate of movement of the agent and can be
described by,

Diffusivity

f

concentration gradient, degree of reaction of agent with
[ hydrate structure, capillary size and interconnection
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PRODUCfiON OF DURABLE CONCRETE
The approach adopted in this paper for the production of durable concrete is illustrated in Figure 7.
It starts with a consideration of the exposure conditions, and how this dominates the choice of
binder. The importance of the binder content and water/binder ratio is explained, as well as their
dependence on workmanship and curing and their relationship to penneation and the cover
thickness. As an alternative approach, consideration is given to specification of concrete by
perfonnance.
SPECIFICATION FOR
DURABLE CONCRETE

STRUCTURAL
REQUIREMENTS

Figure 7 Design of durable concrete
EXPOSURE CONDITIONS
Exposure effects are critical to the integrity of structures and are considered separately from the
load effects in structural design.
The provision of durable concrete depends on how accurately the exposure conditions in which
the structure is to be located, has been or can be defined. Clearly it is not easy to decide on the
conditions of exposure, but the following are considered to have a dominating influence on the
aggressivity of a particular environment:

e
e

e

Availability of moisture
Presence of aggressive substances in moisture
- Carbon dioxide (for carbonation and corrosion)
Oxygen (for corrosion)
Chlorides (promote corrosion)
acid (dissolve cement)
Sulphates (expansive reaction with cement)
Alkalis (expansive reaction with aggregates)
Temperature level
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Various national and international design codes give guidance on this and one of the most recent
and advanced, though not without its drawbacks, is given in the new European Standards
EC2/ENV206 [12,13] and summarized in Table 2. This provides a breakdown of the range of
exposure conditions likely to be encountered in practice [14]. However, the problem lies in the
interpretation of this classification and in deciding on the exposure class for a given structure
under consideration.

Table 2. Exposure conditions as given in EC2/ENV 206
EXAMPLES OF EXPOSURE CONDITIONS

CLASS

- Interior of dwellings or offices
- Provided during construction, coocrete is not exposed to more severe
conditions over a log period of time

1 Dry

- Interior of buildings where humidity is high (eg laundries)
(a)
- Exterior components
Without frost
- Components in non-aggressive soil and/or water
2 Humid
(b)
With frost
3 Humid with frost and
de-icing agents
(a)
Without frost

- Exterior components exposed to froot
- Components in non-aggressive soil and/or water and exposed to frost
- Interior components where the humidity is high and exposed to frost
- Interior and exterior components exposed to frost and de-icing agents
- Components completely or partially submerged in seawater, or in the
splash zooe
- Components is saturated salt air (costal area)

4 Seawater
(b)

With frost

- Components completely or partially submerged in seawater, or in the
splash zooe and exposed to frost
- Components is saturated salt air and exposed to frost

The following classes may occur alooe or in combination with the above classes:

S Aggressive
chemicals

(a)

- Slightly aggressive chemical environment (gas, liquid or solid)
- Aggressive industrial atmosphere

(b)

- Moderately aggressive chemical environment (gas, liquid or solid)

(c)

- Highly aggressive chemical environment (gas, liquid or solid)

BINDER SUITABILITY
The potential ability of concrete to withstand any exposure condition is determined in the ftrst
place by the characteristics of its binder, in so far as it influences the microstructure of the paste
phase and hence the permeation, and its chemical binding capacity and therefore resistance to
aggressive agents. For example, the use of pulverized-fuel ash (PFA) and ground granulated
blastfumace slag (GGBS) may effectively improve the resistance of concrete to a number of
chemical attacks, but may decrease its resistanCe to carbonation.

It should be noted that in this context, binder means a Portland cement alone or its blend with any
of the additions (those commonly used are PFA, GGBS, CSF) individually or as a multi-blend,
in varying proportions.
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BINDER CONTENT AND WATER/BINDER RATIO
Having established a suitable binder type(s), the next important stage in the durability equation will
be to determine the quantity of binder that will be required to provide the necessary protection
against a given rate and magnitude of aggression. Likewise, because of the dependence of
permeation on the type of binder, its content and water/binder ratio, it will be necessary to
consider these together. Indeed, most codes give guidance on this and an example taken from
BS 8110/BS 5328 [15,16], Table 3, shows how the binder parameters may be varied for concrete
exposed to sulphate attack, depending on exposure severity and binder type.
Table 3. Concrete exposed to sulphate attack (based on BS 8110)

TYPE OF CEMENT

CLASS

BINDER
CONTENT
(not less than)

FREFJWATERI
BINDER RATIO
(not more than)

kgfm1

kgfm3

-

-

1

Portland cements to BS 12, BS 1370, BS 4027
Portland cements containing PFA, GGBS
to BS 146, BS 4248, BS6588
Other cements, to BS 4248
BS 12 cements combined with PFA or GGBS

(I)

As for class 1

330

0.50

BS 12 cements combined with PFA, 2S to 40%
BS 12 cements combined with GGBS 70 to 90%

310

0.55

BS 4027 cements (SRPC)
BS 4248 cements (SSC)

280

0.55

As for Class 2 (ii)

380

0.45

As for Class 2 (iii)

330

0.50

4

As for Class 2 (iii)

370

0.45

5

As for Class 2 (iii) with adequate proteCtive coating

370

0.45

2 (ii)
(iii)

3

Other mix factors that may be considered at this stage are:
I.

Mixing Water. This may contain aggressive substances which alter the severity of the
exposure condition.

2.

Chemical Admixtures. Paste structure may be modified because of the effect of
admixtures on hydration, liberation of heat, formation of pores and the development of gel
structure.

3.

Aggregate. This may contain impurities, which should be considered for influence on
binder durability. Also, due to its influence on the water demand of the mix, the nature
of aggregate may modify the binder content.

Whilst a concrete of a given binder content and water/binder ratio may be deemed to have an
adequate durability potential for a specific exposure, the effect of the following factors should be
considered carefully and where necessary the binder content and water/binder ratio revised
accordingly.
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Workmanship
This should take account of the degree of compaction and the quality of ftnish that can be
achieved on site.

Curing
Curing determines the rate and magnitude of hydration of the binder paste, and some binders are
particularly sensitive to curing. Thus, the degree and duration of curing, particularly at early ages,
can greatly influence the hydration products and the microstructure of the binder, and thereby alter
both the binding capacity and permeation characteristics.
Most codes specify the degree of curing required, however they give no guidance as to its effect
on binder ability to resist deterioration.

Penneation
Beside chemical binding, adequate permeation properties are a key facto r in determining the binder
durability characteristics and therefore the provision of adequate permeation properties should be
achieved.

Cover
The thickness of cover is critical to the protection afforded by concrete to the embedded
reinforcement. Increasing this increases the chemical and physical barrier against the environment.
The thickness of cover should be optimised with the binder quality, content and water/binder ratio .
It should be noted that from structural design considerations, the cover depth should ideally be as
low as possible.

STRENGTH
For the binder type and water/binder ratio required for durability as outlined above, a
corresponding strength of concrete is also given or will be achieved. This should be compared
with the strength value required in the structural design and the higher value adopted.

MEASURES AGAINST SPECIFIC DETERIORATION MECHANISMS
From the foregoing it is clear that most codes- provide guidance on the measures that can be taken
to protect concrete against deterioration due to various mechanisms,
1.

Physical and mechanical action

2.

Chemical attack

3.

Corrosion of reinforcement
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The main philosophy used in these documents makes the provision of adequate concrete cover
depth and a concrete of sufficient quality described in terms of minimum cement content,
maximum water/cement ratio and minimum strength in relation to exposure conditions. This
approach is simple and easy to follow, but leaves much to be desired. In particular, it does not
provide any guidance on expected service life [17].
In the following sections a rational approach to the development and specification of chloride
resistant concrete is outlined [18].

CHLORIDE RESISTANT CONCRETE
The main factors influencing the performance of concrete in a chloride environment may be
summarized as,

e
e

Chemistry of concrete

e

Exposure conditions

Microstructure (Permeation properties)

The influence of these factors on the overall process is illustrated in Figure 8. Which of these
factors play the dominant role in controlling the rate of chloride ingress, however, will vary
between different situations.

a. High
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•
•
•
•

CHLORIDE _ _ _ _--!
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CAPACITY

BINDER
TYPE

Metallic Cation
Chloride Concentration
Temperature
Relative Humidity
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CHARACTERISTICS
• Size
• Distribution
• Mic ro·climate

BINDER
CONTENT

Figure 8. Role of different factors influencing chloride ingress
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Perfonnance Specification Approach
ln terms of resistance of structural concrete to chloride ingress, the coefficient of chloride diffusion
(D) provides the fundamental parameter which can be used for specifying durable life. This
parameter collectively reflects the factors associated with concrete described above as influencing
chloride ingress. D can be detennined within 14 days using a rapid diffusion half-cell test
method [19]. Design nomograms, such as shown in Figure 9 [18) can be used to determine the
D that will be required to achieve a specific durable life. The engineer will therefore select a
design life and then based on the knowledge of the exposure, estimate the likely external chloride
concentration. This is followed by the selection of the cover and the permissible extent of
contamination acceptable. This can be used to determine the value of D needed to achieve the
required period of service.
The effect of cover is taken into account by this nomogram and, for example, illustrates that to
obtain 90 years service in a O.lM chloride environment, with critical water-soluble chloride level
of 0.1·%, a reduction in cover from 50 to 25 mm will require the D to be reduced from 32 x 10·9
cm2/s to 7 x 10' 9 cm2/s. It should be noted that the recommended increase in grade C40 to C50
in BS 8110 to account for the cover reduction will not achieve this order of reduction in D. This
further reinforces the view that increasing concrete grade is not the route to durability.
What is required is the development of a concrete that can be produced in a conventional way and
contain materials that have a large capacity to bind chlorides. In addition, the material should not
require any additional treatment and preferably offer reasonable levels of economy. Furthermore,
there should be no significant changes to the readily understood characteristics of typical portland
concretes, for example handling and placing, early strength development and long-term mechanical
and other relevant durability properties.

60

Environment
Chloride Content

50

80

100

Selected Total o.
Chloride Content

Figure 9. Nomogram for detennination of D for particular cover,
exposure conditions and acceptable contamination level
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Studies carried out at Dundee University [20-22], indicate that both PFA and GGBS have
characteristics with the potential to satisfy the criteria given above and point the way forward to
the efficient production of chloride-resistant concrete.
The main beneficial effects of these materials, in this context, can be summarised as,

e

High alumina content, which in PFA provides over 6 times the Alz03 content of ordinary
Portland cement and for GGBS over 2 times. More importantly, the form of alumina
contained is likely to be amorphous with a high degree of chloride binding capacity per
unit weight of material.

e

Large number of well dispersed floe particles available to adsorb chlorides

e

Potential for blocking and increasing tortuosity of pathways in concrete.

Furthermore, these explain the conclusions of a number of studies [20,22], carried out at Dundee
University, which indicate that quantity and not quality of PFA or GGBS is the key factor, since
this directly leads to increased opportunity for chloride binding.
The inclusion of these materials in high quantities potentially could lead to conflict of performance
with both rheology and early strength of concrete. The use of accelerators or activators to initiate
reactions at early ages may therefore have to be considered to overcome such effects.
To go beyond this, it is possible to use combinations of PFA, GGBS for the chemical benefits and
Microsilica (MS) for its densification of the microsttucture. Multiblends of this type have found
limited application and it seems likely that with further work and precise quantification of the
mechanisms limiting chloride ingress, then their use in the provision of a very high chloride
resistant concrete may be possible. In the development of this concrete again it will also be
necessary to fully evaluate the material performance with respect to other concrete properties.
In addition to the possible savings in terms of repair costs, it would then be possible to adopt
thinner sections and reduced covers for RC construction typically of 25 to 30 mm, thereby offering
another significant benefit.

CONCLUDING REMARKS
There are a wide range of materials available to the engineer in his design of concrete for durable
construction. However, it is also true that concrete quality and performance by its nature and
means of production can be variable. A careful balance is therefore required between the needs
of the environment, what can be used to satisfy these needs, the factors leading to variability of
performance and the achievement of this economically.
Although general guidance is given in codes of practice to enable material specification to be
carried out in relation to the environmental conditions, this provision continues to be made by the
use of high strength concrete for aggressive conditions. The need therefore exists for the critical
parameters namely the permeation properties and chemical resistance of concrete, which more
directly address the mechanisms associated with most forms of deterioration, to be incorporated
in the design and specification of durable concrete.
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