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Abstract

Durability problems of ordinary concrete can be associated with the severity of the environment and the use of inappropriate
high water/binder ratios. High-performance concrete that have a water/binder ratio between 0.30 and 0.40 are usually more durable
than ordinary concrete not only because they are less porous, but also because their capillary and pore networks are somewhat
disconnected due to the development of self-desiccation. In high-performance concrete (HPC), the penetration of aggressive agents
is quite difficult and only superficial. However, self-desiccation can be very harmful if it is not controlled during the early phase of
the development of hydration reaction, therefore, HPC must be cured quite differently from ordinary concrete. Field experience in
the North Sea and in Canada has shown that HPCs, when they are properly designed and cured, perform satisfactorily in very harsh
environments. However, the fire resistance of HPC is not as good as that of ordinary concrete but not as bad as is sometimes written
in a few pessimistic reports. Concrete, whatever its type, remains a safe material, from a fire resistance point of view, when compared

to other building materials.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The recent developments in the field of high-perfor-
mance concrete (HPC) represent a giant step toward
making concrete a high-tech material with enhanced
characteristics and durability. These developments have
even led to it being a more ecological material in the
sense that the components—admixtures, aggregates,
and water—are used to their full potential to produce a
material with a longer life cycle. Be that as it may, we
know that concrete will never be an eternal material
when measured against a geological time frame. Any
concrete, if we look far enough into the future, will end
its life cycle as limestone, clay, and silica sand, which are
the most stable mineral forms of calcium, silica, iron,
and aluminum in the earth’s environment. Therefore, all
we can do as engineers or scientists is to extend the life
cycle of this artificial rock as much as possible.

The concrete that was known as high-strength con-
crete in the late 1970s is now referred to as HPC be-
cause it has been found to be much more than just
stronger: it displays enhanced performances in such
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areas as durability and abrasion resistance. Although
widely used, the expression “HPC” is very often criti-
cized as being too vague, even as having no meaning at
all. Since there is no single best definition for the ma-
terial known as HPC, it is preferable to define it as a
low water/binder concrete which receives an adequate
water curing.

HPC can be made with cement alone or any combi-
nation of cement and mineral components, such as, blast
furnace slag, fly ash, silica fume, metakaolin, rice husk
ash, and fillers, such as limestone powder. Ternary sys-
tems are increasingly used to take advantage of the
synergy of some mineral components to improve con-
crete properties in the fresh and hardened states, and to
make high performance concrete more economical and
ecological.

It must be emphasized that the development of HPC
technology has shown us once more what Féret [1]
expressed in his original formula for calculating the
compressive strength of a concrete mixture: concrete
compressive strength is closely related to the compact-
ness of the hardened matrix.

Fig. 1 represents schematically the fundamental
microstructural difference between cement pastes having
a 0.65 and 0.25 water/cement ratio. In a 0.25 W/C
ratio cement paste, there are more cement grains and
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Fig. 1. Schematical representation of the microstructure of two cement

pastes having W/C ratios of 0.65 and 0.25.

consequently less water per unit volume so that cement
grains are much closer to each other than in a 0.65 W/C
cement paste. This major difference results in a com-

pletely different type of hydrated cement paste. A 0.65
W/C ratio cement paste is very porous and rich in
crystallized outer hydration products formed through a
solution—precipitation process, while a 0.25 W /C ratio
cement paste is very compact and essentially com-
posed of inner hydration products resembling a gel de-
veloped through a diffusion process. Figs. 2 and 3
illustrate the major difference existing between the mi-
crostructure of a high and low W /C ratio cement paste.
This essential microstructural difference results in a
major difference in the mechanical and durability be-
havior of both the cement paste and the transition zone
between the paste and the aggregates.

In particular, in HPC, the coarse aggregate can
be the weakest link in concrete when the strength of
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Fig. 2. Microstructure of high water/cement ratio concrete: (a) high porosity and heterogeneity of the matrix, (b) orientated crystal of Ca(OH), on

aggregate (AG), (c) CH crystals.
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Fig. 3. Microstructure of a HPC: low porosity and homogeneity of the matrix: (a) absence of transition zone between the aggregate and cement
paste; (b) dense cement paste in an air entrained high performance concrete.

the hydrated cement paste is drastically increased by
lowering its water/binder ratio. In such cases, con-
crete failure can start to develop within the coarse ag-
gregate. As a consequence, there can be exceptions
to the water/binder ratio law when dealing with
HPC. In some areas, decreasing the water/binder ratio
below a certain level is not practical from a mechani-
cal point of view because the strength of the HPC
will not significantly exceed the compressive strength
of the aggregate. When the compressive strength is lim-
ited by the coarse aggregate, the only way to get
higher strength is to use a stronger aggregate. But
although the compressive strength is not increased
when decreasing the W /B ratio, the compactness of the
matrix is increased and the durability of HPC is im-
proved.

2. Volumetric changes
As with any other material, the volume of concrete

changes as its temperature changes. Like any other
material concrete creeps. But it is not the only volu-

metric variations exerting itself on concrete. Depending
on its curing condition, concrete presents volumetric
variations, it usually shrinks but sometimes it swells. In
this paper, swelling of chemical origin, such as sulfate or
thaumasite attack or alkali aggregate reaction will not
be considered, the only volumetric variation taken into
account will be plastic shrinkage, autogenous or iso-
thermal shrinkage, and drying shrinkage [2]. Carbona-
tion shrinkage will not be considered because it is a very
slow process that takes place much later.

In all cases that will be considered in this paper, the
origin of the volumetric variation is the same, the ap-
pearance of tensile stresses in the menisci created in the
fresh concrete as it is drying (plastic shrinkage) or in the
hardened concrete due to self-desiccation (autogenous
shrinkage) and due to drying (drying shrinkage).

Autogenous shrinkage is a consequence of the
chemical contraction occurring in the cement paste
when water hydrates cement particles. In fact, the ab-
solute volume of the hydrates formed is smaller than the
sum of the absolute volume of the cement particles and
the water that have reacted. Hydration creates some 8%
voids, as found by Le Chatelier and Powers [3]. This
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very fine porosity drains water from the coarser capil-
laries where water is not as strongly bonded. Conse-
quently, as hydration progresses it is observed that the
coarse capillaries are being emptied (as in the case of
drying shrinkage) but without any mass loss. This phe-
nomenon is called self-desiccation. Self-desiccation is
due to the movement of the water that is moving from
the preexisting coarse capillaries towards the very fine
porosity created by cement hydration.

Drying shrinkage occurs when concrete dries in dry
air, as concrete looses some of its internal water; menisci
appear within the coarse superficial capillaries. In the
case of drying shrinkage there is a mass loss.

In ordinary concrete with W/C ratio greater than
0.50, for example, there is more water than required to
fully hydrate the cement particles and a large amount of
this water is contained in well connected large capillaries
so that the menisci created by self-desiccation appear in
large capillaries where they generate only very low ten-
sile stresses. Therefore, the hydrated cement paste barely
shrinks when self-desiccation develops (40-60 micro-
strains) [4].

In the case of HPC with a W/B ratio of 0.35 or less,
significantly more cement and less mixing water have
been used, so that the initial pore network is essentially
composed of very fine capillaries. When self-desiccation
starts to develop, as soon as hydration begins, menisci
rapidly develop into small capillaries if no external water
is added. Since many cement grains start to hydrate si-
multaneously in HPC, the drying of the very fine cap-
illaries can generate high tensile stresses that shrink the
hydrated cement paste. This early shrinkage is referred
to as autogenous shrinkage. Of course, autogenous
shrinkage is as large as drying shrinkage observed in
ordinary concrete when these two types of drying de-
velop in capillaries of the same diameter [2].

But, when there is an external supply of water, the
capillaries do not dry out as long as they are connected
to this external source of water [5]. The result is that no
menisci, no tensile stress, and no autogenous shrinkage
develop within a HPC thin element having a W/C ratio
of 0.35 that is constantly water cured from the moment
of its setting. But when the 7 /C ratio is lower than 0.35
or at the center of a large concrete element made with
a 0.35 W /C ratio HPC, concrete microstructure can be
so dense that water penetration can be stopped and self-
desiccation can develop in certain parts of concrete.
In fact, when cement particles are hydrating with water
coming from an external source there is an increase in
the absolute volume of the cement that leads to the
filling of some pores and capillaries. In this case, it
would be more appropriate to speak of isothermal
shrinkage rather than autogenous, since autogenous
shrinkage refers to the shrinkage of a closed system.

Thus, the essential difference between ordinary con-
crete and HPC is that ordinary concrete exhibits prac-

tically no autogenous shrinkage, whether it is water
cured or not, whereas HPC can experience significant
autogenous shrinkage if it is not water cured during the
hydration process. Autogenous shrinkage does not de-
velop in HPC as long as the pores and capillaries are
interconnected and have access to external water, but,
when the continuity of the pore and capillary systems is
broken, then, and only then does autogenous shrinkage
start to develop within the hydrated cement paste of a
HPC, as shown in Fig. 4.

Drying shrinkage of the hydrated cement paste begins
at the surface of the concrete and progresses more or less
rapidly through the concrete, depending on the relative
humidity of the ambient air and the size of capillaries.
Drying shrinkage of ordinary concrete is therefore rapid
because the capillary network is well connected and
contains open capillaries at the surface of the concrete.
Drying shrinkage in HPC is slow because capillaries are
very fine and soon get disconnected.

Another major difference between drying shrinkage
and autogenous shrinkage is that drying shrinkage de-
velops from the surface inwards, while autogenous
shrinkage is homogeneous and isotropic, insofar as the
cement particles and water are well dispersed within the
concrete.

Thus, there are considerable differences between or-
dinary concrete and HPC with respect to their shrinkage
behavior. The cement paste of an ordinary concrete
exhibits rapid drying shrinkage progressing from the
surface inwards, whereas HPC cement paste can develop
a significant isotropic autogenous shrinkage when not
water cured. This difference in the shrinkage behavior of
the cement paste has very important consequences for
concrete curing and concrete durability.
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water,
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shrinkage shrinkage

Fig. 4. Influence of curing conditions on the occurence of autogenous
shrinkage.
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Although the shrinkage of a hydrated cement paste is
a very important parameter with respect to concrete
volumetric stability, it is not the only one. A key pa-
rameter is the amount of aggregate, and, more specifi-
cally, the quantity of coarse aggregate. Too often it is
forgotten that aggregates do more than simply act as
fillers in concrete. In fact, they actively participate in
the volumetric stability of concrete when they restrain
the shrinkage of the hydrated cement paste: concrete
shrinkage is always much lower than that of a cement
paste having the same W/C ratio. It is common
knowledge that concrete shrinkage can be easily reduced
by increasing the coarse aggregate content; but it must
not be forgotten that the shrinkage of the hydrated ce-
ment paste stays the same, it is simply more restrained
and there is less cement paste, so that the volumetric
stability of the concrete is increased. Restraining the
shrinkage of hydrated cement paste by modifying the
coarse aggregate skeleton may or may not produce a
network of microcracks, depending on the intensity of
the tensile stresses developed by this process with respect
to the tensile strength of the hydrated cement paste.

3. Curing concrete
HPC must be cured quite differently from ordinary

concrete because of the difference in shrinkage behavior
described above, as emphasized in Fig. 5. If HPC is not

Plastic Self

shrinkage

desiccation

water cured immediately following placement or finish-
ing, it is prone to develop severe plastic shrinkage be-
cause it is not protected by bleed water, and later on
develops severe autogenous shrinkage due to its rapid
hydration. While curing membranes provide adequate
protection to ordinary concrete (which is insensitive to
autogenous shrinkage), they can only help prevent the
development of plastic shrinkage in HPC but have no
value in inhibiting autogenous shrinkage.

The critical curing period for any HPC runs from
placement or finishing, up to 2 or 3 days later, and the
most critical period is usually between 12 and 36 h. In
fact, the short time during which efficient water curing
must be applied to HPC can be considered a significant
advantage over ordinary concrete.

Those who specify and use HPC must be aware of
the dramatic consequences of missing early water cur-
ing. Initiating water curing after 24 h is too late, because
most of the time, a great deal of plastic and autogenous
shrinkage have already occurred and, by this time, the
capillary and pore network are disconnected in many
places and the microstructure is already so compact that
external water has little chance of penetrating very deep
into the concrete.

Water ponding or fogging is the best way to cure
HPC; one of these two methods must be applied as soon
as possible, immediately following placement or finish-
ing. An evaporation retarder can be applied temporarily
to prevent the development of plastic shrinkage. If, for

Drying

How to cure concrete to minimize its shrinkage
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fog misting
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evaporating

Water curing
or fog misting

Menisci
formation has
to be avoided

Impervious
film

Desiccation must be
avoided. Self
desiccation develops
until hydration stops.

Fig. 5. The most appropriate curing regimes during the course of the hydration reaction.
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any reason, water ponding or fogging cannot be imple-
mented for 7 days, then the concrete surface should
be covered with wet burlap (hessian) or preferably a
prewetted geotextile. The burlap or the geotextile must
be kept constantly wet with a soaker hose and protected
from drying by a polyethylene sheet in order to ensure
that at no time during the curing period is the con-
crete allowed to dry and experience any autogenous
shrinkage [6].

Moreover, it is observed that when any concrete is
water cured during setting it does not shrink but rather
swell. Fig. 6 illustrates the effect of early water curing on
the volumetric change of concrete.

Water curing can be stopped after 7 days because
most of the cement at the surface of concrete has hy-
drated and any further water curing has little effect on
the development of shrinkage. After 7 days of water
curing, HPC experiences slow drying shrinkage due to
the compactness of its microstructure, and that auto-
genous shrinkage has already dried out the coarse cap-
illaries pores. Even then, theoretically the best thing to
do is to paint HPC or to use a sealing agent so that the
last water that remains in concrete can be retained to
contribute to hydration. There is no real advantage of
painting or sealing a very porous concrete because it is
impossible to obtain an absolutely waterproof coating;
painting or sealing HPC, however, can be easy and ef-
fective.

Partial replacement of coarse aggregate by an equi-
valent volume of saturated lightweight aggregate has
been used to counteract autogenous shrinkage internally
[7]. The saturated lightweight aggregate particles act as
small water reservoirs throughout the mass of concrete;
they can fill the very fine pores created by hydration
reactions. Therefore, the water of the lightweight ag-
gregate particles is drained along with that contained
in the fine capillaries of the HPC. The menisci within
the cement paste are not developed in small capillaries,
which means lower tensile stress and lower autogenous

Water curing
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(109 \ ‘
7 Age (days) 28
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Air drying after 7 days
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(x10%) 200
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No curing
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Fig. 6. Length changes according to different curing regimes for the
0.35 W /C ratio concrete.

shrinkage. Lightweight aggregate also reduces com-
pressive strength and elastic modulus. Shrinkage re-
ducing admixture can also be used [§].

Another very interesting curing concept has been re-
cently proposed by Jensen and Hansen [9]. It consists of
mixing concrete with a super absorbant polymer, of the
type found in baby diapers. This super absorbant
polymer becomes saturated with water and therefore
later on can act as a water reservoir in the hardening
concrete. This very clever way of providing an inter-
nal source of water, well distributed within the concrete,
has lead to the new concept of “water entrained con-
crete”.

It is well known that concrete is never cured properly
in the field, despite the fact that it is always written in the
specifications that contractors have to cure concrete.
Contractors are not curing concrete for a very simple
reason: they are not specifically paid for it, therefore,
concrete curing is always perceived by them as an
unprofitable activity or even a source of expense and
therefore a waste of time. But, when contractors are
specifically paid to water cure concrete they do it as they
would for any other item that is paid for. For three years
now, the City of Montreal and the Québec Ministry of
Transportation have requested unit prices for each item
directly related to early water curing. Since the initiation
of this new policy on the early water curing of concrete,
it is amazing to see how zealous contractors can become
in the matter of water curing. For them water curing is
now seen as a source of profit. From the first experiences
in that matter it has been found that the cost of an early
water curing is about one tenth of 1%, a very modest
price when considering the improved durability of the
concrete structures that are built this way.

Therefore, the best way to be sure that HPCs are
properly and efficiently cured in the field is to specifically
pay contractors to cure concrete [6].

This very long introductory remarks were made to
emphasize that two important key parameters control
the penetration of any aggressive agents in concrete: the
water/cement or the water/binder ratio, and the curing
of concrete. Specifying a low water/binder ratio concrete
is a necessary condition, but not a sufficient one.

4. Durability
4.1. General matters

The durability of a material in a particular environ-
ment can only be established over time [10], so it is
difficult to precisely predict the longevity of HPC due to
lack of a track record for HPC exposed to very harsh
environments for more than 5-10 years, except perhaps
for some North Sea offshore platforms, which have been
in operation for more than 25 years.
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It must be remembered that the first uses of HPC in
the late sixties and early seventies were indoor applica-
tions, mainly in columns in high-rise buildings, which
are not subjected to a particularly severe environment.
Outdoor applications of HPC only date back from the
late eighties and early nineties, which means that not
enough time has gone to properly assess the real service
life of HPC structures under outdoor conditions. But,
based on the experience with ordinary concrete, we can
safely assume that HPC is more durable than ordinary
concrete. Indeed, the experience gained with ordinary
concrete has taught us that concrete durability is mainly
governed by concrete permeability and the harshness of
the environment [11].

It is easy to assess the harshness of any environment
with respect to HPC because hydrated cement paste is
essentially a porous and basic material that contains
some freezable water. This assessment simply involves
examining how the environment affects each of these
characteristics. On the other hand, it is not always
simple to assess how easily aggressive agents will pene-
trate concrete. For example, the flow of water through a
0.70 W /C concrete is easy to measure, but water flow
almost stops in a 0.40 W /C ratio concrete, regardless of
the thickness of the sample and the amount of pressure
applied. The gas permeability is also difficult to measure
and sample preparation, particularly drying, signifi-
cantly influences the measured value of gas permeability.
Therefore, the critical question remains how to appro-
priately assess the permeability of a concrete with a low
W /B ratio and a very compact microstructure.

Despite all the criticisms, the so-called “Rapid chlo-
ride-ion permeability test” (AASHTO T-277) gives a fair
idea of the interconnectivity of the fine pores in concrete
that are too fine to allow water flow. Chloride-ion per-
meability is expressed in Coulombs, which corresponds
to the total amount of electrical charge that passes
during the 6-h test through a concrete sample subjected
to a difference of potential of 50 V.

When the rapid chloride-ion permeability test is
performed on concrete samples with low W/C ratio, the
number of Coulombs passing through the sample de-
creases significantly. It is easy to achieve a chloride-ion
permeability of less than 1000 C for a HPC containing
about 10% silica fume and having a W /B ratio around
0.40-0.45. The only other way to achieve this would be
with latex-modified concrete, which would be much
more costly. Much lower chloride-ion permeability
values can be achieved if the W /B ratio is reduced be-
low 0.25. Values as low as 150 C have been reported, far
lower than the 5000-6000 C reported for ordinary
concrete [12]. The rapid chloride-ion test also reveals
that the connectivity of the pore system decreases dras-
tically as the /B ratio decreases, making the migration
of aggressive ions or gas more difficult in HPC than in
its plain counterpart. The author believes that this is the

best indication that the service life of HPC should ex-
ceed that of ordinary concrete in the same environment.
It is difficult to determine the number of years by which
the service life would be extended because the predic-
tive models developed for ordinary concrete cannot be
readily extrapolated to include HPC. However, it can be
said that some HPC structures will outlast the average
life span of a human being.

4.2. Durability in a marine environment

4.2.1. Nature of the aggressive action

Seawater by itself is not a particularly harsh envi-
ronment for plain concrete, but a marine environment
can be very harmful to reinforced concrete due to the
multiplicity of aggression that it can face [13]. In a
marine environment, a concrete structure is essentially
subjected to four types of aggressive factors:

e chemical factors related to the presence of various
ions dissolved in the sea water or transported in the
wet air;

e geometrical factors related to the fluctuation of the
sea level (waves, tides, storms, etc.);

e physical factors such as freezing and thawing, wetting
and drying, etc.;

e mechanical factors such as the kinetic action of the
waves, the erosion caused by sand in suspension in
the sea water, floating debris and even floating ice
in northern seas.

It is the combination of these different factors that
can be harmful to reinforced concrete structures. In the
following sections a brief review of the nature of each
attack will be presented to show how high performance
concrete is best fitted to resist not only each of these
particular factors, but also their combined action.

4.2.2. Chemical attack on concrete

As previously stated, seawater is not particularly
harmful to plain concrete, several submerged plain con-
crete blocks and structures exposed for many years in
different marine environments are still in a relatively
good condition. The only chemical limitation usually
recommended for a cement to be used in a marine en-
vironment is related to its C;A content, which should
not be greater than 8%. Fig. 7 represents the different
successive altered zones found in a concrete structure
exposed to sea water for several years: carbonation,
formation of brucite and monochloroaluminate, and
sulfate attack with the formation of gypsum, ettringite,
or even thaumasite. Each of these chemical mechanisms
is well known and explained in specialized books [3,13—
15].
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Zone 1: Carbonated layer
Zone 2: Magnesia attack

Zone 3: Sulfatic attack with
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y

Fig. 7. Schematic representation of the different altered layers found in
a concrete marine structure.

Sea water can be very harmful to reinforced concrete
because, once chloride ions have reached reinforcing
steels, it results in a rapid spalling of the cover concrete,
and consequently it is easier for chloride ions to reach
the second level of reinforcing steel, and so on. The only
way to inhibit, or to retard as long as possible the cor-
rosion of the steel by chloride ions is:

e to specify a very dense and impervious concrete, and
place and cure it correctly, and;
e to increase the concrete cover.

The development of all these mechanisms of aggres-
sion is closely related to the facility with which aggres-
sive ions can penetrate concrete; therefore it is obvious
that a very dense and impervious matrix, like the one
found in HPC, constitutes the best protection that can
be presently offered against a marine environment.

HPC has been used very successfully for more than 20
years to build offshore platforms in the North Sea, and
more recently to build two major bridges for which the
owner had requested a 100-years service life, one of
these bridges is the Confederation Bridge in Canada and
the other is the Tago Bridge in Lisbon, Portugal. It is
interesting to point out that these two bridges have been
built in a build, own, operate and transfer (BOOT)
mode by consortia of contractors that will have to
maintain these two bridges during the entire concession
period. In that respect, it is interesting to note that in the
case of these two bridges, the concrete cover has been
extended to 75 mm to meet the 100-year life cycle re-
quirement.

It is also very important to point out that it is not
sufficient to specify a Type V or slag cement to obtain a
concrete that will resist the harsh marine environment.
The curing of this concrete is as important as the se-
lection of an appropriate cementitious system.

4.2.3. Abrasion resistance
In this case also, the denseness and high resistance of
the matrix of a HPC offers a good protection to the

abrasive action of the sand, of the debris, or even from
floating ice. In the case of the Confederation Bridge, the
concrete used to build the conical part of the piles that
deflects the ice loads in the tidal zone was a 90 MPa air-
entrained HPC. This concrete is thought to be able to
resist the tidal freezing and thawing cycles in winter and
the abrasive action of the floating ice which is particu-
larly severe in the Northumberland Straight, due to the
presence of changing currents associated with the tides
and winds.

4.3. Freeze—thaw resistance

There is still controversy about the necessity of
entraining air in HPC to make it freeze-thaw resis-
tant [16]. In Canada, any exposed HPC must be air
entrained, which is the case of the concrete of the
Confederation Bridge [17]; in Norway, HPC can con-
tain a small amount of air, but more to facilitate its
placing and finishing than to improve its freeze-thaw
resistance.

This subject has always been and remains contro-
versial. First of all, no single test can be used to ascer-
tain if a particular concrete is resistant to freezing
and thawing. Standards such as ASTM C 666, propose
more than one procedure for determining freeze—thaw
resistance, and selecting the proper procedure is not al-
ways straightforward. Secondly, the freezing and thaw-
ing rate can vary over a large range when these tests are
performed, and the variation in rate can influence test
results. Thirdly, an arbitrary value for the durability
factor is usually specified to distinguish a freeze—thaw
resistant concrete from one that is not. Finally, there
is the issue of how many freeze-thaw cycles a con-
crete must resist in order to be declared freeze—thaw
resistant.

In North America, freeze-thaw resistance of concrete
is assessed using Procedure A (freezing and thawing in
water) of ASTM C 666. If the durability factor of con-
crete is still above 60% after 300 cycles, the concrete is
said to be freeze—thaw resistant. Because this test takes
too long to perform (usually more than 10 weeks) sev-
eral other criteria giving a more rapid assessment of
freeze-thaw resistance have been developed and corre-
lated with the ASTM C 666 test. This is the case, for
example, with the use of the spacing factor as a freeze—
thaw acceptance criterion. Measuring the spacing factor
of a particular concrete is not so easy, but it can be done
within a week or less. To illustrate this point, the present
Canadian Standard CSA A23.1 specifies that ordinary
concrete can be classified as freeze-thaw resistant if its
average spacing factor is less than 230 um with no in-
dividual values higher than 260 pm. When the CSA
Committee adopted this criterion, it was noted that
these values also protected ordinary concrete from the
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scaling action of deicing salts. This fact has generally
been forgotten.

Experience has proven that this criterion is too severe
for HPC. HPCs with a spacing factor as high as 350 pm,
and even 425 um in one case, was found to resist 500
freeze-thaw cycles. Therefore, the spacing factor has
been slightly increased and the 2000 formulation of CSA
A23.1 now states that when a HPC has a W /B ratio
lower than 0.36 its spacing factor has to be lower than
250 pm with no individual value more than 300 um in
order to be considered freeze-thaw resistant.

It is still not clear how many cycles HPC should
withstand before it is considered freeze-thaw resistant.
A recent study carried out by Aitcin [17] involving dif-
ferent HPCs with the same W /B, but with spacing fac-
tors varying from 190 to 425 um, revealed an inverse
relation between the spacing factor and the number of
freeze—thaw cycles to failure. For instance, it took 2000
freeze-thaw cycles to fail a 0.35 W /B ratio HPC with a
spacing factor of 190 um when tested in accordance with
ASTM C 666 procedure A.

Two HPC mixtures were used to reconstruct two
entrances to a MacDonald’s restaurant in Sherbrooke
[18]. The non-air-entrained concrete used to build one
entrance failed to meet both CSA A23.1 and ASTM C
666 criteria; the air-entrained concrete passed ASTM C
666, but failed CSA A23.1 criteria. After eight winters,
during which it can be assumed that the concretes av-
eraged 50 freeze-thaw cycles annually in “saturated
conditions” with exposure to deicing salts, the difference
between the behavior of the two concretes is still im-
perceptible.

5. Fire resistance of HPC

For many years, the fire resistance of HPC has been
also a controversial subject, some reports saying that
HPC performed as well as ordinary concrete, others the
reverse [19-26]. Following the first fire that occurred in a
HPC structure, the channel tunnel fire [27,28], and from
different studies in progress in several countries, it is
clear that the fire resistance of HPC does not seem to be
as good as that of ordinary concrete, but that it is not as
bad as some alarming reports presented it. As is the case
for any concrete, HPC is one of the safest construction
materials as far as fire resistance is concerned.

As construction details, as well as material resistance
by itself could influence greatly the fire resistance of a
structural element, it is presently impossible to give very
simple rules that should govern the design of HPC
structures that are expected to be exposed to a more or
less severe fire. Presently, some models are being devel-
oped that could be used to forecast the structural con-
sequence of a fire on the safety of a HPC structure.
Moreover, several promising avenues are presently be-

ing investigated to improve the fire resistance of
HPC itself and it must not be forgotten that for in-
side applications, 50 mm of gypsum is still the best
and most economical way to protect any material from
fire.

Instead of reviewing in detail the controversial liter-
ature on the fire resistance of HPC, three brief presen-
tations on the actual fire resistance of HPC and ordinary
concrete will be done. The first one will deal with the
violent fire that occurred in the Channel tunnel, based
on a report by Demorieux [28], the second one will deal
with the big conflagration that occurred in Diisseldorf
airport [29], and the third one will present the latest
findings of the Brite—-Euram HITECO BE-1158 research
project.

5.1. The channel tunnel fire

The fire of a truck in the channel tunnel did not
surprise the safety department of the channel adminis-
tration. The occurrence of such a fire had been forecast
because each day a truck burns in France and another in
England [27]. If a fire was to happen in the chan-
nel tunnel, the engine-man of the train was asked to
speed up to get the train out of the tunnel as soon as
possible.

It had also been forecast that some hydraulic jacks
used to support the access ramp used by the trucks to
get on the railway platform could be loosened and create
a risk of derailment for the train. In such a case, the
engine man would be asked to stop the train and tighten
the hydraulic jack. But what had not been forecast was
that the two incidents could happen simultaneously so
that the engine-man could receive two conflicting orders
at the same time for which no priority had been included
in the safety procedures.

Faced with two contradictory orders the engine-man
decided on November 11, 1996 to stop the train 18 km
from the entrance to France, fortunately in the driest
zone of the Channel tunnel from a water seepage point
of view. In that area, the blue chalk through which the
tunnel was excavated was the most impervious of all the
rock formations.

It is difficult to imagine the damage that could have
occurred to the channel tunnel if the fire had taken place
a few kilometers further in a fault area where it would
not have been possible to take advantage of the imper-
viousness of the chalk layer.

The fire was particularly violent as far as its maxi-
mum temperature and length are concerned. The max-
imum temperature reached was in the order of 700-1000
°C and the total duration of the fire was about 10 h.

According to Demorieux [28], a standard ISO 834 fire
test would have caused a 30 mm thick spalling in the
lining of the channel tunnel.
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The concrete lining in the area of the fire was com-
posed of precast concrete elements having a design
strength of 70-80 MPa and a water/binder ratio of 0.32
[28]. In the most intense zone, the concrete lining was
severely damaged and would not have been able to
counteract the hydrostatic pressure for which it has been
designed. An extensive survey done after the fire on the
unaffected zone has shown that the in-place con-
crete had an average compressive strength comprised
between 70 and 80 MPa, a modulus of rupture between
7 and 8 MPa, and an elastic modulus between 37 and
44 GPa.

It was observed that in this zone the reinforcing steel
arrangement played a very important role because the
concrete, which was prevented from falling down by the
reinforcing bars, protected the concrete laying behind.
In many places in the central zone, the reinforcing steel
was highly deformed due to the severity of the fire.
Moreover, under the effect of the heat, the restrained
dilatation of the lining generated large transversal and
horizontal stresses in the damaged concrete so that nu-
merous 45° fissures could be observed at the edges of the
precast elements. Concrete was literally spalled at the
centre of the reinforcing mesh over a more or less thick
depth depending on its location from the centre of the
fire.

Concrete spalled in small pieces of an average thick-
ness of about 10 mm. Some of these pieces were as small
as a coin. The concrete lining was always more damaged
in its upper zone than at its bottom end on the track.

In the two less damaged zones, concrete had spalled
over greater areas in some places. It was possible to see
that it happened frequently where nylon spacers had
been used during precasting to correctly place the rein-
forcing steel. Most probably the pressure of the gas
generated during the burning of the nylon spacers was
responsible for this spalling.

All the tests done in the non-damaged part of the
lining in the fire zone have shown that the residual
concrete remaining in the lining was almost intact in the
upper part as well as in the lower part of the section.
SEM observations have shown that the residual con-
crete had not been altered significantly and no perma-
nent strains could be seen even at the surface of the
residual concrete, in all cases the residual concrete was
altered on a very thin layer. Finally, according to pet-
rographic examinations, it was concluded that the
maximum temperature reached by the concrete in that
area was lower than 700 °C.

The observations and test conducted on the concrete
of the track and at the lower part of the lining resulted in
the decision to keep them in place during reconstruction.

Based on all the observations done and the results
obtained, it was decided to rebuild the lining using a wet
shotcrete after a careful cleaning of the damaged con-
crete.

5.2. The Diusseldorf airport fire

On April 16th, 1996 a devastating conflagration
broke out at the Diisseldorf airport, killing 17 people by
smoke inhalation and injuring several hundred. The fire
was attributable to improper use of combustible insu-
lating material and the plastic cover of the cables laid in
the hollow ceiling space [29]. The fire was triggered by
some welding work which had been performed, and
developed unnoticed for a long time so that the smoke
had time to spread into all parts of the building in the
hollow ceiling and through the ventilation system.

The highest estimated temperature to which the
concrete ceiling was exposed has also been estimated to
be 1000 °C. At such a temperature, the ordinary con-
crete spalled, but from a structural point of view the
building elements were not damaged. Moreover, it was
found that harmful substances such as dioxins did not
penetrate into the concrete so that the concrete structure
was still in a serviceable condition. But since owners and
operators intended to erect an extended and modernized
airport facility, they decided to demolish the burnt
concrete structure.

5.3. Spalling of concrete under fire conditions

It is difficult to make a direct comparison between
these two major conflagrations but it can be pointed out
that in both cases, very fortuitously, the initial cause of
the fire was the burning of some polystyrene, that the
maximum temperature reached has been estimated at
1000 °C, and that the HPC of the channel tunnel and the
ordinary concrete of Diisseldorf Airport both spalled.

Of course, the thickness of the spalled concrete is a
function of the maximum temperature that was reached
during the fire and of the duration of exposure to this
temperature, as it has been seen in the various zones of
the fire area in the channel tunnel.

5.4. The Brite—Euram HITECO BE-1158 research pro-
Ject

The preliminary conclusions of this research project,
financed by the European Community, were presented
on March 9th, 1999 at a meeting of the French Civil
Engineering Association meeting. All the tests were
done in Finland at the V.T.T. Laboratories, one of the
best-equipped European laboratories for fire studies
[30].

The conclusion of this presentation is: the experi-
mental study undertaken on a 60 MPa HPC without
silica fume and a 90 MPa HPC with silica fume has
shown an excellent fire resistance, except for a small
column that was very heavily loaded.

In actual structures more favorable conditions are
found because of the following:
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the columns have a bigger size than the one tested;
the loading is the service loading and not the maxi-
mum loading; and

e FIREXPO software can be used to predict the
thermo-mechanical behavior of any structural ele-
ment.

6. Concluding remarks

HPC is not a passing fad. It is here to stay, not only
because of its high strength, but also because of its du-
rability.

Therefore, at the dawn of the 21st century, it is not
difficult to anticipate that the use of HPC will increase in
order to extend the service life of concrete structures
exposed to severe environments [11]. The durability of
concrete structures depends on several factors, one of
which is the durability of the concrete itself. As the
durability of concrete is essentially linked to its perme-
ability, HPC, with its dense microstructure and very low
permeability, should obviously be more durable than
ordinary concrete.

It must be emphasized, however, that good con-
struction practice, including good curing, is essential to
produce a durable structure. It would be a pity if im-
proper placing practice and poor curing resulted in a
structure with impervious concrete having many cracks.
As we still do not know how to make HPC with low
permeability, but without high strength, designers have
to learn to take advantage of the extra strength provided
by low W /B ratio concrete. One day, we may be able to
make durable concrete of low strength.
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