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ABSTRACT

This thlSSis presents thIs dl:?tailsand r,~sul·tsof an
investi~gation into the E:~ffllsctsof early age curing on
the dUrl:lbilityof COnCrE:1te"Th~ two main objectives of
th.~ invE~stigation Were:

to develop simple test methods, applied at
relatively- early ages, for measu.ring the effects
of early-age moist curing on the advance of
hydration in the cover zone of concrete;
to quantify the effect of early age curing on the
durability performance of concretes of various
strength grades and made with different binder
types.

Apparatus and methods were developeo for measuring the
oxygen permeability and water sorptivity of concrete
slices taken from the surface of larger samples. These
parameters 'Vlereused as early-age indicators of the
potential durability of concrete.

In the investigation into the effects of curing on the
different concrete types, the following variables were
used:

binder type
* plain ope
* 70%/30% blend of ope and fly ash
* 50%/50% blend of ope and ground granulated

blastfurnace slag.
nominal compressive strength of concrete
* 35 MFa
* 45 MPa
* 55 MFa
duration of early-age moist curing
* 1 day
* 3 days
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* 7 days
* 28 days

Permeability and sorptivity tests were carried out at
28 days and 1.0morrchs after casting. caz'bona+Lon of
concretes exposed to a controlled laboratory
environment was measured at 10 and 20 months after
casting. Mathematical nodels are also developed for
predicting the permeability and sorptivity of surface
concrete based on controllable parameters such as w/c
ratio, binder type and duration of curing.

Th.e main. conclusions of the proj ect are:
The oxygen permeability and water sorptivity test
methods are sufficiently sens it rve to deb~ct the
effects of variations In moist curing on the pore
structure of surface concrete.
Increasing the duration of curi.ng has a
significant effect in reducing the oxygen
permeability and water sorptivity index values of
the surface zone of concrete made w'ith each of the
three binder types used.
For a given curing condition a.nd b/w ratio, OPC
concretes generally give lower permeability and
sorpt~vity values than the Ope/FA ami OPC/GG13S
concretes.
For equal surface permeability or sorptivity, ope
concretes carbonate slower than OPC/FA and
OPC/GGBS concretes.
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For
Faeeza and Imraan

Eehold! In the creation
of the heavens and tbe earth;
in the alternation of the
night and the day;
in the sailing of the ships
through the ocean
for the pxoti.t of menk.irid]

ill the rain Wh.icb God
eeruie down from the skies,
and the life which He
givelt;;therewith to an
earth that is dead/
in the beasts of all kinds;
that He scatters
through the earth;
In the change of the winds
and the clouds which they
trail like their slaves
between the sky and the earth; -
here indeed are signs
for the people that are wise

- Quraan: s. ii. 164.
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CHAPTER 1
GENERAL INTRODUCTION - THE NEED FOR RESEARCH ON CURING

1.1 Cement Hydration and the E1:fect of curing

The hydration of cement is a process in which the
compounds in cement are transformed by chemically
reacting with water. This transformation results in the
individual cement particles being mechanically bound
together, producing a material mass with excellent
strength and dura.bility l?haracteristics. There are four
important compounds in cement which act as the binding
agen ts when water is added. These are(I):

- tricalcium silicate (~S)
- dicalcium silicate (C2S)
- tricalcium aluminate (C3A)
- tetracalcium aluminoferrite (C4AF).

When water is added to cement, the C3S starts hydrating
first and is mainlY responsible for the early strength
of the cement paste. Most of the C3S is hydrated af·ter
appcox.i.mat.e.Lyone month of exposure to water. The m':!ler
ccmp..unds hydrate more slowly and contribute to later
strength. For example, c2S requires approximately one
year of constant exposure to water to be sUbstantially
hydrated. The point to be noted here is that the
hydration process requires a considerable time and
constant access to water to be advanced.

The continued hydration of cement also improves the
impermeability of the cement paste. At a micro level,
the products of hydration are deposited in the pc'res
and the permeability is reduced by decreasing the pore
size and the degree of interconnection between pores.
At a macro level, continued hydration decreases the
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extent of shrinkage cracking of the concrete. This is
of fundamental importance to the durability of the
material, since the permeability of concrete determines
the ease with which aggressive elements may enter the
concrete and advance deterioration~. Clearly, the
promotion of hydration in concrete has beneficial
implications for both strength and durability.

It is very difficult to achieve full hydraticn in
concretem. As hydration proceeds, the deposition of
the hardening products of hydration, calcium silicate
hydrate or C-S-U gel, makes the access of water to
unhydrated zones increasingly more difficult. Even
under the most favourable conditions, a small
proportion of the cement remains unhydrated for long
periods of time. Also, it is thought that with wjc
ratios less than approximately 0.42, the hydration
reaction requires more water than is readily available
in the pores and this may cause self desiccation in
localised areas. In this case, a considerable amount of
cement remains unhydrated despite adequate curing
conditions being provided on the surface of the
concrete member.

Hence, rather than full hydration, it is more
appropriate to refer to the lIrequired extent" of
hydration which is based on the requirements of service
to which the concrete is to be exposed. If correctly
designed, there will be sufficient water in the
original mix to ensure that the required ext.ent, of
hydration takes place. In practice, however, much of
this water can be lost by evaporation from the concrete
surface and must be replaced or prevented from
eVaporating if hydration is to continue. An important
part of the process of curing is 'therefore to prevent
the loss of water from the microstructure of the
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hydrating cement phase.

The need ior continuous curing is most critical during
the first few days after the concrete has been cast.
When curing is interrupted in this period and the
cement paste is allowed to dry out, hydration of the
cement ceases. More importantly, it becomes difficult
to get water back into the pore structure upon
subsequent wetting in order to re-activate the
hydration process. This is Caused by the following
developments which take place when the concrete dries
ciut(4):

the pore water is saturated with calcium hydroxide
(Ca (OHh) and when the water evaporates, this
Ca(oH)2 is deposited in the pore structure near
the surface ot the concrete;
the Ca(oH)2 reacts with atmospheric carbon dioxide
to form poorly soluble calcium cazbonat;e (CaCO)
which occupies a larger volume ~han the original
Ca (OH)z;
this volUme increase, together with the fact that
caC03 is considerably less soluble than Ca(OH)21
reduces the access of water back into the pore
structure.

In this way, when concrete is allowed to dry, pockets
ot unhyd't;'ated'cementare created which are surrounded
by hydr~ted material and pores blocked with CaC03•

Because of their inaccessibility to water, these
pockets of cement will not be hydrated when the
concrete is re-W'et and they serve only as expensive
fine aggregate particles. Hence the quality of concrete
exposed to intermittent cycles of wetting and drying
during the earLy stages of hydration, will be inferior
to that of continuously moist cured concrete.
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~~2 The Need for Research on the Influence of curing

1.2.1 changing conceptions of the role of curing

The Highway Research Eioard(5)defines concrete curing
as:

"The process of maintaining a satisfactory
moisture content and a favourable temperature
in concrete during the period immediately
following placement so that hydration may
continue until the desired properties are
developed to a sufficient degree to meet the
requirements of service"

In this definition, curing is seen as an active
process , involving the maintenance of adequat;e moisture
and temperature conditions to encourage cement
hydrat~on. As discussed above, this process is mainly
necessary during the period immediately after casting.

It should be noted that the definition calls for
concrete to be cured until the properties of the
material have developed sufficiently to meet the
requirements of service. The onus is therefore placed
on desjgners of concrete structures to understand the
"requirements of service" and specify the duration of
curing aoccr-d i.nqLy , This approach aasumee that the
designer understands the relationship between, the
duration of curing and the development o'f r. ~te
properties.

For the designers of concrete structures, "development
of concrete properties" has, for a long time, been
measured as the development of the compressive
strength. HenQG, curing was seen as a pro.Jess which
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develops th(~ Load carrying capacity of a concrete
~tructure, with properties such as durability being
catered for "by default".

A review of the Highway Research Board's concrete
curing bibliography(6)shows that, of the research items
annotated for the period 1925 to 1960 under the heading
"Significance of Curing", only 17% mention the
influence of curing on the durability performance of
concrete. The remaining items are concerned mainly with
the development of strength and other bulk engineering
properties of the materiaL This v.i..ewof the role of
curing ignores the equally important influence that
curing has on the durability of concrete.

In this context, durability can be defined(7)as:
"..the capability of maintaining the
serviceability of a product, component, assembly
or conetiruatzi.oaover a specified time."

while serviceability is defined as:
1I,.the capability of a building product,
compcnent, assembJ.y or construction to perform the
functions for which it was designed or
constructed. "

When applied to concrete, the concept of durability, as
a recognisable property of the material, should be
considered in relation to the nature of the environment
of exposure. This derives from the varied natu:re of the
agencies and mechanisms by which concrete is
deteriorated. Howev~r, in the context of this
discussion, the term i.sused to refer to the ability
for the material to resist deterioration in a general
sense, given the types of environments to which
concrete would normally be exposed.

The importance of cl.,ringin developing the durability
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of concrete can be shown by considering the schematic
in Figure 1. This figure shows a cross section through
a reinforced concrete member divided int-o two zones
termed "coverc:t:ete" and IIheartcrete".

OVERCRETE

HEARTCRETE

Figure 1.1 Schematic section through a reinforced
concrete member

Covercrete, or zone of cover concz-et;eI is the concrete
between an external surface of the member and the
reinforcing steel closest to that surface. The main
function of the covercrete is to act as a barrier
betwc:.,,::t..the external environment ar,« the undar-LyLnq
heartc~'ete and reinforcing steel. since most forms of
con..:.ceted.eterioration are associated with the movement
of aggressive ions from the external environment into
the concrete, the covercrete primar'ily serves a
durability function.

On the other hand, the function of the heart crete is to
provide mechanical strength alld dimensiont:.l stability
to the member. If the member is e~posed to drying
conditions, the detrimental effects of moisture loss on
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cement hydration are first experienced by the
covercrete. Hence. loss of moisture from concrete first
manifests itself as a decrease in the durability of the
material. The relative effects of drying on the
heartcrete and covercrete, and therefore on strength
and durability, depend on the surface area to volume
ratio cf i~hemember. In a thin concrete section, both
strength and durability can be c.onsiderably impaired by
the effects of drying.

However, with most. structural concrete members, the
heartcrete will always retain some moisture. The drying
gradient in this zone is generally not large enough to
force all the water to migrate from the inside of the
member to the surface. strength development in the
heart crete can therefore continue despite evaporation
from the surface. In these Listiances , it is clear that
a lack of curing has a greater effect on durability
than on strength. This fact is borne out by the
relatively large number of dur.ability failures
experienced by the building and construction industry
in comparison with failures resulting from inadequate
strength. carrier(8)summarises this by noting that:

/I ••• even with no curing in a severe expoer re only
the upper 1.5 inch (38 mm) of concrete dries below
the 80% (RH) valu~ ....'1'hisis why compressive test
cylinders can be cured in very unfavourable
conditions and still not show much strength 10$s.
on.ly the near-surface concrete is weakened by poor
curing. 1/

Under present practice, the strength of concrete,
determined in the laboratory using core.s retrieved from
the in~situ structure or specially manufactured cubes,
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is generally considered an adequate measure of the
structural integrity and, by implication, the
durability of the concrete. Design requirements are
often based on strength considerations with the
understanding that durabil~ty requirements would
automatically be catered for. The distincd.on drawn
above between qov(~rcrete and heartcrete shows the
inadequacy of this approach. The current methods of
testing for strength give no indication of the
potential durability of the concrete because the cu.ring
of the in-situ concrete, and hence the condition of the
covercrete, is not accounted for.

The discussion presented above shows that curing should
be considered primarily for its influem::e on durability
rather than the development of bulk engineering
properties. Hence, considering the Highway Research
Board's definition of curing~ presented above,
designers are expected to understand the influence of
curing on the development of the covercrete zone of
concrete in order to specify the dura~ion and method of
curing. A need has therefore been recognised for
research to be focused towards developing an
understanding of the relationship between curing and
durability of concz-etie..Recent resea.rch on the subject
has recognised thia need and a considerable amount of
work has already been done (see Chapter 2).

o

Developments in concrete materials, design
and construction tecbnology

The past few decades have seen major advances in the
effectiveness with which concrete is used as a
construction material. I11'tprovE~ddesign procedures,
better and more consistent. quality of cement and a
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greater understanding of the engineering performance of
the material has led to increased strength-to-weight
ratios of structural elements. Added to this,
construction techniques are developing to allow
concrete structures to be completed in increasingly
shorter time periods. Waste .materials, such as fly ash
(FA), ground granulated olastfurnace slag (GGBS) and
silica fume have become commonplace in concrete
applications. The qeneral use of "workability-
enhancing" adm.i.xtiuz-ashave also caused reductiol1s in
the cement content required to achieve target
strengths.

These developments are all to be encouraged as they are
aimed at optimisinsr the use of reS0urces Which are now
recognised as not being inexhf ~ible. Current
of'"elopments in this area of concrete technology means
that we will increase the effectiveness witb which we
use th~~materia.l in futt,lre.

HoweVer I these developments also mean t.:hatconcrete
structures ~arenow more sensitive to bad curing
practice than in the past. GiVen the discussion
presented abOVe, this also mea.ns that concrete
structures are now more durability-sensitive. The main
factors accou~iing for this problem are:

Reduced ope contents caused by the use of
plasticisers and blends of cement extenders, means
that there is less active material to resist the
advance of certain detericlration mechanisms i

The use of 'thin structural member-s means that a
greater proportion of the lnembl~ris affsc·ted by

early drying, Which caUses the hydrat.ion process
to be interrupted.
:Reduced cement contents required to achieve tarc(et
.strengthS mean that there is less "spara capacity"
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to ensure an acceptable quality of surface
concrete despite the hydration proce.ss being
interrupted.
'l'he sJ·qwer rate of hydration of FA and GGms
blended with ope, makes these materials more
sensitive to abuse, esp~cially dur-Lnq the early
stages after casting.

These developments therefore present new durability
challenges which must be met with a clear underst.anding
of the inf.~\Uence of procedures like early-age curing in
en.suring 16hg-term duxab i.Li ty .

1.2.3 The need for local information on tha subject

Mo:st of the research on the influence of curing on
durability has been conducted in the developed
count.r i.ee of the Northern hemisphere. Th~ problem with
impol;',ting these research conclusions to SOllthern Africa
is that the materials, concretes and applications of
concrete technology are different for the tw'o l-egions.
AlslOI as Bentur\9) notes 1 much of this research is
conductiad in environments which would be L!onsidered as
"mild" environments in scunherrn Africa.

There is therefore a need for research on the influence
of curing on concretes made with local materials under
Looa.l, exposure oonditions. Also, in developing a
rela'tionship between. curing and durability, emphasis
needs to be placed on the dominant mechanisms of
deterioration encountered looally.

Development of specifioations

Bec~Luseof an incomplete under stiandd.nq of the influence
of curing on the properties of cohcrete, speoifications
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for concrete construction have been forced to resort to
"method specification" in dealing with curing aspects.
with this approach, the contractor is instructed as to
the method and duration of curing to be employed on the
project. The method of curing is usually selected on
the basis of practicality and, where ,appropriate, the
duration of curing is related to the environmental
temperature during the early stages after casting.

The main problem with this approach is that there is no
means of verifying that the specified method has been
sufficiently efj:ective or that it has adequately been
adhered to by the contractor. Also, specifications for
curing are generally written without conside~ation for
the degree of aggressiveness of the environment to
which the struct:ure is to be exposed. For examp Le , the
same curing requ,irements are usually set for structural
elements exposed outdoors or indoors. This Uncertainty
regarding its usefulness encourages a negligent
attitude towards curing in practice.

A good example of the extent of this uncertainty is
provided by the recently published Sl~}3SCode of
practice(IO)on the\ use of structural ccncz-atie, !n
section 10.8.1.2, of Part II, the contractor is given
the option of curing the copcrete'using anyone of a
lis'tof methods,' which include water ponding or
spraying, curing compounds, steam curing or plastic
wrappi11g. In so doing, a statement is made regarding
the equivale.nt caring effectiveness of each of these
methods, assuming the correct procedure is followed in
each case. Preliminary evidence presented by Ballim et
al(11)shows that this is an unrealistic assumption.

The ~ame Code of Practice goes fUrther to specify a
mir:il~:i.lmduration of curing. This approach is confusing
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since, if the contractor opts to use a curing compound,
a concept of minimum duration of curing is superfluous.
It is also unrealistic to expect that steam curing be
maintained for the same duration as water curing.

There is clearly a need for .the relative effectiveness
of these different curing methods to be established
through testing. This will allow for more effective
specification and contir-oL of curing procedures for
concrete construction.

';However, the problem discussed above arises as a result
of our inability to quantify the durability effect of
different curing procedures on concrete. This problem
was recognised as long ago as 1938 bY crum{12)who noted:

"We shoUld be able to allalyse a sample of

concrete" say at seven days, ... and tell whether

or not it had been subjected to :(avourable

influences during that period. But before this can
be done, meallSmust be Lound.to recognise the

evidence of favourable aotuii:tions • II

1.3 The ,Southern African Climate and the Need for
curing

As was mentioned earlier, the climate in the southern
African region is considered to be harsh from the point
of view of concrete curing, Climatic conditions range
from humid, s'Uptropical areas in the Eastern coastal
and near-coastial areas, to arid and semi arid areas
which make '1P the largest part of the couhtry{13.14)"The
Dept. of 'Water Affairs' report on the water resources
of South Africa{13)states:

"There are only a few isolated areas in south

Africa whe,!'e the average annual potential
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evaporation is less than tr) average annual
rainfall."

This stc.d::.ementgives an indication of the need to
pzo+ect; concrete from early drying in this region.

In order to characterise the effect of climate in the
region on early drying of concrete, appropriate
climatic factors are discussed in more detail below.
'l'heintention is to present a general view of the
severity of the climate rather than to give specific
detail on the drying effects on concrete.

1.3.1 Rainfall

B '" BlDemfontein; C = Cape Towni 0 '"Ourbani
,I = Johannesburg; P = Pretoria; PN e Port Nolloth

nm

t:s1 <200o 200-400

0400-6QO

tilli}600.800

•. >800

Figure 102 Mean annual Precipitation for South Africa
(from Ref. 13)
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Figure 1.2 shows the distribution of mean annual
precipitation over South Africa(13).It can be seen that
mean rainfall ranges from <200 mm/yr in the Western
parts (eg. 58 mm/yr at Port Nolloth), to >800 mm/yr in
the Eastern parts (eg. 3000 mm/yr in solUe parts of
Northern Natal).

An important feature of the rainfall in this region is
that it follows an annual cycle and is almost entirely
a summer phenomenon(14,lS).This is shown in Figure 1.2,

Which presents the distribution of summer (October to
March) rainfall as a percentage of the average annual
rainfall. It is only the .South-Western Cape region
which experiences most of its rain during the winter
months.

Figure 1.3 Seasonal rainfall Distribution (after
shu ;tze(15»
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Duration of bright sunshine

Figure 1.4 shows the annual duration of bright sunshine
over the region, expressed as a percentage. of the
possible sunshine duration. !t can be seen that, excapt
at the coastal areas, this value rarely drops below
60%. The low values along the west coast ..particularly
in Namibia, can be ascribed to persisten.t fog and low
cloud which do not penetrate far inland. This figure
shows that, for most of the region, there is a high
probability that concrete cast during the day will be
e'tposed to bright sunshine conditions.

Figure 1.4 Average annual duration of bright sunshine
as a % of possible (after Shultze(15»)

The early-age curing requirements of concrete are
significantly affected by ambient temperature. High
temperatures indica'tE~the need to prevent drying, while
low temperatures mean that the concrete may require a
longer curing period or protection against freezing.
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Figure 1.5 Average summer temperature distri.bution
COC) - January (after Shultze(lS})

Figute 1.6 Average winter temperature distribution
(OC) - July (after Shultze(15»
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Fi9Ul:i:e 1. 7 Absolute maximumtemperature distribution
(Oe) (after Shultze(I5»

Figure 1.8 Absolute minimum temperature liistr±bution
(OC) (after Shultze(I5»
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Figures 1.5 and 1.6 give an indication of the average
summer (January) and winter (July) temperature
distributions respectively. !t can be seen that the
summez- temperatures are generally above 20°C; 'V/hile
the wi.,\:ertemperatures are generally below 15 'JC.

Figures 1.7 and 1.8 show the distribution of absolute
maximum (hottest day) and minimum (coldet;t night)
temperatures respect,ive]_y.It can be seen that most of
the country experiences temperatures greater than 40°C
as a maximum and lower than -5 °c as an absolut~
minimum temperature.

1.3.4 Relative humidity

Figures 1.9 (a) to (f) show t:he'\iistributionof monthly
average relative humidity (RH) measured at 14hOO for.
altarnate months over the year. These show that the
coastal regions rarely experience RH values below 60%.
On the other hand, the western and central interior of
the region regularly experience RH values o.f30% and
lower, especially during the vinter months I'

1.3.S General comment

'l'hediscussion on the nature of the weath~r and climate
in southern Africa shows that large parts of the region
are characterised by hot, dry conditions with a high
frequency of bright sunshine periods. For the :\nost
part, rain periods are almost entirely a summer
phenomenon.

The risk of premature drying of concrete in these
conditions is high and indicates the need for careful
attention to be paid to moist curing during the early
period after casting.
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(a) February

(c) ,June

(e) october

(b) April

\

(d) August

(£) December

Figure 1.9 Mean RH distributions for selected months
of the year (afcer Shultze(l5»
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An und(~:L'standingof the significance of this need and
its implications for long-term durability of concr-ece
structures, must therefore be developed through further
research. It is also important that this research be
conducted using local materials and conditions.

:1..4 Definition of Terms

Broad definitions of durability and curing haVe been
presented above. However, in order to provide clarity,
some further terms used in this dissertat.ion require
defini·tion at this stage. These are presented below.

Durahi.lity index

The durability index of a particular concrete is the
resu.lt of a test intended to measure the development of
the ~~uality of concrete in the cc>vercrete zone. The
test usually measures some fluid transport property of
this Zone of the structure on the basis that this is
related to deterioration machan Lsma associated wh.h
concret.e.

Durability performance

Dur,·abilit.yperformance refers to the extierrc to which a
concrete resists deterioration when exposed to an
actual aggressive environment. 'I'hisperformance could
be under natural or accelerated aggressive conditions.
The means of characterising the durability performance
varies with the nature of the aggressive agent and the
mechanism of deterioration.
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Potenti~l durability

This indicates the durability performance to be
expected <:.:If a particular concrete on the basis of tests
conducted at a relative.ly early age (usually 28 days).
The tests referred to are tpose which quantify the
development of concrete quality in the covercrete zone
and are therefo.t:ta,not direct durability tests.

The concept of potrerrtLal, durability is also considered
separately froID1:he aggressive nature of the
environment. Hence, potential durability must
ultimately be related to actual durability performance
in situ, for the concept to be useful in durability
studies.

1• .5 proj act SCOP(~and Layout of tllis D~.sser.tation

The investigation reported in this disse.rtation mainly
involves the development of a means for characterising
the influence of cU.t:'ingon the potential durability and
durabili ty perfOrnlal1Ceof concrete. In particular, test
methods t.,reredeve Loped for mt:.~asuringthe fluid
transpox't prope:rties'of the c,overcrete zone, so that
these properties could be used as the means for
charaoterisation.

These test methods were then used to monitor the
influence of different curing methods on the potential
durability of various concretes. The following hinder
types were l.lsedin preparing these concretes:

plain ope;
70%/30% blend of OPC and fly ash;
50%/50% blend of oPC and ground granulated
blastfurnace slag.
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The tests included a range o·fthree concrete strength
grades using each of the binder types. The durability
performance of these concretes Was based on
measurements of the depth of carbonation of samples
exposed in the laporatory.

Chapter 2 of this dissertation presents a discussiqn of
the mechan isms of some c..fthe dominant agencies by
which concrete is deteriorated. A survey of the
literature on deterioration, durability and curing is
also presented in Chapter 2.

The deve Lopmerrc of the characterilsation test methods is
discussed in Chapter 3, while an assessment of the
variables influencing these test methods is presented
in Chapter 4. Details of the laboratory investigation
u.sing the test methods to characterise the influence of
cu.ring em potential durability, ;).represented in
Chapter 5. This chapter also presents the results
analyses of this investigation.

In Chapter 6, the results generated in the laboratory
i.nvestigation are 'Used to d\evelop a generalised
approach to the influence of curing. An attempt is made
to mathematically model the response Of different
concretes to changes in the curing regin\e..

Chapter 7 presents a series of Case ",tudies in which
the test apparatus or the concepts developed in this
investiga·tion were used to "olve actual concrete
problems. FOllr case studies tirepresented here and they
are aimed at unchrlining the usefulness and lilni'l:.ations
of these test methods and approaches.

Where appropriate, specific conclusions and a list of
references are provided at the end of each chapter.
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Finally; Chapter 8 provides a list of the important
general conclusions associated with the cO'mplete
project.

As wii:.hmany other aspects of south African life, a
transition is presently taking place in the field of
c~ncrete technology in south Africa. People involved in
the concrete industl"Y are being asked to move away from
the. cement/water (c/w) ratio form of expression to the
internationally more acceptable water/cement (w/n)
ratio form.

In some way, this thesis reflects this transition in
that both forms are used. When the ratiu is used to
identify a "cha.cacteristicll of a particular concrete
mix, the w/c ratio form is employed. Howaverr , in
Chapter 6, where the ratio is used as a controllable
variable of the mix, against which other parameters can
be measured, the c/w ratio form is employed. This was
done because the graphical and mathem~tical
relationships were easier to conceptualise and
manipulate when the c/w ratio form was used.
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CHAPTER 2
CONCRETE DETERIORATION IN ltELA'l'IO:NTO ITS PROPERTIES: A
LITERATURE SURVEY

281 Introduotion

A large volume of literature exists on the sUbjects of
concrete curing and durabllity and a seL.cted survey of
this literature, as appropriate to the present study,
is presented in this ohaptiar . The 111' ) .rcure reviewed
was organised into the following categories and is
presented in this order:
a) A general discussion o.;fthe dominant agencies and

mechanisms responsible for concrete deterioration.
b) The properties of concnet;e responsible for

limi ting deter iora tion 1 thus enh= ~.ing durability.
A discussion of the intrinsic fd ··s affecting
the development c)f these propertles is also
included here.

4
1
)

The curing process an!;'!its effect on the
development of surfac(e microstructure and th~!
durability performancle of concrete.

d) Current approaches iri specifications for concrete
durability.

Where availablel preference was given to "state-of-the-

c)

art" reportsi which draw em past literature and present
the informi.'l.tion .in a mone aQcessiJ?le for!' \lso I a
number of the publ Lcat.Lons rt.~view\".dstra<:..·J.e two or
more of the ~ubject cat.egories listed above. Where this
has occurred, an attempt has been made to adequatelY
cro.ss ...reference the 'Jublication between the appropriate
cateqoriies.
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2.2 Dominant Agencies and Mechanisms of Deterioration

Far from being an indestructible material, concrete can
be deteriorated by a number of agencies and mechanisms,
many of which are v1ell documented and the processes of
deterioration fairly well understood. This section
presents a general overview of the different forms of
deterioration and an attempt is made to group the
various aggressive agencies according to the mechanism
of deterioration.

The two broad categories of concrete deterioration are:
Chemical deterioration: consti tuen·ts of the
concrete undergo chemical reactions which lead
either directly to the destruction of the ma'terial
or set up expansive forces, causing deterioration
through extensive cracking.
Physical deterioration: here the cmlCre'te is
deteriorated by the direct application of forces
on the surface of the structural eLemerrt, 'rhis
category inclUdes external forces causing surface
erosion as well as nintra-pore" forc(:s caused by
the freezing of water or the crystdllisation of
salts.

2 ..2.1 chemical deterioration

The role of calcium hydr cxd.de (Ca(OH)2), formed during
th~~ hydra'cion of cement;I 1s important to an
understanding of the chemical deterioration of
concrete. Using idealised cement hydration reactionsW
and 'typical cement compositions, it.can be shown that,
on complete hydration, 100 kg of OPC produces
approximately 25 kg of Ca(OH)2' While having no binding

2-2



oapac i.try I this Ca (OH)z contributes significantly to the
high pH of the concrete pore water, typically at 12,5.
This high pH of the pore water ensures passivation of
any embedded reinforcing steel against corrosion and
stabilises the calcium silicate hydrates(1.2)(C-S-E), the
main binding agents of cement. As will be discussed
below, the maintenance of this pH level in the pore
fluid of the concrete is important to the long-term
durability of the material.

There is a wide range of chemicals~) which are
aggressive to concrete and the mechanisms of
deterioration are equally varied. A general
categorisation of tbn chemical deterioration agents and
mechanisms is presented belo\v. The following points
should be noted with regard to the categories
presented:

there are often "grey areas" in Which a particular
det.erioration form cannot be placed i11one of the
categories with certainty. For example, the
oxidation of pyrites in the aggregates in concrete
is a prob Lernof incompatibility which results in
sulphate attacJc;
there is often more than one category of
deterioration operating at the same time. For
example, concrete in contract;with soft w'ater
containing dissolved carbon dioxide, is
deteriorated simultaneously by leaching and acid
attack ..

Dissolution of tbe products of cement hydration
The products of cement hydration are dissolved and
leached out of the concrete causing the destruction of
calcium silicate hydrate (C-S-H) gel with a concomitant
loss of concrete strength. Dissolution of (oa(OH)2)
from concrete by pure or soft water is typical of this
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form of deterioration.

Eglinton(4)and Ballim(5)have prepared state-of-the-art
reports on this form of deterioration. The dissolution
and removal of ca(OH)2 from the surface of the concrete
leads to instability and decomposition c-" the C-S-H
gel. The attacked surface of the Goncrete loses its
strength capacity and is easily removed to expose fresh
surfaces for attack.

A new mechanism of this form of "leaching" attack has
been noted by Leroy(6).In studying the rapid
deterioration of a buried asbestos-cement pipe, it was
no'!::edthat, despite the quality of the water being the
same on the inside and outside of the pipe, only the
outside was severely deteriorated. It was conc1ud~d
that the deterioration was caused by the adsorption of
calcium ions in the cement by clay minerals in the soil
surrounding the pipeline. It was found that the
potential for leaching calcium from the cement was
influenced by:

the type of clay mineral;
temperature;
concentration gradient between the water solutions
of the cement paste and the surrounding soil;
the pH of the soil.

Exchange reactions betivreet: acids and components of

hardened cement peet:e ,

Because of its generally alkaline nature, the products
of hydration as well as unhydrated cement react with
acids causing corrosion of the concrete matrix. This
form of deterioration starts from t.he surface and
continues into the concrete until all the acid or the
cement paste has been consumed.
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The degree of aggressiveness of the acid to concrete is
getermined by both the pH of the acid solution and the
nature of the anion qssociated with the H+ ion. For
exa:mple(7),concrete deterioration in phosphoric acid is
slow because the calcium compound formed in the
reaction with the acid is poorly soluble in water and
is therefore not readily removed from the concrete
surface. On the other hand, concrete is rapidly
deteriorated in sulphuric acid because the anion also
participates in sulphate attack reactions (discussed
below), which accelerate the ingress of the acid into
the concrete.

Conversion of the products of hydration by external
agents with associated expansive forces causing
deterioration.
External aggressive agents enter the ~ore structure of
the concrete and through crystallisation or reaction
with the products of hydration, set up expansive forces
~"hich cause cracking and mechanical destruct.ion of the
concrete. The effect of sulphates on concrete is an
example of this form of deterioration.

The deterioration effect of sulphates on concreb:
occur's through a fairly complex:mecnaru sm which
LnvoIves a number of secondary processes. 'rhemajor
cause of deterioration i~ sulphoaluminate corrosion
which occurs as follows(8,4l:

C4ASH12 +
Monosulphoaluminate

2CSH2 + 16H ..-3> C6AS3H32

Gypsum Water Ettringite

where: C == CaO, A == Al.:P31S == S03 and H == H20.
'I'hisreaction Ls accompanied by a large increase in
solid volume, causing internal stresses whd.ch lead to
cracking. The cat.Lon accompanying the sulphate ion can
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affect the aggressiveness of the sUlphate. Ammonium and
magnesium sUlphate are particularly aggressive because
these cations also participate in deleterious reactions
with ca (OH}z in the hardened cement paste (hop)(9).

Internal processes of deterioration.
Incoppatibilities between the constituents of the
concrete or effects of the methods of concrete
production, produce secondary products internally which
cause the concrete to deteriorate. This deterioration
process usually requires only water to be supplied to
the reaction site. 'rhis water is mainly supplied from
the outside of the concrete but there can sometimes be
sufficient internal moisture to significantly advance
the deterioration. Alkali aggregate reaction is typical,
of this form of d6terioration.

Three types of alkali aggregate reaction have been
identif ied(JO):

Alkali-silica reaction: this is a reaction between
the alkalies in the cement and the
microcrystalline phases of silica found in many
aggregate types. This is the most commonly
encountered form of the reaction.
Alkali-carbonate reaction: carbonate aggregates
like dolOluite and limestone usually produce good
quality concrete \vith premium strength
characteristics. HoWever, some forms Of dolomitic
limestone have been found to produce expansion in
concrete1:"esulting in surface map cracking. This
reaction is different f:r'omalkali-silica reaction
because of the absenoe of reaction products and is
therefore not detected visually or with an optical
microscope.

The reaction involve~ a de-dolomitization of the
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aggregate which is chemicallY expressed as:
CaMg(C()3h + 2MOH.~ Mg(OHh + CaCO~+ M2C03

where M ~ K or Na.
The mechandsm of expansh~n due to alka.li-cax-bonate
reaction is not clearly understood but it qppears
to be an interaation of texture, calcite/dolomite
ratio and tne presence of clay minerals in the
agg:eegate. This lack of understanding means that
it is difficult to predict the potential expansion
of particular aggregates.

Alkali-silioate reaction: this form of the
reaction has been identified fairly recently and
has not yet obt.aLi.ed general accept.ance as a
separate category of alkali aggrega't.ereaction. It
manifests itself di!tarently from alkali-silica
reaction in that no correlation exi;:;:·tsL~cl'leen the
magnitude of expansiorand the amount of gel
formed, has a very slow rate _If expansion and
occurs in the absence of some of the minerals
known to promote alkali silica reaction.

A further mechanism of deterioration caused by an
internal process is the expansion resulting from
delayed ettringite formation(II·12).In this case, concrete
products made with high early-strength cements and
stearn cured at temperatures greater than 75°C, may
subsequently exhibit abnormal expansions. The ex.pansion
is associated with the delayed formation of ettringite
(see above) in the hcp and may take rnony years to
manifest itself in cracking of the concrete.

The deterioration mechanisms discussed above are
summazd.aed in Figure 2.1, which Nas developed by
Lauer(13).This diagram shows the interaction of the
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different mechanisms of deterioration and the methods
by whioh durability is affected.

I DETERIORATION OF CONCRETE BY CHEMICAL REACTIONS I
I -,

~ EXCHANGe REACTIONS REACTIONS INVOLVING ReACTIONS
aeTWEEN A~GREBSIVE FLUID HYDROLYSIS AND LeACHING INVOLVING
MID COMPONENTS OF HCP OF THE COMPONENTS FORMATION OF

I
OF HCP e)(~NaIVE

PRODUC·TS

REMOVAL OF 08" REMOVAL OF Cil" SUBSTI'rUTION
IONS AS SOLUBLE IONS AS NON· RI:ACTIONS

PRODlICTS EXPAHSIVE IN- REpLACING Ca ...
SOLUBLE PRODUCTS 10N~. IN C-S-H

l I I,
I:

INCRI:"SE IN I [ INCRI:!"SE IN i II
t POROSITY AND NTERNAL STRESS
I ~.MEAaILITYI .J,,

I I
I,

I I I I
I, 1LOSS OF LOSS OF II· INCREASE IN I LOSS OF I ~rCI<ING IALKALINITY MASS Dlm::RIORATION STR.ENGTH SPALLING DEFORMATION I

PROCr:SS AND RIGIDITY POPOUTS

Figure 2.1 summary of some of the chemioal ;r.'eactions
responsible for concrete deterioration
(after Lauer(!3»)

steel corrosion in reinforced concrete caused by ae-
peusei:vation of tziie steel.
In this category are listed chemical processes and
actions which, in themselves, are not aggressive to
concrete but cause the destruction of the gamma-ferric
oxide layer on the reinfo~cement. This de-passivates
the steel, exposing it to corrosion if the correct
quantities of oxygen and moisture are present. The
serviceability of the structure is then impaired
because:

the products of corrosion deposit on the surface
of the structure causing staining f,/hichreduces
the aesthetic value of the structure;
the expansive forces set up by the corroding steel
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cause surf~~~ cracking and spalling, leading to
further corrosion;
the loss of steel cross-sectional area reduces the
load carrying capacity of the structure.

In the deterioration of concrete caused by

reinforcement corrosion, two distinct periods are
identified(14)as shown in Figure :2.2:
a) the initiation period during which the reinforcing

steel is de-passivated and no physical
deterioration takes place;

b) the cprrosion period during which physical
deterioration of the concrete manifests itself,
leading to serviceability failure of the
struc·cure.

Minimum acceptable
level of service------------------------------------

t(1) + t(2) = service life

(a) I.';itiation peric.d

, (b) Corrosion period:

t(1 )

Time in Setvice

t(2)

Figure 2.2 Two periods in the deterioration of
concrete caused by reinforcement corrosion
(after Tutti(14»)



The most Lmpor-hant;physical pl:'ocessesoperating in the
initiation per:i.od.are carbonation and chloride ion
diffusion. cazbemat.Lon is discussed here in some detail
since this was the durability process used to
characterise the concretes tested in the main
investigation of this project.

Carbonation: This is the process vlhereby atmospheric
carbon dioxide (C02) enters t~le pore structure Of the
hcp and reacts with ca(oH)2 to form calcium carbonate
(Cac03). This involves the following chemical reaction,
which requires the presence of some moisture in the
pore structure of the hcp:

In this process I the pH of the pore water is reduced .
from ±12.5 to ±&.5 upon complete carbonation. When the
carbonation front reaches the reinforcing steel, the
low pH causes the galnma-ferric oxLde layer to become
unstable and the steel is de-passlivated. If SUfficient
oxygen and moisture is available, the steel will start
corroding with SUbsequent loss in the load-bea.ring
capacity of -the structure.

carbonation moves as a "front,,(l.'i)into the concrete as
shown in Figure 2..3. This front dOGS not advance beyond
a particular point until all the ca (OH)2 at that point
has been converted to CaC03• Hence, the amount of
Ca (OH) 2 in the pore structure of the concrete also has
an influence on the rate of carbonation.
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Figure 2.3 The carbonation "front"

The position of the carbonation front at any time t,
can be expressed as:

2.1

where:
x = depth of carbonation
x, = ';_nitialdepth of carbonation
D = carbonation coefficient

Although Equation 2.1 is the commonly accepted form of
the carbonation rate equation, Bentur and Jaegerman(16)
have proposed the following alternative equation,
claiming that this form gives better correlation with
measured results:

X::: xI) + D. t(o.4.) 2.2

where the terms are as described above.

The rate of carbonation is strongly affected by the
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moisture content or relative humidity of th·e concrete
pore structure. No carbonation takes place when the
pores are completely dry or when they are fully
sa.turated. The maximum rate of': carbonatii.on is
considered to occur at relative humidity values between
45% and 65%(17) and is Lncz-eaaed with increasing
temperature.

Periods of dryness promote carbonation whereas periods
of wetness promote corrosion if de-passivation of the
steel has already occurred. The rLsk of corrosion
therefore increases with increasing time of dry periods
with relative humidity greater than 60%(18). Hence, a
better quality of concrete cover is required in
climates with long dry periods and shott wet periods.

Chloride ion diffusic:m: A problem which presents itself
at coastal environments is the ingress of chloride ions
into the concrete. Chlorides may also be introduced
into the concrete at the mixing stage, either as
contamination of the mix constituents or as a component
of an admixture. The presence of free chlorides at 'the
level of the reinforcing steel causes de-passiVation
despite the pH be!.ingma.i.rrt.a Lned at a high level(l5).The
reinforcing steel is then exposed to possible
corrosion.

Some of the chloride which enters the concrete is bound
by the cement and it is only when a critical
concentration of free chlorides is reached that de-
passi vation takes place(15).The ability for the cement;
to bind chlorides varies considerably with the cemeht
type. The addition of GGBS in the binder has been found
to 'bebeneficial in this respect because of its high
chloride binding ability.
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The diffusion of chloride ions into concrete only takes
place when there is moisture in the pore stl'ucture of
the concrete. The higher the moisture content of the
concrete, the higher is the rate of diffusion.
Alte~nate wetting and drying cycles create the added
problem of salt crystallisation with the associated
expansive cracking of the concrete.

Synergy between oarbonation and chloride penetration
When carbonation takes place in ~oncrete into which
chlorides have already penetrated, the two processes
interact to accelerate the de-passivation of the
reinforcement(lS).The pH-lowering effect of car+ionatii.on
caUSes some of the chloride bound to the cement to be
released. This increases the amount of free chloride
ions available for de-pas,sivating the reinforcement.

2.2.2 Physical de~erioration
Deterioration of concrete due to physical effects is
initiated at the surface and is the result of erosion
or intra-pore expansion forces. These actions are
discussed further below.

surface erosion: The erosion of a concrete surface is
caused by cavitation and abrasion forces. cavitation
can Occur when water flows over concr otie at velocities
9reater than approximately 12 m/S(19) and as low as 7.5
m/s in a closed condud,t(20).The collapse of water vapour
buhbles in turbulent flow regions is associated with
fairly large localised forces, causing pitting of the
concrete surface. Th1s problem is most Severe at bends
and changes in cross-section of the conduit.

Abrasion of the surf'ace of concrete is also caused by
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wind or water berne particles impacting on the surface
as well as foot or tvheel traffic travelling over the
surface. Addis(lIl)stateo that:

"These mechanisms result in a probing action which
concentrates wear on weaker micro areas and plucks
out aggregate particles when sufficient of the

surround.~ng matrix has been removed ,v

Intra-pore expansion~ This form of deterioration is
caused by changes in external atmospheric conditions
causing physical changes of the pore solution under the
surface of the concrete. The two actions commonly
resulting in this form of attack are expansion of water
,'.panfreezing(21)and expansion of salts upon
crystallisationP~. The expansive forces initiate
microcracking and cumulative damage is caused by 'the
cyclical naturE> of thes,e actions.

2.3 Permeability and other Fluid Transport properties
of Concrete

2.3.1 The pore structure of concrete

Pores in concrete are generally classified as gel
pores, capillary pores, entrained air voids and
entrapped air bubbles. Gowripalan at a1(23) have prepared
the schematic diagram shown in Figure 2.4 giving the
range of pore sizes for the differen~ pore types. It is
seen here that the common ions and gas molecules which
are aggressive to conore.t.e, are smaller 'than the size
of typical gel pores.
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Figure 2.4 Range of pore sizes obtained in concrete
(after Gowripalan et a1(23»

Mindess and Young(24)have developed a classification of
the capillary and gel pores in terms of size,
indica~ing the effect of each size grouping on the
properties of cement paste. This classification is
shown in Table 2.1. It should be noted that, although
more detailed in its categorisation of the pore sizes,
the Mindess and Young classification agrees well with
the Gowripalan classification in their distinction
between capillary and gel pores. However, on the large
end of the scale, Mindess and Young include pore sizes
up to 105 A in their classification of capillary pores.

A zone of particularly high porosity in concrete occurs
at the interface between hcp and aggregate particles.
~Hndess(25)states:

It the interfacial regions ar3, in genera.l,
profoundly different from the "bulk" cement paste,
in terms of ~orpbology, composition and density.
At least in part beceuee of .•• bleeding .•., the
interfacial regions (except for those within the
hcp itself) are more poxoue than the bulk paste,
leading to lower densities."
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Ta.ble2.1 Classification of pore sizes in hydrated
cement pastes (after Mindess and Young<Z4»

Paste
Pore Diameter properties
type (A) Description affected

100 000 - large strength;
capill ....500 capillaries permeability
ary 500 100 medium strength;-

capillaries permeability;

I
shrinkage at
high RH.

100 - 25 small (gel) shrinkage to
capillaries 50t RH.

Gel micropores shrinkage;25 - 5
creep.

< - 5 micropores shrinkage;

lL Uinterlayer" creep.
-

2.3.2 Movement of fluids through the pore structure

Almost all the deterioration mechanisms discussed above
involve the movement of gases or liquidS into or out of
the pore structure of concrete. The fluid transport
properties of a concrete are therefore an important
determinant of its ability to resist deterioration.
Mehta(26):

II firmly believes that the permeability of
concrete is indeed the key to overall durability."

In this statement, Mehta uses the term "permeabilityH
to refer t.oa measurable property of concrete, which is
an indication of the general fluid transport properties
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of the material. In this sense, both the volume of
pores as well as the degree of interconnection of these
pores are important in determining the ease with which
aggressive agents may enter the concrete.

There are a number of mechanisms by which fluids move
through the pore structure of concrete and the laws
governing these movements are equally varied.
Definitions of some of the terms related ~o fluid
transport in co:ncrete are presented below(27.28):

Adsorption: This is the process in which moleQules of
the fluid adhere to the surfaces of the pores and are
held there by Van der Waal's forces or through chemical
bonding.
Absorption: This is the process whereby a liquid is
drawn into the concrete tending to fill the permeable
pore spaces. It is generally quantified by monitoring
the increase in mass as the liquid penetrates the pore
structm:e.
Diffusion: 'rhis is the process in which a fluid or ion
passes through the pore structure of concrete undaz the
action of a concentration gradient. The capacity for a
porous material to transfer fluids or ions by means of
diffusion is referred to as 'Lohediffusivity of that
material.
Permeation: This describes the process of movement of
fluids through the pore structure, generally under an
externally applied pressure head, when the pores are
saturated with the particular fluid. Permeability is
therefore a measure of the capacity for concrete to
transfer fluids by permeation.

Figure 2.5 shows three forms of water transport,
relevant to durability, through an idealised pore in
concrete.
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absorbed layer

___ -- - --' - --lI"-'

(a) Vapour diffusion

(b) Partially saturated
liquid flow

(c) Saturated liquid
flow

Figure 2.5 Idealised model of three forms of water
movement through a pore in concretean

At stage (a), an adsorbed layer has been established
and vapour is able tc_,diffuse through the pore. The
mass vapour transport ~ate (J) is described by Fick's
first law:

acJ::: ....D.-ax 2.3

where ac/ax is the concentration gradient and D is the
diffusion coefficient.

At stage (b), partially saturated liquid flow occurs
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dUe to an external source of liquid initiating
capillary suction. Tbe rate of liquid flow is described
by the Washburn equation:

V'= cosS. IdY
4 Il

2.4

where:
v _.rate of flow
o = contact angle
r = capillary radius
1 = surface tension
d = depth of penetration
~ = fluid viscosity

This equation is not easily applied to concrete and, in
the context of durability testing, researchers have
preferred to use a measure of sorptivity (8) to
describe partially saturated flow. sorptivity is
described by the equa*:ion(29):

i = s{E 2.5

where i is the depth of infiltration after ti.met. This
parameter is discussed in more detail in Chapter 3.

At stage (c) in Figure 2.4" the pore is fully saturated
and fluid flow may take pLaoe if a sufficiently high
differential pressure head exists. Under these
cond.i.t.Lonsthe mass flow rate (Q) is described by the
Darcy equation:

ap
Q = k.A'ai 2.6

Where k is the coefficient of permeability. in unit~ of
velocity, A is the cross sectional area of flow and
BPlox is the pressure gradient.
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In Equation 2.6, k is dependent on the porous medium
and the type of permeating fluid. This equation has
been generalised to apply to any fluid flowing through
the material by using an int,rinsic permeability factor
(K}, with units of area. The-two factors are related to
each other as shown in Equation 2.7.

kl!K:: .t:
pg

2.7

where jJ;\ is the viscosity of the fluid, p is the fluid
density and g is the acceleration due to gravity.

In practice, however, it is found that intrinsic
permeabilities determined using gases are greater than
those determined using liquids as the permeating
fluid(30).This is ascribed tt)a r.,henomenonknown as "gas
slippage,,(3l)and empirical cor:);:ec,tionfactors have to be
applied in order to equate the values obtained. The use
of the LrrczLnsi.cpermeability meaauzement; has therefore
not been aucoese ,:'1in unifying the different types of
test fluids us~ for determining concrete permeability.

2.•4 Intrinsic Material F,'actors Affecting the
Durability of Concrete

The durability performance of a concrete exposed to a
given aggressive environment is influenced by two
intrinsic factors:

t.he fluid transport properties of the hardened
concrete as discussed above and particularly those
at the outside r:mrface of the concrete;
any chemical interaction between the constituents
of the hcp and the aggressive agent.

To clarify this distinction. by way of example, it was
noted above that only free chlorides are responsible
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fOr de+pas sLva't.Lonof reinforch,_ steel. Hence, the
rate of advance of free chlorides into the concrete is
det.ermined py both the ease of access for chlorides
(fluid transport properties) as well as the ability of
the hcp to bind chlorides (chemical interaction),
thereby making them unavailable for de-pas.sivating the
steel. The discussion below focuses on both these
aspects in conSidering the influence of the intrinsic
material properties on concrete durability.

2.4.1 Water/cement ratio

Permeability (exp ~12.m/s)80~~~~~~~------------~----------------~

GO

oL--===C===~L_~~~--~--~·~----·~----~
0.45 0.5 0.55 0.6 0.65 0.7 0.75 O.S

WaterlCement Ratio

Figure 2.6 Relationship between the coefficient of
permeability and wlc ratio for concretes
and mortars(19)

Figure 2.6 shows the effect of wlc ratio on the
coefficient of permeability of well cured D~rtars and
concretes with 19 mm stone(19).Permeability increases
considerably with increasing wlc ratio because of the
increasing vo)ume and degree of interconnection of
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capillary pores.

Figure 2."7 shows results obtained by Henry and Kurt z(32)
where a similar trend of increasing fl'~lidtransport
ability with increasing wlc ratio can he seen. In this
case, they used water vapour transmissi.on as an
indicator of the fluid transport characteristics of the
concrete. The approximately linear relationship shown
in Figure 2.7 compared with the curvilinear
relationships shown in Figure 2.6, is an indication of
the influence of different mechanisms of fluid movement
through the pore structure of concrete.

Relative Humidity
on Dry Side per cent

5-0 >-e
"Cl

2-5

0~ -4 ~ ~0

0'4 0'5 0·6 0-7
Wat~r/CeiTIent Ratio

Figu,;t'e2.7 InflUenCe of w / c ratio on the 'Vlatervapour
transmission of concrete (after Henry and
Kurtz(32»)

2.4.~ Maximum aggregate size

It has been found that, the larger the maximum
aggregate size, the higher is the permeability of the
concrete. This is thought to be the result of the
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interfacial effects discussed above.

By analysing data from reference (32), Fulton{l~"gives
an indication of the relationship between permeability
and maximum aggregate size. This relat.ionship, together
with the influence of the wlc ratio, is shown in Table
2.2 below.

Table 2.2 Relationship between permeability, w/c ratio
and nominal maximum aggregate size(18)

vile ratio 0 •.476 0.526 0.588 0.667

Max. Aggregate Size Relative Permeability
9.5 mm 1 1.3 7 30 I

13.2 mm 1 2 8 32
19.0 mm 1* 3 12 48

I 37.5 mm I 2 I 6 I 20 I 66 II.
* used as the datum for comparison.:;

It may appear from Table 2.2 that for improved
impermeability, concretes should be made with smaller
aggregates. However, the increased cost and time-
dependent movement properties Of such concretes
mil.itates against too large a decre>ase in maximum
aggregate size.

2.4.3 water content

Fulton(l8)argues that:
If ••• provided the el'l ratio is high enough (>-1.5
or wle <-0.667), a low permeability concr~te will
be produced irrespective of the total water in thr;;

mix." - parentheses are mine.
This statement is true for well proportioned mixes 111
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which bleeding is kept to a minimum. Hcwever, if the
water content is increased while maintaining the w/c
ratio, the bleed voidS which would tend to form around
aggregate particles would have a considerable effect in
increasing the fluid transport properties of the
concrete.

cement content

While cement content is not a basic parameter in
determinhlg the pe'rmeabi.Ld, ty of concrete(18),it does
have an influence on the durability of concrete. In
deterioration mechan isms involving, for example,
caz-bona tfon or soft water attack of concrete, the rate
of "attack is influenced by the amount of hydration
products available for reaction. Hence, for the same
permeability, a concrete with more cement will show a
slower rate of deterioration.

~he degree of hydration

As hydration proceeds, the initially water-filled,
fully interconnected pores within the cement paste, are
filled with hydr-atid.on products arrd beoome

discontinuous. Figure 2.8, taken irom work done by Graf
and Grube(33),shows this process SCh ''ltically.

Using .'=1. cement paste with w/c ratio 0.7, Powers et a1(34)

show that the water permeability reduces from 2xl0·6 mls
in the fresh state, to lxlO·12 rols after 24 days of
hydr'at.Lcn, They also show that the "ultimate"
permeabili ty of this cement paste to be o. 6X10-12, only
a 40% reduction on the 24-day value.
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w/C ratio

0.20

Clln.kel.'
grail'·

Capillary
water

0.40

0.60

Cement gel

~gJ
0% 20% 50% 100%

Figure 2.8
Degree of Hydration

Schematic diagram showing the influence of
w/c ratio and degree of hydration on the
reduction of capillary pore volumeml•

It is clear that continued hydration, especially during
the early period after casting, has a significant
effect on reducing the fluid transport characteristics
of concrete. It is in this context that curing is
important, but this subject will be dealt with later,
as an extrinsic factor influencing durability.

2.4.6 Influence of binder type

Portland cement
Portland cements are ofrt.enHtailoredil to suit
particular aggressive environments. An example of this
is the use of cements with low tricalcium aluminate
contents to reduce sulphate attack(9)0 Furthermore,
Powers(34lshowed that finely ground ope, equivalent to
south African rapid hardening portland cement (RHPC),
decreases the permeability of cement pastes, provided
the porosity benefits of the RHPC are realised.
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However, this has not always been'confirmed when RHPO
is used in concrete. It is cuggested that the fineness
benefit of lUiPC is counteracted by its tendency fc.r
lower creep and higher drying shrinkage(l8).

Fly ash as cement extender
The pozzolanic action of fly ash (FA) in concrete is
well documented in the literature and a useful review
of this a.spect is presented by Helmuth(3S).Manmohan and
Mehta(36)have shown that a significant effect of the
addition of FA to portland cement was that it effected
a refinement of the pore stracture upon hydration, by
transforming large pores into fine pores. As a result
of this eat, Mehta(37)repClrts Hecreases in cement
paste petnreability from 11.,..13 X 10.11 mjs to 1 x 10.11 mjs
after the ii~ddition of FA.

Figure 2.9, taken from Cabrera's work(38),shows the
effect of FA in redtlcing the volume of pores > 10 nm,

Reference to Table 2.1 shows that these pore sizes
mainly influence the strength and permeability of
concretes and mortars. No indication is given as to the
basis on Which the mortars in Figure 2.9 are being
compared.

Berry and Malhotra(39)show that w.ell cured concrete
pipes with FA replacements of 30% and 50%, were
approximately 5 times lesS permeable than corresponding
pipes made with ope only. They cite a large amount of
research work which confirms the general conclusion
that FA decreases the fluid transport properties of
concrete.
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Effect of FA in reducing the volume of
pOres> 10 nm (after Cabrera(38»

Regarding the durability performance of FA concrete,
opinions have differed and conflicting research results
have sometimes been presented. :Part of the reason for
this is that the pozzolanic reaction consumeS Ca(oH)7
leavinY' less active material to resist deterioration
actions such as carbonation and soft water attack. This
has led Alexander(40)to conclude:

"Fly ash concretes mayor may not carbonate faster
them comparable plain OPC concretes under: similar
conditions, depending on such interlinked factors
as permeeb i.l.i: ty and Ca (OH):?content. II

In a survey of the literature on the effects of FA on
concrete, the NBRI(41)reports that the rate and extent
of carbonation is largely unaffected by FA. It is
argued that the strength grade is the determining
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factor of carbonation and it is here that part of the
disagreement on the performance of FA maybe located.
If the concretes are compared on the basi-s of equal 28-

day strength, a FA concrete must have a lower
water/binder ratio (w/b) than an OPC concrete and it
can be expected that the FA concrete would have a lower
permeability. However, if the concretes are compared on
the basis of equal w/b ratio, the FA concrete may have
a similar permeability, but would carbonate fa:.;"~.l'r
because of the lower Ca(OH)2 content.

Thomas et a1(42)report on durability investigations
carried out on 5 FA concrete structures ranging in age
from 2 to 33 years. For each structure, a comparable
oPC structu.re was available for similar investigation.
They conclude that:

all the FA concretes had greater strength and
reduced permeability;
for equal strength grades, depths of carbonation
were similar for the FA and ope concretes;
FA concretes give improved resistance to Chloride
penetration.

The effect of improved resistance of FA concrete to
chloride penetration is also noted by Lees and Berke(41).

Cabrera{38)notes that:
I•••• (FA) improves the perfoT))lance of concrete
exposed to ciil.ori.de and sulphate environments. rt
also reduces the damage due to the silica-alkali
reactions."

He also concludes that, at higher strength levels and
together with air entraining agents, FA improves the
r~sistance of concrete to abrasion and freeze-thaW
deterioration. on the other hand, Alonso et al~), in
testing a number of cement extenders including slag and
FA, note. that:
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blended cements are not as effective as plain OPC
in passiva:ting reinforcing steel and therefore,
increa$e the probability of corrosion;
in the presence of chlorides, the corrosion rate
~':Ifreinforcing steel is higher when blended
r:ements are used.

A f\'lrthercontribution of FA to the long-term
dUt"ability of concrete is its ability to reduce the
heat generated by concrete during the early stages of
hydration(45).This is an important consideration for the
construction of large concrete elements, where the
cracking due to thermal strains can prese.nt serious
strength and durability problems.

Slag as a cement e~tender
Unlike FA, ground granUlated blastfurnace slag (GGBS)
is a cementing material which, when mixed with water,
will form CSH compounds similar to those of OPC.
However, the reactions are very slow because the amount
of Ca (OH)2 released in the react.ion Ls too low to allow
a rapid dissolution of the glass phases of the
material ..GGBS is therefore more commonly used together
with portland cement which, when hydrating, releases
SUfficient quantities of Ca(OH)2 to encourage the
hydration of the GGBs.

Reseal:ch(46.47)appears to indicate t:lat GGBS/OPC pastes
cured for 28 days, have similar total porosity values
as plain OPC pastes at the same wi c ratio. HO~'ever, the
GGBS pastes have more gel pores and fewer capillary
pores than the corresponding OPC pastes. Howeverr this
dOes not appear to have a significant effect on the
fluid transport properties of the material in concrete.
Reeves(48)shows that the water permeability of a 70/30

2-29



GGBS/Ol?C concrete is slightly higher than that of a
plain concrete. The concretes compared had the same
total binder content and b/w ratio.

From a durability performance point of view, an
important benefit of the use of GGBS in concrete is its
ability to bind chlorides, thereby reducing the rate of
reinforcement corrosion(49).The mec.iand.sm by which
chlorides are bound is not clearly understood but is
thought to be a corrbination of chemical and physical
actions. Figure 2.10, which was presented by
Blundell(SO),shows this effect of GGBS.

OPO OPO/FA (60/40) OPC/GGBS (35/65)
~ (~:lIClrlde

0.8

0.04

'4 Chloride
0.6

0."

~ Chloride
0.6

0.04

0.2 0.2 0.2

o o
1 2 S .. 1 2 S ..

Depth tnte
concrete (<;;111)

Dapth IntCl
concrete (em)

Depth Into
concrete (0111)

Pore volume
> 65 OM ('!!.) 3.5 3.4 2.1

Water permeability 2.3 3.3 1.7(exp -11 m/a)

Diffusion coefficient 12 7 3(exp -8 cmA2Ia)

Figure 2.10 Effect of GGBS in reducing chloride
penetration into concrete (after
Blundell (50»)

Although the three concretes tested have similar
volumes of pores >65 nm and similar permeability
values, the chloride diffusion coefficient of the GGBS
concrete is less than 50% that of the FA concrete and
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only 25% that of the pl(iin OPC concrete.

GGBS has also been found to be effective in reducing
the deterioration of concrete due to sulphate attack.
Higgins and Uren(51)report that:

"When the GGBS content is 65% or greater, most
combinations of GGBS and ope provide equivale~t of
better sulphate resistance them sulphate res:j'sting
portland cement"

Hooton et a 1(52) have shown that a 50% replacement of OPC
with a canadian GGBS gives equivalent sulphate
resistance as a sulphate resisting portland cement.

It is commonly accepted that GGBS has a significant
effect in reducing the e~pansion of concrete due to
alkali silica reaction. This is shown in Figure 2.11,
where it is seen that a 50% replacement of GGBS reduced
the 12-month expansion from approximately 0 •.5%to 0%.
TL.S observation is confirmed by tests conducted by
Hogan and Meusel<s3).
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Figure 2all Effect of GGBS in reducing expansion due
to alkali silica reaction (after Higgins
and Uren(Sl»)
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Research conducted by Osborne(54)shows that the
replacement of OPC with GGBS increases the rate of
carbonation of concrete. The extent of increase in the
carbonation rate is deceased as the total binder
content of the concrete increases. He also notes that
the perm.eability of the concretes increased with
increasing GGBS replacements.

As with FA, GGBS is also effective in reducing the heat
generated during the early hydration of cement. Used in
this application, GGBS has a longer history than FA.
Table 2.3 shows the effectiverless of various levels of
GG)BS r-epLacement; in reducing the heat generation of
cement.

Table 2.3 Relationship between heat of hydration and %
GGBS in the Binder (after Reeves(48»)

- ~
.l1:- GGBS Cumulative heat generated (kJ Ik.I;r) after:Q

-
7 days 28 days

0 360 400
30 325 395
40 305 360
50 255 325
70 200

I

260

II
90 125 185

2.5 Effect of curing on Du~ability

In Chapter 1, cnring was defined as a process aimed at
encouraging the hydration of cement duri.ng the early
period after casting. In promoting the hydration of
cement, curing ensures that engineering pre.perties of
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concrete develop to their requi.red potential. The
relationship between curing and durability is discussed
in more detail beloW.

2.5.1 q~~ing and the transport properties of. concrete

continued hydration of concrete decreases both the size
and continuity of the pores in hcp . Powers(55)has
estimated the duration of moist curing required to
achieve capillary discontinuity for pa-rtes with varying
w/c ratios. These times are shown in Table 2.4 below.

Table 2.4 Required duration of moist curing for
capillary discontinuity (after Powers(55)

Duration moist curing for
wjc Ratio capillary discontinuity (days)
0.40 3
0.45 7
0.50 1t;
0.60 180
0.70 365.
>0.70 Impossible

II

since moist v\.ring has a primary influence on the
cover crete zone, its effect is to decrease the fluid
transport properties of this zone. Gowripalan et a1(23)

show the effect of duration of curing on oxygen
permeability of mortars. Figure 2.12 shows some of the
results of their work. This figure shows that curing is
most effective during the first three days after
casting. Thereafter, the marginal improvements in
concrete quality decreases with increasing duration of
curing. The curves also show that early-age curing has
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a larger effect on the lower stren1th mortar.
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Figure 2.3,2 Effect of duration of curing on the oxygen
permeability of mortars (afte~ Gowripalan
et al(23»)

These observations are confirmed by HQ:;tg:::'.i.lleryet al{5a)

and. Ho(57).Using water sorptivity as an indicator test,
He. notes that:

" •.. low strength concretes are extremely
setisi: tive to lack of cUl~ing. 1iofrever, the
effectiVeness of practical curing is reduced as
the strength (or cement content) of the concrete
increases."

2.5.2 curing requirements of different binder types

It is commonly accepted (amongst researchers at least)
that when part of the cement is replaced by extenders
like FA and GGBS, the duration of early-age curing has
to be extended to achieve the same quality of surface
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concrete. Haque(58)concludes that:
" .•• fog oUl:-ingfor at least 7 days is more
important when concrete containing fly ash will be
exposed to drying ambient conditions."

This observation of the greater sensitivity of FA
concrete to early age curing is also noted by
cabrera(3S)f Norton(59)and Bijen and van Selst(60).HoWever
Amtsbuchler(j9)shows that the compressive strength of a
nominal 25 MPa concrete is no more adversely affected
by cold or dry curing than an eC'!,uivalentope concrete.
He also found that the water permeability of a nominal
30 MPa FA concrete was slightly less affected by dry
curing than an equivalent OPC concrete. Amtsbuchler
largely ascribes this disagreement with p.ast results to
improvements in the quality of FA in South Africa.

with regard to the curing response of GGBS concrete, it
has been shown(62.63)that, with an appropriate selection
of w/b ratio and continuous W.lter curing, conc.rete with
a 50/50 blend of GGBS/OPC will develop the same 28-day
strength as a plain ope concrete. However, it is also
generally accepted that, because of its slower rate of
hydration, GGBS concretes a:~reconsiderably nor e
sensitive to inadequate curing at early ages than ope
concrete.s(64.65).

2.6 Approaches to specifying for concrete Durability

SABS 0100(66), BS 8110(67) and the new Eurccode NO.2: EC 2(68)

address durability by specifying aspects such as:
maximum w/c ratio;
minimum .cement content;
method and degree of curing;

and, for specific aggressiv~ environments:
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maximum chloride content;
alkalj. content of the ceml;nt;
t:ricalcium aluminate corrcerrcof the cement.

All these aspects are not easily determined after the
concrete has hardened and are therefore almost mever
used for routine quality control testing.

The Australian code: AS 3600(69) takes tha unusual
approach of specifying concrete quality only in terms
of compneas Lve strength. The justification for this is
apparently that strength is the only easily measured
property of concrete, ie. a pazametiez' wh:i~11 ;1.$ not
easily measured as a site control test
specified. The discussion in Cbap~0r 1
relative effects (.Ifcuring on durabili
indicates the pot.errt i,"1 problems \~'h,tch

...t, be
,rl., the

,,i'Ad st:r1ength.
could be

encount.er-ed with this Australian appz'oach.,

2.7 General Disoussion

An important feature of the literature reviFt:wed in this
chapter is that most of the research on con.crete
durability has been carried out overseas. This is
particularly app Li.cabLe to aspects such as the effect
of binder type and curing on a,.1rability performance. As
a result, concrete technology in southern Africa has
relied heavily on foreign research and local
specifications are often duplicates of oVerseas
practice.

The problem with this approach being applied to
dUrability, is that thl~ materials used overseas are
very different to t.hosu used locally. The important
effect of differences in the nature and quality of
local cements, FA and GGBS are not accounted for in
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such an approach.

The second important difference is the nature of the
environments to which concretes are exposed. Not only
does this have implications for the deterioration
processes affecting concrete but it also limits the
applicability of research into the effects of curing on
concrete durability. BenturGO) argues:

IIIsrael" like many parts of south Africa,
experiences extremely hot and dry conditions which
have a detrimental effect on the surface
properties of the concrete. What is considered as
a harsh environment in Europe and tbe USA, is a
mild environment in, Israel (and South Africa) .

[parentheses are the author's]
It is therefore important that this research be
conducted in south Africa in order to develop a local
strategy for concrete durability.

It is evident that specifications for the durability of
concrete should ideally be expressed in terms of
measurable parameters of the ,hardened concrete.
Huwever, the development of such specifications is
Pf\iuperedby the absence of test methods which are
e~sily conducted and which can be used for routine
quali·ty control on site, in the same manner as t.he
concrete cube test.
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CHAPTl~R 3
DEVELOPMEN~ OF TEST METHODS FOR CHAR~CTERISING
POTENTIAL DURABILITY

3.1 Introdudtion

It will be noted in the discussion presented in Chapter
2, that various researchers chdracterise potential
durability of concrete using different parameters,
often measured in different ways. However, the common
assumpt~on underlying all these characterisation
methods is that, at a particular time, the more refined
and "closedll the pore structure is, the more durable
the concrete is likely to be. This refinement of the
pore structure may result from advance states of
hydration, low bjw ratios, the use of cement extenders
of a combination of these. Added to this is the
understanding that, to be relevant to durability
assessment, the degree of pore structure refinement
should be monitored by measuring one of the transport
characteristics of the concrete such as water
penetration or permeability.

This approach is intuitively sound, since most of·the
deterioration processes associated with concrete
involve the movement of aggressive agents or dissolved
substances into or out of the concrete. Hence, if
potential durability, as a physical property of the
material, is to be quantified, this would have to
involve a measure of the mass fluid transport ability
of concrete. These measurements provide engineers and
researchers with the ability to compare the potential
durability of a particular concrete relative to a pre-
defined notion of the required extent of pore structure
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refinement. They also provide a single parameter by
which the potential durabilities of different types of
concrete can be compared, accounting f'or all the
phys Lca.L and chemical factors influencing the relevant
physical pr.operties of such concrete.

However, these characterisation test results ultimately
have to be related to actual concrete deterioration
processes. They \\Tillhave to be correlated ~rith l~ong...
term in situ measurements of concrete deterioration by
the various aggressive agents and mechanisms. For
example, the rate of chloride diffusion into concrete
is considerably lower in GGBS concretes because the
aluminate of the GGBS in('!'easesits ability to
ohemd.ca.l.Lybind chloridl:.s(I).This means that, for the
same numerical value of the durability characterisation
paramet$r (say, permeability), GGBS concrete can be
expected to be more. durable in a chloride environment
than, say, fly ash concrete.

Hence, of themselves, the durability characterisation
tests do not necessarily indicate the relative
resistance of a concrete to a particular deterioration
process. The intention is rather to indicate the
relat.ive ease with which liquids or gases may move
through the concrete on the basis of a measure of the
nature of the pores and the degree of inter-connection
of the pore structure. This provides a global
indicator, obtained at a relatively early age of the
concrete, which is then correlated with the long-term
performance of the concrete in a given aggressive
environment.

3.2 ~ypes of Characterisation Test Methods

A large and varied number of characterisation test
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methods have been developed by researchers working in
the field of concrete durability. These vary not only
in "'hephysical parameter being measured but also in
the degree of sophistication and ease of use of the
test equipment. Some tests have been developed for
laboratory use only While others are intended for in
situ use as well. All these tests can, however, broadly
be categorised in terms of the physical property of
cO!l:.;;:retebeing measured, These categories are discussed
below.

3.2.1 Absorption tests

These tests generally measure the volume or time rate
of water absorbed When a concrete surface is brought
into contact with the liquid. The absorption takes
place under a low to negligible pressure head so that
water uptake is mainly due to capillary act.Lon and the
hydrophillic nature of the hardened cement paste.

Because of the nature of these tests, it is i'11portant
that the samples being tested be brought to some
standard of dryness before they are placed in contact
with water for absorption to take place. As no standard
has yet been established on the method of drying and
immersion of the samples, widely varyi.ng results hCl.ve
been obtained for the water absorption of concrete from
tests done using different test proceduresm.

3.2.2 Water penetration tests

In these tests, water is forced into the concrete under
a high pressure head and, after a fixed time, either
the depth or amount of water penetration is measured. A
well known example of this form of test is the DIN
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1048(3) test in which water is forced into an
approximately 100 mm thick concrete sample over a
period of 96 hours. The sample is then split at right
angles to the penetration face to obtain a measure of
the depth of penetration.

A problem with this test and the similarly conducted
ISO/DIS 7031(4) test, is that doubt has been expressed
as to the accuracy with which the depth of water
penetration can be measured visually(S). These tests
have also been criticised because the test fluid
(water) reacts with the unhydrated cement in the
concrete and therefore alters the pO!'a structure of the
test sample during the test. The c;ignificance of this
criticism increases as the contact time between test
water and the sample increases.

3~2.3 Permeability tests.

In this category of tests, an attempt is made to
measure the DfArcy coefficient of permeability of the
concrete. A fluid is forced to flow through the
concrete under an applied pressure gradient and, by
monitoring the pressure gradient and/or the amount of
fluid passing through the concrete, a value of
permeability is calculated. This value is expressed
either as a coefficient of permeability, k, in units of
velocity {m/s) or as an intrinsic permeability, K, in
units of area (mt). The difference in these two
measures of permeability is that k is a funotion of the
type of permeating fluid while K is (theoretically)
independent of the fluid used in the test. Intrinsio
permeability is tl:'lereforethe parameter preferred by
researchers. Tests to determine the permeability \':)f
concrete generally use water, nitrogen or oxygen as the
permeating fluid~.
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permeability tests can further be placed into the two
categOrie~ discussed below. Note that, because of the
many varieties of permeability test methods available,
this review is limited to the most prominent examples
in each category of test method.

constant pressure head tests:
In this type of test, a fluid under constant pressure
head is applied to one side of a con6rete specimen and
the change in pressure or amount of fluid emerging on
the downstream side of the specimen is measured. An
important consideration in this type of test is that
steady state flow conditions (infloW = outflow) have to
he established for the results to be applicable to the
D'Arcy equation. The l·::)wflow rate of water tbrough
concrete means that a long time is required to
establish steady state conditions(S,7).Most researchers
have therefor.e resorted to air permeability
measurements. This, however, introduces the difficulty
of meelsuring relatively small amounts of a compressible
fluid on the downstream side of the sample.

Varying pressure head tests:
In these tests, a positive or negative air pressure
(relative to atmospheric) is applied to one side of a
concrete specimen and the rate of decay of the pressure
or vacuum is monitored. compared to the constant
pressure test, the main advantage of this approach to
t>ermeab!i.litymeasurement is the elimination of the
complex and expensive equipment r~quired to maintain
the pressure on the upstream side and measur-e the
amount of fluid emerging on the downs cr ean. side. The
apparatus is therefore less costly, easier to operate
and yields results in a relatively shorter period of
time.
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3.2.4 Mechanieal tests

Attempts have been made to chaeacceri se the quality of
the covercrete region Of concrete by measuring one of
its physical properties such as strength. One of the
advantages of this approach is that i'l:: would provide a
parameter which engineers are familia.t'with and would
find easy to apply. However I the limit.ad thickness of
the covercrete region makers it difficu.lt to test
directly and a number of LndLrect; test.s have been
proposed(8.9.101which are aimed at measuring the strength
of the covercrete and thereby providing an indicator of
its durability characteristics.

The main criticism of instruments such as the Schmidt
Rebound Hammer as a means of measuring compressive
stt'ength has been that the results are influenced by
tho condition of the concrete surface. However, 'I:his
may be a positive consideration when these instruments
are used to indicate the quality of the covercrete.
Such instruments are therefore being considered by some
researchers for providing indirect measures of the
effecti veness of curing(ll).

3.3 Selection of Durability Characterisation Test
Methods

A number of guidelines were identified in salecting the
test methods to be us~~d for characterising the
potential durability of concretes under this project.
Thef~e are discussed below.

3.3~1 Test parameters

It was decided that mechanical test method.s (as
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discussed in 3.4.2 above) would not be used for
characterising the durability properties of covercrete.
This decision was taken on the basis of the limited
success and acceptability which these tests appear to
be enjoying. Also, in considering methods for testing
the effectiveness of various curing procedures,
Dransfield(l:2>argues that the effect of carbonation is
to increase the surface hardness of the concrete and:

"Bince poor curing is likely to increase
the amount of carbonation which occurs in
the surface layer, this test method (the
Rebound Hammer) cannot be considered as a
reliable method of testing the curing 9f
concrete"

It was rather decided that tests had to be adopted or
developed to measure the air and \Vater transport
properties of the concretes. Testing both the air and
water transport properties was necessary for two
reasons:

As mentioned before, most of the concrete
deterioration processes involve the movement of
gases or ions dissolved in water. While the
Characterisation test method is not expected to
replicate the movement, of aggressive agents
through concrete, it is impo:etant to simulate the
real situation as closely as possible. It was
therefore felt that the measurement of an air and
a water transport property of concrete would be
necessar~to maximise the possibility of
correlating the pctierrt.LaL durability test with a
wide ra··..,.,of actual d8terioration processes.

The debate on the usefulness of potential
durability characterisation testing has not yet
been resolved. This is evidenced by the large
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variety of test methods that have been proposed,
soroe of which were discussed above, coupled with
the relatively small number of tests that )'-'ve
been accepted in specifications. The tests. which
have been adopted as standard specifications (for
example, the British standards initial surface
absorption test (ISAT) (13) and the DIN water
penetration(3) tests) have been criticised(i4,5)for
not being sufficiently accur atie or applicable to
all types of concrete.

Bence, the de\'.lopment of a test method for
measuring pota.nt.LaI concrete durability is
located at a.stage where the general directiol1
has been established, but the specific parameter
to be tested and the :method of testing has not
been isolated. It was felt that measurements of
air and water transport properties would be
sufficient to ensure compatibility with
international research directions on concrete
durability testing. This would allow the results
to bE.'compared with those of other researchers
and possibly assist in the development of an
acceptable test method.

An important disadvantage with the water penetration
tests is that the fluid being used in these tests is
reactive with cement. Bence, further reaction with
unhydrated cement takes place during the test and this
influences the parameter being measured. It was felt
that this criticism was significant enough to avoid the
pressurised water penetration method of testing. In
addition, this test is not applicable to poor quali'ty
concretes where water passes through the sample before
the end of the required test time and the depth of
penetration cannot be measured.
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3.3.2 Test method and apparatus

In order to exercise maximum oontrol over the qUality
of the concretes being tested, it was decided that the
test was to be laboratory-based rather than an in situ
test. This decision waS based on the problems
associated with in situ tests related to an inability
to control the moisture content of the concrete. Whilst
it would have been an additional advantage if the test
was designed to be used on in situ concrete as well,
this vias not to be an important design requirement.
However, it was considered essential that the apparatus
allow for laboratory testing of samples which have been
retrieved from in-service structures. This requirement
precluded test methods which use "custom-made" samples,
cast specially to suit the test apparatus suoh as that
proposed by Schonlin and Hilsdorf(15)(discussed later).

It was also considered important that the test
apparatus developed be of Simple design and be easy to
constrUct. The test itself was to be such that it
provided results within as short a time as possible.
Since the main objective of these tests would be to
ensure better on-site control of concrete quality, a
simple design and short test time would encourage the
test apparatus to be used i1.a construction site
laboratory. Also, given the relatively low level of
technical sophiGtication of a large proportion of
construction personnel in Southern Africa, tbe test
method was to be simple to perform.

An attempt was made to keep the cost of the apparatus
as low as possible. However, as with most test
apparatus, the cost. l')f the facility can vary
considerably depending on the sophistication of the
measuring, recording and control systems. For example,
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the cost of manually recording measurements can be very
different from electronically capturing measurement
data into a processing facility fat"analysis. Hence, in
the design of the apparatus, it was considered
advantageous to provided users with an option as to the
level of sophistication of apparatus they are willing
to develop, depending on the rate of usage of the
apparatus and their perception of relative costs.

3 $ 2•3 Concrete sampJ.e thickness

one of the objeotives of this research project was to
qttempt to provide guidance on the relationship between
depth of cover and durability. There are punitive
economic implications to providing both too much or too
little concrete cover over the reinforcing steel.
Hence, information was required on the gradation of
concrete properties in the covercrete zone from the
outer skin to the level of reinforcing steel.

Given that the average depth of concrete cover is
approximately 40 mm, this consideration meant that the
test apparatus and method adopted had to be able to
test relatively thin sections of concrete. The test was
also to be sensitive enough to detect changes in the
durability properties at various depths in the
covercrete.

with these considerations and concerns in ~i~dJ it was
decided that, as a starting point, the test methods
should include measurements of air permeability and
water absorption of the covercrete for th~ pt\rpnse of
charaoterising potential durability of concr$te. The
selection and detailed development of these tests are
further discussed below.
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3.4 selection Of Air Permea.bility 'rest:, Appara-&us

It must be emphasised that, when testing concre'te for
permeability in ·the context of its durability, art
\ttempt.ts not being made to measure permeability as a
fUndamental property of the material. The objective is
rather to obtain an indication of the ability for
fluids t.opass into or out of the concze+e by testing
samples of that concrete which have been subjected to a
controlled or uniform pre-treatment procedure. To
determine permeability as a fundamental ,?roperty
requires expensive equipment an~ time consuming
procttdures which do not alter the "natural" pore
structure of the concrete dUring the test.

Hence, in the selection c;E a durability test, it is
accepted that some alter~tion of the pore structure
will occur during the sample pre-treatment and testing
procedure. However, as Dhir argues(16)fit is also
accepted that the same relative degree. of pore
structure alteration occurs with different concrete
types. This means that I' while a dist.orted value of
permeability is obtained from the test, the results
st.ill allow the relative durability performance of
different concretes to be compared (see further'
discussion on th.is aspect in section 4,.2.3, Chapter 4).

This approach can well be compared with the cube
compressive strength test. The numerical value of
streng'th obtained when a set of cubes are crushed bears
little resemblance to the strength of the in situ
concrete to whioh these results are meant to refer.
This differif!nd~derives mainly from the following
reasons:

the concrete in the cube has been compacted and
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cured in a very different 't'iay from th"it of the in
situ concrete;
the stress states in the cube during testing are
cHfferent from those expez Lerrctd by the in situ
concrete; and
the test cube is not subject 1'~0 the spatial
variation in engineering properties which is
characteristic of in situ concrete.

Despite these unknown components of the cube strength
test, it does provide an indication of the quality of
the in situ concret8 and experience with the test give~
engineer:.;enough confidence to use it in e,p~ci.fications
for the quality of concrete.

3.4.1 Selected survey of proposed air permeabiU.ty test
methods

A number of air permeability test apparatus have been
proposed by va.rious researchers. A selection of the
more promising of these apparatus; is discussed beloW.

Dundee University permeameter

Dhir et al(l7)have developed a sophisticated apparatus
which measures the permeability of concrete to gas and
water under a constant applied pressure head. The
apparatus allows steady state flow to be achieved in a
relatively short time, ensures accurate measurement of
the downstream conditions through the provisio11 of
sensitive measuring equipment and appears +-.0 provide
reliable measures of intr~.nsic permeability. Figure 3.1

is a schematic arrangement of this apparatus, giving an
indication of the complexity concomitant with its
degree of soph~sticat1on. The apparatus is expensive,
does not appear to be easy to use and is not conducive
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to general, on-site laboratory use.
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Division of Building Technology p~rmeameter

The Division of Building Technology at the South
African CSIR has developed a basic permeability test
apparatus(18)which forces air I under a constant pressure
of approximately 200 kPa, through a 50 rom thick
concrete slice. The amount of air emerging on the,
downstrealllside is collected and measured after a fixed
time has elapsed. This measurement is then used to
calculate a permeability value for the concrete. The
test apparatus is also suitable for use with water as
the permeating fluid, with the constant pressure then
being increased to approximately ~ MPa.

The test method requires that the concrete sample be
epoxy cast into a mould and the seal in the permeameter
is then established against the epoxy surface. The
steel mould has a well machined and highly polished
inner surface to allow easy removal of the sample after
casting and to ensure a close tolerance on the
dimensions of the epoxy seal.

Leeds Universi ty permeam~~tel"

Cabrera and T.Jynsdale(19)have proposed a constant head
air permeameter which uses a novel sample sealing
method. The concrete test sample is placed in a
silicone rUbber collar which is then axially compressed
in the permeameter. The rubber collar expands
transversely because of the poisson ratio effect,
outward expansion is restrained by a steel sleeve and
the expansion is concentrated onto the edge of the
sample, creating an air-tight seal. This arrangement i$
shown in Figure 3.2 below.
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Vacuum pressure permeameter

Schonlin and Hilsdorf(lS)have developed a rising
pressure head apparatus which applies a vacuum pressure
of 1 kpa below atmospheric on one sUlface of the
concrete sample and monit~rs the time required for the
pressure to increase to 50 kPa. Although this apparatus
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useS "custom -made" samples for testing, it is
mentioned here because the vaCUUm pressure is used to
seal the sample (in its holder) into the permeameter.
This is an interesting principle when considering the
cost and complexity of ensuring air-tight sealing in a
permeameter. Figure 3.3 shows a schematic arrangement
of this apparatus. A possible weakness with this
apparatus is that air in the environment is used as the
permeating fluid. In the absence of any control OVer
the quality of the air, it may be difficult to compare
results obtained using the apparatus in different
environments and laboratories.

Pressure
Ga.uge

Vacuum
Chamber

o mrn ntarneter
Concrete Dsik Sample

Schematic arrangement of the rising
pressure head permeameter developed by
schonHn and Hi.lsdorf(IS)

Falling head permeameter

Blight(20)has developed a falling head permeameter for
measuring the permeability of compacted asphalt mixes.
In this case, a positive pressure is applied to one
side of the specimen and the time rate of pressure
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decay is monitored to derive a P'Arcy coefficient of
permeability. The apparatus is inexpensive, Uses a
mercury filled manometer to monitor upstream pressure
and is relatively simple to operate. As with the vacuum
pressure permeameter discussed above, this apparatus
also uses air as the permeati.ng fluid. A schematic
arrangement of this apparatus is shown in Figure 3.4.

Specimen In ~-.........;;;~.
(nftated Scaling
Membrane

Seepage Pressure
Reservoir with
Inflating Valve.e -It-+-- ...
Manometer

SI!.lling Pressure rr,
Reservoir WIth ~
Inflating Valve g ---f-"
Pressure Gage

Figure 3.4 schematic arrangement of the falling
head parmeamebez developed by Blight(20)

In virilWof the requirements of the permeability test
appar,atus discussed in Section 3.3 above, it was
decided to develop a permeameter based on this model of
the falling pressure head permeability cell for the
following reasons:

simplicity of operation;
low cost;
def3ign flexibility to accommodate diffe::rent
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sample sizes; and
ease of manufacture.

3.5 Development of the Air Permeability Test
Apparatus

3.5.1 Detailed description of the Blight apparatus

As shown in Figure 3.4, the Blight apparatus consi$ts
mainly of a cylindrical pressure chamber with a volume
of approximately st. The sample, in this case a 100 mm
high x 100 nun diameter asphalt briqUette, is placed in
the top section of the permeameter, covered by the
perforated plate. To prevent leakage, of air along the
sides of the sample, the curved surface of the
briquette ;Ls coated with a soft wax and the: coated
sa].tlpleis placed in a custom-made, latex rubber sleeve.
'1'hisrubber sleeve, with a skin thickness of
approximately 2 rom, is made SO as to have flanges on
the top and bottom which assist in sealing the sample
into the apparatus. The sample in the rubber sleeve is
then placed into the steel sample holder which is
assembled orrt.o the top of the permealTletertogether with
the perforated cover plate.

The annulus forred between the steel sample holder and
the rubber sleeve is press\lrised through an independent..
pressure chamber, located at the bottom of the
permeameter. A pressure of approximately 70 kPa is
required to seal the sides of the sample.

When t.he sample is located and fixed into the
permeameter, the sealing pressure is applied and held
constant by isolating the lower pressure ohamber. The
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pressure in the main ohamber is increased to the
required test pressure and the time is recorded when
this chamber is isolated. The time rate of pressure
decay is then monitored by noting the height of.the
mercury in the manometer at various times.

3.5.2 Modifications made to the Blight pameameter

In developing the permeameter ~or testing concrete
rather than bitumen samples, modifications were made t\J
the Blight permeameter. r.iht ':emodifications az'e

discussed below.

Pressure mon.itaring

The mercury-filled manometer was replaced by a 0 to 160
kPa air pressure gauge ..It was felt that this would
allow for a more convend e»
of test pressures"

~asure over a wider range

Test gas

A problem with the u~e of compressed air as the
permeating fluid, is that it is difficult to determine
or control the composition of the ai.r. Added to this,
the pres~nce of moisture and carb~n dioxide in the air
is undesirable as these are both reacti ve wi'th cement.
It was therefore decided to use oxygen as the
permeating fluid as this wouli. \llow for greater
~ontrol over the test gas and hence, greater
repeatability of the test method.

Sample sealing

The latex rubber sleeve method used by Blight 'was
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thought to be inappropriate for concrete testing
because:

the rubber sleeve system requires a fixed sample
hei.ght and it was expected that concrete samples
of varying height would be tested;
the permeameter shoulc. be flexible enough to
accommodate irregularly shaped samples as well as
cylindrical samples of varying diameter.

TWo sample sealing methods were dev~loped for use with
the permeameter. These are discussed in more detail
below.

3.5.3 Description of the Falling Head Permeameter
Developed.

Figure 3.5 shows a schematic arrangement of the
permeameter while Figure 3.6 shows a completed unit
with the perforated cover i,)late,removed. The main
pressure cyli11der is made from a length of 106 rom
internal diame.ter, mild steel water piping with a wall
thiokness of Ci.pp:roximately4 mm,

:'i1~\~~~G
H .

: sAMPi.E IN HOLDI;R

Figure 3.5

A .'06 mn ID mi ld steel
tube

B GaS inlet valve
c Pressure gauae
D Gas outlet valve

E Top plate
Rubber Coring in
5 x 5 mn groove
Perforated cover plate
3 holes per plate f~r
8 mm bolts

Fillet weld

F

G

H

J

Ie base plate

Schematic arrangement of the falling
head permeameter
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Figu~e 3.6 A completed permeameter unit with the
cover plate removed

A square base plate was used and four screws were
located in ·the. corners to allow the unit to be
stabilised and levelled in its final position. The only
essential machining required is the 90 romdiameter
opening .and the 5 mm groove in the top plate. It is not
important that the top plate and the perforated cover
plate be circular as shown. It may be easier, from a
cutting point of view, if these plates were square.

\
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ardinary fillet welds are used throughout the unit for
connecting sections together. These welds were tested
by sealing the top plate and applying a press~re of 130
kPa. It was expected that the maximum test pressure
would be approximately 100 kPa. I,eaks were identified
using soapy water and sectlons were re-welded until the
unit was air-tight.

Sealing the sample in the perllleameter

A.s was mentioned earlier, two methods of sample sealing
T;leredeveloped. The first method, which involves epoxy
bonding of the sample into a PV:C ring I was used during
the initial pa.rt of the work. The second method, which
uses a rubber collar to seal the sample, was developed
later and, whih~ being easier to use, is not as
flexible as the first method in tl:\esize and shape of
the sample which can c.beaccommoda+ed ,

\
H:

Method 1: PVC: ring and epoxy seal. Th\:i.smethod
involves fixing the sample to be tested\into a pVc ring
using epoxy as shown schematically in F:l:\1ure3,7. The
ring is cut from st.andard 102 mm diantete~pVc tubing
with a wall thickness of ±3 mm , The lower i-im of the
PVC ring seats on a rubber a-ring placed in the groove
on the top pl.ate of the permearneter. l"igure ::3,8 shews a
detail of the a-ring on the top plate. When the
perforated cover plate is tied down, the PVC ring is
pressed onto the rubber a-ring, providing an air tight
seal.
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Teat
Sample

Figure 3.7 Schematic arrangement of the test Sample
fixed into a PVC ring with epoxy.

Figure 3.8 Detail of the rubber a-ring on the top
plate

The O-rirlg is manufactured from 5.6 nun diameter
neoprene rubber cord with a Shore hardness(21)of
approximately 70 degrees. The cord is formed into a
ring by bonding t,he ends with a commercially available
cyanoacrylate glue. A 6% stretch is allowed in the cord
to ensure that it seats well in the groove. This means
that the cord is cut 6% shorter than the average
circumferential length of the groove.

The procedure used for fixing the sample into the PVC
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ring is described below. F.igure 3.9 shows some of. the
steps involved in this procedure.

a. A PVC ring of ,height approximately 10 mm greater
than the sample height is cut from the tube
sections. One end of the ring (to be t:he lower
end) is made perfectly flat by uniformly rubbing
this end on a sheet of sand paper placed on a
flat surface.

b. The inside of the ring is roughened. by rubbing
with a wire brush and this surface was (::arefully
cleaned with a de-greasing agent and wat:er.

c. The ring is placed over a mounted masonite disc
,

(step A in Figure 3.9) and the annulus b,".\tween
the ring and the masonite disc was filled with
plasticine.

d. A disc of thin plastic sheet is placed onto the
masoni te and edge of the plastic was seaH~d with
pla~ticine (steps Band C in Figure 3.9). It was
later found that a thin ooating of petrolE\\um
jelly on the masonite was sUfficient to ensure
de+oond Lnq of the epoxy and the plastic sheet was
therefore discarded.

e. The outer edges of the underside of the concrete
sample is covered with masking tape (step D in
;Ei'igure3.9). 'A bead of plasticine is place.d on
the masking tape along the lower perimeter of the
sample and this is light~:y pressed onto the
plastic sheet (or petrole\lm jelly) in the PVC

ring (step E in FigUre 3.9).

f. Epoxy is then poured into the space petween the
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sample and the PVC ring to a level just below the
top of the sample.

Figure :3 .10 ~(11hematical1Y'shows .the sample and PVC ring
'<--'1fixed in position before epoxy casting. Figure 3.11

shows samples of the PVC rings together with a
completed sample ready for permeability testing.

Figure 3.9 Some of the steps involved in the
preparation of the sample for epoxy
fbdng.

Plastici
Test

sample
Plastic Sheet
or Petroleum

'ally

Figure 3.10 Schematic arrangement of a sample ready
for epoxy casting
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Figure 3..11 Examples of the PVC rings together with
a concrete sample epoxy-cast into a PVC
ring

An important requirement of the epoxy used in this
application is that it should not creep under the
applied test pressure. Creep in the epoxy Would cause
an increase in the volume of the cylinder and would be
reflected as a decrease in pressure in the cylinder
thereby causing a distor don in the test result. In
this pl:'oje<Jt, Epidermix 365 epoxy, manufactured by

African Bitumen Emulsions (:.:ty)Ltd. was used. This
epoxy requires a curing time of 24 hours after the
resin is mixed with the activator. A flowable mortar
was prepared using the epoxy and a clean silica sand,
with. the sand making up approximately 74% of the mass
of the mixture. The addition of sand reduced the cost
of sample preparation and minimised any creep potential
in the epoxy.
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Method 2: silicone ~ubbex collar seal. This method of
sampl~ sealing, based on that proposed by Cabrera and
Lynsdale(l7)I was developed for routine testing of
concretes from which 68 lnID diameter sample slices can
be obtained. The sample disc, cut to the appropriate
thickness 1 is placed in a rubber collar which is
axially compressed when the arrangement is tied in the
permeameter unit. As described before, the sample is
sealed circumferentially by the transverse expansion of
the rubber. outward expans Lon of the collar is
restrai.ned by placing the collar in.a PVC sleeve whd.ch
is cut from the same tUbe as the rings used in the
epoxy sealing method. The inside diameter of the PVC
sleeve is 0.5 to 1.0 mm larger than the outer diameter
of the rubber collar. When this method of sample
sealing is used, the r'ubber l"ing on the top plate is
removed and the lower edge of the PVC sleeve is located
in the 5 mm groove so as to centralise the sample on
the top plate.

As with the epoxy seal, it is important that the rubber
used for the collar does not creep undez' load. If this
happens, the seal between the sample and the collar
will be broken, causing air leakage during the test.

The amount of axial compression of the rubber collar is
controlled by the thickness of the timber spacer. The
perforated cover plate is tied down until it reaches
the top of the PVC sleeve. Figures 3.12 (a) and (b)
show the position of the perforated cover plate before
and after it is tied down to compress the rubber
collar.

During tests for air-tightness, it was found that, for
a 15 mm thick sample, a 12 mm thick timber spacer
provided a sUfficient seal on the sample. Thicker
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samples would require small-er timber spacers to provide
the same amount of sealing pressure because of the
larger contact area between the sample and the rubber
collar. Figure 3.13 shows a schematic arrangement of
the rubber collar assembly with the sample in place.

(a) (b)

Figure 3.12 Movement of the timber spacer when the
perforated cover plate is tied down.

TEST SAMPLE

TIMBER SPACER

TUBE

[LICONE RUBBER
COLLAR

Figure 3.13 Schematic arrangement of the silicone
rubber seal assembly
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The rubber collar was designed so as to accommodate a
maximum sample thickness of approximately ,45 nun. Also,
the lower end of the collar WaS tapered on the in~ide
to prevent the sample from falling through. However, it
was later found that this was a superfluous feature
since the samples always fitted snugly in the collars.

The r....bber collars Were moulded in the laboratory using
Silastic 9161 RTV silicone rubber with 2% 9162' catalyst
(both manufacture~ by 00""1 Corning). Figure 3.14 shows a

• p . , "cross sectl.on th!l(Oughthe mould used to make the rubber
collars. The rec~ss cut on the lower edg~ of the outer
ring. former simply located onto the base plate of the
inner former. It was found that, with a film of
petroleum jelly applied to the surfaces of the recess,
the weight of the outer ring former was sufficient to
prevent any leakage of the rubber while in its liquid
state. Figure 3.15 shows the various componerrcs of the
rubber collel seal arrangement together with the two
components of the mild steel mould.

1

Figure 3.14

Inner Mould
Outer Mould

1

Cross sectlon through the mild steel
rubber collar mould.
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Figure 3.l.5 Various compcnent.s of thn rubber oollar
seal arrangeme.nt.

3.5.4 '1'esting the air-tightneEJs of the sealing methods

:Epoxy/PVC ring sa.mple seal

A blank sample was prepared in which the PVC ring was
prepared and mounted as discussed before but was filled
'ivith the epoxy/sand mixture only. This arrangement is
shown schematically in Figure 3.16.

When hardened, the blank sample was tied into the
permeameter with the lower edge seated on the rubber
ring in the groove. The cylinder pressure was increased
t.c 130 kPa when the valves were shut and the cylinde:r:'
is,olated. The contact between the edge of tl'~epVC ring
and. the rubber ring was coated with soapy water to
check for leaks. The pressure in the cylinder was then
moni.tored for 24 hours.
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PVC FHng
'(,

Epoxy/Sand
Blank Sample

Figure 3.1.6 Schematic arrangement of the blarik
sample used for ensuring the air-
tightness of the epoxy/PVC ring sealing
method

This test was carried out on all the permeameter cells
manufactured for this project. In each case, n~
measurable drop in air pressure was opserved after 24
hours. on the basis that the permeameter itself was air
tight and that the epoxy mixture was impervious to
oxygen, this test indicated the air-tightness of the
PVc ring-to-rubber ring seal as well as the epoX'j-to-
PVC ring seal. The test also Showed that no creep
deflection occurred in the epoxy disk for the duration
of the test pressure. The epoxy-sand mixture was
therefore acceptable for use in the permeameter.

Silicone r'UbbercQllar seal

A similar test as described above, was carried out to
check the a~r-tightness of this sample sealing method.
In this case, the blank sample was made using a
concrete disk specimen which had its top and bottom
surfaces coated with plain epoxy. The epoxy coating was
apprmdmately 2 rom thick and this was sufficient to
ensure the reqUired imperviousness to oxygen. This
blank sample is shown in Figure 3.17.
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Figure ::3 ~·17 Blank sample used to check the air-
tightness of thf~silicone rubber collar
seal

The circumferential edges of the epoxy layers were
chamfered back. to the concrete level tc ensure that the
rubber collar seated against the circumferelltial edg'e
of the concrete only. The sample in the rubber collar
was mounted in the permeameter. and the pressure was
increased to 110 kPa. No pressure drop was noted after
th~~pressure was maintained for 24 hours. It was
therefore accepted that the rubber-to-top plate and the
rubber ...to-concrete seals were adequate.

3.5.5 operation of the permeameter

The sample, either in the epoxy cast PVc ring or in the
silicone rubber collar, is positioned on the top plate
of the permeameter cell and compressed against the
perforated cover plate using the 8 rombolts and nuts.
With the sample in the epoxy cast PVC ring, care must;
be t.:l{en not to over-tighten the nuns as this could
cause dl.bondinq betw.een the epoxy and the PVC ring.
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with the sample in the silicone rubber cvl1"'li1.·,the
collar is compressed by tying the cover plate down to
the top of the PVC collar. It is found that, with this
method of s.ample sealing, the 8 mID bolts are quiokly
damaged with repeated use and these had to be replaced
with 10 rom bolts and nuts.

The inlet and outlet valves (refer to Figure 3.6) are
then opened and the pressu ....,ecylinder is purged by
allowing oxygen to flow through the cylinder for a few
minutes. The oxygen is supplied from commercially
available, pressurised cylinders with a fitted outlet
pressure regulator. Since the molecular mass of oxygen
is greater than that of air, the lower valve was used
as the inLet valve. When purging is complete, the
outlet valve is shut and the pressure aLLowed to
increase to approximately 100 kPa. By adjusti.ng the
regulator on the pressure cylinder, the pressure in the
permeameter chamber is stabilised and the inlet valve
is shut. The time and pressure is recorded at this
point and the.pressure. decay is then monitored with
time. Readings are taken in decre~ents of approximatsly
10 kPa down to 50 kPa. It was found that the time
required for testing varied between approximately 12
minutes for a 15 mm t.hick sample of a low strength,
poorly cured concrete, to approximately 20 hours for a
well cured, high strength concrete sample of the same
thickness.

3.5.6 Development of the equation governing the taIling
head permeameter

The rate of pressure decay in the falling head
permeamater is governed by the D'Arny equation for the
flow of fluids through porous media. The D'Arcy
equation can be eXpressed as(2O):
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k:=: _._ 3.(
g

Where:
am, t-h t f fl 'tdt 1S - e ra e 0 mass ow per unl cross
sectional area, and
-~ is the pressure gradien.t in the direction of flow
(- sign because the pressure decreases as the distance
along the flow path increases). k is the coefficient of
permeability (in units of velocity) and g is the
acceleration due to gravity.

Equation 3.1 is Fick's Law which applies to the flow of
compressible fluids such as air. For air, ~ass is
zeLa.t.edto volume V and pressure P by the equation:

(J) VPm =--
R6

3.2

d.nwhich w is the molecular mass of the permeating air,
e is the absolute temperature and R is the universal
gas constant.

The change in the total mass of storeo air (am~) in
time at is

Bm' wV ap
=-at R6 at

For a test specimen of cross sectional area A measur""d
nOrmal to the direction of flow and thickness at
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Equation 3.1 can be rewritten

Bm! k PA= - ........
at s d

Hence

(J) V Op _ k PA
RfJ . at - -8 d

Rearrany'ing

_ (;)Vgd . ap = at
RekA. P

Integrating
(J) Vgd

.....-. -- , In(P) = t +- eons, "'it
ReM

3.4

At t = 0 t P = p,}" Therefore

wVgdconstant = ---- . In(PJ
RfJlcJi

substituting into Equation 3.3
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t ;;: W Vgd . In Po
ReM P

3.4

Rearranging

k = w Vg . !!. . InPo
RA at P

3.5

A. description of the terms used in Equation 3.5 in its
application to the falling head permeameter is given
below. The units used for each of these terms in this
project are also presented here.

k -
w =
V .-
g =

coefficient of permeability (m/s)
molecular mass of permeating air (kg/mol)
the volume of the pressure cylinder (m3)

acceleration due to gravity (ml S2)

R = universal gas constant = 8313 (Nm/K mol)
A = superficial cross sectional area of the

sample (m2
)

d = sample thickness (rn)
e = absolute temperature (K)
t = time (s) for pressure to decrease from Po to

P

Po = pressure at beginning of test (kPa)
F = pressure at end of test (kPa)

Hence, Equation 3.5 allows the coefficient of
permeability of a test sample to be calculated on the
basis of time and pressure measurements using the
falling head permeameter.
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Verification of Equation 3.5

Equation 3.4 can be re-written as

Pot=n .. ln-p

in which

II ::::wYgd
R6kA

The factor II is constant for a particular design of
per1t1eameter,environmental conditions and test Sample.
Hence, during the same test, the natural logarithm of
the ratio of pressure l'~ads should be directly
proportional to the time required for the pressure to
decrease. The apparatus was tested to check the
applicability Qf this theory to the flow of gas through
concrete. Three samples of ope concrete with varying
cement/water ratios were tested using the epoxy/PVC
ring sealing method. The resi.ilts of these measurements
are shown in Table 3.1 and plots of the ratio of.heads
versus time relationship are shown in Figure 3.18. The
samples used here were approximately 15 romthick.
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Table 3Gl Results of tests conducted to verify the falling head permeameter equation

c
--- ----- ----------_ --------_

SA.."1PLE1 SAMPLE 2 SAMPLE 3

wlc = 0.67 wlc = 0..56 wlc = 0.47

TIl-IE PRESSURE TIME PRESSURE TIME PRESSURE

(sec) (kPa) In (PufP) (sec) (kPa) In(PofP) (sec) (kPa) In (PulP)
!

.

0 102.5 0.00 0 i 102.5 o.no 0 102.0 0.00
I

600 90,0 0.13 540 96.5 0.06 1620 90.0 0.13 ,

1080 80.5 0.24 1140 90.0 0.13 3120 80.5 0.24
I .
1560 72.0 0.35 3660 68.5 0.40 4380 72.5 0.34

1

2460 59.5 0.54 6060 52.5 0.57 6660 61.0 0.51.

·4230 40.5 0.92 9180 38.0 0.99 8760 52.5 0.66
IIL R2 = 0.999226 I 0.999750 0.999630

-

Note: R2 = Linear regression coefficient of correlation
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TiME (thousand seconds)
10~~~----------------------------------------~

w/c·0.47
8

6

w/c Q 0.67
... ~4

.2

O~~~----~---L-,-~--~----~---L-- __L- __ ~ __ ~

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
LOG OF THE RATIO OF HEADS: In(Po/P)

1

Figure 3.18 Experimental verification of the ratio
of pressure heads vs. time relationship

The curves in Figure 3.18 all show a slight upward
curvature indicating a very small decrease in
permeability with time. It is thought that thil? could.
be due to two possible reasons:

an imperfect applicability of the assumptions
inherent in the derivation of Equation 1
a slight increase in the moisture content of the
sample during the test resulting from absorbed
atmospheric moisture. This would manifest itself
as a decrease in oxygf\n parmeab.i.Li. ty as -the water
acts as a solid to the permeating air.

Notwithstanding this observed deviation, as shown in
Table 3.1, lineaL regression analyses of the data shown
in Figure 3.18 gave correlation coefficients which were
better than 0.999. This was considered more than
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adequate for the accuracy required in the determination
of the permeability of concrete.

It should be noted that a value of the coefficient of
8permeabilit.y, k , .isdetermined directly from the slope
of the straight line obtained in a graph as shown in
Figure 3.18. :tnthis case:

k = _~Vgd
ILP.eA

Where the terms are as described before.

I,astly, a further advantage of the falling head
permeameter can be noted from Equation 3.5. The
sensitivity of the apparatusr and hence the time
required for testing, can be adjusted by varying the
volume of the.pressure cylinder (V). A permeanteter with
a smaller pressure cylinder could be used to reduce the
required testing time of low permeability c0l1Cret6s.
This will be accompanied by a decrease in the
sensitivity of the apparatus.

~.6 Selection of the Water Absorption Test Method

The decision to use a water absorption test as one of
the methods of characterising the dUrability of
concrete, was based largely on the logical relationship
between such a test and a number of concrete
deterioration processes. However, as was not.ed before,
water is a reactive fluid in concrete and acts to
advance the hydration of any unhydrated cement in the
pore structure. Thus, if the objective is to obtain an
indication of the pore structure of the concrete, using
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water as the test fluid introduoes the pro):;>lamof
,i/

having the test method alter':the parameter being
measured.

As with the permeability test, it is accepted that l~'>'me
alteration of the pore structure during testing has to
be tolerated in the interest of practicality and
convenience. It was, however I considered important.
that the method chosen for measuring the water
absorption of concrete should not invol.ve excessive
contact time between the sample and the test water.
While a notion of "excessive contact." is difficult to
define, it was felt that if this period could be
restricted to 24 Hours or less, the amount of
additional hydration which takes place during this time
vroul:' not signif icantly affect the results.

An important further consideration was that, if
possible, the water absorption test was to Use the same
sample as used in the oxygen permeability test. A.side
from its convenience value, this requirement would
allow a direct comparison of the two test methods as
durability index tests. Absorption tests such as the
initial surface absorption test(13),the Figg apparatus(22)
and the covercrete absorption test developed by Ohir et
al(14)were excluded by this consideration. These tests,
designed for in situ use but adaptable to laboratory
testing, require holes to be drilled into the concrete
to depths greater t.har. the individual sample thickness
which was to be tested in this project.
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3.6.1 Selected survey of various water absorption test
methods

In this category of tests, the samples are dried to
Some pre-defined standard and then brought into contact
with water. The amount of water absorbed into the pore
structure of the concrete is monitored by weighing the
sample after a given time. Some of the more promising
methods which have been developed in this t.est category
are diSCUssed below.

The BS absorption test

A numbEH:",'of concrete water 'absorption'tests have been
accepted as BS specificationslZ,3,l4.25). However, the ES

1881: Part 1220M test described here is aimed at
general structural concr-et;e, In this 'cest, a 75 rom
diameter core of length up to 150 mm, is retrieved from
a structure or a larger laboratory specimen and dried
at 105°C for 72 hours. After cooling, the sample is
pLaced in a water bath at 20°C with its l.ong axis
horizontal and such that there is a 25 mm deptn of
water over the top of the sample. The sample is
ilnmersed for 30 minutes, then surface dried and weighed
to determine the amount of water absorbed. Absorption
therefore takes place only in the out~r surface regions
of the sample.

While this basic test describes the principles involved
in water absorption testing, an important weakness is
tt-t it does not account for differences in the
concrete properties of the different areas of the
sample in which absorption takes place. If the
hydration process had been interrupted in situ by lack
of during, tbe (then) exposed surfaces would be of
poorer quality than tne internal concrete. This
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absorption test may not detect such laffects since the
higher absorption rai.:esof the ~nd surfaces would be
masked by the lower absorption of th.e curved surfaces
of the test core. Hence, the test is probably of little
value as a durability test method.

~sorption by capillary rise

Jornet and Torrent(27)as well as Parrott<28)propose the
use of water absorption through capillary rise as a
measure of the quality of cover concrete. This involves
bringing one surface of a concrete sample into contact
with a wate:c surface allowing only approximately 2 nun
of immersion. The time rate of wat.er uptake through
capillary suction is then monitored Py weighing the
sample at regular intervals.

In this test, water is absorbed through the pore
structure of the concrete mainly Py the capillary
tension of the water meniscus. It is argued(27)that the
larger the capillary pores, the lower the resistance to
the passage of water and hence, the faster the volume
r;~,teof absorption. This underlines the appeal which
these tests have as durability indicator tests.

Senbetta and Scholer(29lhave proposed a similar test to
monitor the efficiency of curing. In this test, a 25 rom
core is retrieved from a larger sample and this core is
cut into 10 nunthick discs, starting at the exposed
surface. The downstream surface of each disc (with
respect to the direction of drying) is then brought
into contact with a free water surface and the water
absorbed after one minute of exposure is determined by
weighing the discs. This value is used to calculate a
coefficient of absorptivity whLch is a measure ot the
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extent of hydration and, hence, the effectiveness of
curing of the samples.

The Kelham sorptivity test

Ke1ham(30)has proposed a test based on a measurement of
the water sorptivity of concrete. '.rhaconcept of
sorptivity is more commonly used as a soil physics
parameter in the study of water infiltration into soil
but is applicable to the infiltration of water into any
porous material. When one surface of a body of porous
material is brought into contact with water, the depth
of infiltration, i, after time t is described by the
equationi3l) :

1

i '" S t '2
3.6

Where S is the sorptivity, a measure of the water
transmissibi1i ty and I hence I pore structure pr()perties
of the materiaL This equation shows that theria is a
linear relationship between the depth of water
infiltration and the square root of the time required
for the infiltration to take place.

The advantage of using sorptivity as a durability
characterisation method is that it involves unsaturated
flow conditions in concrete. Unlike 1ilaterpermeability
which measures fully saturated flow properties,
sorptivity more closely resembles the form of water
penetration into real structtlres(32).concrete is only
rarely exposed to saturated flow conditions and the
more common circumstance is where water infiltrates ~he
surface of the concrete under a small gravity pressure
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head.

Kelham's apparatus, shown in Figure 3.19, continuously
monitors the weight change of a concrete sample into
which water is allowed to infiltrate under a small
pressure head acting against gravity. The slope of the
sample weight versus square root of time curve is then
used to determine the sorptivity of the concrete.

sample WIlIIIf

Figure 3.19 Schematic arrangement of Kelham' S(30)

sorpti vi'ty test apparatus

In this test, the sample is a 150 rom diameter by 50 nun
thick cylinder, of which the curved surface has been
sealed with epoxy. A perspex cover is placed onto the
top surface of the sample and sealed along the
circumference using grease. The perspex disc has a
capillary tube sealed into its centre such that, when
the sample arrangement is suspended in a water bath,
the capillary tube protrUdes above the water surface.
The sling supporting the sample is attached to a
weighing apparatus and, as water is absorbed through
the undersi~e of the sample, air is expelled through
the capillary tube and the change in weight is
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recorded. The sample is kept submerged until satu:r.ation
occurs and the change in weight becomes negligible.

It was felt that, in view of its similarity with the
movement of water in real concrete, the principleC:Cof
sorptivity should be used in a test to characterise' the
potential durability of cencrete. Kelham's test sUffers
the weakness that only one sample can be tested in the
apparatus and that this sample could occupy the
apparatus for up to 45 hours. In addition, the 50'~

thick samples used would negate the intention of
studying the gradation of properties in the cover
concrete zone. He'nce, a test was developed based on the
Kelham .app r.oach to sorptivity testi.ng but modi f Led to
suit the requirements of this project.

3.6.2 Development of the water sorptivity t~$t method

As mentioned above, it was desirable that the water
s6rptivity test be carried out on the same samples used
in the oxygen permeability test. The test was therefore
deVeloped around a 68 mm diameter disc of concrete as
the test sample.

It has been shown(30,n>that, given the small capillary
sizes in concrete and the consequently high capillary
forces, the direction of water absorption with respect
to the action of gravity! has little effect on the
sorptivity measurement. It was therefore decided that
it would be moz'e convenient to allow absorption to take
place in a vertically downward direction by placing a
layer of watel:'on the top surface of the sample.

In the case of the samples which had been sealed using
the epoxy/PVc ring method, the sample in the ring is
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merely turned over and the" recess formed by the
plasticine on the underside of the sample (see Figure
3.10) is used as a wat~r.reservolr. This ie-.shown
schematically in F'igure 3.20 (a). Figure 3.21 shows a
completed aamp l,eready for water sorptj;vity testing.

In tJ:1ecase,/'b£the rUbber collar sealed samples, a
reservoir to hold this water is formed by coating the
curved surface of the disc with epoxy and immediately
placing a strip of plastic tape around the full
circwufer.ence of the sample. The plastic tape is placed
s,' that it protrudes approximately 5 rom above the
surface of the sample and the epoxy coating is alloWed
24 hours to set. "This arrangement is shown
scp,ernaticallY in Figure 3.20 (b). A complet~d sample

,"Iready to be tested for water sorptivity is shown in
Figure 3.22.

Water

(a)

WATER

(b)
PLASTIC TAPE
AND EPOXYSEAL CONCRETE

SAMPLE

SUPPORT

Figure 3.20 Schematic arrangement of the water
sorptivity test method for (a) the
epoxy/PVc ring sealed samples and (b)
for the rubber collar sealed samples.
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Figure 3.21 A completed epoxy/PVC ring sealed sample
ready to be tested for water sorptivity.

Figure 3.22 A completed l'ubber collar sealed ~'\ample
ready to be tested for water sorpt;.,ivity.

After the sample is prepared as described above, the
following prooedure is used for testing:

a. The sample is weighed to an acouracy of 0.01 g to
determine its dry weight and, in th~ case of the

3-48



rubber collar sealed samples, supported on a
metal or plastic grid placed on a flat surface.

b. Using a i:20 m l, syringe, a layer of tY'ateris
gently placed on+o the concrete surface I the
water layer being approximately 3 mm deep. A
clock, measuring to an accuracy of one second, is
se.tto zero when the water first comes into
contact with the concrete.

c. At pre-determined time intervals, the water is
poured off the sample and the top of the sample
is surrace dried using slightly damp I absorbent
paper. Tl-;,esample is then weighed and the water
layer is replaced. This procedure requires
approxi:m.ai.:ely30 seconds to complete and the
clock is nat stopped during this period.

d. After the last measurement is recorded, the
sample is submerged in a beaker of water. The
beaker is placed in an evacuation chamber and a
vacuum pressure of 75 kPa is applied for
approximately 24 hours.

e. The sample is then weighed to determine the
(apparent) saturated weight.

After some experience with the test method, it was
found that weighing the sample at 1, 6 and 12 minutes
was sufficient to determine the sorptivity of the ±15
mm samples used in this proj-=. These time intervals
also al;Lowed thre,? samples to be tested with two minute
spacings in starting times.

The need to raise the rUbber collar sealed sample off
the surface using a support grid is only important for
poor quality concretes where the water may percolate
through the sample before the twelve-minute Weight is
determined. If this happens while the sample is on a
flat surface, water will be absorbed from the underside
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of the sample and a d~storted result is obtained.

3$6.3 Theoretical considerations

Using Equation 3.6 above, the change in mass of the
sample with time after the water infiltration has
started, can be described by the following equationO~:

.!
11M = Anp St2t w

3.7

where:
tiMt = the change in mass of the sample with

respect to the dry mass, after time t;
cross sectional area of the sample at
right angles to the direction of
absorption;
the effective porosity of the sample;
density of the water;
sorptivity

A =

n =
Pw =

S =

The porosity is determined from the, difference between
the dry and the saturated weights of the sample as
follows:

n = (Msat - M~
Adpw

where MSIIl and Mo are the saturated and dry weights of
the sample respectively and d is the thickness of the
sample. substituting into Equation 3.7 above yields:



3.8

Figure 3.23 ""!lowsa typical plot of the mass change
versus square root of time curve for the sorptivity
test.~ The slope of the line in Region r of this graph
represents the coefficient of t* in Equation 3.8.
Hence:

(Msat - M) . t'Slope = -~-- ioJ

d
3.9

A value of sorptivity can therefore be calculated from
Equation 3.9

o
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Figure 3.23

SQUARE ROOT OF TIME

Typical plot of the results frolU a
sorpti vity t(~st
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3. (;"4 E).'"'Perimentalverification of the .sorptivi'ty
theory

Three samples of ope concrete with varying c/w ratios
were selected for water sorptivit.y testing to verify
the linear relationship re~lected in Equation 3.8
above. These samples had been tested in the oxygen
permeameter using the epoxy/PVC sealing method. The
results obtained from these tests are shown in Tables
3.:2 (a) to 3.2 (c) •

Tabla 3.2(a) Results of the water sorptivity
verification tests - Sample 1

w/c = 0.E)7~--------------~~~~----------~--------------------~ITime (min) Ti~e~ (ssc~) water Ab~orbed (g)
o
1

10
30
60
180

0.00 0.00
7 .75 0.70
24.49 2.26
42.43 3.93
60.00 5.23
103.92 5 .99

_.R.t = l.'inearregre:.s Ion correlation coeff.:= 0.999



Tabla 3 •.2.(b' Results of the water sorptivity
verification tests . sample 2

vl!e == 0.56

(g~Timet;,(sec"")
,

Time (min) Wat,~arAbsorbed --0.00 . 0.000

1 7.75 0.75
12 26.83 2.32
60 60.00 4.71
240 120.00 6.28

R2 = 0.997
- -

Table :3.2 (c~ Results of the.water siorptivity
verification tests - Sample. 3

.
w/c = 0.47

Time (min) Time'/:(see'h) Water Absorbed (g)
0 0.00 0.00
1, 7.75 0.46
1') 26.83 1.60••
46 52.54 3.35
163 98.89 '"6. 05

R2 = 0.999 J~

Figure 3.24 shows a plot of the sOl:-ptivitytest results
presented in Tables 3.2(a) to 3.2(<::)• The correlation
coefficilant was calculated on the bas Ls of the first
four data points, inCluding the zero point. Note t.hat
the sLope of the Region I part of th~a curves, and hence
the sorptivities, incre.ases as the w/c ratio increases.
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Figure 3.24 also shows the positions of the 1, 6 and 12
minute measurement times in the Region I part of the
curves~ The results show that good correlation
coefficients Ware obtained using this test, indicating
strong agreement between theoretical prediction and
exper.imental results.

WATER,ABSORBED (g)1 .

6

4

3

1min
2

1
[ ~ w/c • 0.61 -l-- '1(10 • 0.66 -*- w/c • 0....7 ) .

20 40 60 SO 100 1Z:> 140
SQUARE ROOT OF "riME (sec"O.S)

Figure 3.24 Experimental verification of.the
sorptivity equation

Table 3.3 shows the water absorption results of a set
o~ samples from similar concretes as those tested above
but Which had been SUbjected to poor initial moist
curing. In this case, the three test times suggested
earlier (it 6 and 12 minutes) were used. These results
are plotted in Figurp. 3.25 below.
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;\ .Table 3.3 Results of water absorption tests us~ng three
suggested time interv~ls

Water absorbed (g) by samples
with w/o ratio:Time

,-
Sec. 'I"Min. 0.67 0.56 0.47

o
1.59

3.66
4.88

o
1.15

2.57
3.56

o
1.04

2.27
3.23

0 0

1 7.75
6 18.97

12 26.83

R2 = 0.996 0.998

WATER ABSORBED (g)
6

s1~ I -- w/o •• 0.61 -+- w/o • (l.56 4- w/o • c.~

,-_ .._ ...--. -.... -
.2 min
,...-"

4

~ ....

~'

~ .

~ J~ . .

3

2

1

5 10 15 20 25 30
SQUARE ROOT OF TIME (seo"0.5)

Figure 3.25 water absorption of samples te,sted at
three suggested time intervals

The results presented in Figures 3.24 and 3.25 show
that the three suggested time intervals of measur-ement,
are SUfficient for determining the sorptivity of the
samples.
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3.7 General Discussion and conclusion

Part of the intention of this Chapter was to ~xpose
the rang= of methods used by researchers to measure
fluid transport properties of concrete, with the
:tntention of characterising the potierrt.La.ldurability of
the material. A second objective was to develop the
rationale for selecting the particular test methods tl;)
be used in this study. Finally, the development of th~~
sPecific apparatus chosen was discussed in detail. The
following general conclusions can therefore be drawn at
this stage:

There is a wide variation in both the nature and
complexity of tes:i;;methods used for measuring the
fluid transport properties of concrete.
A variation of the falling head permeability test
apparatus I developed by Blight(20)I is considered
to be the most appropriate apparatus for
measuring permeabi Iity. 'l'headvantages are; loW'
cost, simple construction, easy to use.
A variation of the Kelham(30)water absorption test
is considered to be the most appropriate method
for measuring the water transport properties of
concrete. Using the method developed, it is
sUfficient to measure water absorbed by the
sample at 1, 6 and 12 minutes after the start of
the test. An important advantage is that this
test has been developed to use the same sample as
that used for the permeability tec;'t.
Theoretical equations have been develop~d for
both the oxygen permeability and water siorptivity
test methods. Good correlations has also been
demonstrated between the actual results of these
tests and those predicted by the theoreti~al
equations.
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CHAPTF.R 4
CRARACTER1SING THE INFLUENCE OF THE VARIABLES
ASSOCIATED WITH THE PROPOS EO TEST METHODS

4.1 Introduction

In Chapter 3, the test methods to be Used to measure
the potential durability of concrete~ were selected,
developed and shown to be useful in testing the fluid
transport characteristics of concrete. !n this chapter,
the intention is to calibrate the condition-of-test
variables associated with a single concrete sample,
which affect ~he results of the tests. These variables
relate to:

the thickness of the sample, measured in the
direction of test fluid movement, in relation to
the maximum size of the aggregate;
the moisture content of the sample at t.he time of
test; and
the drying history of the sample.

In addition, an attempt is made to understand the
effect, if any, of these variables on different quality
concretes as affected by mix design parameters such ,as
binder type and strength grade.

This chapter presents a review of the literature
dealing with the effects of these variables. Where it
was felt that fUrther clarity was required on certain
aspects, a test programme was developed in order to
characterise the falling head permeameter and water
sorptivity tests. The results of these tests provided
guidan~e for the development of sample preparation and
pre-treatment aspects of the test metihoda to be used in
the main t~st programme.
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4.2 Infl.uence of Sample Variables on the Test Results

4.2_1 Sample thickness

sample thickness and oxyge!1 permeabil.ity
Equation 3.5 in Chapter 3 shows that, ceteris paribus,
a linear relationship exists between the thickness of
the sample (d) and the time required for the pressure
to fall from Po to P. This means that, for the same
material under test, the same value of coefficient of
permeability should be obtained regardless of the
thickness of the sample. However, when considering the
tWo-phase, internally flawed nature of concrete, there
is a limit to the validity of this relationshi.p. As the
sample thickness decreases, the possibility of flaws
(such as micro-cracks and bleed voids) short-circuiting
the air flow through the sample increases and the
apparent permeability of the material increases.

This effect is particularly important when the
thickness of a sample, cut from a larger; specimen, is
less than the maximum size of the aggregate. It is
known(l)that the interface between aggregate and
hardened cement paste is more porous than the bulk of
the material. Also, if local.bleeding is likely, a
bleed void could form .on the lovIersu..:l:facenf the
aggregate with respect to the directi on r.. ·.~~r
movemerrtf", Hence I if the sample thickness 04 .." .Lessthan
the maximum aggregate size, a surface of th€ same
aggregate particle could appear on both sides of the
sample. Flaws on the perimeter of such an ag9regate
particle would be a direct short circuit for air flow
through the sample. This effect is shown in Figure 4.1
below'.
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IDir.ction of Casting I

Thin Sample Thick Sample

Figure 4.1 Effect of sample thickness in relation
to aggregate size.

Because of this effect, Grube(3)has sugge::::tedthat the
sample thickness be at least three times that of the
maximum aggregate size. However, the issue appears to
be far from being resolved since Hooton~ found that,
using concrete with a 25 mm maximum aggregate size, the
permeabilities of samples ~3 romand 45 rom thick were
almost identical. He does suggest that more tests are
required before final conclusions can be reached.

AS stated in section 3.3.3 of Chapter 3, a requirement
of this project was to obtain a measure of the
gradation of properties in the cover ~oncrete region.
This zone is commonly 25 romto 40 ~~ thick and the
maximum aggregate size in South African concretes is
usually 25 rom. The requirement could clearly not be
satisfied if the suggested minimum sample thickness of
three times the maximum aggregate size was adhered to.
It was therefore necessary to understand the influence
of sample thickness on measured permeability under
condi~ions where the sample thickness is close to, or
smaller than, the maximum aggregate size.
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Sample thickness and water absorption

In the development of the sorptivit.y equatio!':in
c,

Chapter 3, it was shown that the eff~ctive porosity (n)
i-\

of the sample is determined from the equ~tion:

n = (Msat - MJ
Adpw

4.1

r
~

I where:
= effective porosity of the sample;

Msat == wat,er saturated mass of the sample;
Ma = sample mass at the start of the test;
A

d

..- cross sectional area of the sample;
= sample thickness; and
= density of water.

o

~n assumption inherent in this analysis is tha,t +he
.porosity determined from Equation 4.1 is uniformly
distri1>uted throughout the test sample. If the porosity
is indf'..!eduniform through the sample. the thiCkness of
thE;'t'ample is of little conaequence t.othe,value of
sorp:.:.ivit:obtained in the test. However, if the
purosity varies with depth into the sample, the
straight line relationship between water absorbed and
the square root of time is no longer valid. ThiG
situation occurs in the case of concrete whiCH has been
exposed to inadequate curing: the porosity of the
surface concrete can be expected to be greater than
that of,the internal concr-ebe, such a aamp Le is shown
schematically in Figure 4.2 and the general, imagined
form of results from a water sorptivity test on this
sample is shown in Figure 4.3~



Fi®re 4.2 Schematic r(,..;presentationof a sample
with varying porosity
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Generalised form of results obtained in
a sorptivity test on the sample shown in
Figure 4.2

Figure 4.3

Figure 4.3 shows that the decreasing porosity with
de.pth into the sample is reflected by a non-li.near.
relationship developed in the waJcer absorbed v,erS\1S
square root of time plot. For the or-Lencat.Lon clf 1~he
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sa:mple as shown in Figure 4.2, the curve shoW's
decreasing slope indicating decreasing sorptivity with
depth into the sample. Figure 4.3 also shows the form
of the results obtained an the basis of mass
measurements at regular intervals, as would be the case
in the sorptivity test method proposed in Chapter 3.

The problem with result:s as shown in Figure 4.3, is
that there i,1;:; no clear portion of the curve to be used
to determine a sorptivi'ty value. This derives from the
fact that, at any time during the test, there is no
measure of the depth of water penetration into the
sample. Parrott(S) argues that:

" caloulatior;.s of the depth at: water
penetration from the Io,Teightor VCJIU1'll8 of
water imbibed Ltivol.v» the assumption that
porosity does not; vary with depth and that
water penetrates as a sharp liquid front.
These assumptions are only approximations
of reality in a I.lateria.l like oonaret:e , II

It is therefore not possible to divide the curve into
small, d.iscl,-etesections 1 the slope of which could he
used to determine a sorptivity value. Such a value
could not be ascribed to a particular depth of the
sample and would therefore be of little use. One may
then be forced to adopt an "average" straight line
value to determ:t.nethe sorptivity and incur the error
of masking the poor quality of the surface concrete.

A way of minimising this error would be to use samples
with as small a thi.ckness as possible. The variation of
sorptivity with depth could then b.e determined, as the
curve in Fi.gure 4.3 would be divided into sections of
known depth.
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Since the concretes in the nain research programme were
to be subjected to a range ()fcuring reqi::.nes,it: was
expected that surface aampLas would Sh01t/ variations in
porosity with depth and tha<:test results of the form
in Figure 4.3 would be obtalned. It could be expected
that a similar problem would arise when samples with
macro-flaws, such as cracks and bleed vo Lds , are
tested. At the beginning of iU.1filtration,these large
voids are filled first, giving a high value of
sorptivity in the first minute of the test and lower
values as the test proceeds. All analysis of this
problem is presented when the r\~sults of the main
research programme are discussed.

4.2.2 Moisture content of ..:hesample

Moisture content a.nd oxygen permeability

Because of the low diffusiv:Lty of oxygen throu9h water,
a water filled capillary in concrete act.s as a solid
barrier in the oxygen permeability test. This means
that a fully saturated concrete would exhibit extremely
low oxygen permeability values, almost independent
of the size of pores and the degree of interconnection
of these pores. As the sample is dried and the pore
structure is "opened" to the paaaaqe of oxygen, the
measured value of permeability increases.

This effect was well .illustrated by uj ike and
Nagata.ki(6)who exposed concrete s.ampLea tr.Jvarious
relatiVe humiclity conditions for air drying and
monitored the change in air !pe.rmeabilitywith tim.e. The
temperature in the drying environments was held
constant at 20 ± 1 °e. Their results showed that an
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approximately linear relationship exists between "open
porosity" and the measured coefficient of permeability
regardless of the relative humidity of the drying
enviroh ..::ent.Open porosity is defined as the ratio of
the volume of evaporated ,;Jaterto the volume of the
sample.

A linear regression analysis of the data presented in
reference 6 showed that, over an open porosity range of
2% to ~\1%I the coefficient of air permeability, k (in
cm/s) is related to the open porosity, n (%), as
follows:

log (k) = R.n - 13

where R is a constant dependent on the mix parameters
oe the concrete. Table 4.1 shows values of .R calculated
for the concretes tested by Ujike and Nagataki.

Table 4.1 Values of R calculated from data presented by
Uj ike and Nagataki(6)

w/c ratio of concrete R

0.4 0.597

0.5 0.500

0.6 0.455

Parrott and Hong(7)present results of the: variation of
air permeability with sample moisture loss due to
drying which agree well with those pr~sented in
reference 6. They also show an approximately linear
relationship betT.yeenthe sample Weight loss after 10
days of drying and the air permeability measured. after.
80 days. This, they argue, e;,nphasizesthe utility of
early-age weight-loss data, implying that such data
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could possibly be used as a durability characterisation
parameter.

The discussion above has underlined the important
influence of moisture content on the gas permeability
of concrete. This indicates ~he importance of concrete
samples being tested at a ~imilar moisture condition if
gas permeability is to be USl:Jdas a dUrability index
parameter. Unless this is achieved, it will be
difficult to compare the relative performance of
different types of concretes.

Moistul:e content and sorptivity

It is aas i l.y reasoned that the rate of water absoxpt.Lon
into a porous material such as concrete will depend on
the amount of water in the pore structure at the start
of infiltration. As with air permeability, this
dependE\TIceof water absorption on moisture content has
plagued the development of a useful in situ absorption
test me'l:hod.The inability to determine the moisture
content of the in situ concrete make results from tests
such as the ISAT methodlS) difficult to interpret and
LmpLement; as a specif ication test. For example I the
time Lapaa between a rain period and the actual
performance of the test could have a significant effect
on the results obtained. The specification attempts to
OVercome this problem by prescribing the minimum number
of rain-free days which have to elapse before the test
can be conducted. However, this is only a partial
solution since the moisture content of the concrete
will be affected by the temperature, relative humidity
and duration of the rain~free days.

'the sensitivity of the :(Sl\Ttest to moisture content of
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the sample was demonstrated by Ohir et al (9). In
characterising;the covercrete absorption test developed
by Dhir et al\~',Lampache:r(lO)showed the sensi tivity of
this test to moisture content by testing concrete
samples sUbjected to varying degrees of uniaxial drying
ai:.50 ()e. His results are presented in Figure 4.4 where
it can be seen that stability in the test results is
ol1ly achieved after approximately 30 days of drying.
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Figure 4.4
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Drying Time (days)

variation in the covercrete absorption
test results with changes in moisture
content of the sample (after
Lampacher(lO))

Another fal:::torwhich could affect the outcome of the
test results is the distrilJution of 'moisture in the
pore structure, despite a uniform distribution of
porosity through the aamp Le , Xf the sample has been
dried such that a gradient of moisture content exists
from the surface to the interior of the sample, the
rate of water absorption will change with depth into
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the sample. As with the non-uniform distribution of
porosIty, this will have the effect of distorting the
straight-line relationship between the water absorbed
and the square root of time. Figure 4.5 shows the
resul ts obtained by Uj ike and Nagataki (6) on the drying
profile of a 60 rom thick concrete sample exposed to
drying from two opposite surfaces only. The sample was
exposed to a relative humidity of 60% and temperature
of 20 QC for d7:ying. Under these drying conditions I

uniform moisture distribution was only achieved after
104 dayst the earliest time at which the sorptivity
test could be conducted.
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Figure 4.5 Variation in moisture profile with time
in a concrete sample exposed to air
drying (after ujike and Nagataki (6»)



4.2.3 Drying history of tb,e sample

Drying history and air permeability

The way in which the sample is brought to a stable and
uniform moisture condition before l~esting is the basis
of a cOi'1siderable and, as yet unresolved debate amongst
researchers. The debate relates to the amount of damage
or alteration caused to the pore structure of the
sample during pre-treatment procedures. A ques tLon is
therefore raised regarding the extent to whibh the test
results can be considered to be representative of the
parent concxet;e ,

A range of ·techniques has been used by various
researchers for drying their samples and, on the basis
of the extent of i.'icrostructural damage caused, these
techniques can be plac~d in the broad categories listed
below.

Gentle dry:~ng: In this category I samples are dried
without exposure to high temperatures or moistt1:r.e
gradients. Methods such as air drying(Ii), solvent
replacement or freeze drying(12)are used in order to

minimise the damage caused to the concrete
microstructure. In support of these drying mat.hods ,
Booton~ states that:

" (F)or air or gas permeabilities, extreme
dryi.ng such as at 110°C should be avoided
due to the potential for both collapse of
the mi.croetzxuotzur« and creokiinq:"

The pr.oblem with air drying of samples is the long time
required to achieve uniform noLstnrre conditions as
shown in Figure 4.5 above. This is an important
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consideration if the test is to be USed for early-age
characterisation of concrete quality.

Mild heating: The air permeability test method used by
The Division of Building Technology at the CSIR
involves drying the 50 mm thick samples in a ventilated
oven at 50 °c for 14 days before testing. It is
argued(13)that this is a compromise between short sample
preparation times and microstructural damage due to
excessive heating. Parrott(14)also argues for the merits
of drying at 50°C but adds that the sample should not
be exposed to this temr.~Lature suddenly.' He Suggests
that, che temperature 0', the sample should be increased
frOln ambient to 50 0c.' at a rate of 0,5 "c per minute.

orying at ±l05 °C: With this method, the sample is
placed in a ventilated oven operating at between 100 °c
and 110 °c for between 24 and 48 hours before testing.
CaP"·era and Lynsdale(15)report that their aamp Les

required between 24 and 36 hours of drying at 105°C to
reach constant '\'/eight.Dhir et al(16)also expos'ed their
samples to 105°C and continued drying until a weight
change of less than 0.1% over a 24 hour period was
obtained. This required drying times of between-2 and 4
days. They argue that the advantages of drying at 105
°c are:

/I a sbort conditioning period for the
test specimen, a simplified test procedure
(since both gas and specimen could easily
be brought to a mird.mum rel.ative humidity
quickly), a high flow rate with dry
specimens and, particularly, an improved
reproducibility of test results."
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Drying history and water absorption

Lea(l7)presents data on the water absorption of concrete
dried in different ways. He shows that the water
apsorption of samples dried at 105°C is higher than
that of samples dried in vacuum at 20 °c for 30 days.
However, with these results, it is difficult to
distin9u';_.r;hpetween the effects of higher drying
temperature and the increased dryness of the sample, in
itself causing an increase in water abl:::jorption.

In the development of their test methods r both Kelham(18)
and Dhir et al(9)dried their samples at 105°C before
testing and tJ:lisappears to have been done in the
interest of a reduced sample pre-treatment time.

Consideration of the issues associated with drying
history.

In section 3.4 of Chapter 3, it was argued that, when
measuring a particular parameter of concrete to be used
as a durability indicator, we need not measure such a
parameter as a fundamental property of the material. It
is understood that some alteration of the
microstructure may occur as ? result of the pre-
treatment method and this is accepted in the interest
of practicality. Inherent in t.his acceptance is the
understanding that the method of sample pre-treatment
causes a similar relative amount of alteration to the
microstructure of different concrete types. Hence, the
ability to compare the durability performance of
different concretes on the basis of the measured
parameter remains intact, since their performances in
the test correctly reflects their relative performanCes
in situ.
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Since each of the drying methods discussed above will
result in microstructural alteration, although to
different extentsq the focus of the debate snould
rather be aimed at assessment of the relative degree of
alteration caused by the drying methods. To .i.llustrate
this argument, consider that a hypothetical
relationship has been developed Which describes the
long-term durabil.:i-typeri'ormance of concrete (say, in a

\

particular sulph?~e environment) on the basis of a
short-·term durabltlity index value (say, air
permeability), determined with the minimum alteration
of thE~microstructure caused duri119 the test.
Experience with the relationship has also shown that it
is generally applicable' to all -types of concrete. The
relationship would be of the form:

D =- f(1) 4.2

Where! D = a durability performance measure, and
T = a durability index test measure.

Assume that this function plots as Curve I in Figure
4.6. I£ a different. drying procedure is used and this
causes the relationship to be represented by, say,
Curve II, the procedure is acceptable since EqUation
4.2 is still applicable, although with altered values.
However, if the neW drying procedure causes the
relationship for some concretes (say, ope/fly ash) to
be represented by Curve II and other concretns (8;:>:/,

OPC or OPC/GGBS) to be represented by Curve lII, then
the drying procedure has had di~ferent relati.ve effects
in altering the microstructure of the differe\ttt
concretes.
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Figure 4.6

r

DURABILITY INDEX (T) (

Hypothetical re19:.:'.:i.onshipbetween
durability il\~ex:'~alueand durability

\\performance oit concrete.
Ii1/

Hence, two concretes which were assessed to have the
same durability performance on the basis of the
"correct" index test procedure (point a on Curve I),
are now assessed to have (iifferent durability
performances (points band c on Curves II and III)
because of the distort"'_onintroduced by the drying
procedure. The effect has been simplified here to
illustrate the point. In reality it ca,n b~. expected

Ii ...

\\that T will also change in moving from Curve I to
curves II and III. The ext€\nt of this change will have. , \\ .an LnfLuenoe on the f~nal result and concl\1s~on.

\)

In this situation, EquA~ion 4.2 has to be adjusted
, '\

account for the effect of concrete type on the test
result and will then; take the form:

to

D = fi.T,t.:} 4,3
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where c is a variable accounting for the concnetie type.
The problem int:rroducedinto Equation 4,3 is that, for
the durability index to be useful as a desi:gn and
quality contr.ol tool, the variable c has to be
quantif;~ed thr<;)ugh-I-esting.

Another problem which could be introduced by the drying
procedure is where the extent of microstructural
alteration is such that the relationship between
durability index and durability performance is
transfor'med to that r!f~resented by curve IV. Here the
sensitivity of the index has been a.ffected and small
changes in ·themeasured index reflect large changes in
durability performance. The effect of experimental
error and inter-laborator:; differences become magni.fied
and the. usefulness oi' the test is bLmted.

The discussion presented above iElnot intended to imply
that a single relationshi~, such as Curve I, exists or
is indeed achievable. It is likely that the
relat.ionships are more complex tharl indicated in
Equations 4.2 and 4.3.

4.3 Laboratory Investigation

Where inSUfficient guidance was provided by reported
research, a series (1ft~$ts was developed to
characterise the inflUence of some of the parameters
discussed above on the test methods developed in
C:n.apter:3. This was necessary to finally select the
sample parameters and pre-treatment procedurfs to be
used for testing concretes .I.nthe main programmEi'.•

The following tests were conducted in this part of the
investigation:
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a) the inf vuanoe of sample thicl<:ness (as casc) to
aggregate size ratio on measured oxygen
permeabilitYi

b) the influence of sample thickli.eSS, cut from a
larger specimen, on measured o):ygen permeabi.lity;

c) The influence of dryilTlghistory on permeability
and sorptivity measurements.

The tests were condt;lotedin thj-; sequence so that the
measurement of the influence of drying history could be
determined. on samples of the same thickness to be used
in the larger test progr,:arnme.This thickness would be
determined by the resul;,b1I·;)ftests conducted under a)
and b) above.

This meant that a drying method had to be selected in
order to conduct the tests for a) and b). In this
selectioll, guidance was provided by the work done by
Nagataki and uji](e(l9)who show that the relationship
between the open porosity (resulting from incx'eased
moisture loss)" of a sample and its permeability r.em~ins
uniform if the samples are dried in air or at 50 -c, On
the other hand, When the samples were dried at 100 °Cf

the relationship between open porosity and permeability
was no longer compatible with that of the "more gently"
dried samples. The auchcz-s do not discuss the
implications of thi,s observation for permeability as a
durability indicatOr tes:t. However this research
prompted the dElcision to dry samples at 50°C on the
basis that this was the fastest way of aChieving
uniform mohlture cond.i.tri.on in the samples without
causing any significant alteration to the
microstructure.

It w~s therefore necessary to address ~he questiQ~ Of
the required time of drying at 50°c to achieve stable

4"18



lnQisture condition. The first st:itof tests conducted
was therefore aimed at a determination of the required
drying time.

4.3.1 Duration of drying at 50 Uc required to achieve
stable moisture conditions

The samples :eor the initial charaoterisation programme
were to be of varying thicknesses within the range of
normal concrete cover. These samples were to be dried
in an air ventilated OVen having a thermostatic control
between ambient temperature and 120°C. The thermostat
was set so 'that the temperature in the oven could be
maIrrcadned at 49 ± 1°C.

It was decided that, for the tests on the r.equired
drying time to be sUfficiently representative, a good
quali ty, well cured concrete should be used. Tt\ro
concrete cubes which had been in a standard cur:l.ngtank
for approximately 12 morrths were used for this par-t;of
the investigation. The cubes were manufactured using
plain OPC and crushed grani t.eas aggregate and it was
known that the 28-day compressive strength of this
concrete was app'roxd.mat.eLy 45 MPa.

Each cube was cut so that a central prism measuring 70
x 70 x 80 mm was obtained. The cutting was arranged so
that the long axis of the prism was at right angles to
the direction of casting. Each prism was then cut into
three slices of thickness 10 mm, 0 mm and 45 mm using
a 2 mm thick, continuous diamond grit blade.
Immediately after cutting, the slices were rinsed with
water, surface dried and weighed to an accuracy of 0.01
g on an electronic scale. The slices were then placed
in the oven and weighed at regular intervals for the
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next 10 days.

Results and diseu:lsion

Table 4.2 shows the results of change in mass with time
in the oven for the various samples tested. Dhir et
al(l6)have shown that a 0.1% mass change ov:er ,,?A hours

\ ;is an acceptable <:..'riterion for determining st'able.
moisture condition for the permeability test. \rhe
results are therefore presented in terms of the
per6entage mass loss over a £4 hour period. The table
also shows t-he time required to a.chieve a rate of .mass
loss of 0.1%. Thi.s value was determined by linear
interpolation between the relevant points. Finally, the
table shows the average drying time required for the
varying sample thicknesses. As an illUstration, Figure
4.7 shows the variation in the rate of mass loss with
time f<)r the three sample thicknesses of the PC/!
samples. A log scale is used on the vertical axis of
this figure to show the trends more Clearly. The slopes
of these curves are suff iciently unifo:.t'mat the point
of crossing the 0.1% line to justify the linear
interpolation used in determining the required drying
time.

4-20



Tab1e 4.2 Time rate of moisture loss of samples drying in the 50°C oven

Saturated Rate of Mass Loss (%/24 hrs) Time to

Thickness Weight After Drying for (days)~ 0.1% Mr

Sample (iron) (g) 0.75 1.81 I 2.79 3.78 4.75 6.75 9.75 (days)

10.00 110.39 3.61 0.63 0.35 0.23 0.13 0.06 -0.02 5.50

Fell I 20.00 237.69 2.51 0.57 0.40 0.28 0.22 I 0.15 0.05 8.20

45.00 549.67 1.74 0.49 0.34 0.26 0.21 0.16 0.07 8.~O

10.00 116.73 3.14 0.45 0.26 0.09 0.08 0.02 -0.03 3 •.70
,

PC/2 20.00 228.83 2.51 0.56 0.38 0.25 0.21 0.]3 0.04 7.70

45.00 532.02 1.64 0.44 0.30 I 0.23 0.19 0.14 0.07 8.40

I
samp le Thickness (mm) 10 20 45

Average Time to 0.1% Mr (days) 4.60 7.95 8.65 I

Note: Me = Rate of mass loss (gj24 hrs)
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Figure 4.7 variation in the rate of mass loss for
samples dried at 50°C

Both the 10 mm thick samples showed a negative rate of
mass loss after 9.75 days in the oven. It is thought
that this was caused by the samples showing a slight
mass gain at this age resulting from an increase in the
ambient relative humidity. This would c.ause an
increased relati Va humidity in the oven which wou Ld be
reflected by a mass increase Of the sampl~s.

Oh the basis of the results above, it was decided that,
When necessary, the following minimum drying times
w'ould be used:

.Sample thic}cness
~17 mm

>17 mm, <50 mm

Drying time in 50°C oven
7 days
14 days
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4.3.2 The influence of sample thickness in relation to
aggregate size

In thi~ part of the investigation, the intention was to
determine the influence of the sample thickness, in
relation to the maximum aggregate.•size, on the measured
permeability of similar concretes. Sampl8s were cast to
the required thickness to avoid the need for cutting
which may .have had a distorting influence on the
results.

concrete slabs measuring 100 mm x 300 nu:n and of varying
thickness were cast in timber trays, manufactured as
shown in Figure 4.8. The thicknesses of ..the slabs were
controlled by altering the height of the side wallS of
the timber trays. A plastic sheet was placed on the
bottom of the tray to a.void loss of water from the
fresh concrete to the timber base.

o

\

rigure 4.8 Timber tray with pla::;'iticsheet for
casting concrete slabs.
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\It was decided to prepare concretes using two w'/c
ratios and two maximum aggregate sizes. The larg~
aggregates Were obtained by passing a nominal 13.5 rom
dolomite aggregate through a jaw crusher and manually
sieving the crusned ~~terial to sepa~ate the -9.5 +6.1

, I,'

mm and the -6.7 +4.75 mm fractions ..These sizes were
used to increase the range of sample t.hLckne.sa to
aggregate size ratios which coUld be tested in the
falling head permeameter. Figure 4.9 shows samples of
the aggregates used.

Table 4.3 shows the combinati ~'''I~·of sample thickness
and stone size tested. A combination of the small stone
with a 45 mm thick sample was not tested as the ratio
of stone size to sample thickness was thought to be
unrealistic at this level.

Figure 4.9 sampf.es of the stone sizes used in the
sample thickness/aggregate size rati()
t~est'ft
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Table 4.3 combinations of stone size and sample
thickness tested

Sample stone Size. (rom)

Thickness -9.5 to +6.7 -6.7 to +4.75
-

10 Y Y

20 Y Y

30 Y Y

45 Y.

y ~ndlcates tested comblnatlon

It was also felt that 10 mm was the minimum physical
sample size which could be cored and tested in the
permeameter.

Table 4.4 shows the mix proportions used to prepare the
samples. w/c ratios of 0.67 and,0.56 were used for both
aggregate types. The mixes were designed to be fairly
dry because of the thinness of the slabs being cast. and
the fact thai: high-speed, mechanical vibration was used
for conipaotLon ,

A crushed granite sand, with 0' finenes~ modulus of 3.1,
was used for these mixes. The mixes wer.e prepared in a
small, 10 litre capacity mixer. Mixing was continued
for 2.5 minutlas with the water being added over the
first :30 seconds ,

Before casting, the various components of the timber
trays were coated with mould release oil and then
assembled using 15 mm wood screws. The trays were
individually cl.amped onto a high-speed vibrating table
and filltE~dwith concrete with the vibrator activated.

4-25



'l'able 4.4 Material proportions (kg,/m3)of the various
mixes tested.

Mix Identification
Material 9/15 9/18 6/1.5 J 6/18

Water 205 205 210 210
ope 307.5 369 31.5 378
stone:
-9.5 +6.7 740 740
-6.7 +4.75 500 500
Sand 1161 1130 1360 1315
w/c Ratio 0.67 0.56 0.67 0.56

When sufficient compaction was achieved, the tray was
removed from t;hevibrating table and the top surface of
the concrete was finished by .rolling with a 10 mm
diameter glass rod. This ensured that the top of the
concrete was even with the top of the tray sides. The
slab was then covered with plastic sheet until
demoulding.

Approximately 24 hours after casting, the sides of the
trays were removed and the concrete slabs, on their
timber bases, were placed in a standard curing tank for
a further 13 days. After this curing period, the slabs
were removed from the water and the tray sides were
replaced. Three 68 mm diameter cores were then obtained
from each slab in the positions shown in Figure 4.10.
The tray sides ensured that the slab was firmly held
during the coring operation.
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Concr.ete slab

1100 mm

~~~_____l_l
300mm

Figure 4.10 Location of the cores drilled from each
concrete slab.

Each core was identified by being marked on its
circumferential edge. All the cores were placed in a
ventilated oven held at 49 ±1 DC for J.4days before
being tested for oxygen permeability in the falling
head pezneamet.ez-,

Results ~nd discussion

Table 4.5 shows the permeability results obtained for
this series of tests. These results are presented
graphically in Figure 4.11 where the permeability
values are plotted against the sample thickness to
aggregate size ratio. The aggregate size was taken to
be 9 mm for the -9.5 +6.7 stone and 6 mm for the -6.7
+4.75 stone.
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COEFF. OF PERMEABILITY (10A-10 m/e)
3

2.5
-- 6/113 --t- 6/15 ~ 9/18 -a-- 9/15

O.5~---~--~------~----~~----~------~------~
o 1 2 3 4 5

SAMPLE THICKNESS! AGG. SIZE RATIO
6

Figure 4.11 Variation in CClf~fficientof permeability
with sample thi~kness to aggregate size
ratio

From the results shown in Table 4.5 and Fiqure 4. :1.1, it
can be seen that:

the 0.56 w/c ratio concr' ~s gave lower oxygen
permeability results than the 0.67 N/c concretes;
for equal w/c ratios and tla ratios, the
concretes with the larger stone size gave lower
permeability results;
concretes with the larger stone size showed
greater variation in permeability with varying
tla ratio than the concretes with the smaller
stone size;
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Table 4.5 Results of the coefficient of permeability (x
10-10 m/s) tests conducted on the samples
cored from the slabs.

Sample Coeff. o~ p~rmeability, k
~

ThR:q.ess (X1O-IO m/s) of Sample No: Average t/all

(nun) 1 2 3 k Ratio
.IMix 1.D: 9/15

10 2.09 1.65 2.73 2.16 1.11

20 2.42 2.08 1.89 :2 .13 2.22

30 1.44 2.46 2.08 1.99 3.33

45 1.67 1.68 1.77 1.71 5.00

Mix IoD: 9/18
c~

10 1.24 0.81 0.95 1.00 1.11

20 0.76 0.90 1.01 0.89 2.22

30 0.63 0.76 0.60 0.66 3.33

45 0.69 0.82 0.77 0.76 5.00

r1ix I. D: 6/15- I

10 2.03 2.54 * 2.29 1.67

20 2.53 2.07 2.71 :2. 44 3.33

30 1.78 j.14 1.80 2.24 5.00 ~-
Mix I.D. 6/18

I I
10 1.06 I 0.86 * 0.96 1.67

1
20 0.78 0.96 :1,.06 0.93 3.33

I I I It.02 I
30 3.. 08 0.94 1.01 5.00

= * - Sample broken dur~ng cor~ng.
lit/a= sample thickness/aggregate size
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within the range of sample thickness to aggregate
siz~ ratios tested, th~ largest variation in
permeability was observed with the larger stone
concrete.)iMaximum percentage differences were 21%

and 34% for the 0.67 and 0.56 wlc ratio concretes
respectively.

Hoaton(4)has shown that the permeability of a h.:i.gh
quality concrete could differ from that of a poor
quality conc:!rtt.eby a factar of 1000 times. In view of
this obse::"vation,the differencr,asobserved in the
results shown in Figure 4.11 couLd be considered to be
marginal. It could therefore be argued that, for the
as-cast samples used in this study, measuxed gas
permeability is nee.. significantly affected by the
maximum aggregate ..1ze in relation to the aampLe
thickness.

4.3.3 The influence of sample thi.eknes$ for samples cut
from larger epee Imens,

In this part af the characterisation test-ing, the
objective was to obtain a measure of the influence of
sample thickness on permeability measurements, when the
samples are cut from larger specimens. This is a more
common application of the permeability test since test
samples derived fram in situ structures would be
obtained in this manner.

The following aspects were considered important in .:he
development of the mixes for this investigation:

all concretes should contain the same large
aggregate size;
a single binder type should be used throughout
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the test samples;
a range of strengths and workabilities should be
tested.

The mix proportions shown in Table 4.6, developed in
consideration of these criteria, were used in this part
of the investigation. A nominal 19 rom crushed granite
stone and a crushed granite sand were used as
aggregat~s.

Table 4.6 Mix proportions (kg/m3) of concretes used to
test the influence of cut sample thickness on
oxygen permeability measurements.

~ Mix Identification

~erial 200A 200B 200C 210A 210B 210C
200 200 20U I 210 210 210water

J
1

OPC 300 350 400 315 368 420
19mm stone 1030 1000 1000 1030 1000 1000
Sand 837 824 782 798 784 739

[/0 Eatio 0.67 0.57 0.5 0.67 0.57 0.5
Slump (mm) 15 25 30 45 60 45

=17 ,=

Sufficient material of each mix w~s prepared to fill
one standard 700 x 101.6 x 101.b mm beam mould. 'rhis
material waS mixed in a 40 litre capacity pan mixer for
3 minutest with the water being added over the first
minute.

The beam moulds were clamped onto a high-speed
vibrating table and were filled with the vibrator
activated. After casting, the moulds were covered with
plastiC sheeting and stored in the laboratory. On the
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following day, the moulds were stripped and the
concrete beams 7llaced in standard water curing tanks
f~tted with submerged circulation pumps. The water
temperature was maintained at 22 ±1 QC with the aid of
thermostatically controlled iltunersionheaters.

At 14 days after casting, the beams were removed from
the curing tanks and cut :intosegments as shown in
Figure 4.12 (a). The two end segments were discarded so
as to ensure that the properties of the segments tested
were as uniform as possible. The two 100 mm segments
were used to determine the 14-day strength ~s a means
of characte:rising the par-sicular concrete and
monitoring the-influence of the different water
contents. Compressive strengths were determined in the
standard manner using an Amsler compression testing
machine with a capacity of 2000 kN. The load was
applied at right angles to the direction of casting,
onto the two opposite moulded faces.

A central, 68 mm dtiameter core was drilled
longitudinally from each of the three 140 rom segments
as shown in Figure 4.12 (b). From each core, disks
measuring 10, 15, 2.0,30 and 45 mm thick were cut using
a high-speed, continuous fine cut blade, with the
remaining segment being discarded as shown in Figure
4.12 (c). T:pe order in which the various disk
thicknesses were out fi"Om,the core was not necessarily
as shown in Figure 4.12 Cb). In this way, three samples
were obtained fdr each concrete type and sample
thickness combination, with each sample taken from a
different segment of the beam.
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Direction of Casting

I l ,
Compressive 3 x 140 mm long prisms Compressive

.::n:.~~~~:_"~~_7_1\_\ \\ 7__~::::
"""// // Cal ~.all1 out Into nrlsma

66~~':liS .1:::.::.".:..:::1 11.1 I I
(b) Prism Cored (0) Core sliced

into dlska

Figure 4.12 Method of cutting, coring and obtaining
disc samples from cast beam sections.

The discs were then marked and placed in the 50°C oven
for 14 days. The samples were then tested for oxygen
permeabilit.y in the falling head permeameter using the
rubber collar method of sample sealing.

Results and disoussion

Table 4.7 presents the results of the compressive
strength determinations on the end segments of the
beams. The strength and density values presented in
this table have been corrected for the actual measured
distance between the two cut faces of the segments.
This dimension varied between 101 mm and 106 rom after
cutting.
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Table 4.7 Compressive strength results ·of concretes
used t.o measure the influence of cut sample
thickness on permeability.

Sample compress. Average
Sample Sample Density strength strength
LD. No. (kg/m3) (M1?a) (MPa)
~"'DA 1 2426.7 23.9 24.4

2 2407.8 24.9
200B 1 2403.2 30.7 32.3

2 2389.0 33.8
200C 1 2417.0 44.6 42.2

2 2422.1 39.8
210A 1 2402.9 24.3 24.0

i'
2 2378.9 23.7

210B ., 2441. 0 31.0 20.0
2 2408.7 29.1

210C 1 2379.9 37.2 38.8
2 2375.2 40.5

Tables 4.8 (a) and (b) show the oxygen permeability
results for the various slices. rrhetables also show
the standard deviation and coefficient of variation for
each group of results. These parameters are calculated
as follows,;
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I)(Xj - X')'}.

n::- 1

. S
Vi = ....E.

Xl

where:
SD == sample standard deviaticj'n
x, = one of a group of three results

the average of three results.the number of results (three)
Coefficient of variation

Variability of the results: The resul~s presented in
Tables 4.8(a) and 4.8(b) reflect the considerable
variability in oxygen permeability res't:I.:;,tsobtained on
nominally similar samples. Hooton~ mentions this as a
major drawback of gas permeability testing and notes
the importance of inte,rpreting the results incthe light
of the variability of the test procedure. To.oles 4.9(a)
and 4.9(b) show analyses of the coefficients of
variation calculated in Tables 4.8.

X, =
n
V' =
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Tab1.e 4.8(1'1) Coefficients of permeability for the various sample thicknesses of the
1

------~----- -_.- --I Sample I Mix Identification
Thknes 200A 200B 200e
(mm) k kAve So V' k ka'ic SI) V' k kavc 81> V'

2.00 0.70 0.65 I
10 2.30 2.90 1.31 45.1 2.21- 1.28 0.81 63.010.39 0~51 0.13126.1

4.40· 0.95 0.50

1.66 0.97 0.42
15 1.60 1.78 0.26 14.7 0<86 0.87 0.09 9.9 0.29 0.34 0.07 21.6

2.08 0.79 0.30
2.41 0.94 0.38 .1

20 1.57 2.06 0.44 21.3 0.85 0.93 0.07 7.7 0.33 0.36 0.03 7.1
2.21 0.99 0.37
2.96 0.92 , 0.35

~

2..06 2.73 0.59 21.6 0.80 0.81 0.11 13.1 0.28 0.34 0.06 16.3
3.17 0.71 0.39
2.28 0.91 0.39l:_j 2.29 2.22 0.12 5.3 0.88 0.89 0.02 1.8 0.23 0.30 0.08 27.6
2.08 0.90 0.26 I

Legend: k = coefficient cf oxyqen permeability pdO-1l1 m/s) ;
kaye ;:::: average coefficient for the three samples i SD = standard deviation
V' = coefficient of variation (%)i * see later discussion.
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Table ".B{ll) Coefficients of permeability for the various sample thicknesses of the
concretes with water content of 210 11m3•

~
-- ------------ - -- --",._-- --

I Sample Mix Identification
Thknes 210A 210B 210C I
(rom) k kg", SI) V' k k.,,< Sn V' k k.\,< SI) V'

1.:1.1 1.28 2.91
i

10 5.88" 10.3 4.14 40.3 3.30 3.72 2.67 i 71.8 2 .s i 2.7S 0•.22 7.90 I

1
10.8 6.57· 2.53
5.61 1.10· 1.80 I

I

15 2.13 6.28 4.52 72.0 3.04 2.27 1.03 45.4 1.45 1.76 0.30 16.8
ILl" I 2.67 2.04

8.09" 2.26 1.32"

I 20 2.29 4.36 3.24 74.2 2.57 4.85 4.22 87.0 1.89 1.68 0.31 18.5
-9.72" I2.70 1.82

2~73 1.68 1.18·
30 2.37 2.31 0.49 19.9 3.02" 2.14 0.76 35.6 0.82 0.96 0.19 19.9

1.82 1.72 0.88
1.75 0.83 0.92

45 2.19 2,03 0.24 11.9 0.74 3.13 4.06 130 0.96 0.89 0.09 10.4
2.14 7.82· 0.79

Legend: k = coefficient of oxygen permeability (x10-10 mls) ;
kave = average coefficient. for the three samples; Su = standard deviation
V' = coefficient of variation (%}; * see later discussion.
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Table 4.9(a) Analysis of the coefficj erlb3 of
variation of oxygen permeability results
on the basis of mix characteristics

Mix w/c Max. V' Min. V' AVe. V'
I.D. Ratio (%) (%) (%)

200A 0.67 45.1 5.3 21.6
i

200B 0.57 63.0 1.8 19.1
200C 0.5 27.6 7.1 r 19.7

Average 45.2 4.7 20.1

21QA 0.67 I 74.2 11.9 43.7
210B 0.57 J J.~O 35.,6 73.8 I
210C 0.5 19.9 7.9 14.7

Avera.ge 74.7 18.5 44.1

From Table 4.9(a) it can be seen that the concretes
with the lower water content generally gave the lower
coefficients of variation. However, the lowest average
value was obtained for Mix 210C, indicating that there
may not be a clear relationship between water content
and variability of results. The high value obtained for
Mix 210B is caused by the single anomalous result
obtained for the 45 mm thick sample of this mix.
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Table 4.9(b} Analysis of coefficients of variation
(%) of oxygen permeability results on
the basis of sample thickness.

Water = 200 11m.) Water = 210 l/mJ

t Max V' Min V' Ave V'· Max V' Min V' Ave V'

10 6J.0 26.1 44.7 71. 8 7.9 40.0
15 21. 6 9.9 15.4 72.0 1.6.8 44.7
20 21.3 7.1 12.0 87.0 18.5 '59.9

I 30 21. 6 13.1 17.0 35.0 19.9 24.9

~ 45
27.6 1.8 11. 6 130.0 10.4 50.8

Ave 31.0 11. 6 20.1 79.2 14.7 44.1
Note: t - sample thJ.ckness

The analysis presented in Table 4.9(b) is also shOWn
graphiqally in Figure 4.13. From this figure, it can be
seen that, for the lower water content mixes, the
coefficient of variability reduces from an average of
44.7% for the 10 rom thick sample to an almost uniform
Value of ±15% for sample thicknesses of 15 mm and
greater. on the other hand, reflecting the trend shown
in Table 4.9(a), the results for the higher water
contl?nt mixes are erratic and no trend can be
discerned. frowever, i.t is again clear from this diagram
that ·the variability of the 210 11m3 mixe}? is generally
greater than that of the 200 11m3 mixes for the range
of sample thicknesses tested.

Tha above analysis indicates that the variability in
the measurements of permeability on nominally similar
concretes is dependent on the workability of the
concrete. This is perhaps a reflection of the influence
of bleeding on the interconnection of capillary pores,

4-39



especially at aggregate interfaces. The variability
would then derive from local differences in the
aggregate distribution through the cut sample
thickness.

AVE. COEFF. OF VARIATION (%)

::~~~ ~ ~~---~_~ W~ER=~m~~
20 30 40 50

SAMPLE THICKNESS (mm)
o 10

~igure 4,13 Relationship betweet\ average
coefficients of variability of
permeability measurements and sample
thicknesG

Rejeotion of individual results. In order to understand
the influence of sample thickness on the measured
permeability of a particular concrete, it is necessary
to first address the variability issue discussed above.
It is clear from the data presented in Tables 4.8(a)
and (b), that much of the variability in a group of
three results can be ascribed to a single "anomalous"
result in the group. For example, the coeffic~ient of
variation of 130% obtained for the 45 romthick samples
of the 210B concrete (see Table 4.8(b», is the result
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of the single, high·vallle obtained on the third sample.
This re~;ult (7.82 x 10.10 m/s) is almost ten times
larger than the.ave:tllageof the other two results.
Intuitiv€>lY, it.appears that there. is justification for
rejecting this result and using the average of the
remaining two results as the value representing the
performance of the particular combination of
pf,lrameters.

The rej\~~;;:tionof data is often a controversial exercise
and in this case, where the decision is being made on
the basis of only three measurement~, it would be
difficuit to justify data rejection statistically.
HowevE;>.r,it appears that these individual "outlier"
results are masking the trends and should be excluded
to allow meaningful conclusions to be drawn.

The statistical approach to rejection of data is based
on an assessment of the probability of the suspect
result occurring in a range of measurements. This
probability is related to the difference between the
particular result and the mean of the group of results.
The probability that a result 'will fall within an
interval T.SD (2' == a constant) of the mean value is
given by:

4.6

and
x-mt ;:::---
Sp

4.7

where:
x == an individual result
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the mean of the group of results
the standard deviation of the group of
r.esults.

standard tables al'eavailable for evaluating this
integral~~ and from these it is calculated that:

m =

P (1) = 0.683;
P(2) = 0.954;
P(3) = 0.997; etc.

This means that there is a 68.3% probability that a
rE;\sult~vill fall within one standard deviation of the
mean. On the .other hand, there is only a 0.3% chance
that a result will fall further than three standard
deviations from the mean.

Using this approach, it was decided to exclude one of a
group of three results if such a result was more than
one standard deviation away from the mean. Hence,.
referring to Tables 4.8 (a) and (b), a result was
rejected if:

where kj is the individual, suspect result. Borderline
results were retained rather than discarded. The
results rejected on this ba~is are marked with an
anterisk (*) in Tables 4.8 (a) and (b). The average
coefficients of permeability resulting from this
"smoothing" of the data, is shown in Table 4.10.

The resu.lts in Table 4.10 are also shown graphically in
Figure 4.14(a) and Figure.4.14(b) where, for reasons of
clarity, the scale on the vertical axes had to be
changed to show the trends.
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Table 4.10 Average coefficients of 1?ermeability for
the various mixes and sample thicknesses
after the rejection of outlier results.

Sample Ave. Coeff. of Permeability JX104.0m/s)
Thkness for Mix l.D:
(mm) 200A 2008

2.15 0.83

1.78 0.87

2.06 0.83

2.73 0.81

2.22 0.89

10

15

20

30

~ 45

200(: 210A 210B

0.51 12.45 2.29

0.34 3.87 2.86

0.36 2.50 2.42

1.70

210C

2.78

1.76

0.&5

0.89

0.34 2.31
i

0.30 12.03 0.79

COEF'F. OF PERMEABILITY (x10A-10 rn/e)
3.00 .---~------------,

2.50

2.00

1.50

1.00

0.50

-.........................•.. / /'
'-.~ .

MIX 2008

*--...........___, MIX 2000**~--~~(~-----~~(~-------=~~~*
O.OO~-~---~--~----~·~~-----L----~--·~--~

5 10 15 20 25 30 35 40
SAMPlE THICKNESS (mm)

45 50

Figure 4.14(a) variation i.ncoefficient of permeability
with cut sample thickness for mixes with
water content of 200 11m3
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12.00

10.00

8.00

6.00

4.00

2.00

CQk;F'F. OF PERMEABILITY (X10"M1Qm/e)---~~~---....,

O.OO~---4~--~~~-----~--~---~--_J·- __~ J

(5 10 15 20 26 SO 35 40
SAMPLE THICKNESS (mm)

45 50

Figure 4.14(:b) variation in coefficient Of permeability
with cut sample. thickness for mixes ydth
water content of 210 11m3

The following observations are drawn from these
f~.gures:

'i"hemedium and high strength mixes (w [c: = 0.57
and 0.5) showed small variations in the measured
coefficient of permeability while the low
strength concretes (w/c = 0.67) showed
considerably greater variations.
The low water contient, mixes appear to be less
sensitive to changes in sample thickness than the
higher water content mixes.
The high variation observed with mix 210A is due
to the high result obtained with the 10 nan thick
sample. This variation reduces considerably for
samples of thickness 15 mm and greater.
The results ohtained for Mix 200A are erratic and
shows no clear trend between permeability and
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sample thickness. Hc.wever the results only vary
between permeability values of 2.73 X 10.10 and
1.78 x J_O·IOmls which is smaller than the
variation obtained for Mix 2J.OC of between 2.78 X

10.10 and 0.89 x 10.10 m/s.
For samples of thickness 15 mm Cl-pdgreater, mixEls
with .a water content of 210 11m3 show reducing
permeabilities with increasing sample thickness.
However, the variations are in a relatively
narrow band of permeability values.

It was stated in Chapter 3 that one of the objectives
of this research was to obtain a measure of the
gradation of properties in the zone of cover concrete.
To achieve this, it is necessary to use the thinnest
possible sample which will maximise the number of
sample points within the cover concrete. The results
obt.aLned above indicate that, to obtain a measur-e of
permeability which reasonably reflects the per:F.ormance
of concrete made with 19 mm stone, the sample should
not be less than approximately 15 mm thick.

4.3.4 The influence of sample drying method on measured
permeability

It was indicated in Section ~.2.3 that considerable
differences existed between researchers regarding the
method of sample drying in preparation for gas
permeability testing. In this part of the
characterisation test programme, the intention was to
address some of the issues raised here and. to provide
guidance on the sample drying procedure to be used for
the main test programme.
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Concretes were prepare;d 'asing three binder 't;xpeswith
two binder/water rat.i,\bsfor each binder type. Crushed
grclnite sand and 19 mm stone were used as aggregate and
the slump was controlled betWeen 40 and 60 mm by
adjusting the water contents of the mixes wilc...i
different binder types. For each binder type, the water
content was held constant for the two binder/water
ratios. Table 4.~~ shows the mix identifications and
proportions used for this part of the investigation.
This table also shows the average 28-day compressive
strength of these concretes determined on three ~O~,6
:mm cubes for each mix.

Table 4.11 Mix proportions (kg/m3) of the mixes used
for monitoring the influenCe of drying
history on measured oxygen. perm$a>?il.ity

.
Mix Identification

Material PCl FClPC2 FC2 sc~ SC2

Water 200 200 185 185 195 195
ope 320 380 207 246 156 185
FA - - 89 106 - -
GGBS - - - - 156 185
~9 lum storie 1000 1000 1000 1000 1000 ~OOO

Sand 850 800 88.2 831 866 816
:v/bRatio 0.6:l 0.53 0.63 0.53 0.63 0.51

:fc•28 38.8 52.8 28.8 39.1 32.1 44.3
-Note: w/b - water/bl.nde~·'ratl.o
fc•2a= Average 28-day compressive strength (MFa)
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One 101.6 mm cube of each of< these mixes was prepared
and , after 28 days of 'Vlatercuring, a 68 rom.diameter
core was drilled from each cube perpendicular to the
direction of casting. Three 15 mm thick slices were
then cut from the central portion. of each core as shown
in Figure 4.15. A 2 mm thick, high speed, continuous
diamond grit blade was used to cut the slices from the
cores.

Dlrectlori of catlt~~g

3 x 15 mm thk.
disks
I \

I I \

100 mm cube

Figure 4:. is Method of coring and slicin~ cubes to
obtain samples for test.i.ngthe influence
of drying method on permeability

After slicing I the samples were pIrced in a water
filled container inside a vacuum chamber. The chamber.
Was then evacuated to pressure of ±7,-kPa he Low

atnnoepher-Lcpressure. This pressure was maintained for
·24 houru , after which the samples were surface dried
and weighed to obtain the w~ter saturated weight of
each sample. The samples were then exposed to the
following sequence of drying methodS:
a) over silica gel or in a vacuum chamber for 3

months;
'j

b) over phosphorus pentoxide (P20S) for 7 days;
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c)
d)

in a 50°C oven for 7 days;
in a 100 °C oven for 24 hours.

II

At each stage in the d.rying process, the samples were
kept in the particular environment until weight
equilibrium was achieved. This was determined from
experience with the drying method or by regular
monitoring of the weight of the samples. At the end of
each drying stager the sample was weighed and an oxygen
permeability test was conducted using the falling head
permeameter.

Samples to be vacuum dried were placed in a glass
chamber .. which was evacuated to approximately 70 kPa
below atmospheric preBsure. The vacuum pump connected
to the glass chamber was kept rllnning for most of the
duration of the drying period. occasionally, for
periods of up to two days, the pump was required for
other projects or for maintenance. On these oocas Lcns ,
the gla.ss chamber was isolated from the pump so that
the vacUUm preSsure in the chamber was maintained.

A 330 x 220 x 60 wn deep plastic container, commonly
used in domestic kitchens, was used for drying the
samples over silica gel. A ±10 mm thick layer of self-
indicating silica gel was placed in the bottom of the
contniner and a 10 mm thick, plastic grating was placed
on the silica gel. The samples were placed on this
plastic grating so that they were not in direct contact
with the silica gel. The container was then closed
with its cover and, since this was not an air...t;i.ght
cover, the joint between the cover and the container
was sealed with plastic tape. The components and seal
of this drying matihod are shown in Figure 4.16. The
silica gel was regularly checked for colour change
which indicated that it was not drawing any further
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moisture from the samples. When this ..Qccurred, the
silica gel was removed from the"~Blastic container I

dried in the 100 QC oven until the dry colour was
achieved, cooled in a desiccator and returned to ,the
plastic container. This prqcess required approximately
8 hours to complete.

Figure 4.11$ various Components and container sealing
method used tor the samples dried over
silica. gel.

Phosphorus pento:x:ide (l?20S) is a particularly strong
drying agent and was used to further remove moisture
from the samples after vacuum or silica gel drying. At
the end of the silica gel drying phase, the silica gel
was re'l'i1ovedfrom the plastic containers and replaced
,·litha ±3 rom thick layer of P20S' The samples were then
placed in the containers and dried in the same manner
as for the silica gel drying. Unlike silica gel, P'},Os is
not re-usable and has to be discarded when it b~s
completely reacted with water. This makes it a mo~e
expensive method of sample drying.

4-49



Drying phases a) and b) (ie. vacuum, silica gel and
P20S) were considered to be "gentle" drying methods from
the point of view of microstructural alteration through
oracking. The .intention was to use these drying methods
as standards by which/to compare the ef.Eects of drying
by the more "severe" 50 °C ancl 100 -c methods.

At the end. of the high temperature drying phases, the
samples were allowed to cool to room temperature before
being tested. The samples from the 100 "C oven were
first placed in a desiccator until they wert> coo L
enough to handle and be weighed to determine the dry
(sample weight. These samples were then allowed to cool
in air until the time of testing.

Results and discussion

Tables 4.1:2 (a) to (c) show the oxygen permeal:">ilityof
the samples tested I measured at the end of each drying
phase. The % dryness shown on these tables inc.ticates
the proportion of total moisture removed from the
sample at the end of the drying phase. This vad.ue is
calculated as follows;

M -MD(%) = 100. sal t~
Msal - Mdr)

4.7

where: Df%) = % dryness;
mass of the sample at the ti:me of
testing;

\.mass of sample after drying a.t 100

M,mi = water saturated mass of the aamp.Le,

4-50



'l'able4.12(a) Measured oxygen permeability at the end
of the various drying phases, for the
ope concretcas

Mix and Measured ::~
% Relative.

Sample Drying Permeability Permeability
LD. Sequence % Dryness k(X10-111m/s) (k/klOo)

Silica 88.4 125 85.6
pel.D1 P20S 90.3 135 ·92.5

"

50 °c 89.0 136 .::p3.1
100 °C 99.2 146 100

"
87.3 210 96.3

PCl.D2 AS Above 89.6 215 98.6
88.5 209 95.9
99.0 218 100

Sl.6 0.20 46.3
PC2.D1 As Above 87.7 0.26 61.5

87.1 0.24 '56.3
99.2 0.42 100

Vacuum 90.0 141 91.0
pel.Vl P20S 90.1 151 97.4

50 °C 89.7 153 98.7
100 °C 99.3 155 100

87.0 0.24 48.9
PC2.Vl As Above 89.6 0.29 59.2

88.9 0.26 53.1
99.7 0.49 100

84.7 0.58 56.2
PC2.V2 As Above 88.6 0.68 65.8

87.9 0.72 69.5
99.3 1.03 100

~\'.

)
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Table 4.12(b) Measured oxygen permeability at .the<end
af the various drying phases, for the
ope/ Fl\., concretes

',,"

!
. .1MeasuredMix and I Dryinq % Relative

Sample I Permeability Permeability-I.D, sequence e. Dryness k(X10-1O m/s) /.(k/klOo)"0

Silica "91.2 4.42 55.1
FC1..Dl P20S 92.6 4.95 6l.7

50 °C 92.6 4.99 62.2
100 °C 99.5 8.02 100

91.0 0.41 47.1
FC1.02 As Above. 92.6 0.52 59.8

92.0 0.47 54.0
99.8 0.87 100.
84.4 0.61 48.4

FC2.Dl As Above. 90.9 0.81 65.1
90.3 0.88 70.1
99.7 1.25 100

- .: --
I Vaeuum 90.6 0.60 53.8

FC1.Vl I P20S 93.3 0.63 56.3
50 °C 92.8 0.67 59.6
100 !'c 99.6 1.12 100

90.2 0.21 43.3

IFC2.VI As Above 91.4 0.27 55.9
90.1 0.33 67.6

I99.7 0.49 100

88.4 0.26 48.2
FC2.V2 As Above 90.3 0.24 43.9

90.1 0.29 53.9
99.9 0.54 100

-
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Table 4 ..12 (0) ~ieasured oxygen permeability at the end
of the various drying phases, for the
OPCjGGBS concretes

"

Mix and Measured % Relative
Satnple Drying

"
Permeability Permeability

LD. sequence 9., Dryness k (X10-tO m/s) (k/klOO)0

silica 89.9 91.5 69.9
S(:1.Dl P20S 91.8 110 " 84.0

50 0C' 90.8 11C 84.0
laO °C 99.3 131 100

89.8 231 78.0
SC1.D2 As AboVe 92.0 286 96.6

90.8 244 82.4
99.3 296 100

8B.8 8.15 52.2
SC2.Dl As Above 90.4 9.08 58.2

\'

89.7 9.51 60.9
99.1 15.6 100

Vacuum 90.2 52.3 75.3
SC1.Vl P:Ps 92.9 57.2 82.3

50 °C 91.1 58.4 84.0
100 °c 99.1 69.5 100

'...
87.3 1.90 46.8

SC2.Vl AS Above 91.2 1.98 48.8
90.5 1.98 48.8

J

99.4 4.06 100

88.2 4.38 44.5
SC2.V2 As Above 91.8 5.41 55.0

90.6 5.38
\\

54.7
99.3 9.84 100
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The tables show that the % dryness is slightly less
than 1.00% after 100 °c drying. This is because the
samples absorbed some atmospheric moisture during the
cooling period between removal f!.'omthe desiccator and
the start of the perl1l~a,bility test.

In order for the samples with different permeability
values to be compared, the tables show the individual
permeability values expressed in relative terms as a
percentage of the permeability after drying at 100°C.

Thes~ relative values are shown as k/k100•

The following observations are made from the data
presented in these tables:

There is very little difference in the exte~lt of
dryness achieved using silica gel or vacuum
drying. with these methods, a range of dryness
between 81.6% and 91.2%, with an average of 88.3%
was aChieved.
The relatIvely short period during which the
samples were exposed to P20S caused further drying
of the samples with a ge,;1'3rallygreater effect
being noted with the lower w/b ratio samples. In
all cases, the increased dryness was accompanied
by an increase in permeability.
As evidenced by the decrease in % dryness, almost
all the samples showed a slight increase in
moisture content after being dried at 50°C for 7
days. This is explained by the fact that the oven
is air ventilated and is therefore subject to
variations in the,ambient relative humidity.
Clearly, the comb.Inat.Lon of long term silica
gel/Vacuum drying followed by exposure to P20S

removed slightly more moisture than could be
removed by drying at 50°C in the oven used. The
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relative humidity in the oven must have been
higher than in the l?20S environment and some

II

moisture was re-absorbed into the sample:s when
placed in the oven.
contrary to e)(pectationsr the increase in the
moisture content of the samples from the 50°C
oven did not always manifel$t itself in a decrease
in permeability. This increase :i.~ permeability
appea.rs to occur randomly and only the fly ash
samples reflected the il')creasein five. of the six
samples tested. Althougi~ there are only small
differences in the permeabilities measured after
l?20S and 50°C drying, it is felt that the
increases in permeability with reduced dryness is
evidence of microstructural damage caused by the
higher drying;temperature. This damage, in the
form of micro~c:r'acking,would have the effect' r;:f

increasing the size and aegree of interconnecel.on
betweeri pores I thereby increasing the
permeability of the material.

To indicate the effect of drying at 100 OCt the
relative. permeability values are plotted in Figur'es
4.17 (a) to (c). These figures are separated.'according
to the binder type used in the concrete. In the legend
below each figure, the permeability of each sample
after drying at 100°C (= 100%) is given in parentheses
alongside the sample identification code.
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RELATIVE PERMEABILITY (%)

SILICA P20S 50 100 VACUUM P205
DRYING METHOD

50 100

_ PC1.D1 (146)

_ PC1.Vt (155)

_ PC1.D2 (218)

EIJ PC2.V1 «(.1.49)

:.m PC2.D1 (0042)

0. PC2. \'2 (1.03)

Figure 4.17(a) Permeability of samples after various
drying methods relative to permeability
after 100 °c drying of the OPC sample.s

RELATIVE PERMEABILITY C%)

SIUCA P205 50 100 VACUUM P205
DRYING METHOD

50 100

_ FC1.01 (8.02)

_ FC1.V1 (1.12)

_ FC1.02 (0.81)

CJ FC2.V1 (0.49),

EJ FC2.Dt ('f.25}

D FC2.V2 (0.54)

Figure 4.17(b) permeability of samples after various
drying methods relative to permeability
after 100 °C drying of the OPC/FA
samples
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RELATIVE PERMEABILITY (Ok)

20

o

100

60

40

SILICA P205 50 100 VACUUM P205
DRYING METHOD

50 100

_ 80'1.01 (131)

_ SC1.V1 (69.6)
• SC1.D2 (296)

CJ SC2.V1 (4.06)

CJ $02.01 (15,6)

o SC2.V2 (9.84)

Figure 4.17(0) p:,ermeability of samples after various
drying methods relative to permeability
af'ter 100°C drying of the OPC/GGBS

samples

The, following ohservations are made from the trends
shown in Figure 4.17:

Samples in the 10\V'erpermeability range show
small relative' variations in permeability between
silica gel cc vacuum, P20S and 50 .,c drying.
However, this trend is followed by a large
increases in permeability after being dried at
:1')0 °c. Assuming a linear relationship between
degree of dryness and air permeabili ty(6)I this
increase cannot be explained by increased dryness
alone. Drying at 100 ~ has caused
microstructural damage leading to increased
permeability.
On the other hand, samples in the high
permeability range Show a much smaller increase
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in permeability af'ter drying at 100 °C. These
r impLas also show fairly uniform permeability
values after the first t:!ree drying phases. The
indication here is 'that the more permeable the
concrete is, the less sensitive it is to the
method of aampLa drying. 'l~his is possibly due to
the fact that, for high permeability concr-aces,
the permeability is dominated by large,
interconnected capillary pores. Any micro-
cracking caused by drying at 100 °c would make a
relatively small cor,ltribution to "opening" the
pore structure of such a concrete. This would
translate to a marginal increase in permeability,
a proportion of which is due to the increased
dryness of the material when dried at 100 °C.

The results obtained in this part of the investigation
show 1:hat drying the samples at 50 °c produces similar
permeability results to that obtained when the samples
are dried by "gentlet! means, such as vac:uum, silica gel
or P2()S. While some evidence of microstr'lctural
alter'ation was observed with samples dried at 50 OCt

the E!ffect on measured permeability was very small.

On the other hand, microstructural al te:ration caused by
drying at 100 "c has had a varying effec.t 011. the
different concretes tested. LoWpermeability concretes
were more severely affected than high p~armeability
concretes. With reference to the argument presented in
section 4.2.3 ~:.:efe:.t:·to Ktg;re 4.6), drying at 100 -c
has had the effect of translating Curve I into a
relationship similar to curve IV. As di~;cussed, this
may have the effect of increasing the s~imsitivity of
gas permeability as an indicator of pobantial ,
durability to a level where the results become
Unreliable.



4.3.5 The influenee of drying method on water
sorptivity measurements

As discu~sed in section 4.2.3, there is only limited
information in the literature on the effects of drying
history on measured water absorption of concrete. In
particular, there is no information on its influence on
water sorptivity measurements. This series of tests was
therefore ai'med at addressing this lack of infornation
in ,order "to provide furth.er guidance on the method of
drying samples for the main test programme.

Samples from the same cubes as used in section 4.3.3
above were used in this part of the investigation. The
samples were also approximately 15 mm thick and were
initially air or.vacuum dried as discussed before. The
water sorptivity test was conducted as described. in
Chapter 3 with the plastic tape being affixed to the
samples at the end of the air or vacuum drying period.
This drying phase was followed by oven drying at 50°C
for 7 days and 100°C for 24 hours. A water sorptivity
test was conducted at the end of each drying phase.

A problem was encountered in that, after removal from
the 100 "c oven, the plasti.c tape had collapsed and was
no longer usable. Fresh tape ha1 to be affixed and the
samples were stored in the 50°C oven for a fUrther 24
hours befor the water sorptivity test could be
condUcted. The change in the mass of each sample
resulting from the fresh tape and resin twas accourrced
for by' weighing the sampl.e before and after the tape
was affixed.

.1,'
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Results! and discussion

The results of the water sQrptivity tests after the
differE~nt drying phases are presented in 'X/able 4.13.
The fot'mat of the data on this table is similar to that
used fClr 'rabIes '4.12 above. The '):'elative sorptivity is
expresSled as a p!=1rcentageof that obtained after drying
at 100 ae. However, because of the need to place the

I'·

samplesl in the $0 °c oven for 24 hours b~,:i$orethe water
s9FPtiv.i.ty test could be conducrced , the table shows a
considerably lower degree of dryness after the 100 Qc

\\

drying than the corresponding valUeS in Tables 4.12.

A dompaz-Laon of the relati~.;e sorpt.ivitxep .is show,nin
Fi~lu~es 4.18 (a) and 4.1.8 (b). As p.t:'t:;!\, ":,he

- - . ,

sOl~ptivity value representtng 100%;

shown in parentheses in the leg~nd ~
cOlc-responding mix identification,

h~ ,'~h is
6ng$id~t the

Th.e results obtained LndLcace that ~,"Iter s()rpti vity is
nest as senr:.itive as oxygen permeability to the method
01: drying. After drying in the 50 °c oven, almost all
tb.e samples showet;la decrease in the degre"a of dryness
relative to the silica or vacuum drying conditions.
tJespi te this. decrease in dryness, many of the samples
:showed increases in sorptivi ty, indicating that the act,
of drying at this higher temperature has marginally
inbreased the water absor~tion characteristics of the
concrete.

In view of the relatively small increase, it is
possible to ascribe the increase in sorptivity after
1.00 °C drying to ,the increased dryness of the sample.
J:·t may well be possible that a portion of this increase
is due to the micl':ostr'Uctural alteration caused by h~.gh
temperllture drying, but this again underlines thE!.poi,nt
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that water sorptivity measurements are relatively less
sensitive to the dxying history of the sample than
oxygen permeability measurements.

4.386 Influence of the moisture content of tbe oxygen
on measured permeability

In order to determine the influence of the moisture in
the bottled oxygen on the measured permeability, a 100
mm high column of fresh silica gel was interposed in
the gas line between the oxygen bottle and the
permeameter. The same sample was used to determine
permeability with the oxygen by-passing the silica gel
as well as passing through the silica gel. No
difference in permeability measurement was noted and it
was decided to COnciJ,lptall tests without attempting to
remove moisture from the oxygen.

RELATive SORPTIVITY (%)

SILICA 50

DRYING ME'fHOD
100

- PC1 (12.17)
_ FC2 (6.132)

MIX No. c. 100·%)

- PC2 (6.64) 0 FC1 (~\84)

o $C1 (10.27) D SC2 (6;75)

Figure 4s18(a) Relative sorptivities after various
dry;ing phases for samples in .:ially
dried over silica gel

4-61



Table 4.13 Results of water sorptivity tests
conducted after various drying methods

Measured % Relative
Mix Drying sorptivity Sorptivity
1.D. Sequence ,9., Dryness S (tmn/hr'h) (S/Sl00)e

silica 89.4 9.82 80.7
pel 50 (lC 88.9 10.39 85.4

100 DC 92.0 12.17 100

87.4 4.60 69.3
PC2 As Above 87.1 4.70 70.8

95 ..9 6.64 100

91.3 4.93 72.1
FCl As Above 91.3 5.88 85.7

94.4 6.84 100

91.6 5.98 94.6
FC2 As A.bove 89.5 5.14 81.3

94.0 6.32 100

90.8 9.99 97.3
Sel As Above 89.6 9.97 97.0

94.7 10.27 100

89.6 5.95 88.1
SC2 As Above 88.5 5.69 84.3

94.7 6.75 100

Vacuum 90.4 10.05 BS.8
pel 50 De 88.7 10.28 87.8

100 DC 93.4 11.71 100,
90.8 7.45 84.7

FCl As Above 91.7 7.55 85.7
92.0 8.80 100

92.3 9.80 84.6
sel As Above 90.3 9.83 84.9

94.2 11.58 100
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RELATIVE SORPTIVITY (%)

VACUUM 50

DRYING METHOD
100

MIX No. (oO 100%)

.. POi (11.11) _ FC1 (8.80) Ow SC1 (11.58)

Figure 4';1.8(b)Relative sorptivities after various
drying phases for samples initially
vacuum dried

4.4 concltlSions

The Iitera.ture review and the laboratory investigations
presented Ln this chapter were Lrrt.endedto provide
guidance on the test method to be used in the main
research programme. The following conf~lusions are drawn
in this regard:
a) it was considered acceptable that the concretes

to be tested for this work contain a hominal 19
rom stone as coarse aggregate;

b) as a compromise between the requirements of the
oxygen permeability test, the water absorption
test and the need to obtain a measure of the
gradation of properties in the cover zone, a
sample thickness of approximately 15 mm was
selected;
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c) these samples were to be dried in an air
ventilated oven at 50°C for a minimum of 7 days
before being tested;

d) care was to be taken to control the workability
of the concretes tested in view of the
sensitivity of permeability to the original water
content of the mix;
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CHAPTER 5
LABORATORY INVESTIGATION AND RESULTS

5.1 Introduction

This chapter describes the laboratory test programme
undertaken to measure the influence of curing on the
surface properties of concrete. The objectives of the
inV'e.stigationwere:
(a) to quantify the effect of curing using

permeability and sorptivity measurements as
described in Chapters 3 and 4;

(b) to quantify the response of concretes with varying
mix parameters, to limited mo ist; curing;

(c) to determine the adequacy of using parameters such
as sorptivity and permeability, measured at early
ages, to predict the long-term durability
performance of concrete.

This chapter presents details of the test programme as
well as the resulb~ obtained together with a general
discussion of the results and the broad implications of
c',ring on durabilit,;y.A more detailed analysis of the
results and a discussion of objective (c), with a view
to developing prediction models is carried out in
Chapter 6.

It has been found that. the effect: o·f Car!:. .Lon on the
surface permeability of concrete is diff.erbnt for
different binder types. Kropp(l),discussing r~~sults
obtained by BierQl, shows that after carbonation,
ordinary portland <ilement(OPC) concretes show a
decrease in water ~;ermeability, while \;;!Oncreter..,itha
50% ground granulafted blast furnace slag (GGBS) content
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showed art,;'lpproximately600 times increase in
permeability. This observation has not been reported
widely and appears to hold n~gative implications for
concretes made with GGBS.

Hence, a further objective of the test programma was to
measure variations in permeability and sorptivity of
the concretes tested after allowing carbonation to take
place. This would allow an assessment of the extent of
the problem observed by Bier.

5.2 Variables of. the Test Programme

The variables used in the laboratory test programme
related to in'Er~nsic f{'\ctors;

binder type;
nominal compressive strength;

and extrinsic factors:
extent of early-age moist curingi
depth into concrete from a surface exposed to
drying; and
age at testing.

these variables are discussed in more detail below.

5.2~1 Binder type
In the selection of the intrinsic variables, an
important consideration was to ensure that the
concretes tested reflected concretes commonly used in
construction projects in South Africa.
Three binder types were used as follows:

plain ope
a 50% ope I 50% GGBS blend
a 70% ope / 30% fly ash (FA) blend.
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5.2.2 strength grade
It was decided to compare the performance of different
concretes on the basis of equivalent strengths. The
following n.ominal strengths w~re selected t.~ cover; the
range of commonly used concretes in South Africa:

35 MFa
4.5 MPa

55 MPa.
The binder/water (bjw) ratios required to achieve these
strengths with the different binder types were
determined from Fulton~) or from manufacturer's
technical literature(4).

5..~,,3Early age moist curing
After casting, groups of samples were eXposed to water
curing for ~, 3, 7 and 28 days before being exposed to
drying conditiona. !t was considered that water curing
for up to 7 days represented the full. range of site
conditions while the 22 day water curing cond.i.ei.on
represented "ideal" curing, which would act as a
control condition.

5.2.4 nepth trom the concrete surface
Given the constraints discussed in Chapter 4, regarding
tb~ minimum test sample thickness, it was decided to
teB';:samrles representing depths of 0 to 15 nun'? 15 t,b

~o nun and 30 to 45 rom from the surface of the concrete.
This also satisfied the requirem.ent of obtaining a
measure of the gradation of properties across the zone
of cover concrete.

S~2.5 Age at testing
Two test ages were selecb4d a.twhich t):lepermeability
and sorptivity of the concretes would be determined:

28 days - to provide an early-age measure of these
parameters on which the long-term d'-.;rcability
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performance of the ~oncretes cou Ld be based;
10 months - to provide a measure of t~e variation
of these properties ·of the cover concrete with
time.

5..:3 Properties of th(f) MCllteriil.ls Used

5.3.1 Cement
T:ae cement used in the ccmcretes was an ope from the
Dudfield plant of Anglo .lUpha Limited. This was chosen
because it reportedly doe s not contain the poz acLanLc
material typically added. to SQuth African opes at a
d.o$age of approximately 5%. Three 50 kg pockets were
selected from one day's production and, upon receipt at
the laboratory, a samp·e (approximately 800 g) was
obtained from each pocket and sent to Anglo Alpha's
Technical services Division for analysis. These
analyses are presented in Table 5.1.

Each pocket of cement was stored in an air-tight drum
illthe Laboz-atro.ry , When hatching cement for mixing,
approximately equal proportions of the r(?quired amount
of cement was taken from each pocket. Hence, the
possible effects of the differences in the properties
of the cement from different pockets was eliminated.
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Table 5.1: Chemical and phys LcaL analyse~; of Dudfield
ope used in the concretes.

-
Pocket Number: 1 2 3

Chemical Tests (%)..
Si02

. 22.03 21.99 :a.7S
A1203 4.40 4.38 4.36
Fe203 2.68 2.64 2.62
CaO 65.00 64.79 64.43
MgO 1.89 1.86 1.85

1<20 0.24 0.24 0.23
Ti02 0.23 0.23 0.23
Na:p - - -
S03 1.69 1.53 1,.99

Mnz03 0.21 0.21 0.21 I

P20S 0.07 0.06 0.07

crZ03 0.02 0.02 0.02

VzOs - - ...
L.O.I. 1.20 1.10 1.30

Physical tests:
Fineness (m2jkg) 305 305 305
Vibrated Mortar cube
compressive strength:

3 days (MPa) 35'.0 35.5 35.5
7 days (MPa) 51.0 55.5 51.5

Setting ti:-nes:

[ Initial (min) 350 320 210
Final (min) 425 395 315

Table 5.1 shows that the three samples of ope have
uniform physical and chemical properties. The results
obtained also show that this cement is typical of South
African opc(3).
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5.3e2 Ground granulated blastfurnaee slag

A 50 kg pocket of GGBS was f:)btainedfrom the
vanderbijlpark plant of Slagment (pty) Ltd. The results
of chemical and physical analyses carried out on a
sample from the pocket received, are presented in Table
5.2. Where appropriate, these tests were conducted in
accordance with the requirements of SABS ~49~: 1989(5).

Table 5.2: Physical and chemi.caL propert.ies of the';
GGBS used in the concretes

Chemical compound (%) :

CaO 30.4
Si02 35.5
A 12°3 15.6

it Mgo 12.0
S03 (sulphate) La

L.O.I. 0.5
Hydraulic Index' 1.63

Physical tests:
Fine11ess (m2jkg) 357
Glass content (%) 98

~
Soundness expansion (mm) 1.0

[CaO] + [MgO] + [A1203]* H. I = ;. ~
[51°2]

On tho basis of the hydraulic index calculated in Table
5.2, this would be considered as an acceptable quality
GGBS(S).Thils is a typical south African GG8S and
satisfies all the requirements of SABS 1491 Part ~(5).

5..3..3 Fly ash
A 50 kg pocket of the fly ash used in the concretes was
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supplied by Ash Resources (Pty) Ltd. from the Lethabo
power station. A typical analysis of this ash,
conducted during the period \!lhen the 5Q kg pocket wa.s
drawn, is shown in Table 5.3.

Table 5.3: Typical analysis of the fly ash used in
the concretes

chemical compound (%):
Si02

AI20:!

Fe20)

Tio2

P20S
CaO
MgO
Na20
K20

S03

r., o ; I.

53.40
31.90
3.49
1.81
0.54
4.68
1.40
0.40
0.58
0.17
0.43

classification and extraction of fly ~sh for use in
concrete has 0111y recently stClrted at the Lethabo power
station. However, these results are typical for South
African fly ashes(4) and satisfy the requirements of
SABS1491 Part 2(6). In particular, the. quality of this

FA is enhanced by the lO~T so, and L.O.l values (maxdmum

allowable is 2" 5% and 5%respect:ively(6)~.

5.3.4 Aggregates
In the development of the expe.cimantal component jjf the
project, it was felt that optical and electron
microscopy techniques could be used to characte:t· ~,se the
development of the microstru.cture of concretes exposed
tQ different curing regimes. In addition, there was the
PQssibili ty that analytical technilques such as X-ray
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diffraction (XRD) and energy dispersive analysis of X-
rays (EDAX) would be used for quantitative assessments.

The use I;:>fthese techniques in the analysis of concrete
is often hampered by similari 1:ies in the chemical
composition of the aggregate 'nd binder components of
the material. In order to avoid this problem, it was
decided to use a crystalline silica as both sand and
stone aggregate. This material was obtained from the
Delmas Silica Mine of Samancor (Pty) Ltd.

Unfortunately, this mine produces crushed silica for
the glass manufacturing industry and is tlOt equipped to
provide sand and stone with gradings ~uitable for
coi.cr et;e, It was therefore neceaaazy to manually
separate and reconstitute various size fractions in
order to acn ieve suitable grc\di11gS.Details of the
aggregate gradings and corrective measures undertaken
are discussed below.

Sand: A sample of material cLas si f i.ed by the mine as
"-10. mm" was obtained and found to have a grading as
ahown in Table 5.4. The corresponding grading curve is
ShCIW11in Figure 5.1. It can be seen from this analysis
that the material as received was too coarse to be used
as a concrete sand. The proportion of material retained
on the 4750 Mm and 2360 Mm sieves is much higher than
that required of a concrete sand. Al.ao, the material
retained on the 4750 Mm sieve contained a large
proportion of between 7 and 10 mm particles.At the
other end of the size spectrum, the sand has a low
proportion of the -300 Mm fraction.

':t was therefore decided to discard all the material
retained on the 4750 Mm sieve and half the material
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retained on the 2360 ~m sieve. These fractions were
wanually separated using 500 x 1200 rom sieves. The
material retai~~h on the 2360 ~m sieve was passed
through a sand separator and divided into two halves.
one half was Ie-mixed with the sand while the other
half was discarded. In this ,,:ayI approximately 32% of
the material received from the mine was discarded.

Ta.blle5.5 shows a grading analysis of the reconstituted
sand while the grading curve of this san.d, after
discarding the large size fractions as discussed, is
shown in Figure 5.1.

Ta:ble 5.4: G:t::adinganalysis of ,the ....10 rom material as
received from the Delmas Silica Mine

sieve Size
(,um)

cumulative
% Retained % Retained % passing

4750
2360
1180
600

300
150
75

II pan

16.6 16.6
30.2 46.8
10.8 57.7

~ 5.3 62.~
18.3 81.2
13.8 95.1
2.7 97.7

I 2.3 100.0

83.4
53.2
42.3
:)/.1
18.8
4.9
2.3



Table 5 •.5: Grading analysis of the reconstituted
silica sand used in the concretes.

(/lm) % Retained
cumulative
% Retained

~==========r==========T======~==9==========~
Sieve Size

0.0
22.1
15.9
7.7
26.8
20.3
3.9
.3.3

0.0
22.1
38.0
45.7
72.5
92.8
96.7
100.0

4750
2360
1180
600
300
150
75

Pan

% Passing
100.0
77.9
62.0
54.3
27.5
7.2
3.3

Fineness Modulus: 2.71

Figure 5.1 also shovs the preferred outer limits for
~he grading of concrete sands suggested by Fulton(3).It
can be seen that the grading curve of the modified
silica sand qenerally lies between the suggested
linlits.

However, the gap-graded nature of the sand, caused by a
deficiency in the -1180 +600 J,Lmsize fraction, is
evident in the movement; of the curve from the lower to
the upper preferred limits. W~ile this is not an ideal
si~uation, the sand was accepted in view of the
microscopy requirements discussed above.
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Percent Passing

100 - Fulton's Limite

-*- Modified Sand

80 --8-- Sand as Received

60 I-~""""-""'" ..•. ,

20

75 150 300 600 1180 2:360 4750

Sieve Size (micron)

Figure 5.1: Grading curve of the modified silica sand
in rt:'.ation to Fulton's pr€\ferred grading
limits.

Figure 5.2: Phot,ographof sand and stone used, showing
particle shape and grading
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stone: This fraction of material was obtained from the
silica mine from a stockpile classified as "-25 mm".
Particle'sizes of this material ranged from 25 nun to
dust fractions, with 87% of the. material being retained
on the 9.5 nun sieve. It was decided to discard all
material pasS\ing the 9~5 nun sieve, leaving a well
graded stone between 25 mm and 9~5 nun fractions. Figure
5.2 shows the sand and stone used in this project.

5.4 Laboratory procedure

.5,,4.:1. Mixes

concretes were prepared using the materials described
above, wit,h binder types and strength grades as
discussed in Sections 5.•2.1 and 5.2. 2 respectively. All
mixes were designed to have slumps ranging between 30
and 60 mm. Table 5.6 shows the mix proportions of each
of th,e concretes used in the pro] ect. These proportions
were determin,ed on thQ basis of trial mixes. The coarse

vaggregate content of these mixes are lower than would
normally be eX:,,>ectedbecause of the ccar-seneas of the
sand used. Also, the low fines content of the sand
meant, that more sand was requiJ::'edto provide the mixes
'with suitable cohesiveness.
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Mix proportions (kg1m3) of the various
concretes used

Mix Coarse
No. water OPC FA GGB8 Agg. Sand w/b

P1 205 308 - - 800 1033 0.67

P2 210 378 - - 800 976 0.56

P3 210 441 - - 800 923 0.47
}~1 193 230 98 - 780 1053 0.59

F2 190 273 117 - 780 1003 0.49

F3 188 316 135 - 780 951 0.41

81 205 164 - 164 780 1047 0.63

82 202 197

I
- 197 790 989 0.51

S3 200 230 - 230 790 937 0.43,

Note: w/b = ~ater/binder ratio

5.4.,2 Cube sample manUfacture and storage

34 cubes measuring 101.6 x 101.6 x 101.6 mm (4 inches)
were cast using each of.the conct"etes listed in Table
5.5 above. Mixing was carried out in a 50 litre pan
mixer and the following procedure was used:

introduce dry materials into the mixer in the
order of stone, binder and sand;
activate the mixer and add the wat.er over the
first nd.nut;e of mixing;
mix for a further two minutes.

At the end of this mixing cycle, the mix was manually
distributed in the pan using a hand-held scoop. 'Ehis
ensured a uniform distribution of the material as some
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segregation was noted resulting from the operation of
the mixer. A standard slump test was then conducted and
the slump value was recorded to the nearest 5 ruu. These
values are given in Table 5.7 below.

Table 5.7: Measured slump values of the various mixes

Mix Number Slump (rom)

P1 30
P2 40
P3 40

F1 50
F2 45
F'3 45

51 60
52 50
S3 40

The cube moulds were filled in two layers, each layer
compacted by holding the mould onto a high-speed
vibrating table for approximately 30 seconds. The
filled moulds were covered with plastic sheeting and
placed in a room where the temperature and relative
humidity was controlled a.t 23±1 -c and 65±5%
respectively.

Samples were de-moulded after 22±2 hours and then
subjected to the following curing conditions;
(a) in air at 23±1 "c and 62±5% RH for the entir,e

period up to the time of testing;
(b) in a water curing tank at 22±1 QC for the next 2

days, then as for (a);
(c) in the water curing tank f'or the next 6 days, then
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as for (a);
(d) in the water curing tank for the next 27 days,

then as for (a).
HenC"'''~,nominal water curing periods of J., 3, "I and 28
days,..~vere used. These curing periods \vere chosen on the
basis that they represent the following on-site
conditions respectively:

pO(,1i curing; formwork is removed approximately 18
hours after casting arid the concre'te is allowed to
dry with no further active curing applied;
average curing; this is consid~red to be the
extent of curing achieved on most South African
construction sites and is probably achieved with
the correct use of curing cO,~poundsi
good curing; this is the eXbEmt of curing called
for by the specificationffi but is seldom achieved
on site; it would normally be achieved by water
ponding, water spraying or plastic wrapping of the
concrete element;
ideal curing; this duration oi curing is rarely
achieved intentionally and serves as a control or
reference with which to compare the effects of the
shorter curing durations; it would alsc..?be
achieved using the methods as for good curing .•

The 34 cube samples of each mix were divided for the
purposes of curing and testing as shown in Table 5.8.
This table shows that, for each curing regime, two
samples were to be tested for oxygen permeability and
water sorptivity at three ages after casting. six cubes
were cast for compressive strength testing at two ages
and one cube of each m Lx was cast to monitor the
progress of the depth of carbonation \I[ith time.

At the end of the stated moist curing period, the
appropriate samples were rel:'.,uvedfrom the water curing
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tanks (or demoulded, in the case of tl)e i-day car ing
period) and transferred to the dryi.ng room. The
temperature in this room was cant.rolled, at 23±1 °c
using an air conditioning unit and relet..:v\~hlllt\iClity
was controlled at 62±t' % using a roOi'i....t.:-emfJel."'ature
humidifying unit. The humidifying unit was only
operational during the characteristically dry autumn
and winter months in Johannesburg.

Table 5.8: Number of cube samples used for the
if

various t:eots

No. of Cubes for Curing Regime
Test (a) (b) (c) (d)

Permeability and
Sorptivity Tests at

28 days 2 2 2 2

12 weeks 2 2 2 2

10 months 2 2 2 2
':;

compressive
,

strength at: i'

28 days - - - 3

10 months - - - 3

carbonation 1 1 1 1
,___

These 'samples were surface dried and four contiguous
surfaces of each cube were coated using a water-based
epoxy (sold as "Wetseal" and supplied by RFK
Industrials). The four coated surfaces includeo the top
and bottom surfaces as cast ($ee Figure 5.4) and were
arranged such that drying of the cubes t.ook place
through two opposite, formed faces. Two coats of the
epoxy were applied, with tile second coat being applied
approximately 24 hour-s ~fte1:'the first.
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When the second coat of epoxy had dried, the samples
were placed on shelves so that one of the uncoated
surfaces of each cube faced outwards. '.rhecubes were
arranged with a spacing of at );east 50 nun between
neighbouring cubes. A continuously I?perating fan,. set
on the op~~osite,.endof the room, in ~\elation t~o the
position of the samples I ensur'ed mbd,ng and
the air. However, the effec't of tb-a f~'nwas

"

movement of
not large
of theanouqh to cause wind effec1.:sat t11.f.?su::cface

!sampl~s, which would have accelerated the drying
process. The arrangement of the samples on the shelves
is shown in Figure 5.3.

Figure 5..3: Arrangement of cube samples on shelves in
the drying room.

5.5 Tl3stMethods

5..5.1 compressive strength tests

In orde:t'to characterise the mixes in ccmpr eas.Lve
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stryngth te\tms, th:t;'eecubes were f?t'aparedfor testing
in compression at 28 days under stanc1.ardcUring
conditions. Cube compressive strength tests under
standard wet curing conditions wer~ also conducceu at
10 months after casting so as to monitor the strength
development of the different concretes and the
influence that this may have on their durability
performance. Tests were carried out in accordance with
SABS method 863(8) using an Amsler compression testing
machine with a capacity of 2000 kN. All samples were
weighed in a saturated, surface dry condition to an
accuracy of 5 g beiore being tested.

S. 5 0 2 Pl.l:rabilj,ty index tests

Prepa.ration of samples for.durability index testing. At
the appzopr Lace time after castinG as indicated in
Table 5.7 above, sufficient samples \fere removed from
the drying shelves and a central 68 mm diameter core
was drilled into the drying face of each cube. With
some of the earlier samples tested, a central 70 X 70 x
100 mm prism was cut from the cube so that the drying
faces of the cube formed the small faces of the prism.
The front end of 'the core or prism, with respect to its
or.ientation on the Shelf, was sliced to form disks or
"tiles" representing depths of 0 to 15 rom, 15 to 30 mm
and 30 'to45 mm into the concrete. A 2 mm thick,
continuous di?mond grit blade was used for cutting
these slices and the actual thickness of the slices
varied between 13 and 15 mm, depending on the
straightness of the drilled core. r gure 5.4 shows the
method of coring and cutting the cube samples. The
prisms and "tiles" were orientated in the same
direction as the core and disks :respectively.
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Figure 5~4: Method of cutting and coring cube samples

The slices were then transferred to a 48±2 °c
ventilated oven (nominally at 50°C) to be dried for 7
days before being tested. Th'?back ends of the cores or
prisms Were also placed into the oven and retained ~.n
case repeat tests were required.

oxygen permeability_ At the end of the oven drying
period, the slice samples were returned to the drying
room and treated as follows:

immediately weighed to an a..:lcuraoyof 0.01 g to
determine the 50 °c oven dry weight;
left in the room fl":' approximately one hour t.o
allow them to cool to room temperature;
re-weighed to determine the increase in mass due
to absorption of atmospheric moisture.

The samples were then tested for oxygen permeability
using the falling head permeameter as described in
Chapter 3. Samples were orientated in the permeameters
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such that the outer face of the sample (with respect to
the direction of drying) was on the VrPstream side of
the direction of oxygen flow.

SOIne of the early samples tested, for which 70 x 70 X

100 nun prLsns were cut from the cubes , were tested for
permeability using the PVC ring and epoxy sealing
method. However, the majority of samples were tested in
the form of 68 mm disks using the'silicone rubber
collar sealing method.

A bank of 12 permeameter cells was built for this part
of the test programme. Because of the cast~,ng sequence I

it was often necessary to test more than 12 samples on
..the aame day , This meant that some samples had t.obe
kept in the 50°C oven for longer than 7 days. It was
felt that this would not significantly affect the
t'esults of the test, since the samples reached uniform
moisture condition at 7 days (refer to Figure 4.7 in
Chapter 4). Also, because of the low relative humidity
in the oven, it was consic;ieredthat no further
hydration would take place if the samples were left in
the oven for a period longer than 7 days.

Wa.·cer. sorptivi ty~ At the end of the oxygen
permeahility tests, a layer cf epoxy was placed on the
circumt'erential surface of the disk samples and a
length of plastic tape was applied to this surface to
fOJ;"n1a reservoir for the water sorptivity test. This
procedure is described in more detail in Chapter 3. The
samples were kept in the test room for approximately 4
hours after the epoxy was applied and then transferred
to the 50°C oven f'ora further 12 hours.

In the case of t:he samples tested for permeability
using the PVc ring and epoxy method, a reservoir for



the water sorptivity test is formed by the epoxy on the
undersiCle of the sample (as permeability testeCl) and no
further preparation was required. TheSe s~mples were
therefore placed in the oven directly after
permeability testing.

The water sorptivity test was then condUcted as
described in section 3.6.2 of Chapter 3. The samples
were weighed at 0, 1, 6 and 12 minutes to determine the
rate of water absorption and were then vacuum saturated
to determine their apparent porosity values and this
was followed by drying at 105°C for a determination of
the dry weight of the samples.

5.5.3 Depth of c2Lrbonation

Fot' all mixes I the depth of carbonation was measur-ed at
10 months after casting' on samples cured as shawn in
Table 5.7 above. The rate of carbonation was not
accelerated and the samples tested were stored
alongside those subjected to the durability
characterisation tests. Samples of the GGBS and .FA

concretes were again tested for carbonar:.iondepth at 20
months after casting. Samples of the plain ope and low
strength FA concretes were inadvertently discarded
after the lo-month measurement and the 20-month
mea.$urements are therefore not available.

A solution of 1% phenolphthalein in alcohol was sprayed
onto a freshly broken surface of the concrete and the
carbonated zone was indicated by the absenoe of colour
change of the cement paste phase. Figure 5.S shows the
method of cutting and breaking the sample for the depth
of carbonation test. Samples were broken by applying a
line load in compression on two opposite faces of the
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sample. This waa achieved u.sing a loadinq platen with a
welded 10 mm mild steel bar, on the top and ~.ottom of
t,he sample as shown in Figure 5.6.

Under$lde
coated after
iO-month
break

Surface Oiled tor
20-month

carf.l'onatlon
maaaur$l'I'I.ent

SUrface used for
10 month _..".,....-

carbonatIon .
measurement

Figure 5.5: Concrete cube used for depth of
carbonation determination at 10 and 20
months

The depth of carbonation was determined by taking the
average of three meaaur-emerrcs of the depth of the
uncolou.red zone of concrete. These measurements were
taken from the surface of the sample which faced
outwards When stored on the shelf. The depth of this
zone was measured to an accuracy of 0.5 mm using a
vernier calliper. Obvious distortions, such as the
presence of aggregate particles or air voids near the
surface, were avoided when the three measurements were
taken.
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Figure 586: Method of brea~ing cube segment for depth
of carbonation determination

5..6 R.esults and DisdU;;......ion

S~G.l Compressive strength

Table 5.9 'shows the average compressive strengths
obtained for al' the mixes at '28 days and 10 months
after casting. Each value shown in this: table
represents t.he average of three individual cube
compression tests. The individual rf "}ts of samp'le
mass and failure stress are ~resentE..' in Tables A1 to
A6 in the Appendix.
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Table S.9.~ Average compressive strengths of the
various concretes at 28 days and 10 months

Mix No.
P1
P2
P3

P1
F2
F3

81
82
53

Average compressive strength (MPa) at:
·28 days 10 months
39.6
47.7
5.9.4

52.7
67.3
79.6

30.3
45.3
58.6

73.3
89.5

37.1
39.4
53.2

52.1
63.7
80.0

The results shown in Table 5.8 are shown graphically
in Figure 5.7. It should be noted that the mixes were
intended to be designed for 28-diliYt'1rget strengths of
35, 45 and 55 MPa. Given these ·targetstrengths, mix PI
was over-designed for strength, while mix F1 was under-
designed t.oapproximately the same extent. on the other

.hand, mix S2, while also being und~r.-designed, appears
to be anomalous since decreasing the wlb ratio from
0.63 to 0.51 has only effected a streilgth increase :lfrom
37.1 MPa to 39.4 MPa.

F~gure 5 S shows the strength results plotted against
the w/b ratio. In comparison with the other curves in
this figUre, the curve for the GGBS concrete strengths
at 2S....days shows that the anomaly is caused by the 81
concrete showing too high a 28 day strength value.
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.*.OPC/FA 28 d
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0.4 0.45 0.5 0.55 0.6 0.65

Water/Binder Ratio

Figure 5.8: 28 day and 10 month strength vs. w/b ratio
curves for the different binders tested

If it is assumed that the shape of the wlb ratio vs.
strength curve fo~ the GGE8 concretes at 10 morrchs is
also obtai.ned at '28days, then the stl~ength value for
the 81 concrete redQceS to 34.6 MPa. This impl:ies that
the st+ength of the 81 concrete is ahout 2.5 MPa above
an expected value. In the absence of any evidence of an
error in the mixing or testing of this concrete, the
result can only be accepted as anomalous. The possible
effect of this "error" in the assessment of the
compressive strength of the 81 concrete, in relation to
the measured durability parameters, will be discussed
later.
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5.6.2 Oxygen permeability at 28 days after casting

The average results of oxygen permeability obtained for
thEL~yp,riousconcretes at 28 days after cast-~ng are
presented in Tables 5.10 to 5.12 below. In these
tables, the coefficient of permeability is quoted to 2
significant figures. Individual results are presented
in Tables A7 to A9 in the Appendix.

At the t,:i.methat the 28-day tests were undertaken, the
problem of the variability of permeability measurements
was not fully appreciated. As a result, only two
samples per combination of mix type, curing regime and
depth into concrete were tested initially, as shown in
Table 5.8. The permeability values presented in Table
5.10 therefore generally represent the average of two
measurements and, in soma cases , the result of only one
test. Some results had to be di:'::"".;l.rdedbecause the test
sample had a crack Or flaw through the thickness,
causing a "short circuit" for oxygen flow. These
effects were easily identified as results showed
unusually high permeability values. When this problem
was recognised, it was decided to dispense with the 12-
week tests in order to provide adcdtional samples for
the 28-day and 10-month tests. Tables A7 to A9 in the
appendix indicate which of the results in Tables 5.10
to 5.12 represent the average of three individual test
results.
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Table 5m 10: 28-day oxygen permeability ex 10-10 lOIs) of
the ope concretes

IF
'~

I Extent of Depth j:ntoConcrete (mm) ..
Mix Curing (Days) 0 t;.) 15 15 to 30 30 to 45.-

1 32 27 23
Pl 3 3.7 2.6 3.6

7 4.4 2.1 2.9
28 0.70 0.74 3.2

1 13 7.7 11
P2 3 2.5 1.9 1.,8

7 0.82 0.88 1.1
28 0.44 0·73 0.51

1 3.7 2.7 3.3
P3 3 1.4 1.2 1.4

7 0.96 0.53 0.62
28 0.36 0.60 0.32
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Table 5..11: za-day oxygen permeability (x 10.10 mjs) of
the OPC/FA concretes

F3

1

3

7
28

Extent of Depth into Cal:\-:!rete (rom);

Mix Curiltg (DayS) 0 to 15 15 to 30 30 to 45

1

Fl 3
7

28

23 19 24

9.8 18 10
3.3 3.9 4.5
1.9 4.5 4.9

7.9 '/7, 7 6.4
5.3 1..7 2 .5
0.76 0.72 0.55
o.3-1 0.39 0.41

,

I 3 .8 3.3 3 .0
1.1 1.0 1.8
0.84 0~49 0.45

il;,)" 25- __j_~. 29 0.3],
>I., .. "".J

1

]'2 3
7

28

1)
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Table S.1.2: 28"~day oxygen permeability (x 10-10 m/s) of
the OPC/GGBS Concretes

Extent of Depth into Concrete (nun) :

Mix curing (Days) 0 to 15 15 to 30 30 to 45

1 42 26 25.1
Sl 3 16 12 11.5

7 13 12 10.4

28 3.7 3.9 3.6
1 12 12 12

S2 3 4.6 4.2 5.3
7 2 •.3 6.0 3.7
28 0.85 0.59 1.2
1 9.4 6.9 8.1i83 3 2.4 2.4 1.9
7 1.2 1.3 1.2
28 2.0 2.2 1.5

Figure 5.9 shows the oxygen permeability results for
the P1 concretes for the three depths from the surface
and for the various extents of water cu.ring considered.
This figure shows a dTamatic decrease in permeability
when th~ extent of moist curing is in'creased frOlu 1 day
to 3 days. However, the linear scale used fOr the
permeability axis, obscures the differences obtained
for the different depth slices and Figure 5.10 shows
the same data with the permeability axis in a log
scale. The differences are now shown more clearly and,
for the rest of this discussion, a log scale will be

used when presenting permeability data in graphical
form. All the graphs also show the 28-day, fully cured
compressive strengths and w/b ratios of the respective
concretes.
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CoeU. of Permeability (1E-10 m/a)35r-----·------------~--~----~---~----------~~
BInder Typo: ope

W/b Ratio: 0.67
28d strength: 39.6 MPa

15

10
5

1 3 7
Extent of Water Curing (Days)

28

Depth Into Concrete

_ 0"'15 mm _ 15~30rom 030-45 rom

Figure 5.9 Permeability vs. extent of moist curing
for the Pi concretes

Coetf. of Permeability (m/s)1.0E-oa~-----~------------'----------.....,
Binder Typ'.): ope

W III R~lo: 0.67
28d strength: 39.6 MPa

1.0E-09

1.0E-10

1.0e"11
1 3 7 28

Extent of Water Curing (Days)

Depth Into Concrete

_ 0-15 mm _ 15-30 mm G:J 80-45 mm

Figure 5.10 The data shown in Figure 5.10 with
permeability plotted on a log scale
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Coeff. of Permeability (m!s)1.0E-08~------------~~-----------------------~~
Binder Typo: ope

w/b Ratl')~ 0.56
:Wd atr(tngt.\: 41.7 MPa

1.01:-09

1.•0E~10

1.01:-11
1 3 7 28

.Extent of Water Curing (Days)

[ _ 0-15mm D:~ ::~:~::,eteED30-45 mm I

Fig'Ure 5.11 Per-meability vs. extent of moist curing
for the P2 concretes

Coe1f. of Permeability (m/e)1.0E-09r-----------------------~-----....,
Binder Type: OP~

w Ib .Ratlo: 0.48
28d strength: 59.4 MPa

1.0E-11
1 3 7 28

Extent of Water Curing (Days)

Depth Into Concrete

_ 0-15 mm _ 15-30 mm 0 30-45 mm

Figure 5.12 Permeability vs. extent of moist curing
for the P3 concretes
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Coaff. of Permeability (m/s)

1.0E-09

~ OPC CONCRHES: OXYGEN PERMEABILITY

:: w/b = 0.67 ![1
69.6 MPa,

w/b = 0.56
47.7 MPa

~ w/b = 0.48~
59.4 MPa

~ ~- ,
, ~

I ~ i~, .
"" ,

L.....__

JE-10

1.0E-11
3 7 28 1 3 7 28 1 3 7 28

Extent of Water Curing (Days)

1;0T015mm

Figure $.13 combined results of 2$-day oxygen
permeability for the opc concretes

D$~~hinto concrete

_ 15 TO 30 mm 0 30 TO 45 mm

Coeff. of Permeability (rols)
i.0E-OS=:r-~~--------~---~------------'

70% OPC, 30% FA CONCReTES: OXYGEN PERMEABILITY

1.0e"09

w/b e 0.59
30.3 MPa

w/b = 0.49
~ 45.3 MPa

1.0(:-10

1 3 7 28 1 3 7 28 1 3 7 28

Extent of Water Curing (Days)r---- . Depth into ConcreteL~ 0 TO 15 m:_ _ 15 TO 30 mm 030 TO 45 mm

Figure 5.:\,4 Combined results of 28-day oxygen
permeability for the FA conoretes
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Ooett. of Permeability (m/s)
1.0e-08r-- 50% ope, 50'J(.GGBS CONCRETes: OXYGEf.: ~E~MEABILITY

w/b = 0.63
37,1 MPa ,

w/b = 0.51
1.01:-09:: 43.0 MPa

1.0E"10

w/b = 0.43
53.2 MPa

~
i

1 3 7 28 1 3 7 28 1 3 7 28

Extent of Water CuriniJ (Days)

~OT015mm

Depth into Ooncret(

_ 15 TO 30 mm 030 TO 45 mm

Figure 5.15 comhLned results pf 28-day oxygen
permeability for the GGBS concretes

Figures 5.11 and 5.12 show the form of the results
obtained for concretes P2 and P3 respectively plotted
as in Figure 5.10. In order to allow comparison acrOSS
the strength grades of the OPC concretes tested, Figure
5.1.3 shows a combination of the results in Figures 5.10
to 5.12. Figures 5.14 and 5.15 similarly show the
combined results for the FA and GGBS concretes
respectively.

From these figures it can be seen that:

the extent of moist curing has a marked effect on
the oxygen permeability of all the concrete!?
Curing for 28 days can cause an up to 50 times
decrease in the permeability of surface concrete
when compared with only one day curing;
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increasing the duration of curing from 1 to 3 days
appears to effect a bet'ter proportional
improvement in the low and medium strength OPC
concretes than in the case of the corresponding
OPC/GGBS and OJ;C/FA concretes. This is probably
related to the slower rate of early hydration of
the FA and GGBS components;
within similar nominal strength (:.,{rades,the ope/FA

blend generally showed the lowest b~ygen
permeability after 1 day of curing, while the
OPC/GGBS concretes generally gave the highest
permeability results for the same degree of
curing; however, these differences appear to be
significant only for the 28-day cured samples;
although a number of samples show higher
permeability of the surrace :slices c .paned with
the internal slices, there appears to be no clear
trend of decreasing permeability with depth. This
indicates that the effect of drying on the
permeability of covercrete is Significant up to a
depth of at least 45 mm,

Some of the permeability results shoun are anomalous
since the expected order of values is sometimes
reversed. This is probably due to the high variability
of the permeability measurements as discussed in
Chapter 4.

5~6.3 Oxygen permeability at 10 months after casting

The average results of oxygen permeability measurements
obtained fo~ the various concretes at lO-months after
casting are presented in Tables 5.13 to 5.15 below.
IndividUal results are presented in Tables A10 to A12
in the Appendix.
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Table 5.13: 10....month oxygen ne:tmeability (x 10-10m/s)
of the ope concretes

Extent of Depth into concrete (mm)~
';' "

0 to 15 15 to 30

24 18
5.5 5.3
3~4 3 .1
1.4 1.3

Q.6 7.9
3.2 2.8
1.3 1.7
0.77 0.86

8.3 8~.7
3 .1 4.2
1.7 1.5
0.62 0.75

P1

P2

P3

1

3

7.
28

1

3
7

1!8

17
5.1
3.0
0.99

9.7
3.3
2.9
0.713

11
3.7
1.6
0.74

1

3

",7

28

5-36



Table 5..14: 10-month oxygen pel;'meability(x 10-tOm/s)
of the Ope/FA concretes

Extent of Depth into Concrete (nun) ..
Mix curing (DayS) 0 to 15 15 to 30 30 to 45

1 21 20 19
Pi 3 15 15 17

7 7.7 6.8 6.2
28 7.3 9.9 9.5

"

1 11 12 11
F2 3 3.1 2.9 3.1

7 3.0 1.5 1.7
28 0.42 0.52 0.56

-""~.
1 4.7 4.5 4.9

F3 3 1.7 1.6 1.5
7 ! 0.82 0.61 0.68
28 0.30 0.330.38

"
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Table 5015: 10-month oxygen permeability (x 10-10m/s)
of the ope/GGBS Concretes

,.
Extent of Depth into concrete (mm) :

Mix curing (Days) 0 to 15 15 to 30 30 to 45.
1 71 43 44

51 3 23 15 25
7 6.2 4.9 7.4
28 6.3 4.7 4.5
1 15 11 13

52 3 4.7 4.6 5.7
7 2.3 3.9 6.2
28 2.9 2.4 3.2
1 9.9 8.9 7.5

53 3 2.3 2.5 2..2
7 1.5 1.4 1.8
28 1.8 1.4 0.98

-
These results are also presented graphically in Figures
5.16 to 5.18 below, in the form described in Section
5.6.2. The results show that, after 10 months of drying
in the controlled atrnosphere room, the relative effects
of the different degrees of moist curing are largely
unchanged. Given the conditions of exposure of these
samples, the effects of inadequate initial curing on
the cover concrete are therefore not reversed with
time. However, it appears that at 10 months the
permeability of the surface and internal slices tend
towards the same value for a given con~rete type and
curing condition. Hence, the absence of a declining
trend of permeability with depth from the drying face
is more marked after 10 months of air drying than at 28
days after casting.
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Coeff. Of Permeability (mts)
1.0E-08

1.0E-09

1.0E-11

= -oPC CONCRETES: OXYGEN PERMEABU_ITY

- TESTED AT 10 M(jI~.TH$

::
w/b " 0.67
52.7 MPa "'

~

w/b" 0.56
67.8 MPa w/b" 0.48

"-
79.6 MPa

:: ,
,

"

'1 S 1 28 1 3 7 28 1 3 7 28
Extent of Water CUring (Days)

r~ Depth into Concrete

~_m_m~ ~_15_T_O__ 3_0_m_m~_I_.__13_0__TO__4_5_.n_lm___J

Figure 5.16 combined results of the lo-month oxygen
permeability for the OPC concretes

Coeff. of Permeability (mts)
1.0E-08=r-~-~-~----~-----~-------'

70% OPC, 30% FA CONCRETES: OXYGEN PERMEABILITY

1.0E-09 ~

1.0E-10 ::

TESTED AT 10 MONTHSw/b " O.ES
181.2 MPa

.' I w/b " 0.49
73.8 MPa

- w/b " 0.42
89.5 MPa

1.0E-11 ""_---""rw,_w '--
3 7 28 1 3 1 28 1 3

Extent o( Water Curing (Days)
1 1 28

Depth into Concrete

_ 15TO 30 mm 030 TO 45 mm

Figure 5.11 combined results of the lO-month oxygen
permeability for the FA concretes
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Coeff. of Permea~Wty (m/s)1.0E-08~_----------------~----~~------------------~·:: ~ so~ ope, 50% GGBS CONCRETES: OXYGEN PERMEABILITY

~4. n~:STEOAT 10 MONTIiS

1.0E-09 ::
::

1.0e"11 -

- wlb = 0.63
52.1 MPa w/b " 0.51

63.7 MPa
wlb = 0.43
80.0 MPa

r-.

1 3 7 26 1 3 7 28 1 3 r 28

Extent of Water Curing (Days)

l.lepth into Concrete
_ 0 TO 15 rom _ 15 TO 30 rom 0 30 TO 45 mm

Figure 5.18 Combined results of lO-month oxygen
permeability for the GGBS concretes

5.1!i • 4 Water sorpti vi ty a.:t 28 days after casting
trhe average results of water sorpti vity obtained for
the various concretes at 28 days after casting are
presented in Tables 5.16 to 5.18 below. In these
tables, the water sorptivity values are quoted to one
decimal place. Individual results are prEsented in
Tables A13 to A15 in the Appendix.

,d
/
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Tabl~\ 5,1.6: 28-day water sor'ptivity (rom/hr'Ar of the

OPC concretes

\J Extent of E~~n_t_o...,._c_o_n__c_r_'~~e,..<_mIn_>_= n

Mj',x ! Curing (Days};c 0 to 15
"Ir-~--~------~--~·~---------,--,r_----~,---~-----~--~l

PI

9.4 9.1
9.3 9.1

15 tOU30 30 to 45
c'

1 32.0
3 22.4
7 15.1

28 10.6
:......u

1 24.2
3 16.5

7 13.1

28 10.0

1 :21.6

3 15.5

7 13.0

28 9.6
/ ..-

34.8, 22.4

13.0

11.1
10.1

14.4
10.5

10.2 .
14~-:;---l
9.4P2

15.2

10.4

12.2 12•.5

J
9.3 9.5
8.4 9.1
8.5 9. 6
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I

Table 5.17: 28-day water sorpti:Vi.tyl'<-rmn/hr\~) of the FA
concretes

Fl

I)epth into Concrete~~--~----~-------o to 15 15 to 30
(,....): ~

:30 to 45 \'I~----~------------'~--------~~------~~------~!
~xtent of
II Mix I curing (Days)

F2

1 26.4
3 23.2
7 18. S!

28 /"14,~." ",.!
,~':~"
"

1 25. ~l4i
11'

3 17.5

7 12 .iiI

28 8.2

1 20.6
3 1~,.3
7 12 .c
28 9 .5

F3

19.9 18.0
16.4

.11.6
11.7

18.5
10.6

1.4.2
"

13.5
11.2

:1:7 .. 3

8.'1'5 7.9
l.O,,()

7.85· 8.5

14.7 13.6

7.4 8.1

10.7
9.4
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Table 5.18: z a+day water sorptivity (nun/hr'h)of the
:;GB8 concretes

Mix
Extent of Depth into concrete (nun) ..
Curing (Oays) 0 to 15 15 to 30 30 to 45
1 43.6 34.2 31.5
3 22.4 16.7 16.0
7 18.1 11.. 6 11.7
28 14.7 7.7 8.2

1 28.3 18.2 19.1
3 19.3 9.8 9.4
7 13.9 9.9 10.4
28 12.6 5.5 6.1
1 25.4 17.3 15.8
3 12.9 8.7 7.2
7 12.l 7.3 6.4
28 14.2 6.7 6.3

81

S2

83

These results are shown graphj,cally in Figures 5.19 to
5.21 below. Here again, the results for the concretes
with the same binder type are shown on the same figure.

The following points are noted from the water
sorptivity results:

The extent of moist curing has a considerable
effect on the w'ater sorptivity of cover concrete.
However, in numerical terms, the response of
sorptivity to changes in moist curing is less
marked than in the case of oxygen permeability.
For a given concrete, the largest difference in
sorptivity values after 1 day and 28 day curin9' is
a factor of approximately 3.
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Water Sorptivity (lr,m/hr"'O.5)45~--~~~--'-------------------------------------'
40

35
30
25

20

OPC OONCRS,.E$= WATERSORP'rlVITY

w/b = 0..67

39.6 MPa

w/b : 0.56

47.7 MPa

w/b " 0.48

59.4 Mpe

15
10
5
o

1 3 7 25 1 3 7 28 1 3 7 28
Extent of Water Curing (Days)

Depth into Concrete

_ 0 TO 15mm _ 15TO 30 mm 0 30 TO 45 mm

F.igure 5.19 combined results of 28-day water
sorptivity for the ope concretes

Water Sorptivity (mm/hr"'0.5)45r---~----~-----~'--~----~-------------'------~
40 30% FA, 70% OPC CONCRETES; WATERSORPTlVlTY

35
30
25

20
15
10
5
o l----""r>.I.l...l-

w/b e 0.49
45.3 MPa

w/b = 0.59
30.3 MPa

w/b " 0.42
58.6 MPa

1 3 7 28 1 3 7 28 1 S 7 28
Extent of Water Curing (Days)

Depth into Concrete ~~

~_~~·_O_T_O_1_s_m_m~~_15__TO__3_0_m_m l_.:J__ ~

Figure 5.20 combined results of 28-day water
sorptivity for the FA concretes
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Water Sorptivity (mm/hrAO.S)45~~~--------------------------------------~--~
w/b e 0.68

87.1 MPa

w/b e- 0.51

43.0 MPa

w/b • 0.43

53.2 MPs

40
35
30
25
20
15

t~t

50'4 GGBS. 60% ope CONORETes: WATER SOAPTIVITV

1 3 7 28 1 3 7 28 1 3 7 28
Extent of Water Curing (Days)

L- 0 TO 15 mm.~~_ep__t_~_5i_n~_~_.~_:_n_:_:_t_e_(~_! _3_O_T_O__4_5__m_m_ _,1

Figure 5.21 Combined results .of 28-day watep
sorptivity for the GGBS concretes

At this stage, it is difficult tl'") interpret this
as an indication of lower sensitivity of the
sorptivity test. Such an interp~:etation will
depend on an assessment of the test in predicting
actual durability performance of the concretes.
For the depth 0 to 15 romfrom the surface of the
concrete, the OPC/GGBS concrete showed the highest
water sorptivity with th8 ope and ope/FA concretes
showing similar results;
For the 15 to 30 mm and 30 to 45; romde)?thsI all
three binder types showed similar results for
curing periods longer than 3 days.
The snrface slices showed higher water sorptivity
than the two internal slicE~s,which gave similar
values.
An unexpected observation is that, with 28 days of



water curing I the GGBS concrete~1 still show
considerably greater s01~ptivitiE~s fox: the surfaCe
slices than for the internal slices. The reason
for this is unclear and may require further
testirlg to confirm the _Observatione
For a given binder type and depth into concrete,
with continuous curing up to 28 days, the water
sorptivity tends towards the same value for all
the strength grades tested. This is probably due
,to.similar extents t : of capillary disoontinuity
being ach.Levad for the 2S-day 'lilatercuring
condition.

The results shown in Figures 5.19 t9 5.21 are less
erratic and the trends are clearer than the results of
the oxygen per'meability tests. This is probably due to
the fact that bleed voids and other macro defects have
a smaller effect on the rate of water absorption than
on air permeabj_1i t.y .

1-'

$.645 water sorptivity at 10 m.onths after casting
The average results of water sorptivity obtained for
the various concretes at 10 months after casting are.
presented in Tables 5.19 to 5.21 bel':lw.IP.dividual
resul ts are presented in Tables A16 1,\0 A.l8 in the
Appendix.
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Table .s .19: 1.0-·month water sorpti vity (m.m/hr'h) of the
ope; concretes

Extent ot' Depth into concrete (rom) ..
Mix Curing (Days) 0 to 15 15 to 30 30 to 45

1 27.4 25.9 24.5
Pi 3 20.7 17.7 18.0

7 16.4 15.6 13.8
28 13.1 12.0 11.3

1 24.3 21.3 19.
P2 3 17.0 14.5 14.4

7 12.1 12.8 13.3
28 10.7 11. 3 10.9

I
".:!

1 21. 6 18.7 17.4
:83 3 14.8 13.6 13.1

7 12.0 12.3 11.8
28 10.3 9.34 9.9



Table 5.20: 10-month water sorptivity (mm/hr'h) of the
FA concretes

:Extent of Depth inca concrete (mm)..
'--'

Mix curing (Days) 0 to 15 ., 15 to 30 30 to 45

1 29.7 25.2 24. 6

Fl 3 27.6 23.5 21.2
7 20.9 15.9 16.1
28 19.1 16.1 15 ..0

1 25.9 25.6 23.9
F2 3 15.4 l4. 7 14.2

7 13.4 12.3 1.1. 9
28 10.2 8.1 6.9

1--,
I

16/i•1 20.5 6 15.9
F3 3 11.0 11. 0 9.9

7 9.7 9.5 8.4
28 8.1 6.9 5.9
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Table 5.21: 10-month water sorptivity (mm/hrlh)of the
GGB5 concretes

~

Extent of Depth into concrete (mm) ..
Mi~ curing (Days) 0 to 15 15 to 30 30 to 4:

1 31.9 26.3 27.9
51 3 19.7 14.6 15.5

7 15.0 9.1 8.3
28 13.6 7.4 7.8 --
I 25.3 16.1 14.8

I82 3 25.7 8.5 9.8
7 12.2 8.5 8.8
28 13.:1- 7.0 6.9
1 21.8 16.6 14.9

83 .., 12.4 8.2 7.6..J

7 9.3 6.3 6.3
28 10.2 5.8 5.5

The combined results for each binder type are shown
graphically in Figures 5.22 to 5.24 below.

In comparison with the 2B-day sorp~ivity results, these
results show that:

the surface, slices of the GGBS concr et.eshave
generally shown a decrease in water sorptivity
after 10 mont.hs of drying;
the surface slices of the OPC concretes showed
similar water sorptivity values at 10 months as at
28 days after casting;
the surface slices of the l·'A concretes showed
increased water sorptivity values for the low
strength concrete but similar to generally
decreaSed values for the medium and high strength
concretes;
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Water SQrptivity (mm/hrAO.5)45r---------~--------------------------------~
35
40 OP~ CONCRETES: WATER SORPTIVIT'f

w/b = 0.67
TEsrED AT 10MONTHS

30·'

25
20
15
10

~~
1 3 7 28

52.7 MPa
w/b = 0.156
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'-----
1 3 7 28 1 3 7 28

Extent of Water Curing (Days)

Depth into Concrete

I- 0 TO 15 mm - 15 TO 30 mm 0 30 TO 45 mm

Figure 5.22 Combined results of lO-month water
sorptivity for the ope concretes
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Depth into Concrete --~

_15T030mrn D~

Figure 5.23 Combined results of lO-month water
sorptivity for the FA concretes

_ 0 TO 15 mm
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Water $orptivity (mm/hr"O,5)45~----------------~----------------------------~
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35 TESTED AT ~OMONTHS
30

25
20
15
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5
o

w/b : O.GG

52.1 MPa
w/b = 0.51

63.7 MPa
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80.0 MPa

1 3 7 28 1 3 7 28 1 3 7 28

Extent of WatBr Curing (Days)

I ~ 0TO15mm :I~:n;~ ~:n::I. 030 TO45mJ
Figure 5024 combined results of 10-month water

sorptivity for the GGBS concretes

the differences between the water sorptivity of
the surface and internal slices are not as marked
at 10 months as at 28 days. This appears to result
from increases in the water sorptivity of the
internal slices more than dlacreases in the
sorptivity of the surface slices. This effect is
more pronounced with the ope and FA concretes than
with the GGBS concrete.

The reason for the internal slices showing an increase
in sorptivity after 10 months is unclear a.tthis stage
and further testing will probably be necessary.

5..6.0 Depth of carbonation
Tables 5.22 to 5.24 show the measured depths of
carbonation at;10 and 20 months after casting. Note
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that carbonation depth measure;nents at 20 months were
not measured for the OPC and the low st,rength FA
concretes. These tables also show the calculated
carbonation coefficient (D) based on the carbonation
equation:

x = D,1t

where x is the depth of carbonation- (run) at time t
(months) after casting. In the tables below, DIO and D20

are the carbonation coefficients calculated on the
basis of the 10 .and 20 month measurements respectively.

Table 5.22: 10-month carbonation depths (rom) and
cax:bonation coefficient (rom/month'.?)of.'the
ope concretes

Carbonation
Depth at 10
months (mm)

Coefficient
DIO
(rom/month'.?)

1 13.5
3 10.5
7 7.0
28 5.0

1 9.5
3 7.0
7 3.0
28 2.0

1 7.0
3 5.5
7 3.0
28 1.5
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4.24
3.32
2.25
1.61

3.07
2.18
1. 01
0.63

2.21
1.613

0.92

0.41

r=J:..xtent of
I M>x curing (Days)

Pl

P2

P3



Tabl.e .5.23; 10 and 20-month carbona,tion depths (nun)

and carbonacd on coefficient (nun/monthth) of
the FA concretes

Mix

Fl

F2

F3

4.27
3.04
3.32
2.06

Extent of Carbonation
curing depth (mrn) at:

Carbonation
coefficient
(mm/mont,h'h)

(Days)

:to
3

7

28

1

3

7

28

1

3

7

28

10 mths 20 mths D10

13.5
11.5
10.5
S.50

11..5
7.0
5.0
4.0

10.5
7.0
5.5
2.5

20.5 3.64 4.63,.
14.0 2.21 3.13

;;: 12.5 1.58 2.84
10.0 1.20 2.24

19.0 3.29 4.24
13.0 2.18 2.91
9.5 1.68 2.17
6.0 0.79 1.34 II
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Table 5.24: 10 and 20-month carbonation depths (rom)
and carbonation coefficient (mm/month'h)of
the GGBS concretes

Extent of Carbonation Carbonation
curing depth at: - coefficient

~
Mix (Days} 10 mths 20 mths DIO 020

1 18.5 28.0 5.79 6.26
Sl 3 14.0 23.5 4.36 5.30

7 10.5 19.0 3.32 4.25
28 6.0 10.0 1.96 2.24
1 13.5 26.5 4.30 5.97

82 3 9.5 17.0 3.04 3.80
7 7.5 14.0 2.31. 3.11 li
28 4.5 7.0 1.49 1.56 I

1 12.0 21.5 3.79 4.76
S3 3 8.0 11.5 2.53 2.52

7 4.0 7.5 1.26 1.72
28 1.5 6.5 0.47 1.50 ...J,

I I

These results are shown graphically in Fi.gures 5.25 to
5.28 below.

As an 0xample, Figure 5.28 shows the broken surfaces of
the P2 group of samples after being sprayed with
phenolphthalein at 10 months "fter casting. The letters
A to D refer to the extent of initial ~'ater curing as
described in section 5.4.2 above. This figu:r.ecl~arly
shows the increasing depth of carbonation with reduced
durations of initial moist curing. The effectiveness of
the epoxy coating in preventing CO2 ingress is evident
from the absence of a carbonation front at the side
surfaces of the samples.
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DEPTH OF CARBONATION (mm)14---~------~-- ,_.-......_-----------.
MIX 10.
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--- Pf
-+- P2

-* P3
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O~--~-------L----~~ L_ __ "__~~ _J

o 5 10 15 20 25
EXTENT OF MOIST CURING (Days)

30

Figure 5.25~ Qarbonation depths of the ope concretes at
different degrees of moist curing

DEPTH OF CARBONATION (ti1m)
25r-'---------.~------------~-.~~..

10 ANO 20 MONTH CARBONI . Dii(,oJ MIX 10.

15 +
*

10 ~ -;;~

: ,___ ~ ~._ ..1.--.••.......•.•~.~f-.t-=-----=_=.--I.-~~~~=,..._,--L-_=====.:=:_=:_==-~_==-~j
o 5 10 15 20 25

EXTENT OF MOIST CURING (Days)
30

Figu~e 5.26: Carbonation depths of the FA concretes at
different degrees of moist curing
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DEPTH OF CARBONATION (mm)
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Figure 5527: Carbonation depths of the GGBS concretes
at different degrees of moist curing

o

o

Figure 5.28: Samples of the P2 concrete sprayed with
phenolphthalein to determi.ne the depth of
carbonation.
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Another interesting·· aspect. shownpy this f igm::e is the
effect of initial curing on the strength of the
concrete. The numberof broken aggregate pari::.icle.scan
be taken as an indication of the strength of the cement
paste matrix, since, the st,ronger the cement;},1'Ql5tef the
greater would be the tendency for cracks to pa.s$
through, rather than around the aggregate part;icles. On
this basis, Figure 5.28 shows a marked increase in
st:rength as the extent of curing increases from 1 to 7
days. There appears to be no noticeable increase in the
numberof fractured aggregate particles as thE!extent
of initial curing is increased from 7 to 28 a'elYs..

The following points are noted from the carbonation
results presented above:

increasing -che extlsnt 'Of initial moist curing has
a significant effect in reducing the rate of
carbonation of all the concretes tested;
Whencomparing the carbonation ra.tes of the :L-day
and 28....day cured concretes, the ope and GGBS

concretes appear to be more sensitive to the
duration of initial curing than the FAconcr-ebasj
within similar .nonif.na; st.rength grades, the (:;GBS

concretes generally ShOWEldthe largest depthls of
carbonation While the OPt.! concretes showedthe
lowest dppths of carbonation;
all the concretes teste.d for carbonation depxh at
20 months gave D20which were greater than thle
corresponding DIO values. These are anomalous
results s:L!2.-:}e ""l"4eY ·nlz.fiG ..:l:'~ tha.t the rate of
carbonation increases with time. The opposibe
effect would be expected since, for the samples
with limited initial curing, the accessibili'ty of
CO2into the conozebe red'uces with depth, ~s
indicated by the reducticms in per:rneabil;ity and
sorptivity with depth. Figure 5.29 graphically
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shows the relationship between D10 and D20•

CARBONATION COI2FFICIENT AT 20 MONTHS

: ,--I - - - .. ---...._..__.'---~ .. ,., :-, .. - - 3il
5

4

3

2
Binder 1'ype:

* OPO/FA
o OPO/GGBS

o~--~--~~~~~~--~--~'
o 0.5 1 1.5 2 ~.5 3 3.5 4 4.5 5. 5.5 6

CARBCINATION COEFFICIENT AT 10 MONTHS

Figure 5.29: Relationship between DlO and D20 for the FA
and GGBS concretes

L"igure 5.29 shows thAt there is an apprt.)ximcltely0.7
nun/month1h upward shift in the. relationsbip between D10

and D20• The reason for this is possibly a combination
of the following factors:

The differences are magnified because of the
relatively early ages at Which the measurements
are being taken. It may be that the coefficient
stabilises at the D20 va lue at later ages 0

The low rate of carbonation after 10 months could
be caused by th~ higher cement content of the
surface layer of the samples. The amount of
carbonatable material would be grea~er in this
area and the rate of advance of the carbonation
front would the:i;efore be lslower.
The square-root relationship fOl:' the time rate of
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carbonation may nat be entirely valid. This
relationship has been questioned by Bentur ~Tld
Jaegertnann(9)who have proposed an alternative
relationship of the form:

x ::= .D. t: (0.4)

HoWever, applying this form of the equation does hot
improve the DlO/D:!O relationship indicating that t.he fornl
of the equation may be in question.

5.7 General D~scussion of the Result$

The effects of !curing duration and c ,,~c,cn.t.,enia The
results of both oxy ....an permeab:i.lit:.yand water
sorptivity clearly shoW that larger iml?l:"ovemerrtsin
permeability and absorption can be ef,:ected by

increased moist curing than by inc1:ease<ic/w ratios.
For example, assume the conditions of a particular
project requires a ~8-day durability uindexH of say, 3

x 10.10 m/s (in oxygen permeability terms). Reference to
Figure 5.13 shows that this can be aChieved using an
ope concrete with a w/h ratio of 0.67 and water cured
for 3 days. However, if the concrete is to be moist
cured for only one day, the til/b :r.atiohas to be
decreased to 0.47 to satis:fy the durability
requirement. Assuming a constant water content of 200

R./m3, this represents a cement content incr~~ase of 125

kg/~ or a cost increase of approximately R25-00/~ of
concrete (cement currently costs approximatelY
RO.20/kg) •

While it may be more efficient to improve the
durability of a pclrticular concrete by increasing the
duratiotl of early··age curing I this may not be the most
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cost-effective option. On a particular project, the
engineers may find it more cost effective to increase
the cement content rather than increase the dur~tion of
early-age curing. Hence, the cost of additionai: moist
curing must be weighed against the cost of additional
binder required to give the same permeability and
abscrrpt.Lon characteristics.

It should also be noted that, for a cost assessment,
the results of permeability, sorptivity and carbonation
depth show the IIdiminishing returns" effect. The
duration of moist curing required to effect a unit
improvement in the quality of the surface concrete,
increases with increa$),ng duration of curing.

Effect of curing on depth from a drying surface: It was
found that the 1.5to 30 nun and 30 to 45 nun slices gave
similar permeability and .so:::'ptivityt'esults, generally
lower than those of t.he surface slicers. Hence, drying
has a similar effect on the zone of concrete 15 to 45
nun from the surface. AlSO, increased duration of moist
curing has a signific::ani:effect on tl'lis15 to 45 nun
zone of the cover concrete.. as shown by the reduction
in permeability and E!clil::ptivitywith increasing curing
juration.

E1~fect of Binder tYPf~= For the range of concretes
tested, the FA concretes have generally performed
better than ttle 0PC arid GGBS concretes from thtS'paint

i

of view of oxygen perl1leability and water sorpt~,vity.
'this is probably due t:o the pore refining effect which
FA has on OPC concz-eceis because of its small particle
size and poz aoLan Io ej:fect.

The GGBS concretes generally showed the highest
perlneability and sorpt:ivity re:sults for the ranqe of
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concretes tested. Hewever, this ceuld, at least in
part, be explained by the lc\.,er28-day cempressive
strength9 ebtained fer the medium and high strength
cencretes. These results indicate that, fer the GGBS
mixes, lewer w/b raties should ha.ve been used than
these suggested by FuLten(3)•

Comparing the permeability and sorptivity tests: The
res~lts a: 'ear to. indicate that water serptivity is a
mere sensitive measure of changes in the develo.pment ef
cement phase microstructure than is exygen
permeability. This is neted from the differences in
results o.btained fer the 0 to. 15 mm slices compared to.
the 'internal' slices. The differences are much clearer
with the water sorptivity results than with the oxygen
permeability results. Howevez , in censidering the
merits ef these tests as durability indicaters, it must
be ncted that gas permeability and water abserption
rep:eesent distinctly different transpert mechanisms of
fluids in ccncrete. The test results may tberefere have
to. be cons i.der-edin relatien to.the expected dominant
mode of dE~tericration if water scrptivit.y or;
permeability are to. be used as durability index
parameters.

5.8 conclusions

The following cone Ius Lens are drawn en the basis of the
results and discussiens presEmted in this Chapter:

The measured compressive strength cf the low-
:strength Gems ccncrete :i.saaoma lous When viewed
with respect to. a w/b to. strength relaticnship.
However, this does nct appear to.have unduly
infl\lenced the permeability and water so.rptivity
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results of this concrete.
The problem of the variability of gas permeability
resu),ts Of concrete must be investigated fUrther.
It appears that, for the test conditions used in
this .project, the m::'nimumnumber of test samples
shoUld be increased to greater than three.
Increasing the duration of curing has a
significant effect in reducing the permeability
and sorptivity of the surface zone of concrete
made with each of the three binder types used.
The decrease in permeability and sorptivity is
most significant for curing periods from 1 to 7
days. Thereafter, only small decreases in these
parameters are observed with increasing durations
of curing.
within similar strength grades, the OPC/FA
concretes Showed the lowest permeability results
while the GGBS concretes gave the highest
permeability results for the same degree of
curing.
The effect of drying in limiting the development
of low permeability and sorptivity, was noted at
depths of up to 45 mm.
No clear trend of the permeability with depth into
concrete could be identified.
The water sorptivity results are considerably less
erratic than the permeability results. Also, a
clear trend of decreasing sorptivity with depth
into concrete was noted with these results.
For the surface (0-15 mm) slices, the Ol?C/GGBS
concretes showed the highest sorptivity results,
with the ope: and OPC/FA concretes showing similar
results. For the two internal slices, all th~
concretes showed similar sorptivity results for
curing periods longer than 3 days.
Por a given binder type and depth into concrete
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and under continuous cuz-Lnq conditions, water
sorptivity tends towards the same value for all
the strength grades tested.
considering the permeability results obtained at
10 months and the aamp Le storage conditions used
in this project, t.he effects of initial ina.dequate
curing are not reversed with time.
The surface slices of the OPC and OPC/GGBS
concretes showed a decrease in sorptivity after 10
months of drying, while the sorptivity of the
OPC/FA concrete appears to have been unaffected in
this period.
continued early age moist curing significantly
reduces the rate of carbonation of all the
concretes tested.
comparing the relative carbonation rates for l-day
and 28-day cured samples f th(: OPC and OPC/GGBS
concretes appear to be more sensitive to the
duration of initial curing than the OPC/FA
concrete.
For similar strength grade concretes, the OPC/GGBS
concrete generally showed the highest rate of
carbonation.
On the basis of the commonly used square root
relationship, the concretes tested showed higher
carbonation coefficient values after 20 months
than after 10 months. Further research is required
to establish a reason for this apparently
anomalous result.
In general, the results show that inc.reasing the
dUration of moist curing of a nominal 35 MPa
concrete from 1 to 3 daya, has a similar effect on
surface permeability and sorptivity as increasing
the strength grade to 55 MPa, with only 1 day of
moist curing. However, in choosing one of these
options. to improve the surface quality of the
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concrete, economic parameters related to
particular projects must be considered.
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CHAPTER. 6
DEVELOPMEN'l! OF A GENERALISED APPROACH TO Tl!li:EFli'EC'1'OF
CURING ON DURABILITY

6.1 Introduction

This chapter presents more detailed analyses of the
results presented in Chapter .5, with the intention of
developing a generalised approach to the eff~ct of
curing on concrete durability, consideration is given
to the relationship between the measured durability
index values (permeability and sorptivity) and the
following parameters:
(a) binder/water (bjw) ratio;
(b) compressive strength;
(0) duration of initial curing;
(d) depth Lrrcoconcrete;
(e) rate of carbonation.
Note that in this chapter, it was decided to use b/w
ratio rather than the more conventional w/b ratio. The
reason for this is that, in the numerical models
d0veloped later, it Was found that the b/w raio form
simplifies the l.·elationshipsconsiderably.

For the relationships (a) and (R) above, the nature and
implication of the Observed trends are di"! "'ssedp while
in the case of (C), (d) and (e), m~the~f.!." :models
are developed to represent t.herelationships. The
models are empirical and are.derived from r~gression
analyses of the data using standard forms of regression
equations.

An important objective of this study was to consider
the usefulness of early-age index testing as a means
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of:
monitoring the quality of cover conCl:'ete,and
predicting the long-term durability perfol.'mIanceof
the materiaL

All the analyses and comparisons in this chapter refer
to the 28-day permeability and sorptivity results and
are intended as contributions to answering the
following questions:

Within the scope of the variables used in the
study, how should mix parameters and curing
conditions be selected to achieve a paz'tLcuLazr
level of durability index at 28 days after
casting?
Having achieved a particular durability index at
28 days, what long-term durability performance is
to be expected from the concrete?

While it is not the intention of this study, a
probabilistic approach to addressing these issues will
have to be considered. It will be necessary to focus
f1.lrtherresearch in the fLe Ld of concrete durability. in
this direction.

6.2 Effect of Binder/Water Ratio on Durability Index
Values

602.1 Permeability

Figures 6.1 to n.3 show the relationships between the
coefficient of oxygen permeability and b/w ratio for
the three binder types tested. The figures show the
permeability measurements of the 0-15, 15-30 and 30-45
romrapths respectively, for the four curing regimes.
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These curves show that, for a given b/w ratio and
curing condition, pl.ain ope concrete generally gives
the lowest permeability value. U'A concretes give
similar results to those of the ope concretes only for
b/w ratios greater than approximately 2.0 combined with
water curing periodf,~,greater than 7 days. The GGBS
concretes showed similar performance to the FA
concretes for water curing periods of 1 and 3 days. The
effectiveness of longer curing periods is less
pronounced :e.orthe GGBS concr-et.es3.nd these show higher
permeability values after 7 alld 28 days of water
curing.

It is also interesting to nobe that , with increasing
dUrations of initial moist curing, the permeability of
the OPC concretes become relatively less sensitive to
changes in b/w ratio than the FA and GGBS c'Oncretes. As
mentioned in Chapter 5, this is possibly an indication
of the greater extent of capillary discontinuity being
a6hieved with continued hydration of the OPC concretes.
I);Ihise:r:f:ectis more significant in the lower range of
b/w rat~os.

Whil~ the curves generally show trends of decreas;ing
pe:-meability with increasing b/w ratio, these trends
are not uniform and, hence, no attempt was made to
describe these curves mathematically. The influence of
b/w ratio is accounted for in a mathematical ~~del
developed later.
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Figure 6.2 2S-day oxygen permeability vs. bjw ratio for the 15-30 mm slices of the
three binder type concretes.
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