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' Thls tthis presents th& deta;ls and results of an o
' investigaticn 1ntc the éfchts of early aga curlng on’

the durability of ccncrete. The two majn cbjactlves of

‘the 1nvpstigat10n were:
- ;;to develop smmple test methcds, applied at _
- relatively early- ages, for measuring the effects
of early-agé moist’ curing on the advance of '
__'hydration in the cover zotie of concrete; :
- to quantify the effect of early age curlng cn the
.durablllty'perfcrmance of concretés of Varlcus
;strength grades and made w1th dlfferent blnder -
.types. ' : :

| 'Appafatus and'meﬁhcdS-WEre developed for measuring the
"oxygEn_pétmeability and water sbrptivity'cf_Cancrete'” B
"slicéS'taken from- the surface of larger samples. These
parameters were used as early—age Lndlcators of the
'chtentlal durablllty of concrete._ )

k"

In the 1nvestlgatlon into the effects of curlng on the

Idifferent concrete types, the follOW1ng Varlables wers:
used: ' ' S
- binder ty'pe
' * _plaln oPC
% . 70%/30% blend of OPC and fly ash
£ 50%/50% blend of OPC and ground granulated |
' blastfurnace slag.
= 'nominal compres51ve strength of ccncreta

# 35 Mpa -
% 45 Mpa
* 55 MPa
- '-duratxon of early—age moist curlng
% . 1 day
* 3 days.
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_ k28 days -
Permeability and eorpthlty tests were- earrleﬂ out at

' 28 days and 10 monthe after casting. Carhonatien ef
concretes exposed to a contrnlled 1aboratory
env;ronment was. measured at 10 and 20 months after

{'castlng Mathematlcal mndels are also developed for

_fpredieting the permeability and sorptivity of surface

_conerete based on controllable parameters such ae w/c::'

; *atlo, binder type and duration of curing.

The main. concluslons of the project are:

-:'The oxygen permeablllty and water. sorpt1v1ty tesL'-'
__methods are sufflciently sen31tlve to detect the
"_effects of varlaticns Ln.m01st curlng on the pere

gtructure of surface concrete.,

’_a_Increaelng the duratlon of curing has a
"f51gn1f1cant effect in redualng the cxygen

permeablllty and Water sorpt1v1ty 1ndex values of
the surface zone of concrete made with each of the

 three hinder types used.

For a given curing condition end b/w ra+1o, oPC

- concretes generally give’ lawer permeahlllty and
. sorptivity values than the OPC/EA and oPc;GGBS :
. concretes.
_For equal eurface permeability or sorptiv1ty, OPC

concretes carbonate slower than - OPC/FA and

. OPC/GEGBS concretes..



L
Facaza and Tmraan

' Behold! In the creation- 3
of the heavens and the earth'
in the alternation of the
fnight and the day, _
. in the sailing of the sbips
o thrnugh the ocean
 for the profit of manklnd
in the rain which God -
. sends down Irom the skies,

and the life which Re

:glves.therew;tbth an .
| earth thét'is'déad;“_ |
. in the beasts of. all kznds, o

" that Ha seatters

 through the earth; -

In the change of the winds
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"CHAPTER 1 | o _
GENERAL Inmaonucw:on - TKE xsmn ron stmnncn on CURING ;f

1.1  Cement Hydration and the Effect of Curing =
The hydratioh of cement” is a process in which the
- compounds 1n cement are transformed by chemlcally
reactlng w1th watsr. This transformatlon results in the
lndlvidual cément partlcles being mechanlcally bound
together, produc1ng a mater1al mASS Wlth excellent
strength and durablllty tharacterlstzcs. There are four
.'1mportant compounds in cement which act as the blnding .
agents ‘when-water is added. These are®:
" : tr1calc1um silicate (GS)
dlcalc1um sillcate (cs)
tr;calcium alumlnate (C4A)
_ tetracalclum alumlnoferrite u;AF}
When water is added to cement, the C,5 starts. hydratlng
_ 'first-and is malnly,responsible-for_the earlyustrsngth:
- of the cement'paste. Most of the Qﬁ is-hydrated]after'

approximately oné month of eprsure to water. The other
comp unds hydrate more slowly and contrlbute to later -
' strength For example, cas requires approxlmately one
year of_constant exposurs_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
imperméability of the cement pasts; At a'micro_IEVEl,
the products of hydration are deposited ih the pdres
and the permeability is reduced by decreasing the pore
size and the degree of'iﬁterconnection between pores.
At a macro level, continued hydration decreases the

1-1



~ extent of shrimkage cracking of the concrete. This is
' of fundamental importance to the durability of the
mater1a1 since the permeabllity of concrete determines
the ease with which aggreeeive elements may enter the =
concrete and advance deterioration®. Clearly, the
promotion of hydraticn in - concrete has beneflcial
'1mp11caticns:for bcth_strength and durahllity.'

It is very dlfficult tc achleve full hydratxcn in
_ccncretem As hydraticn proceeds, the deposition of
the hardenlng products of hydratlcn, calcium silicate
hydrate or C-8-H gel, makes the access of water to -

' unhydrated zones. lncrea51ngly more dlfflcult. Even

" under the most favourable ccnditlons, a small

' propcrticn of the cement remains unhydrated for- lcng

| periods of time, Alsc, it is thought that thh w}c
ratios lese than approxlmetely 0., 42, the hydratlcn
'reactlcn requlres more water than is readlly ‘available
in the pcres and this may cause self desiccation in |
lccallsed areas. In thiz case, a considerable amount of
cement remalns unhydrated desplte adeguate curlng '
-ccndltlcne being prcv1ded on tha surface of the
concrete member

Hence, rather than full hydration, it is more
apprcprlate to refer to. the reguired 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 extent of
hydration takes place. In-practice;'hcwever,'much of
this water can be lost by evaporation frcm_the-ccncrete
sirface 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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hYdrafing cementcphaSe.

The ‘need’ lor continuous curing is most critical durlng
the flrst few days after the concrete has been cast. -
When curlng_ie interrupted in this period and the
'oement paete_is.allowed'tb dary out':hydration'of the
cement ceases. More importantly, it becomes difficult
to get water back 1nto the pore etructure,upon
subsequent wetting in order to re-activate the
hydration process. This is caueed by the following
developments whleh take place when the concrete dries
.'outm' . .
= _-the pore water 1s saturated wzth ‘calcium hydroxlde._
o (Ca(OH)g) and when the water evaporates, thie
_  Ca(OH): 15 dep031ted in the- pore structure near
- the surface of the concrete, _ .
o - _ the ca(Oﬂ)u reacts with atmospherlc carbon ledee
o "to form poorly soluble calcium earbonate (Caco,)
which occuples a larger volume than the origlnal
~ Ca(OH)y; . o L
- this volume lncrease, together with the fact that
- Caco; is conelderably less scluble than Ca(OH)I,
raduces the accass of water back into the pore
-strucoure. o

In this way, when concrete is allowed to dry, pockets
iof'unhydgated:cementfare created which are surrounded
by hydrated material and pores blocked with Cacdr
Because of their inaéceSsibility to water, these
pockets of cement will not be hydrated when the

" concrete is re-wet and they serve only as expen51Ve
£fine aggregate particles, Hence. the guality of. concrete
~ exposed to intermittent cycles of wettlng and drying
during the early stages of hydration, will be inferior
to that of continuously moist cured concrete.
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1.2 The Need for Research on the Influénce of Curing

1.2.1  Changing conceptions of the role of curing

The Highway Research Board® defines concrete curing

Cas: ' . S |

} . ”The'prucess:of maintaining a setiéfactory
'meistureecontent:EHd a favourable temperature -

' in concrete during the period immediately
following. piacement so that hydration may
continte until the desired properties are

.-deVEIoped to a. SufflCIEHt degree fo meet the f'
_requlrements of service® -

In thls definltlon, curing is seen as an actlve
'procese, 1nvolv1ng the malntenance of adequate moigture
and temperature condltlons to encourage cement _
hydratlon. As discussed above, thls process is mainly
necessery during the perled lmmedlately efter-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
requlrements of service. The onus is thelefore placed
on des:gners of cencrete structurps to understand the
"requirements of service" and specxfy the guration of .
curing accordingly. This approach assumes that the
designer understands the rslationship between the
dufation of curing and the development of ¢ ate
properties, | o

For the designers of concrete structures,'"deveiepﬁeﬁt
' of concrete properties" has, for a long time, been

‘measured as the development of the compressive -
strength. Hencs, curing was seeh as a prosess which
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-_develops the load carrying capacity of'a concrete, _
_ Q*ructure, Wlth propertles such as durablllty belng
.catered for "by default" -

A review of the nghway Research Board's concrete
' cur1ng blbllographym shows that, of the research’ items
annotated for the perlcd 1928 to 1960 under the headlng
"Slgnlflcance of Curing", only 17% mentlon the
influerice of curing on the durability performance of

- concrete, The remalnlng 1tams are concerned mainly w1th '
the development of stréngth and other bulk englneerlng '
'propertles of the material This view of the role of
curlng ignores the equally 1mportant 1nf1nence that
-curing_has on the aurahility of concrete.

-In thls context durablllty can be deflnedm as:
' #,.the capability of mazn*alnlng the -
'-.serv1ceablllty of a product, componant assembly
or construction over 2 specified time.n '
g whﬁle serv1ceablllty is defined as: - ..
 #_.the capability of a building product,
._ncompcnent, assembly or construction to perform the
functions for'which it was designed or
constructed., " : :
. When applied to concrete, the concept of durability, as
¥ recognlsable property of the material, should be
_considered in relation to the nature of the environment
of expasure. This derlves from the varled nature of the
agencies and mechanisms by which concrete is
' deteriorated. However, in the context of this
‘discussion, the term is used to refer to the ability
for the material to resist deterioraticn in a general
- sense, given the types of environments to whlch
concrete would normally be exposed.

The importance of curing in deVElopihg the durability'
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of concrete can.be shown by con51der1nq the echematlc
in Figure 1. This flgure showe a4 cross’ sectlen through
a reinforced concrete member lelded into twe zones
termed "covercrete" and “hearterete" '

COVERCRETE

HEARTCRETE

 REINFORCING
" STEEL

'-rigure_;;i LSchematic seetlan through a. reinforced
'_concrete member '

Covercrete,'dr zone of cover concrete, is the concrete
'_betﬁeen an external surface of the member and the
reinfercinq eteei closest to that surface. The main
function of the covercrete is to act as a barrier

. betwonr. the external environment ari the underlying
heartci'ete and reinforcing steel. Since most forms of -
conctete detericration are associated with'fha movement
of aggressive ions from the external'environmeht into
the concrete, the covercrete prlmarlly serves a
‘durability function.

on the other hand, the function of the heartcrete is to
 provide mechanical strength and dimensionzi stability
to the member. If the member is exposed to drying
conditions, the detrimental effects of moisture loss on



cement hydratlon are first experienced by the _
covercrete. Hence. loss of moisture from concrete flrst
manifests itself as a decrease in the durability af the
material. The relative effects of drylng on the
heartdrete and covercrete, and therefore on strength
and. durabilmty, depend on the surface area to volume
‘ratio ¢f the member. In a thin concrete section, both .
strength and durability can be cun51derably 1mpaired hy
the effects cf drying.

However, with mﬁst'etructural;cohcrete members, the
" heartorate will always retain some moisture. The drying '
_gradient-in_this_zone is genefaliy not 1e;ge-enaugh to
force all the water to migrate from the inside of the
member-to'thegsurface. Strength development in the
‘heartcrete can therefore continue despite evaporation
from the surface. In these iJstances, it is clear that
a lack of curlng has a greater effect on durablllty
than on strength ‘This fact is borne out by the
relatively large number of durability failures
experlenced by the bulldlrg and corigtruction 1nduery
in comparison with failures resulting from inadequate
strenqth. carrier® sumnarises this by noting that:
-, .even with no curing in a severe expostrve only
the upper 1.5 inch (38 mm) of concrete dries below
the 80% (RH) value....This is why compressive test
cylinders can be cured in very unfavourable
conditions and still not show much strength loss.
only the near-surface concrete is weakened by poor
- cﬁring."

Under present practice, the strength of concrete,
determined in the laboratory using cores retrieved from
the inesitu structure or specially manufactured cubes,
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is’ generally cansldered an adequate neasure of the
structural integrity and, by 1mp11cation, ‘the -
durability of the concrete. Design rgqulrements-are
often based on strength gonéidaratidns with the .
"undersfanding that durabiliry requirements would. . .
aﬁtdmaticaily.hé catered for. The distinctibn drawn -
above between govercrete and heaftcrete éhows the
inadequacy of this approach. The current methods of
testing for strength give no indication of the _
_potential durability of the concrete because the curing
- of the in-situ concrete, and hence the condition of the
cavercrete, is not accounted for. |

The discussion presented above shows that curing should
be considered primarily for its influence 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 influénce.of _
curlnq on the development of the covercrete zone of
_concrete 1n order to spacify the duratlon and method °f.-
curing. A need hag therefore been recagnlsed for
.research to be focused towards'developinq'an

- understanding of the relationshipzhgtween during'and
durability of concrete., Recent research on the subject
h&s-reongﬁisgd this need and a coﬁsideréble amount of
work hai_already been done (see Chapter 2).

-3

1.2.2 Davelopments in concrate materials, design
and constructlon technology

The past few decades have seen major advances in tha
effectiveness with which concrete is used as a - _
construction material. Improved design procedures,-'55
better and more consistent quality of cement and a
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greater understanding of ‘the englneerlng perfcrmance of',
the material has led to increased strength—ta-Weight -
ratios cf structural elamentsu Added to this, ' |
‘construction techniques are davelcplng to allow
Concrete structures to be completed in increasingly
shorter time perlods. Waste,matarlals, such as fly ash
(Fa), round granulated nlastfurnace slag (GGBS) and

" .silica fume have become cammonplace in concrete

- applications. The general use of "workability~
" enhancing” admixtures have also caused reductiotis in
the cement content required to achieve target
strengths. . . a -

These develcpments are all to be encouraged as they are
aimed. at opt1m151nq the use of rescurces Whlch are now

'-'recognlsed.as not being inexh: .ible. Current

dnselopments ih this area of concrete technology means
' that we will 1ncrease the effectlveness Wlth Whlch we
use the materlal in future. o

“Howavéf, £heSe_developments also mean that concrete
~structures are now more sensitive to bad curing
practice than in the past. Given the discussion
presented above, this also means that conerate .
structures are now more durablllty-sen91tiVe. The main
factors accountlng for this problem are:

- Reduced OPC 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 detericration mechanisms;

-  fThe use of thin structural members means that a
greater propoﬁtioh‘of'the.memBEr is affectéd_by
early drying, which causes“thé-hydratioh;pfoceég
to be interrupted. - ' |

= Reduced cement contents required to achlava tazeet

_’atrengths mean that there is less "spara capacity®
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‘to ensure an-acceptable'qualityiof surface
concrete desp;te the hydratlon Prccess boinq
_-Ulnterrupted. S :
—“'  ‘he slower rate of hyﬂratlon cf FA and GeBS
' blended with OPC, makes these materials more
sen51tLVe to abuse, especially durlng the early _- .
stages after casting. o :
ThESe developments therefcre present new durabllity
_challenges which must be met with a clear understandihg_
of the influence of procedures like early-aqe curlng in
' ensuring ldhg*term durablllty

;.2,3- . The need for local information on the subject
Most of the research on the iﬁfluence'offdﬁring"on

. durability has been conducted in the developad
- countries of ‘the Northern hemlsphere. The problem with

_mportlng these research conc1u510ns to Southarn Afrlca ~f .

is that the materlals, concretes and appllcations of

. concrete technology” are &ifferent for the: tWO reglons._ 5

 Also, as Bentur® notes, much of this research is
'_conducted in environments which would be Lan51dered aa
"milan environments in Southarn Afrlca,

“There is therefore a need for research on the influence
of curing on concretes made with local materials under
local exposure conditions. Also, in developing a

_ rélétionship'hetween curing and durability, emphasis
needs to be placed on the dominant mechanlsms of -

deterloratlon encountarad 1ocally

1.2.4 Davalcpment'af speaiﬁications

 Because of an incomplete understanding of the influencé
of curing on the properties of cohcrete, specifications,
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for ooncrete oonstructlon have been forced to resort to

;"method speolflcatlon“ Ln deallng with curing aspects.
Wwith this approach, the contractor is instructed as to
" +he metheod 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 envirpnmental
tompefature'during the early stages'aﬁter_casting.

.Thé'main_ﬁrohiemfwith-thistapproach is that thero'is.nd :

means of verif?ing'that the specified method has bean
 sufficiently effective or that it has adequately been
'adhered to by the contractor. ‘Also, speolflcations for
curinq are generally wrltten without oon51deration'for“:
the: deqrea of aggreasmveness of the envirenment to
Whlch the structure ‘is to be exposed. For example, the- )
same curing requlrements are usually set for structunal.o
elements exposed outdoorg or indoors: This unoertalnty :
regardlnq its usefulness encourages a negllgent '
attltude towards curing in practlce._ '

A good example of the extent of this uncertainty is
provided by the recently published snas code of
Practice™ on the use of structural doncrete. In
section 10.8.1,2, of Part II, the'oontradtor is given
the optlon of curlng the concrete using any one of a
list of methods, which 1nolude water ponding or
_spraying, curing compounds, steam ouring or plastic
wrapping. In so doing, a statement is made regarding
the equivalent curing effectiveness of each of these
 methods, assuming the correct procedure is followed in.
each caSé._Preliminary_evidonce presented by Ballim gt
al® shows that this is an unrealistic assumption.

The same Code of Practice goeS'further'to specify a
mirjyum duration of curing. This approach is confusing
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sinde;_if fheichtractor.opts'to_use a curing compound,

-._a'concapt-ef minimum duration of curing is superfluous.
It is elec unrealistie to expect that steam curiﬁgjbe

méintained for the_eame-duration as'water_curing."

_There 13 clearly a need for the relatlve effectlveness
- of these different curing methods to be established
through testing. This w111 allow for more effective_

" specification and control of ciring procedures for

. gonerete: constructien.-" '

:?QQWever, the problem dlSCHSS&d above arlses as a result .
of our lnablllty to quantlfy‘the durabllity effect of
- different curinq procedures on concrete This problem -
was recognlsed as 1onq ago as 1938 by Crum““ who noted.
' '."Wq_should be able to analyse a sample of
. copcrete, say at seven days, ... and tell whether
' 'or'ﬁaﬁ'it had been'subjedted ta'favourable N
. influences during that perlod But before this can
be done, ‘means must be found to recognlse the
-eviéence of faVourable condltmons." '

1,3  The Beutharn African 01imate and the Nead for
'”'“Curiug '

As was mentiened.earlier, the climate in the Southern
- African region is considered to be_harsh'frqm the point
‘of view of concrete curing. Climatic conditions range
from humld, subtroplcal areas in the Eastern cuastal
 and near-coastal areas, ta arid and semi arid areas '
. which make up the largest part of the countrymm ‘The
.'Dept. of Water Affairs‘ report on the water resources
of South Africa®™ states- '

“There are only a few lsolated areas in Sbuth

Afrlaa where the average annual potentlal '
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evaporation is less than trka avarage annual
_ ralnfall."' A : :
" This statement gives an indicatlon of the need to o
3prqtect concrete from early drying in this region,

- In order to characterise the effect of climate in the
region on early drylng of concrete approprlata

~ climatic factors are digcussed. in more detail heicw.

Tha J.ntention is to present a general v:.ew of the

‘severity of the cl:.mate rather than to give Spec:l.fic o
detail on the drylng effeats on concreta._

_1._3_.-1'__"_"_- Ra‘in_fa_ll |

B - Btnéirfdhtﬁn; = Cape Town; D = Durben;
J = Johanheshurg;. P = Pretoria; PN = Port Nolloth

£8
200-400.
Dm-ma
- _ 600-800
Illimu"

Figure 1.2- Mean annual Preclpltatlon for South Africa
' (from Ref. 13)
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" Figure 1.2 showe the dlstrlbution of mean annual

y precipitatlon over South Aﬁrica“” It can be seen ‘that

'mean rainfall ranges frOm <200 o/ yxr in the Westarn
'parts (eg. 58 mm/yr at Port Nolloth), to >800 /Y in
~ the Eastern parts (eg. 3000 wm/yr in some parts of
.:'Northern Natal) o : -

 An 1mportant feature of the rainfall in thls regzon is
: that it fellowe an annual - eycle and is almost entirely
- a summer phenomenonﬂ*”’ ‘This is shown in Figure 1.2,
‘which presents the distrlbution ef_summer {October to-
f_mareh) rainfall a& a percentage of the average annual
-*rainfall. It is only. the South-Western Cape region
'whlch experlences most of its rain during the winter o
:_months. B '

xiqu:é 1.3 Beasonal ralnfall Distrlbution (after
_ Shultze®)
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1.3.2 Dur‘ai_:ion of hr;i.ght_ sunshine

Figure 1. 4 shows the annual duration of brlght sunshine:
over the reglon, expressed as a.percentage‘of the
'passlble sunshine duration. It can be seen that, excapt
at the coastal areas, this value rarely drops helow '
60%. The low values along the West coast, partlculariy |
‘in Nam:l.bia, can he_ ascribed to persistent fog and low _
cloud which do not penetrate far ihland"This:figure-i'
. shows that, for most of the raglon, there is a high
probablllty that concrete cast durlng the day Wlll be
e‘rPQSed to hr:.ght sunshine cand:.t‘.:.ons. L

FPigure 1.4 Average annual duration:of'bright sunshine
as a ¥ of possible (after Shultze®)

1.3.3 memparétura

The eariy-age'curing reqﬁiraménts'of concrete are
signlficantly affected by ambient temperature. ngh
temperatures indicate the need to prevent drying, while -
‘low temperatures mean that the concrete may require a
longer curing period or protection against freezing.

1~15



i,

© M

. Average summer temperature distribution
(°C) ~ Janmuary (after Shultze®)

_Figute 1.6 Average winter temperature distribution'
o (°C) - July (after Shultze()
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Figmqa 7 '-'.Ahsolute maximum temperature distribut:.on '
' ' °C} (aftar Snultze‘“’)

Figure 1.8 Ablolute m.nimum temparature_ l‘ilstrihut:.cm o R

(°¢) (after Shultze“-"))
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Flgures 1.5 and 1,6 give an indication of the average
- summer (Januaryj and.wlnter (July) temperature' B
d1stributions respectlvely. It can be seen that the
”_summer temperatures are generally above 20‘@, whlle
the wi her temperatures are generally below 15 ’c.
Figures 1.7 and'l 8 shOW the-distributiOn'df absalute
maximum (hottest day) and ninimum (coldest. night)
'temperatures respectively. It can be seen that mcst of
the country experlences temperatures greater than 40 °C
as a maximum and lower than -5‘t as an absoluth
mlnimum temperature. '

1.3.4 - Relativé ﬁumidity.

Fiquréé 1.9 (ay) fd'(f) show théfﬁiétributioh:of'mpnthly
average relative humidity (RH) measured at 14h00 for -
alternate months ovar the year. These show that the '
caaatal reqlons rhraly experlence RH ‘values balow 60%.
on the other hand, the western and central interior of
the reglon ‘regqularly experience RH values. of 30% and
=lower, especially durlng the vinter monthsu--

1.3.5 General comment

‘fhe discussion on the nature of the weath@f.and climate
in 5qﬁthern 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 perlods are almost entirely a summer

h phenomenan.  :

The risk of premature drying of concrete in these.
conditions is high and indicates the need for careful
attention to be paid to moist curlng durmng the aarly
period aftar casting.
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(e} October : | R (£) Dec#éﬁber-'

- Pigure 1.9 Mean RH distributions for selected months
of the year (aftexr Shultzel)
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An_und@estandingzof the significance of this need ahd -
its implications for long-term durability of concrete
structures, must therefore be developed through further
research. It is also important that this research he B
canducted uszng 1ocal materiala and condltlons.

3.4 quinition-af Terms

Broad définitians[of'durability'and curing haVe'been"_
presented above. However, in order to provide clarity,
some further terms used in this dlsserta «ion require
definitlon at thls stage. These arae’ presented below.

1.4.1 | - Durahilify'index

Phe durability index of a particular concrete is the
rasult of a test 1ntended to measure the develcpment of
the guality of concrete in the covercrete zone. The
test usually measures some fluid. transport property of
- this zcne of the structure on the basis that this is
related to detarioration mechanism@ assoclated with
concreﬁe. '

.1;4.2- ?'Durahiiity'performanca

Durﬁbilify performance refars to the extent to which a
concreta resists deterioration when exposad to an’
actual aggressive enviranmant This parformance could
be under natural or accelerated aggressiVQ conditlons.
The means .of characterlsing the durability performance
varies with the nature of the aggresslve agent and the
mechanlsm of qetermcratlon.
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| 1.4;3w' _?otentielfdurahility- e

This indluates the durability performance to be-

' expected of a partlcular coricrete on the basis of tests
'condueted at a relatively early age (usually 28 days).
The tests referred to are,those which quantify the
development of cancrete quallty in the covercrete zone
and are thereforu, not direct durabllity tests._”

 The concept of potentlal durahility is alsc considered
separately from the aggressive nature of the
environment. Hence, potentlal durability must .
ultimately be related to actual durability performance
in situ, for the concept to be useful ln durabllity
studles.

1.8 zyraject Scepe and Layoﬁt*of this Dissertation

‘The investigation reported in this dissertation mainly
invelves the development of a means for characterisirg
‘the influence ef curing on the potential durability and
durability performance of concrete. In particular, test
‘methods were.d@#eloped for measuring the fluid
transport properties of fhe'cpvercrete zone, so that
these properties could be used as the means for
'dharaeterieation. ' '

These test methods were ‘then used to monitor the
influence of different curing methods on the potential
durability of various cencretes. The following binder
types were used in preparlng these concretes'

- plaln.OPC,

- 70%/30% blend of GPC and fly ash;

~  $0%/50% blend of OPC and grnund granulated

' blastfurnace slag.,
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The tests included a range of three conorete strength

‘grades uslng each of the binder types. The durablllty
N performance ‘of these coacretes was bhased on

‘measurements of the depth of carbonatlon of samples
expoSed in the laboratory

Chapter 2 of this dlssertatlon presents a dlsoussiqn of
the mechanisms of some ¢f the dominant agencies by
- which concrete is deteriorated, A survey of the _
) literature on deterloratlon, durahlllty and curing is
also presented in Chapter 2. '

The development éf:the'characteriﬁationvtest methods is
discussed inLChabter 3; while an ossessmsnt of the -
variables influencing these'test'methods_is'preSehted
in Chapter 4. Details of the. lahoratory investigation _
using the test methods to characterlse the  influence of-f
curing on potential durability, are presented in -
-chapter 5. This ‘chapter also presents the results :
analyses of thls investigatlon. o

Iﬁ-Chepter 6, thé-reéults generated in the labofatory
investigation are used to develop a generalised
approach to the influence of curing;'An attenpt is nade
to mathematically model the response of different
concretes to changes in the ouring_regime,

Chapter 7 presents a series of case otudies in which

- the test apparatus or the concepts developed in this

investigation were used to -olve actual concrete
'problems. Four case studies «re presented here and they
_are aimed at underlinlng the usefulhness and limitatlons
'of these testk methods and approaches. '

Where appropriate, sPeoifio conclusions and a lis%t of
references are provided at the end of sach chapter.
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-Finally, Chapter 8 provides a list of the 1mportant
general concluslnns associated w1th the complete
'project.; '

1.6 apalogia |

As with many other aspects of South African life, a.
 transition is presently taking place in the field of

- _concrete technology in South Africa. People involved in .-

the concrete industry are being asked to move away £rom
‘the, cement/water (¢/w) ratio form of expression to the .
'intarnationally mora acceptahle water/cement (wfe)

'-; rat;c form." e

'In:ébme-way; this:thesis reflects this. tfénsition in
~ that both forms are used. When the ratiu is.used to
 1dentify a "characteristic!" of a partlcular noncreta
.'mlx, the w/c ratio form is employed. However, in.

_ Chapter 6, where the ratio is used as a controllahle _
variable of the mlx, against which other parameters can
be measured,. the cfw ratic form is employed. This was )
done because the graphical and mathematical '
,ralationshlps were easier to conceptuallse and
manipulate when the c/w ratio form was used.
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'CHAPTER 2

' COMORETE nnmnnronnm:on IN RELAEION 70 TS pnovmnw:ns-la'-
waznnwﬁnﬂ BUR?EY '

'2.1”“Introdustion

A largs volume of 11terature exlsts on the subjests of
concretée curlng and durabillty and a sel Sted survey of
this literature, as apprnprlate to the present study,
 is presented in this. chapter. The 1t ature revmeWed
~ was organised into the followlng categorles and lS_
~ presented in this ordsr- : B .
a) A gansral discussion of ths domlnant aqencies and’
o mechanlsms responsible for concrete deterloration.
“b) - The properties of concrete responsible for
' "llmitlng deterloratlon,_thus enh~ “~ing durabllity :
. A discussion of the intrinsic fa. ‘s afrsctlnq -
the’ development Qf thess propertles is also""
included here, . S
@) - The curing process and 1ts effect on the
o development of surface mivrostructure and ths
'durablllty perfaormande of concrete.,,
d) - Current approaches lﬁ spsc1ficat10ns for concrste
durablllty. “
thre available, preference was given to "state«of-the~
art" rsports which draw on past 1iterature and present :
the information In a more accessible forr Klso, a
number of ths publxcat;ons reviewsd strac .e two or

‘more of the mubject catégories_llstsd_ahqve. Where this

hag occurred,; an attempt has been made to adéqudtel?’
chSSwrefersnce the hublication betweep ‘the appropriate
-cateaories.
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2.2 Domimant 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'well_docuﬁented and the prbcesses'of.
'._deterioration'fairly well understood. This section
préSenfs a general overview of the different forms of
deterioratison and an attempt is made to group the
various aggressive agencies accordlng to the mechanxsm -
of deterloratlon.

The two broad categurlas nf concrete determoratian are:
- Chemlcal deterioration: constituents of the
' concrete underge chemical reactions which lead
éither directly to the destruction of the material
or set up expansive forces, causing deterloration
through extensive cracklng.

- - Physical’ deterioratmon- ‘here the concrete is.
deteriorated by the direct application of forces
on the surface of the structural element This
¢ategory includes external forces causing surface
erosion as well as "intra-poreh forces caused by -
the freezing of water or the crystalllsatlon of
salts. ' '

2.2.1 Chemical deteriorakion

The role of calciunm hydroxlde (Ca(OH)Q, formed durlng _
_the hydration of cement, is important to an
understanding of the chemical deterioration of
concrata, Using idealised cement hydration reactions®
and typical cement compositions, it can be shown that,
on complete hydration, 100 kg of OPC prbduces _
approximately 25 kg of Ca{0OH),. While having no binding
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'capaclty, thls Ca(OHh;contributes 51gniflcantly to the'
high pH of the concrete pore water, typically at 12,5.
Tiis high pH of the pore water ensures passlvatlcn of
any embedded reinforcing steel against corrosion and
StabiliSes the calcium silicate hydrates®? (c-s-H), the
_ maih-bihding agEﬁts of cement. As will be discussed
_balow, the ‘maintenance of this pH level in the pore
. fluid of the cancrete is impartant to the 1ang~term
: durabllity of tha materlal. :

There is a Wlde range of chemicals® which are
aggressive to concrete and the mechanisnms of
deterioration are equally varied. A general _
categorisation of th~ chemical deterloratlon agents and
mechanlsms is presented belcw, The following polnts
should be noted w1th regard to the categormes
_presented.. : :

- there are often "grey areas? in Whlch a partlcular
:detarmoratlon form cannot be placed in one of the
cétegories with certainty. For example, the

" oxidation of pyriteé.in'the agyregates in_concréte
is a problem of incompatibility which results in
sulphate attack; S

~ ~ there is often more than one category of

- deterioration operating at the same time. Por
example, concrete in contact with soft water
cohtaining dissolved carbon dioxide, is _
deteriorated simultaneously by leaching and acid
-q#tack}. '

Dissolution of the products_of.cemént'bydfation

' The products of cement hydration are dissolved and
leached out of the concrete causing the destruction of
calcium sili¢ate:hydrate”(C—SeH) gel with a cqncbmitant
loss of concrete strength. Dissolution of (Ca(OH),)
from concrete by pure or soft water is typical of this
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form of deterioration.

 Eglinton® and Ballim® have prepared state-of-the-art
reports on this form of deterioration.:The dissolution
and removal of Ca(OH), from the surface of the concrete
leads to instability and decomposition ¢” the C-8-H

' gel The attacked surface of the concrete loses its
strength capacity and is easlly removed to expose fresh
surfaces for attack. ' '

A new mechanism of this form of "leaching" attack has

‘been noted by Leroy®. In studying the rapid
deterioration of a buried asbestos-cement pipe, it was
noted-théﬁ,'despite the guality of the water being the

' same on the inside and outside of the pipe, only the

outside was severely deteriorated, It was concluded
that the-deteribration'was.caused bf the adsorption of

ﬁ_caleium'iens in the cement by clay minerals in the soil
:surrounding the pipeline. It was found that the
~potential for leachiny ca1c1um from the cement was -

influenced by: _ ' :

- the type of clay mineral;

- temperatﬁre;

~  concentration gradient between the water solutions
| of the cement paste and the surroundlng so;l, |

~  the pH of the soil.

Exchange reactions between avlds and components of
hardened cement pastea, - '
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 deterloration starts from the surface and -
contjinues into the concrete until all fhe_acid or the
 cement paste has been consumed., -
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The degree of aggressmveness of the acid to concrete 15
"':qetemined by bath the pH of the acid solution and the
 nature of the anion associated with the H* ion. For
examplem_ concrete deterzoratlcn in. phcsphorlc acld 1s
slow because the calcium compound formed in the
reaction with the acid is poorly soluble in water and
is therefore nct rea&ily removed from the concfete

- surface. on the other hand, concreta is repldly

deteriorated. in sulphuric acid bacause the anlon also
participates in sulphate attack reactions (discussed
_below), which accelerate the 1ngreee of the acid into
the concrete. = '

Conversion'cf the prcducts of hydration'by external
agents with assoclated expanszve fbrces causing

deterioratlon. )
External aggressxve agents enter the wore structure of
the concrete and throuqh_crystallisatlon or reactien
with the products of hydration;'set up expansive forces
which cause. cracking and.mechanical destruction of the
ccncrete The effect of sulphates an concrete is an
example of this form of deterioration. ' '

The déﬁerioration effect'uf sulphates oﬁ'cOncretu
occurs through a falrly complex mechanism which
invclvea a number of secondary processes, The major
'cause of deterioration is- sulphoaluminate ccrrcaion
which oceurs as follows®;

C,A8H), .+ 2CBH, 4+ 16H - CeAfHs,
Monosulphoaluminate ~ Gypsum Water Bttringite

where: C = Ca0, A = ALO;, & = 50; and H = H0.

This reaction is acccmpanied by a large increase in
solid volume, causing internal stresses which lead to
cracking. The cation accompanying the sulphate lon can
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affect the aggressiveness of the sulphate. Ammonium and
magnésium'sulphate are- partiéulérly'aqgressivé'because
these cationa also participate in deleterlous raactlons'
w1th Ca(OH)z 1n the hardened c&mant paste (h.c:p)‘9J

Internal processes of deterioration.'  _
Incompatiblllties between the constituents of the :
concrete or effects of the methods of cancrete
productian, produce ‘secondaty products 1nternally which'-
cause the concrete to deteriorate. This deterioration
'-process usually requires only water to be supplied to
5the reaction site. This water is mainly supplied from
the outside of the concrete but there can somstimes be
sutficient internal moisture to significantly advance
the deterloratlon. Alkali aggregate reactlon is typical
of this fcrm of deterioratlon.

Three types of alkall aggregate reaction have been

‘identified®®: -

- Alkali~s;lica 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 B
encountered form of the reaction. ..

- Alkali-carbonate reaction: carbonate aggregates
like dolomite and limestone usually produce good
quallty concrete with premium strenqth '
charactermstlcs However, some forms of dolomitic
limestone have been found to produce expansion in
concrete resulting in surface map cracking. This
reaction is different from aikaliwsilica,feaction'
because of the absence of reaction products and is
therefore not detected’ v1sua11y or with an optlcal
'mlcroscope._

The reaction involver a de-dolomitization of the
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agqréqateiwhibh is chemically expressed as:
CaMg(cos)l + 2MOH - I.\itg'(t'JH}2 + ca(.‘.03 + r-zzcog
where M = K or . Na‘-
The mechanism of ‘éxpansisn due to alkall—carbonate
‘reaction is not clearly understood but it appears
. to be an interaatlon of texture, calc1te/dolom1te
ratlo and Lne presenae of clay minerals in the
aggregate. This lack of understandlnq means that . .
it is difficult to predlct the potent1al expan51on -
a of partlcular aggregates. |

- Alkali-silicate reaction: this form of the _
reaction has been identified fairly recently and
‘'has not yet obtained general accéptance:aé a
iSEparate category of alkali aggregate. reaﬁtion. It
'manlfests itself d:icerently from alkall-Bllica
.reactlon in that no correlatlon exi"ts Licween the
magnitude of expansior:and the amount of. gel
formed, has a very slow rate .f expansion and
occurs in the absence of some of the minerals
known to promote alkali silica reaction.

A further mechanism. of daterioration cauaed'hy'an'
internal process is the'expansion resulting from
delayed ettringite formation!“®., In this case, concrete
productsg made with high early-strength cements and |
' steam cured at temperatures greater than 75 °C, may
subsequently exhibit abnormal expansions. The expansion
is associated with the delayed formation of ettringite
(see above) iﬁ'the hcp and may take many years to
manifest itself in cracking of the concrete.

The deterioratlon mechanisms discussed above are
summarlsed in Figure 2.1, which was dEVElOPEG by
Lauer!®, This diagram shows the interaction of the
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dlfferent mechanlsms of deterioratlon and the methods'
by Whlch durablllty is affected. '

[DETERIORATION OF CONGRETE BY CHEMICAL REAGTIONS |

EXBHANGE HEACTIONS _ ~REACTIONS INVOLVING | ReacTiONs
BETWEEN AQURESSIVE FLUIC L. | HYDROLYSIS AND LEACHING INYOLVING

AND COMPONENTS OF HCP . OF THE COMPONENTS FORMATION OF
— — - oF HOP ~ EXPANSIVE
PRODUCYS

. HEMOVAL OF Cass |- REMO\N OF Gase. SUBETITUTION

Ll |  IONS A8 NON- AEAGTIONS
O A CGLUBLE} |  EXPANSIVE IN- . | | REPLASING Gave | |
! { SOLUBLE PRODUCTS | | 1ONE. IN G-8-M
' o _INGREASE iN . INCREABE IN

'FOROBITY ANO | | INTERNAL 8TRESS|
PERMEABILITY E c ]

SRR TRy yepeum——

1 i 1 |

f rose or |[iLoes op| [, INCREASE IN Loge OF CRACKING | [ —_—
ALKALINITY]| MABS - Dﬁ‘;ﬁi“égg@“" STRENGTH SPALLING | | DEFORMATION

AND RIGIDITY ' | POPOMTS |

' Figure 2.1 Summary of some of the chemical reactions
: ' respon51hle for concrete deterioratlon
{after Lauer‘m) ' '

Steel corrbsion in reinforced concrete caused by de~
 pa3s1vat1on of the steel. |

In this category are listed chemical processes and

actions which, in themselves, are not aggressive to
concrete but ¢ause the destrHCtiQh of the gamma-ferric
oxide layer on the reinfarcement. 'This-deupassivate$5

‘the steel, ex9051ng it to corrosion if the correct

quantltles 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 which reduces
the aesthetic walue of the structure; o :

~  the expansive forces set up by the corroding steel
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cauge surfece cracklng and spallinq, 1eading to-

. further corrosion;

the logs of steel dross—sectional area. reduces the -

'f;load carrying capaclty-of the struﬁture.

'Ih'the-deteri_oratidn_-_af cohi:re_te"cajxsad by

reinforcement corrosion, twe distinct periods are
:l.tiernt:i.f:.e-.d“‘n as shown in Figure 2.2: '

oa) .

by |
: -_.'de.ter:.oratz.on of the concrete manifests 1tself P’
' 1aﬂd1ng to servmaab:.liﬁy failure of the

- Mass of Corrosion Pfcd_dets

the J.n.Lt:La'c:Lun period- during which the re:.nforc:.ng ':
steel is ﬁa-passwated and no phys:.cal -
"deterlorat:.on takes place; T

the.  corrosion period during which phys:.cal

structure .

Minimurn aceeptable “
level of service

-_.__-—...__..a.-a...__-_;..__-.....____........_a....__...,......__..____;'_

(1) + t{2) = servioo life

(a) Isitiation pericd

; {b) Cearrosion parlod

t(‘l)___ N 't('z) '
'Timé'in Service |

Figure 2.2 Two perlods in the deter:l.oratmn of

concrete caused by reinforcement corrosion
{after Tuttif®)
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' The most important physical pirocesses operating in the
. initiation period are carbonation and chloride ion:

~ diffusion. Carbonation is discussed here in some detail
since this was the durability process used to
;'characterlsg the conoretes tested 'in the maln
inVeetigaLion of thie project. -

: carbonatzon. Thls 1s the process whereby atmospherzc

- carbon dioxide. (cqg enters tne pore structure of the

hecp and. reacts with Ca(OH), to form oalc1um carbonate
{Caco;) . Thle involvee the following chemloal reaction,

.3'wh1ch requlree the presence of some molsture in the
'_pore structure of the hcp._ . ' s o

- €O, + ca(OH)z - CaCO; + H0

_gIn-this process; the pH'of'the pore water'is redﬁCed

- from £12.5 to #&. 5 upon complete carbonation. When the o

'oarbonation front reachee the reinforcing steel, the
low pH causes the gamma-ferrlc oxide layer to become
_'unetable and the steel is de-passivated. If sufficient
oxygen and moisture is avallable, the steel will etart
corro&ing wlth ‘subsequent loss in the load-bearlnq :
'capaclty of the etructure._ -

eCarbonatlon moves as a “front"““ into the concrete as
shown 1n Figure 2,3. This front does not advance beyood
‘a particular. p01nt until all the Ca(OH}z at that polnt
‘has heen converted to Cacor Hence, the amount of

' Ca(OH), in the pore structure of the con»rete also has
an 1nfluenoe on the rate of oarbonatlon._ '



. DIREGTION OF -
ADVANCE OF
" THE *FRONT® -

. pHof pare water '_ -

Depth into Concrete

Figure-2a3_" The carbonatlon “front"

The p051tion of the carbonatian front at any time t,

can be expressed aS"_ _ - -
 x=x,+ DJE S e 20
whetre: : oo o .
X depth of carbonatlon

xn anitial depth of carbonation
p = carbcnatlon coafflclent

Although Equation 2.1 is the commonly_accegted form_of 
the carbonation rate equation, Bentur and Jaegermant®
have proposed the following alternative equation, .
clalmlng that this form glves better correlatlon w1th
-measured results-"' ' T

f'-xfé.xaffﬂit‘m4’ E 2.2
wherg thenteths'aré'as descfibed‘abqve.-
The rate of carbonation is strongly affected by the
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_moisture content or relative humldlty of the ccncrete
pora structure. No carbonation takes place” when the :
pores are completely dry or when they are: fully
-”saturated. The maximum rate of carbonation is
conSLdered to occur at relative hummdity values betWEen
458 and 65%"" and is 1ncreased w1th lncrea51ng '
temperature._ '

Periods ‘of dryness promote carbenatien whereas perlods_ ;

of wetness promete corroslnn if de—p3551vatlon of the

_ steel has already occuxred. The risk of ‘corrosion
_therefore ihcreases with 1ncrea51ng time of dry periods '
with relative’ humidity qreater than 60%%9, Hence, a-

. better quality of concrete cover: is requlred in

climates with long dry,per;ods and short wet _periodé.*I

 Chloride ion diffusion: A problem which presents itself

' at coastal environments is the ingress of chloride ions .

into the concreéte. Chlorides may also be ihtroduceé'
into the concrete at the mixing stage, either as-
_centamlnatlcn of the mix constituents or as a component _
of an admixture. The presence of free chlorides at the
level of the reinforeing Steel'ceuses de-passivation
despite the pH héing~maihtained at a high level®, The
reinforcing steel 13 then exposed to possmble '
corro51on.__ ' '

' Some of the chloride which enters the concrete is bound
by the cement and it is only when a critical a

. concentration of ffee'chlorideszie*reached that de- -
passivation takes place®. The ability for thé-cemegﬁf_
to bind chlorides varies considerably with the cemeht
type. The addition of GGBS in the binder hhs been found
to ve beneficial in this respect because of ltS hlgh
chloride binding ablllty.
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-The diffu51dn uf chlorlde ions into concrete ‘only takes
place when there is moisture in the pere structure of .
the concrete. The hlgher the moisture. content of the
concrete, the hlgher is’' the rate of diffusion. ”_
_Altexnate wettlng and drylng cycles create the added
problem of salt erystallisation with the aseoclated
expan51ve cracklng of the concrete.

3ynergy hetween earbonation.and chloride penetration
When. carbonatlon takes place in eoncrete into which
chlorldes have already penetrated, the two processes
~ interact to accelerate the de-passivation Of:the" |
‘reinforcement®, The pH-lowering effect of car“onation
. causes some of the ehloride'beend to the cement tc be
' released. This increases the amount of free chloride
:iehsgaﬁailahle_for de~passivating the reinforeement;

2.2.2 Phys;eel decerioration -

Deterloration of concrete due tc physmcal effects ie
initiated at the surface and is the result of erosion
or. lntra-pore expanslon forces. These actlons are
dlSCUSSEd further below.

_ Surfaee erosien. The erosion of a concrete surface is
caused by cavitation and abrasion forces. Cavitation
can occur when water flows over concrete at velocities:
greater thﬁn aPPreximately 12 m/s" and as low as 7.5
‘m/s in a closed conduit®. The collapse of water vapour
‘pubbles in turbulent flow regions is associated with
fairly large localised forces, causing pitting of the
concrete eurface._This problem is most_savefe at hends 
and changes in cross-section of the conduit. |

Abrasion of the surface of concrete is also caused by
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s

-w1nd or Water herne partlcles 1mpact1ng on the surface
'as well as foot or wheel trafflc travelllng over the
surface. Addls“m states that: = s '
~ #Thege mechanisms result in a probing aation whlch
_'concentrates wear on weaker micro areas and plucks
‘out aggregate particles when sufflcient of the
_ surroundgng matr:x'has been removed."

-Intra-pora expanszon-'Thls form of deterloration is
" caused by changes in external atmospheric conditions.
- causing phys1cal_changes.of.the_pore solution under the
surface of the cohcfete; The two actions cbmmonly _
resulting in thls form of attack are expan51on of water
spon freezing® and expangion of salts upon o
"cryStalllsatisnam. The exparsive forcés initiate - _
micracracklng and cumulative damage is caused by the le
cycllcal nature of these actibne.: ' ' '

2.3 Permeahility and Other Fluid Transport Properties
55 of Coiicrete :

2.3.1 The pore structure uf concrete

Pores in concrete are generally classified as gel
pores, capillary pores, entrained air voids and
entrapped air bubbles. Gowripalan et al® have- prepared
the sohematlc dlagram shown in Figure 2.4 91V1ng the
-range of pore sizes for the different pore. types. It is
seen here that the common ions and gas molecules which
. are aggresslve to concrete, are emaller than the smze
eof typlcal gel pores. S '



I — -+ e
: { Get pores - Capillary pares : - _ ¢ Fnirained wr
. | S | I 1 bubbles
: cl".@' " I o0 e N Al
“Hab - P : | C | - B -
' SR o ¢ 1 :
I Szaay | { | ) B bl
r2- P | |- % “yords = Loy .
& .58 P i i ‘thor WA
T ¥ S | | . .
G ' | }
B i : Pore - iive tﬁ." . 1AW

.Figu#e 2;4-. Range of pore si?es ebtalned in concrete
' o (after Gowrlpalan et al“”) :

' -Mlndess and Young“” have developed a claselflcatlon of -
"the cap111ary~and gel pores in terms of size, '

_elndicatlng the effect of each size grouping on the
-propertles of cement paste. This cla551flcat10n is

' shewn in Table 2. 1. It should. be noted that, although

more detailed in its cat-gorlsatlon of the pore sizes,

_the Mindess and Young dlassification agrees well with '

the Gewripalen.elasslflcaticn in thelr dlstlnctlon

' between capillary and gel pores, However, on the large

end of the scale, Mindess and Young include pore sizes

up to 10° & in their classification of capillary pores,

A zone of particularly high'porosity in concrete pcours
at the 1nterface between hep and aggregate partlcles.
Mlndessﬁﬂ states; '
R the interfac;al regions ara, in general
profoundly diITErent from the “bulk" ‘cement peste,3
in terms of morphology, compositlon and density,
At least in part because of... bleeding..., the
' interfaciai'rEQions (except for those within the
hep ltself) are more porous than the bulk paste,.
~leading to lower densities.® S



R :
R : o D Paste
i Pore - | Diameter - | . -.propertles
type [ (&) ‘| pescription | affected -
o 100 000 - - |large | strength;
Capill- | 6§00 - - -{capillaries permeability:
- ¥ ‘500 - 100 = | medium | strength;
' capillaries __fpermeab1lity,
'_shrinkage_at_-
| high RH.
| 100 - 25 | =mal1 {gel) . .shrinkage.to.'--
- o capillaries 50% RH.
? 25 ~ & "Emicropores - shrinkage;
| " | creep.
< ~5 o microporés - shrinkage;
B ' "interlayer" | creep.

Tahla z 1 Cla551f1catlon of pore sizes in hydrated
. cement pastes (after Mindess and Young@”)

2.3.2 Moveient of f£iuids through the.pare_structure'

Almost all the deterioration mechanisms discussed above

invol?e-the-moVement of gases cr,liquidsfinto.or'out'of
the pore structure of concrete. The fluid transport

lﬁroperties of a concrete are therefore an important .

determinant of 1ts abllity to r351st deterloraticn.

Mehta”“" S _ S _ _
Y.... firmly believes that the permeabillty of
‘concrete is indeed the key to overall durability.

In this statement, Mehta uses the term "permeabillty"

to refer to a measurable property of concrete, which is

an indication of the general fluid transport properties'
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of the- materlal. In thls sense, both the volume of

"lpores as well as the degree of. 1ntercohneotion of thesev

"pores are lmportant 1n determining the gase wrth whioh u_:

aggreeelve agents may enter the concrete.___

There7ere_a numberloffmeohanieme by whiohifluids move
.through'the-pore structure of cdncrete.and the laws
governing these.movemente:are equally varied.
Definitions of some of the terms related to fluid
transport in corcrete are presented below® .,

. Adsorption. Thls 15 the prooess 1n which molecules of
the flUld adhere to the surfaces of the pores and are
'-held there by Van der Waal ¢ forces or through ohemloal
bondlng. R ' ' ' ' '
Absorptlon._Thls is the process wherehy a llquld is
drawn into the concrete tendlng to £ill the permeable
 pore spaoes It is generally quantlfied by monltorlng
the increase in maes as. the llquld penetratee the pore
structu:e. -

. lefﬂSlon. This is. the process in which a fluld or ion
'”passes through the pore structure of concrete under the
action of a conoentratlon gradient The capaclty for a
porous material to trdnsfer flulds or ions by means of
diffusion is referred +to as the dlffu51v1ty of that
material. _ _
.Permeatlon. This descrlbes the process of movement of
fluids through the pore struoture, generally under an
'externally applled pressure head, when the pores are
saturated with the particular £luid. Permeablllty is
therefore a measure of the capacity for ooncrete to
transfer fluids by permeation. '

Figure 2.5 shows three forms of water transport,
relavant to durabillty, through an 1deallsed ‘pore in
'concrete. ' ' o



o absorbed Layer

" (a)y Vapour diffusion

fb)' Partially saturated o "(é) Saturateé 11qu1d
'-llquld flow : ' - : flow :

Figura 2;5'. Idealised model of three forms of Water
' 'movement through a pore in concrete“”

at stagé-(a),_an adsorbed 1ayer has*beén estabiished
-and”vépour is able tq'diffusé thrbugh the pore. The
mass vapour transport rate (J) is descrlbed hy Fick’s
first 1aw._ ' '

J -B'ax : . 2.3.

where dc/dx is the concentration gradient and D is the
diffusion coefficient, |

At stage (b), partially saturatad 1iguid flow:dccurg

2=18



due. to an external source of 1iquid 1n1t1ating
caplllary euctlon. The rate of llquld flow lS described
by the Washburn equaticn. ' '

v= cosﬁ ?ﬁ%f SN 2 e

where:

rate of flow

= contact angle

;fcaplllary radius

='surface tension

= ‘depth of. penetratlon

_ 'g:='f1u1d viscosity

,'Thls ‘egquation is not easily applied to concrete and in

_ the context. of durabilltj testlng, researchers have
'preferred to’ use a measurs of- sorpt1VLty (8) to-

.1 describe partially saturated flow. Sorptlvlty ig

descrlbed by the equaflona”' |

22 M e
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i-sE a2

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

: At“stege'(ci in'?iﬁure 2q4;fthe pore.ie fully saturated
_'end fluid flow may take place if a Suffieiently high |
differential pressure head exists. Under these
_condltlens the mass flow rate (Q) is desecribed by the
Darcy equation-

Qek-Arg,%' .z

Where k is the eoefficient'of permeability, in uhiﬁs af
velocity, A is the cross sectlonal area of flaw and
&P/ﬁx is the pressure gradient. L
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In Equation 2.6, k is- dependent on the porous. medium L

 and the type of permeatlnq fluid. Thls equation has
'been_generalised to_apply to any fluld flowing through__
the material by using an inkrineic ﬁefmeabglity factor
. (K), with units of area. The two factors are related to
each other as shown in Equation 2.7.. e
kel

.where ﬁ7is-the viscogity of ﬁhe_fluid, p iz the fluid
‘density and g is the acceleration due to gravity.

| In practice, however, it is found that intrinsic

permeabllltles determlned using gases are greate:r- hhan
those determlned using ligquids as the permeatlng

£f1uid®®, This is ascribed to a rhenomencn known as "gas
slippage"® and empirical correction factors have to be
applied in order to equate the values obtained. The usé -
of the intrinsic'permeability measufement hasetherefore
-hdt_beeh_succeSeﬂﬁl in unifying the different tYpes of
 test fluids use_ for determining concrete permeabiiity.

2.4 Intrinsic Material Factors Affecting the
' Durahil;ty af Concrete

The durabillty performance of a concrete exposed to a

‘given aggressive envirconment is 1nfluenced by two

intr1n51c factors:

- the fluid transport properties of the ‘hardened
concrete as discussed above and partlcularly those
" at the out51de eurface of the concrete,.

- any chemical 1nteractlon between the constituents
of the hcp and the aggressive agent. .

To clarify this dlstinction by way of example, it was

noted above that only free chlorides are responsible
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for deﬁpaséivatidn'of i'einforci}. steel. Hence, the'

- rate of advance ‘of free chlorldes into the concrete is
determined by both the ease of access for chlorides
(Fluid transport properties) as well as the ability of

the hep te bind chlorides (chemical interaction), -
.thereby making them unavailable for da—pass:.vatmg the '
- steel. The dizcussion below focuses on both these _
' aspects in cons:.dering the influence of the intrinsic
~material propertles on concrete durab:.l:.ty.

2.4.2 watar/.aeimant ‘ratio

80 Permeabitity {exp ~12. /s).

— Gonorete=19mm stone I
11 = Sandlnamant mortar . o _
60 e B F—— pym— M S s apn e 4
- 40f
P ]
0 ' ' et —t :
045 - 05 ‘0.55 0.6 06§ - 07 0.78 0.8

Water/Cement Ratio _ _
'Pigure 2.6 Relationship between the coefficient of
permeability and w/c ratioc for concretes
and mortars"? '

Figure 2.6 shows the effect of w/c ratio on the
coefficient of permeability of well cured mortars and
concretes with 19 mm stone!®, Permeability increases

- considerably with increasing w/c ratio because of the
increasing vo]ume and degree of intérconnection of
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capillary pcres.

‘Figure 2.7 shows results obtained by Henry and Rurtz®d

where a similar trend of increasing quid transport
ahlllty with 1ncreas;ng w/c ratio can be seen. In this
case, they used water vapour transmission as an
indicator of the f£fluid transport characteristics of the
‘concrete. The approximately linear relationship shown
in Flgure 2.7 ‘compared with the curvmllnear
relatlonshlps shown in Flgure 2.6, is an indication of o
the influence of different mechanisms of fluid movement |
-through the pore structure of concrate.- '

- {Reiative Humidity ~ | = {7
; on Dry Side percent .
h . . ’ -
=]
1:.
. B >,
- _
£ 8
i, g
£ &
2 2
E e
[ . . .
g "gd {2'5
a -l [ 4
£ 10 -
o1 e
0.4 _ 06 B o 07

water/Cement Ratlo
Figqure 2.7 Influence of w/c ratio on the water wvapour
' transmission of concrete (after Henry and
Rurtz®?) | | -

2.4.2 Maximum égqregata gize

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

By analysing data from reference (32), Fulton gives
an indication of theirelatibnéhip between permeability
and maximum aggregate size. This relationship, together
_ w1th the 1nf1uence of the w]c ratio,_ls shown in Table _
2. 2 below.

‘gable 2.2 Relationship between permeability, w/c ratio
“and nominal maximm aggregate size®™®.

w/c ratio| 0,476 | 0.526 | 0.588 | 0.667
Max. Aggregate Size - Relative Permeability
9.5 mm | ) ] |13 |7 |30
13.2mm 1 j2 8 | 32
12.0 mm _ B I 13 12 48 _
37.5 mm - {2 6 20 166 |

* used as the datum faracomparisbns"'

It may appear'frcm Table 2.2 that for improved .
impérmaabilitYQ_concretes should be made with smaller
aggregatés,'ﬂowever,.the increaséd cost énd time-
'dependent movement properties of such concretes
militates against too 1arge a dac;ease in maximum

- ‘aggregate smize. ' '

2.4.3 Water content

Fultonﬂ” argues that:
...provided the c/fi7 ratio is high enough (>~2.5
or.ch <~0.667), & low permeability concrete will
be produced irrespective of the total water in the
mix." : - parentheses are mine. : '
This statement is true for well proportioned mixes ih
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which bleeding is kept-to;a miniﬁuma-HGWEVEf,'if'the
water ‘content is increased whlle maintaining the wie
. ratio, the bleed voids which would tend. to form ‘around

. aggregata particles would have a conslderable effect in
. increaslng the flumd transport propertles of the o

_concrafe._ .
2.4,4  Cement content .

While ceméht'udhtant’is nat a basic parameter in
'determiniﬂg ‘the permeab.lity of concretel®, it does
~have an 1nf1uence on the durabillty of concrete. 1n
deterioratlon mechanlsms invnlv1ng, for example, _ _
_narbonatlon or soft water: attack of concrete, the- rata
_of ‘attack 15 influenced by the amount of hydration _
_products available for reactlon. Hence, for the same :
: permeabillty, a concrete with more cement w111 shnw a
slower rate of deterloratlon.' ' '

 2;4.5f'_i'%hB-déqreé of hYdration N

As hydratioﬁ proceeds, the initially water-filled,
fully 1nterconn¢cted pores within the cement paste, are
filled with hydratlon products and bhecome
dlscontlnuous. Flguve 2.8, taken irom work done by Graf]
and Grube®™, shows this process scun ‘-atically.

Using'i cemént-paste with-w/d ratio 0.7, Powers et al®™
show that the water permeability reduces from 2x10°¢ m/s:
in the fresh state, to 1x10™ m/s after 24 days of. '
hydration. They also show that the- "ultlmate"

: permeability of this ‘cement paste’ to be 0. lewu, only
_a 40% reductlon on the 24—day value. '



w/c ratio

cllnkel‘
araln

020

Decreasmg

” capillary volume
Gapillary ) .
wnht

0-40

Gemant gel -

0.680 |

20% _
: Degree of Hydratiun

-Eigﬁre 2.8 Schematlc dlagram show:n.ng the :Lnfluence of
: ‘w/c ratio and degree of hydration on the
reduction of capillary pore volume®.

It J.s clear that continued hydration, especlally dur:mg
-the sarly per:.od after casting, has a s:.gna.flcant _
effect on reducing the £luid transport characteristlcs
of ccncrete. It is in this context that cur:mg is '
J.mportant but this subject will be dealt with later,
as an extrinsic factor . influenc:mg durabllity.

2.4.6 Influence of hinde::: type

Portland cement _

Portland cements are often ntailored® to suit,
particular aggressive environments. An example of this
is_ the use of cements 'w:'f.th low tricalcium aluminate
contents to reduce sulphate attack®. Fuirthe_rm’nre_, _
" Powers™ showed that finely g_rouhd OPC, eguivalent to
South African rapid hardening portland cement (RHPC),
" decreases the permeability of cement pastes, provided '
the porosity benefits of the RHPC are vealised.
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:is used in concrete. It is cuggeeted that the finenees_.

“benefit of RHPC is counteracted by its tendency fcr
lOWer creep and ‘higher drying shrlnkage“”

. Fly aeh as cement ex+enden

~ The pozzolanic acticn cf £ly ash (FA) in concrete 1s
el l documented 1n the literature and a useful reV1ew -

of this aspect is presented by Helmuth“ﬂ. Manmohan and
Mehta®® have ehQWn that a siqnlficant effect of the

‘addition of FA to pcrtland cement was that it effected  :5
© a refinement of the pore stracture ‘upon hydration, by

3_transfcrming 1arge pores into fine pores. As a result :
:cf this h ‘eot, Mehta®?. repcrts ‘decreases in. cement

paste permeablllty from 11- 13 X 10‘ll m/s to L x 10“ m/se_

after the’Eddlticn of FA.

:Figure 2;9, takenﬁfrom Cabcera'e'wcrkﬁmr shows the

effect of FA in reducing the volume of pcres:> 10 nm.

Reference tc Table 2,1 shows that these pore mizes
-malnly influénce the strength and permeabillty of

concretes and mortars. No 1nd1catlcn 1s given as to the'

“basis on Whlch the mcrtars in Flgure 2.9 are belng
compared. ' S : '

Berry and Malhotra® show that well cured concrete
~ pipes with FA replacements of 30% and 50%, were

‘approximately 5 times less permeable than corresponding

pipes made ‘with OPC cnly They cite a large amount cf
reSearch work which confirms the general conclusion

- that FA decreaees the £luid tranepcrt prcpertles cf
'concrete. '
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= OPC morfar
* FFA morter

: Vd_ui.ne'. of pares >'.-0'.01p§r';. ce/9a e

: MeMﬁ :

Pigure.z.é I Effect of FA in reduc1nq the_volume of
B pores > 10 nm {after Cabrera®)

Regardinq-the'durahility'performancé of FA cothete, 
' opinions_have differed'and conflicﬁing_réséarch results
" have sometimes been présehtgd.”?art of the reason for-
this_is-that the pozzolanic reaction cqnsumés Ca(OH);
leaviny 1ess'active material to resist deterioration
actions such as carbonation and soft water attack. This
has led Alexander® to conclude:
"Fly ash concretes may or may not carbonate faster
than comparable plain OPC concretes under similar
conditions, depending on such interlinked factors
 as permeability and Ca(OH), content." ' '

In a sﬁrvey of the literature on the éffecﬁs'of FA on
‘concrete, the NBRI“P reports that the rate and extent”
" of carbcnatlon is 1argely unaffected by FA. It is
argued that the strength grade is the determlnlng-
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‘factor of carbonation and it is here that part of the -
disagreement on ‘the performance of FA may be located.
If the concretee are- compared on the basls of eqgual 28~
day strenqth, a FA concrete must have a 1ower ) o
"water/binder ratio (w/b):than an OPC concrete ane it
can be expected that the FA concrete would have a lower

'_” permeability. HoWever, if the concretes are compared on

g the basls of equal w/b ratlo, the FA concre?e may have
a elmllar permeabillty, but would carbonate fes“sr '
because of the lower Ca(OH)ztontent.- -

'Thomae et al“” report on durabillty 1nvestigatlons

_ carrled out on 5 FA concrete structures ranglng in age

from 2 to 33 years. For each structure, a comparable

'.OPC structure was avallable for slmllar 1nvest1qatlon.'

They conclude that:

=" all the FA conoretes had greater strength and
reduced permeabillty, i

= for equal strength grades, depths of carbonation o

| were similar for the FA and OPC concretes,

- - FA concretes glVe improved rasistance to chloride
'penetratlon.-

The effect of 1mproved re51stance of FA eoncrete +to
chloride penetration is also noted by Lees and Berke®V.

Cabreraﬂ” notes that:

...(FA) 1mproves the performance of conerete
exposed to chloride and sulphate environments. It
also reduces the damage due to the silica-alkali
reactions.” ' . ' '

He also concludes that, at higher strength levels and
together with air entralnlng agents, FA 1mproves the
resigtance of concrete to abras;on and, freeze-thaw
deterloratlon. On the other hand, Alonso et al“” in
-testlng a number of cement extenders including slag and
FA, nete that: : '
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- blended oements are not as effectlve as plain OPC
in pa851vat1ng re1nforc1ng eteel and therefore,'
increase the probablllty of corroelon, _

- in the presence of chlorides, the corrosion rate .

~ of reinforcing steel is higher when blended
| ements are used

A further oontrlbution of FA to the 1ong—term'
durability of concrete is its abillty to reduce the
heat generated by concrete during the early stages of
hydratlon“a. Thls is an 1mportant con51deratlon for the -
construotlon of large ooncrete elements where the .
oracklng ‘due to therma; strains can present serlous'
strength and. durabllity probleme.

SIag as a cement extender o
'Unlike FA, qreund granulated blastfurnace slag (GGBS)
is a Cementing material which, when mixed w1th water,

- . 'will form CSH compounds 51mllar to those of OPC. -

However, the reao&ions are very slow because the amount
of Ca(OH), released in the reaction iz too low to allow
a rapid dlssolut1on of the glass phases of the
o materlal -3GBS is therefore more commonly used together _
_wmth Portland cement Wthh when hydrating, releases |
- sufficient guantities of Ca(OH)g“to encourage the
hydratlon of the GGBS. '

Research®? appears to indicate that GGES/OPC pastes
cured for 28 days, have simiiar total porosity'va1Ues
as plain OPC pastes at the same w/c ratio, However, the
GGBS pastes have more gel pores and fewer capillary- :
poreS'than the oorresponding OPc_pastes. However, this
does not eppear.to have a significant effect on the

- fluid transport properties of the naterial in concrete.
Reeves® shows that the water permeability of a 70/30
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' GGBS/OPC concrete is slightly higher ‘than that of a-
plain concrete. The concretes compared had the same
total bmder content and b/w rat:.o.

-_From a durabllity performance polnt of v1ew, ‘an
1mportant benefit of the use ‘of GGBS in concrete is its
ability to bind chlorides, thereby rPduclng the rate of
'reinforcement corroslonf”. The mecuanism by which
chlorldes are bound is not clearly understood but is
thought to be a corbination of chemical and physical
actione.'Eigﬁre_a;lo, which was presented by
' Blundell™, shows this effect of GGBS.

... OPC OPG/FA (80/40) - OPC/GGHS (35/66)
% Ghlorida % Chioride % Ohlorids -
0.8 ) .8 Q-' .

0.4

0.2

1 2 8 a4 12 & ‘ 125 4

Depth inte .~ " Depth Inte . AL
aoncrete {sm) onnul:eurinm] c:n:l::hm"i;ol‘l)
 Pote volume. . o '
»eé6nm (%) 85 S a2
Water permoatillity 2.4 R 8. o
{exp =11 m/g) _ ' s ' v
Ditfusion coafsiclont 12 ' T : 3

(exp ~B om~2/a)

- Figure 2.10 Effect of GEBS in reducing chloride
' penetratlon into concrete (aftnr '
Blundell‘m)

Although the three concretes tested have similar
- volumes of pores >65 nm and similar per_meab._ility :
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 plain OPC condrete.

GGBS has also bEén'fcund to be effective in'redﬁciﬁg B
' the deterioration of cchcrete due to sulphate attack.:
Higgins and Uren“u'report that. S
"When the GGBS content is 65% or greater, most
_ comblnaticns of GGBS and OPC provide equlvalent of
. better sulphate r951stance than sulphate resisting
: portland cement? . D S : R '
Hootcn et al® have shown’ that a 50% replacement of OPC
 with a Canadian GGBS gives equivalent sulphate
'res;stance as a sulphate r951st1ng portlan& cement

) It 1s ccmmonly accepted that GGHS has a 51gnificant

: effect in reduclng the edpan51on cf cancrete due to _
alkall 51lica reaction. ‘This is shown in. Figure 2.11,
where it is seen that a 50% replacement of GGBS reduced-
~the’ 12-month expansion from apprcximately 0.5% to 0%.
Troe observaticn is conflrmed by tests conducted by )

Hogan and: Meusel“m

‘IOQ% OFC

26% GGBS

Ekmnsmu : % INCREASE WM LENGTH

S0% GGBS

AGE IN MONTHS

FiQure 2.11 'Effect of GGBS in reducing. éxpansion due
o to alkali silica reactlon (after Higgins
and Urenﬁ”)
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Research oondootea'by Osborne®™ shows that the
-replecement of OPFC w1th GGBE increases the rete of -
oarhonatlon of concrete. The extent of inoreale in the
carbonation rate is deceased as the total blnder
content of the concrete increases, He also notee that
the permeability of the concretes inoreuee& with
increasing GGBS replacements.

_As with FA, GGBS is also effective in reducing the heat
geherated during the early hydration of cement. Used_in.
this application, GGBS has a longer history than FA. -
' Table 2.3 shows the effectiveness of various levels of
GGBS replacement in reduring the heat generatlon of
_oement. o S

Table 2.3 REIatlﬁnshlp between heat of hydratlon and %
GGBS in the Binder (after Reeves@m)

% GGBS | Cumulative heat generated (kJ/kg) after:
7 days | . 28 days
0 N 30 | 400
30 |1 325 - - 395
40 [ 308 |- 360
50 B . 255 R | . 325
70 200 _ .. 260
90 | 128 - - 185

2.5 Effect of curing on'Durebility

In Chapter 1, curing was defined as a procese aimed at
encouraging the hydration of cement during the early
period after casting. In promoting the hydration of
oement, curing ensures that engineering properties of
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concrete déVelop to their required potential. The - _
_relatlonshlp between curing anad durablllty is discussed'
in more detail below.

C2.5,1 Qu 1ng and the transport propertles af concrete :

Cdntinued-hydration of concrete decreases both the size
and'cantinuity,nf thé'pores in hcp; Powers® has
estimated the duration of moist curing required to
achieve caplllary discontinulty for padtes with varying
w/c tatios. These times are shown in Table 2.4 below.

- Table 2.4 Reguired du#ation of moist'curing_for
capillary discontinuity (after Powers®?)

| - | buration moist curing for
I w/e Ratio { capillary discontinuity (days)

0.40 . 3

0.45 | 7

0.50 ' 14

0.0 - 180

o.70 . | ' : 365

>0.70 | " Impossible

Since mbist'vhring has a primary'influence on the
covercrete zone, its effect is to decrease the fluid
transport properties of this zone. Gowripalan et al®
show. the effect of duration of curing on oxygen
'permeabillty of mortars. Flgure 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, theé marginal improvements in
concrete guality decreases with increasing duration of
curlng. The curves also show that early-age curing has
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& larger éffect on the'lower'strenqth“mortar;

@

wic REmD -
Q05 .
o 065 -

L]

N..
]

Oxygen permeability (167" m?)
Oxy b

:23.

Q .

Tme cured (duys)

Figure 2.32 Effect of duraticn of curlng on the oxygen
- . permeablllty aof mortars (after Gowrlpalan
et alm’) :
 These cbservations are confirmed by'ﬁéntgqméfj:é% éiéﬁ'
and Ho®", U51ng water sorpt1v1ty as an 1nd1cator test,
Ho, notes that: _ ' '
... low strength concretes are extremely
- sensitive to lack of curing. However, the
effectiveness of pradticai curing is reduced as
the strength (or cement dontent) of the concrete
. increases."

2.5.2 Curing requirements of different binder types

Tt is commonly accépted {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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concrate. Haque“” concludes that: _

' _...fog curing for at least 7 days is more )
important when concrete containing fly ash will be
axposed to: drylng ambient aonditions." '

This observétibn of the QrEaterfsensitivity of FA
concrete to early age curing is also noted by
Cahréraﬂa, Norton®® and_Bijen’an& van Selst®,. However
Amtsbuchler®™ shows that thé compressive strengthfcf-a
nominal 25 MPa concrete is no more adversely affected
by cold or dry curlng than an eguivalent OFC Loncrete.
- 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 past results to“"'

improvements in the quality of FA in South Africa. -

‘With regard to the curing response of GGBS cchcréte, it
has heen shown®:®) that, with an approPriatefselectiOn

' of w/b ratio and continuous water c¢uring, concrete with
a 50/50 blend of GGBS/OPC will develop the same 28-day
stfength as a plain OPC concrete. However, it is also

- generally aCGepted that because of itz slower rate of

' hydration, GGBS aoncretes are con51derab1y more
sensitive to inadequate curlng at early ages than OPE
congretes®®, ' "

z.s_approaches tq'Spacifyiﬂg for Concrete Durability

SABs-oloomﬁ BS 8110@3 and the new Eurccode No. 2 EC2®
address durabillty by speclfylng aspects such as:
- magimum w/c ratio;-

-  minimum cement contenﬁ,

- _method and degrae of curing, _

and for Speclflc aggressive envlronmnnts-
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_'_"maximum chiofide content;

- . alkali content of the cement,_ S
- trlcalcmum aluminate content of the cement.

All these aspects are hot easily determined after the
'concrete has hardened and are therefore almost meVEr o
_used for routine quallty contrcl testing.

Yo

The Australian code: AS 3600 takes the unusual

~ approach of specifying concrete quality only in terms
. of compfessive'strength; The justifiaatian'for this is-"
_ apparently that strength is the only easily. measured |
property of concrete, ie. a parameter whiei ig, not -L;-"
easily measured as ‘a site control tesh-' f§' .t be
specified. ' The discussibn in Chapzer I f‘-,iﬁfn-*ﬁha
relative affects ¢f curing on durabili - .hd strength

- indicates the potentirl problems which cnuld be
'encountered with this Australian appraaci.

2.7 General Discussion -

An important feature of the literature reviewed in.this
chapter is that most of the research on concrete
durability has been carried out overseas. This is
particularly applicable to aspects such as the effect
of binder type and curing on aurability performance. As
a result, condrete technelogy in Southern Africa has
relied heavily on forelgn research and local
spec;flcatlons are often duplicatas of overseas
practice '

The problem with this approach being applied to

durability, is that the materials used overseas are
very different to those used locally. The important
effect of differences in the nature and gquality of
local cements, FA and GGBS are not accounted for in
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',such'an_appreach.'

.. The second importént*diffefénce-is the netufe of the .
'-envirenmEnte'to.Whieh_concretes'are exposed;'Neteenly_
does this have implications for the deterioratién -
processes affecting concrete but it also limits the
_:_appliaablllty of research into the effects of curlng an:
concrete. durablllty. Benturﬂm argues' _ o
' - #Igrael, like. many parts of South Afrmca,s
“ experlences extremely hot and d:y aondit;ene whlch
_have a detrimental effect on the surface |
prapertiee of the conarete What 15 considered as
‘& harsh environment in Europe and ‘the USA, is a
mlld env:ronment in,. Ierael fand south Africa) :
- [parentheses are Lhe auther’s]
'It is therefore important that this research be '
 conducted in South Africa in order to develop a 1ecal
'etrategy for. concrete durablilty.

'f-It is ev1dent that speclflcatlons for the durability of
concrete should 1deally be- expressed in terms of

' measurable parameters of the hardened concrete. :
‘Huwever, the development of such specifications is
hampered by the absence of test methods whieh'are
eagily conducted and which can be ueed-for routine
_quality contral on elte, in the same manner as tha
concrete cube test. '
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CHAPTERS

DEVELOPMENT OF TEST METHODB FOR cnanncwnnxszue
POTENTIBL nunan:uzmt - '

3.1 Introduction

It will be noted in the discussion presentad in Chapter
2, that various researchers characterise potential
durability of concrete using diffarent parametérs;

' often measured in different ways. However, the cammon
assumption underlylnu all these characterisation
methods is that, at a particular time, the more. refined
and "closed" 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
hydratlon, low b/w ratios, the use of cement extenders
of ‘a combination of these. Added to thls is the
understandlng that, to be relevant to durabllity
 assessment, ‘the degrea of pore structure refinement '
should be monitored by measuring one of the_transport
characteristics of the conerete such as water
penetration or permeability. = | '

This approach is-intuitively sound, since most of. the
deterioration processes associated with concrete
involve the movement of aggr3551ve.agents or dissolved
gubstances 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 txanspoft 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'gf pore structurs



reflnement. They alse prov1de a elngle parameter by

. which the potential Qurabilities of different types of

'concrete can be compared, accounting for all the _
'physlcal and chemical factors lnfluenclng the relevant'
phy510a1 prnpertlee of such concrete._' '

However, these Charaéterisation-test results ultimately
have to be related to actual concrete deterioration
processes. They will have to be correlated with Yong~ -
~ term in situ measurements of'cencrere deterieratibn by
 the various aggressive agents and mechanisms. For |
- example, the rate of chloride dlffusien 1nto concrete
"is considerably -lower in GGBS concretes because the
‘aluminate of the GGBS inr eases its ablllty to
chemically bind chlorrdeem, This means that, for the

~ same numerlcal value of the durahrllty characterleation
parameter {say, permeahlllty), GOGBS concrete ‘can be -
.expected to be more durable in a chloride env1ronment
than, say, fly ash cencrete.

_Hen0e, ef themselves, the durablllty characterlsation '
" tests do nét necessarily indicate the relative
_resistance of a concrete to a particular deterloratxon -
process. The 1ntentlen is rather to lndlcate the - _
relative sase with which liqulds or gases mway move -
through the cancrete on the basis of a measure of the
-nature of the poree and the degree of lnter-connectlon :
of the pore structure. This provides a global
indlcator,‘obtalned at a relatively early age of the
concreate, whlch is then correlated with the long~term
' performance of the concrete 1n a gmven agqressrve
envirenment. o

3.2  Types of Characterisation Test Methods
3 large and varied number of characteriSaﬁiqh_test'
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methods h&ve beean developed by researchers wbrkihg'in
the field of concrete durablllty. These vary not only
 in “he physical parameter being measured but also in
the degree of sophisticatian_and_easa of use.of the
test equipment. Some tests have béen-developed'far
laborﬁtnry‘usa dnly 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
conkrete being measuredp These categorles are discussed
below. '

3.2.1 Absorption tests

These tests generally measure the vbiume or time rate
of w&ter.ébggtbed 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 action and the
hydrOPhillic nature of the hardened cement paste.

Because of the nature of these tests, it is impcrtant
that the samples- b31ng 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:cf the samples, widely varying results have
been obtalned for the water absorption of concreta from
tests done using different test procedurasw

3.2.2 Water penetration tests

'In these tests, water is forced into the concréte 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

' 3=-3



1048® test in Wthh water is forced into an
approximataly 100 mm thick concrete sample. OVer a’
period -of 96 hours. The sample is then split at rlght
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” test, is that doubt has been expreseed
~as to the accuracy with which the depth of water

. penetration pan be measured visually®. These tests
have also been criticised because the test fluid
(water) reaots with the unhydrated cement in the

_ concrete and therefore alters the pors structure of ther
“test sample durlng the test. ‘The slgnlflcance of thls
.cr1t1015m increases as the contact_tlme between test
- water and the sample increases. o I

3.2.3 Permeability tests.

In this category of tests, an attempt is made to
measure the DfArcy coeffioient of permeability of the
concrete. A fluid is forced to flow throuqh the-
concrete unaer an applled préssure gradient and, by
monitoring the pressure gradlent and/or the amount of -
fluid passing through the concrete, a value of

- permeability is calculated. This value is expressed
either as & coefficient of permeability, k, in units of
velocity {#/s) or as an intrinsio permeahility; K,.in'
units of area (m). The dlfference in these two -
measures of permeability is that X is a funotlon of the
type of permeating fluid while K is (theoretloally) .
independent of theé fluid uged in the test. Intrinsic
permeability is therefore the parameter preferred by
researchers. Tests to determine the permeability of
concrete generally use water, nltrogen or oxygen as the
permeating fluids.



Permeabillty tests can further be placed 1nto the two
zcategorieé digcussed below, Note that, becauee of the
many varieties of permeability ‘test methods avallable,
“this review is limited to the most. prominent examples
ln each category of test method.

__constant pressure head tasts° :

'_In thls type of test, a £luid under constant presaure
head is applied to one side of a conérete specimen and
_the change in pressure or amount of fluid emerging on
 the downstream Side of thefspeoimen is measured. An.
important consideration in this type of'test is that ]
~ steady state flow condltlons (1nf1ow outfloWJ'have to .
be establlshed for the. results to be applicable to the '
D’Arcy equatlon. The low flow rate of water ‘through '
~ concrete neans that a long time is required to |
establish steady state conditions®?. Most researchers o
have therefore resorted to. alr permeabllity '
_measurements. This, hoWever, 1ntroduees the dlfflculty
. of measurlng relatlvely small amounts of a compre551b1e
“fluad on the downstream 51de of the sample.

Varyinq presaure head teste. S

In these tests, a posrtive or negative air preseure
'(relatlve 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
?ermeahility measurement is the eliminatlon of the
complex and expen51ve equlpment requlred to marntain
the pressure on the upstream side and measure ‘the :
amount of fluid emerging on the downstream side. The
apparatus is therefore less costly, easier to operate
and yields results in a relatlvely shorter perlod of
time.



3.2,4 neenani¢a1 tests

- Attempts have been ‘made to characterlse the qualmty of
' the covercrete region of. concrete by measuring one of -
its physical properties such as strangth. One of the
adVantaqes of this apprnavh is that ik would provide a
_parameter which. englneers ‘are famlllar with and would
find easy to apply. HOWever, the llmited thickness of
‘the covercrete region makes it difficult to test o
'dlrectly and a number of imdlrect tests have been
proposedﬁgm‘whlch are aimed at measurlng the strength
of the covercrete and thereby prGV1ding an 1nd1cator of 
: 1ts durabllity characterlstics.'“ ' ' '

The main criticism df'instrumehts such és the'Schmidt'
.fRebound Hammer as a means of. measurlng comprelslve
strength has been that the results are lnfluenced by
the condition of the concrete surfane. However, this =
-may be a positlve consideration when these 1nstruments

. are uged to indicate the quality of the covercrete.

‘Such instruments are therefare bemng considered by some-
researchers for prOV1d1ng 1ndirect measures of the
effectlvaness of curing““ o

3.3 sglectmon of Durahlllty characturisation Teat
Methods ' o

A-numbér'df'guidelinea were . identified.{n selecting the
test methods to be used for characterlslng the
potentlal durablllty of concretes under thie pr03ect.
Thesse are discussed below.

3.3.1 Test parameters
It wés'dacidad.that méahanicalgtest;metHOQS-{as?

3



‘discussed in 3.4.2 abo&e}IWould not be used for

-“3_.chardcter151ng the durablllty properties of ooverorete;

 This dec;slon was. taken on the- basls of the limited
success and acceptablllty which_these tests“eppear to
be enjoyiny. Alsc, in. considering methods for testing
‘the effectiveness of various curing procedures, . -
Dranstield® argues that the etfect of carbonation is
ta increase the surface hardness of the coricrete and.;_,-

| _"Slnee poor auring d1s llkely to increase
the amount of carbonation_which.oocurs in

the surface layer, this test method (the
'f“;;Rebound'Hammer)'cannot be considered as a
reliable method of testing the curlng ef

' concrete" S o E ok

It was rather dec1ded that tests had to be adopted or o
developed to measutre the air and water transport '

h:'proPertles of iie ooncretes. Testlng both the alr and

‘water transport. propertles wag neceesary for two
ireasons g . _ ARV J
- As ‘mentioned before, most of the concrete
' 'deterloration processes involVe the novement of
gasas or ions. dlESDlVEd in water. While the
characterisatien test method is fot expected to
”repllcate the movehent of agyressive agents

through ooncrete,.it is important to simulate the

real situation as closely'as.possible.'lt was |

' therefore felt that the measurement of an air and
a water trensport.property of concrete would be
necessary to maximise the possibility of |
correlating the potential durability test with a
wide ra~ - > of actual deterioration processes:

- The debate on the usefulness of-potential_"
. durability characterisation testing has not vet
béen'resolved. This is evidenced by the"Iarqe _
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variety of test methods that have been proposed,
'Sdme'of which were discussed abOve,'ccupled'with 
the relatively small number of tests that ! ‘ve

- been accepted in specifications. The tests Wthh
have been adopted as standard specificatlons {for .
‘example, the British standards 1nitia1 surface
absorption test (ISAE)“”-and_the DIN water_

~ penetration® tests) have been criticised™? for

. not being sufficiently acourate or applicable to
all types of concrete., o

'He‘nde 'the'dév'idpment of a test method for
measurlng potuntlal concrete durablllty is -
located at a stage Where the general: dlrection

~ 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
Cair and water transpcrt propertles would he
sufficient to ensure compatlblllty with
international research directions on concrete
dutability testing. This would allow the results

' to be compared with those of other researchers
‘and possibly assist in the developmant of an
acceptable test methad.'

An important'disadvantage_witn the water pehetratiﬁn |
tests is that the £luid being used in these tests is
reactive with cement. Hence, further reaction with
unhydrated cement takes place during the test and this
-influences the parameter being measured. It was felt
that this criticism was sighificant enough to avoid the
pressurised water penetration method of testing. In
addition, this test is not applicable to poor quality

. concretes where water passes through thé -sample before
the end of the required test time and the depth of |
penetration cannot be measured.

3-8



3.3;3-Testfméthod_and"apparatué-'

‘In order to exercise maximum control over the quality -
~of the concretes bELng tested, it was decided that. theﬁ
test was to be 1aboratory-based rather than an in situ
test. This decision was based on the prablems _
"assaciated with in situ tests related to an 1nabillty
' to control the moisture content of the cohcrete.. Whllst
it would have been an additional ~advantage if. the test
- was designed to be_used_on in situ concrete as well,
this was 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.ln—servlce structures. This requirement .

precluded test methods which use "custom-made" samples,
:cast specially to suit the test apparatus such as that _
'proposed by Schonlin and Hllsdorf“” (ulscussed later)

fifzwas also cohsidered important that the test-
apparatus developed be of simple design and be easy ta
‘construct. The test: itself was to be such that it
provided results within as short a time a2s possible.
Since the main_objeCtive of these tests would be to
ensure better on-site contrdl of concrete quality, a
simple design and short test time would ericourage thé
_test'a?paratus to be used i1 a construction site =~
laboratory. Also, given the relatively low level of
'technical‘sdphistiCation of a large proportion of
construction personnel in Southern afrlca, the test
method was to be simple to perform.

‘Anh attempt was made to keep the cost of the apparatus
~as low as possible. However, as with most test
apparatug, the cost of the facility ecan vary-~'_
‘econsiderably deperiding on the sophistication-df the
‘measuring, recording and control systems, For exaﬁpie,'
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the cost of manually recording measurements can befvery'
different from electronlcally capturlng measurement "
data into a processing faclllty tor. analysis. Hence, in
the desmgn of the apparatus, lt was. con31dered
advantageous to provided users with an optlon.as_to the
level of sophistication of apparatus thay.a:a‘willingz

' to develop, depending on the rate of usage of the :

" apparatus and their perception of relative costs.

3,3.3_Concrete sample-thickness

- One of . the objedtlves of thls ressarch project was to
attempt to provide guldance on the relationship between
depth of cover and durability. There are punitive
econonic 1mpllcat10ns to prov1d1ng both too much or too
'llttle concrete cover over the relnforclng steel.
'Hence,.lnfoxmatlon was reguired on the gradation of
écncrete properties ih'the'covercrete zone from the
outer Skin to the level.of_reinfofqihg steel.

Given that the average. depth of concrete cover is
approxlmately 40 mm, this consideration meant that the
test apparatus and method adopted had to be able to
test relatlvely thin sections of concrete. The test was
also to be sensitive enough to detect chanQes iﬁ the

" durability propertles at various depths in the

| cavercrete.

With these considerations and concerns in riad, it was
decided that, as & starting peint, the'testhmethods
should include measurements of air permeability and
water absorption of the covercrete for thé pﬁ:pmsé“of-;_“
characterising potential durability of é@ncr;te. The
 selection and detailed developnent of these tests are.
further dlscussed below. '
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3.4 'Bq;ectidn agehitgra:meabiliﬁy mgéﬁfapparakus-*

It must be emphasxsad +hat, when testing concrete for

ﬁgpermeablllty in the context of ite durability, an -

Jiittempt i3 not. belng made to measure permeabllity as a
z?fundamental property of the materiai. The. objectlve is
"rather to abtain an indicatlon of the ability for _
flulds io pass into or out of the cencrete by testing .
samples of that concrete which. haVe been subjected tc a
controlled or unlform pre-~treatment procedure. To

- determine permeability as a fundamental ?roperty
requires expensive equlpment and time consumlng
procedures which do not alter the: "natural" pore '

' structure of.the concrete durgng=the test. '

' 'Hnnce, in the selec;tlon of a durablllty test J.t is
'accepted that some alteratlon of the pore structure
will cccur: durlng the sample pre-treatment and testing
procedure. However, as Dhir argues“ﬂ it is also
-accepted that the same relative degree of pore
gtructure alteration occurs with different concrete
types. This means that; while a dlsnorted value’ nf
‘permeability is obtalned from the test, ‘the results ;
still allow the relative durability performance of. o
‘different concretes to be compared (see. further”
discussion on thls aspect in Section 4.2.3, Chaptﬂr 4)-

This approach can well be compared with' the cube
. compressive strength test. The numerlcal value of

strength obtalned when a set of cubes are crushed bears_'

little resemblance to the strength of the in situ
concrete to which these results are meant to refer.
'This-differ;ﬁee derives mainly from the follcwxng

- reasons:

- the concrete in the cube has been compacted and
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cured in a very different way from that of the in =
o situ cancrete, : . I
= . the etress states in the cube during testing are
' d;fferent from those experlenctd by the in situ
concrete; and '
- the test cube is not subject fo the epat1a1
. varlatlcn in enqlneering prcpertles which 15
characteristie of in situ concrete. _
Deeplte these unknown components of the cube strength
test, it does provide an indication of the quality of
the in situ concrete and experience with the test gives
engineers enough confidence to use it in specifications
for the quality of concrete. L

3.4.13 Selectad eurmey of proposed air permeahzlmty test
' methods ' ' o

A humber of air permeability test appafetue have been
' propased by various researchers. A selectlon of the
more promlslng of these apparatue is discussed below.

Dundee University permeaﬁeter

Dhir et al'® have developed a sophisticated apparatus
which measures the permeability of concrete to gas_and_
water under a constant applied pressure head. The
apparatue allows steady state flow to be achieved in a
relatlvely ghort time, ensures accurate measurement qf
the downstream conditions through the provision of
sensitive measuring equipment and appears *o provide
reliable measures of intr’nsic permeability. Figure 3.1
is a schematic arrangement of this apparatue; giving an
indication of the complexity concomitant with 1ts |
degree of eophistlcntlan.-The apparatus is expen51ve,
does not appear to ke edsy to use and ;e not conducive.
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. bivision-bf.Building“wechnoioqy'permaameten"

The.ﬁiviéién'of'Bﬁiiding Technology at the south .
African CBIR has developed_a-basic ﬁezmeability-tQSt
apparatus® which forces air, under a constaht pressure
of'approkimately_zookaa, through a 50 mm thick
concrete slice. The amount of air emerging on the
downstrean slde 15 collectad and measured after a flxea
“ time has elapsed This measurement is then used to
.calculata 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 inéreased to approximately 1 MPa. '

The test method reguires that the concrete sample be
epoxy cast into a mould and the seal in the permeameter
" is then eatablished against the epoxy surface. The
stael mould has a well machined and highly polished o
innér surface to allow egsy:rémOVal of the sample after
casting and'to_enSure a close tdlerancé-én the -
dimensions of the epoxy seal. T

-_Leeds:UniverSity permeameter

Cabrera and Lynsdale"® have proposed a donstant'head
~air parmeameter which uses a novel sample sealing
method, The concrete test sample is placed in a
silicone rubber collar which i1s 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 conecentrated onto the edge: of the
sample, creating an alr-tight seal. This arrangement is
 shown in Figure 3.2 below.' |
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inner Qﬁainless

steel cylinder -
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gas inlet
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‘gas cutlet

plastic circular

baffle

sitting'guidés

Section thrrigh the Leads University
. permeameter showing the rubber collar
seal“”

Schonlin and Hllsdorf“” have developed a rising
- pressure head apparatus which applies a vacuum pressure'
of 1 kPa below atmospheric on one surface of the |
 concrete sample and monitors the time required for the
pressure to increase to 50 kPa. Although this apparatus

3-15 .



- uses “Custom -made" samples for yestxng, it 13 - |
mentioned here. because the vacuum pressure is used to .
seal the sanple (in its holder) into the permaameter.
This is an interesting pr;nclple when considering the -
" cogt and complexity of ensurlng air-tight sealing in a
permaameter. Flgure 3.3 shows a schematic arrangemant
of this. apparatus. A possible weakness with this
apparatus is that air in the enviromment is used as the',
permeating fluid. In the absence of any centrol aver
the guality of the air, it may be dlfficuit to: compare :
'resultS obtained u51ng the apparatus in dlfferent
_ enviranments and laboratormes.

[ Vacuum Pump___

: Pressuye
Gauge

. Stop Cock -~

. Vasuum
“ Chamber

180 mm Diameter
Concrete Dsik Sampie
Figure 3.3 ‘Schematic arrangement of the rising
- . pressure head permeameter developed by
Schonlin and Hiladorg£®? |

Falling head permeameter

Blight® 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 tine rate of pressure
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decay is monitored to derive a D’Arcy coefficient of -
permeability. The apparatus is inexpensive, uses a
'marcury filled manomater to monltor upstream pressure
and is relatively simple to operate. As with the vacuum

: pressure permeameter discussed above, this apparatus '
also uses air as the permeat:nq fluid. A sehematxc
arrangement of this apparatus is shown in Flgure 3. 4.-

R
¥
n
?g
L
Specimen in I,
Initated Sealing e P _
Mombrane | A e
o T e Eiat Coil Sprinm
.m o
.ou
&
S - s
" Saepage Pressurp CE
~ Reserwir with LS
- {inflaling Valve & -
. - Manometer )
Saaling Pressure @ -
- Raservoir with
inflating Yalve & [t _
Pressure Gage =y . :
Figure 3.4 Schematic arrangement of the falling

head permeameter developed by Blight®

In view of the requirements of the permeabiiity test
apparatus discussed in Section 3.3 abave, it was
decided to develop a'permeamEter based on this model of
the falling pressura head permeability cell for the
following reasons: o '

- simplicity of operatlon,

- low costj

-  design flexlblllty to accommodate different
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. sample sizes; and
-  ease of manufacture.

3.5 Bavalcpmant of the air ?ermeabzlzty rast
o -Apparatus

-

3.5.1 Datailed description of the Blight apparatus

As shown in Figure 3.4, the Blight apparatus consists
mainly of a cylindrical pressure chamber with a volume
of approximately Sf. The sample, in this case a 100 nm  '
high x 100 mm diameter asphalt briguette, ;s.placed in
the top sectidﬁ 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 is coated with a soft wax and Lh& coated

sample i placed in & custom—made latex rubber sleeve,.;1f_*

This rubber sleeve, with a skin thickness of
_appraxlmately 2 mm,_is_made so as to have flanges.onf  :
the top and bottom which assist in sealing tha'éamplé
into the apparatus. The sample in the rubber sleeve is
then placed Lnto the steel sample holder which is

assembled onto the top of the permeameter together wmth_“_'

the perfdrated caver plate.

The annulus forred between the steel sample- holder and
the rubher sleeve is pressurised through an 1ndependant
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 the sample is located and fixed into the
_ permeameter,_thé sealing pressure is applied and held
cpnstaht:by isolating the lower pressure chamber. The
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-_jpressure in the main ﬂhamber ts increased to the
requlred test pressure and. the tlme is reaorde& when s“f
‘this chamber is 1solated. The tlme rate of pressure N
::decay is then manito:ed by notlng the height of, ths
mercury in the manomster at varlous times._ )

‘ |

Ty -

3.5.2 kadifieaﬁions‘msde'tq‘the Blight parmaamstss- ﬂ-V

In daveloping the permeamstsr For tsstlng cancrete

. rather than bitumen samples, modifications were made tﬁ;

the Blight permsameters'“hr%e modificatlons are .
discusged helow._ ' '

-_P:essuts moﬁitorinq o

_The'mérsury-filisd-manometer'was répIaced by a 0-to 160
 kPa air pressure gauge. It Was felt that this would
-'allow for a more convanle“ easure aver a w;dsr range
) of test pressuresu

: Tgst gas

A problsm with ﬁhe use Qf cnmpressed alr as - the
psrmeating fluld is that 1t is dlfficult to determlne
or centrol tne composlt;cn of the air. Adﬂed tc_thls,,
the presenceIQE'moisture and carben dioxide in the air
is undesirable as these are both reactive with cement.
It was therefore declded to use oxygen as the _
permeating fluid as thls woul 1 illow for greater -
control over the. test gas and hence, greater
repeatahlllty of the test method.-

Sample 'Baali_ng
The latex rubber sleeve method used by Blight Was
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thought to be 1nappropr1ate for concrete testing
bgcause H . oo ' . : . . .
- 'the rubber sleeve eystem requlree a flxed sample
- height and it was expected that concrete samples
_ 'of varylng helght would be tested,_ o _
- ' the permeameter shounlé: be flexlble enough to :
accommodate irreqularly shaped eamplee as well as
: cylindrlcal samples ‘of varyxng dlameter. '

- TWo sample sealing methode were developed for use w1th
the permeameter. The-e are discuesed in more detail.
-below. ' "

"3 5 3 Desor;ptzon of the Fallxng Head Permeameter
' Developed. e '

: Flgure 3.5 ‘shows a eohematlc arranqement of the:'
fpermeameter while Figure 3. 6 ehows ‘a oompleted unit

with the perforated cover élate removed., ‘The maln -
'pressure cylinder 1e made from a length of 106 mm
1nterna1 diameter, mild steel watex piplng with a wall
: thiokness of approximately % mm.

A - 106 mm 113 mlld steal

Gas i_nlet valve
Pressure gauge

Gas outlo_t valve |

Top plate

i Rubbar O-ring in
t 5 x 5 mm groove

m m v & =

Parforated cover plate -

8 -3 holes per plate far
& mm botts .
¢ - Fillet weld
4 bass plate
_Figure 3.5 Sohematlo arrangement of the fall;ng

head permeameter
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Fiqure 3.6 . A completed permeameter unit with the
) cover plate removed

A sguare base plate was used and four screws were

located in the corners ta allow the unit to be

stabilised and levelled in its final position. The only
essential machining required is the 90 mm diameter

opening .and the 5 mm groove in the top §late.'It'is not

important that the top plate aﬁd-the perforated cover
plate be circular as shown. It may be easier{ f:dm a
cutting point of view, if these plates were square.
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- Ordinary fillet weids are usad throuqhout tha unit for __ 

| _cannecting sections together. These welds were tested

by sealing the top plate and applylng a pressure of 130
. kPa. It was expactéd that the”maximdm test preséure
‘wéuld be approxlmately 100 kPa. Leaks were ldentlfied
using secapy water and sectlcns were re—welded untll tha-;

unlt was air*tlght. ' : o

_Saalinq the aample‘;n-thé'pe:meameﬁarf

*'As was mentloned earller, two methods of’ sample sealing

were develcped, The first methed, which involVEs epoxy_"_ _

bonding of the sample into a Pvc rlng, was used during _
. the 1n1tial part of the work. The second method, whlch_'
'usas a rubber collar to seal the sanple, was developed
late.r and, wh:r.le belng eas:.er to use, is not as -
flexlh’.l.e as the first method in tha size and- shape of
';the sample Whlch ©an_be accommodated. '

i

,y:

Method 1% PVE ring and apoxy seal._ THis method .
 invelves fJ.x;ng the sample to ‘be tastec}\ into a pVC ring
© using epoxy as shown schematically in Figure 3.7+ The

- ring ig cut from standard 102 b diameter PVC tublng |

. with a wall thickness of *3 mm. The lower g;m of the

 PVc ring seats on a rubber O-ring placed in”the'groove

on the tap plate of the permeameter. Flgure 3,8 ‘shows &

detail of the O-riny on the top plate._When the
perforated cover plate is tied down, the PVC rlng is
‘pressed onto the rubber O-ring, provldlng an - air tight
saal o -
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: Figﬁrq-&.?I o Schematic arrangement of the test sample
' fixed into a PVC rlng wmth epoxy.

: FiﬁﬁrQ 3;B :_ Detall of the rubber O-rlng on the top
' plate :

-Thelo-ring is manufactured from 5.6 mm diameter
neoprene rubker cord with a Shore hardness® of
approximately 70 degrees. The cord is formed into a
‘ring by bonding the ends with a commercially available
cyanoacrylate glue._A 6% stretch is allowed in the cord
to ensure that it seaLs well in the. groove..This means
that the cord is cut 6% shorter than the average
circunferential lengtﬁ of the groove. | |

The procedure used for fixing the sampié:into the_PVC.
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ring is descrlbed below Figure 3.9 ShOWS some cf the E
. staps involvad in thls procedure.'

8.

.

A ch ring of héiéht'appfoximately 10 mit greater
" than the sample height ig cut from the tube

sections Orie end of the ring (to be the lOWer o

'end) is made perfec¥ly £lat by nnlformly ruhblng
.thls end on a sheet of sand paper placad on a
'flat surface.:f'~' o -

'Tne inamde of ‘the rlnq 15 rcughened by rubblng :
‘with a wire brush and tﬁls surface was carefully'
_,rcleaned W1th a de-greaslng agent and Water

The rlng is placed over a mcunted masonlte dlsc _
(step A in Flgure 3. 9) and the annulus batween
the ring and the masonite dlsc was fllled wlth
plasticine. o ' o

) ’-A'diSc-of_thin §1astiq sheet is placed onto tha
_ masonite and edge_qf'the plastic waé_sealéﬂ with
_VPlasticine (Steps B and C in Figure 3.9}, Tt waé

later found that a thin coating of petrolaum _
: jally on the masonite was sufficlent to ensure
de~bonding of thie epoxy and the plastic sheet was _"

therefore discarded

' The outer edges of the underside of.fhe ccﬁcrete
' sample is covered with masklnq tape (step D in
Figure 3. 9). A bead of plaaticlne is placed on

the masking tape along the lower perimeter of the
sample and this is lightiy pressed. onto the“'

- plastic sheet (or petroleum jelly) in uhe PVC

ring (step B in Figure 3.9)
Epoxy is' then poured iritb the space between the
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sample and the PVC rlng tn a level just helow the -'d

top of the sample.

';Figure 3,10 sﬁhematically shaws the sampla and PVC ring
fixed in position before epoxy casting. Figure 3, 11
shows samples of t,he PVC rings togethar with a =
7completedfsdmple ;gady_fur.permeahilitg testing.'

Figﬁre 3.9 Some of the steps inveolved in the
. _ preparation of the sample for epoxy
fixing.
PVC Ring

Plastic Sheet-..: .'
* or Petroleum
‘elly

. Plasticine

msi e

————

. 2 il .1||l||I11|1IIIIIHIIH’HII;‘iIIIIIIIIIIIII

| _ _ Masonite disk _

Figure 3.10 Schematic arrangament of a sample xeady
' ~for epoxy casting L '

3-25



‘Pigure 3.11 Examples of "the PVC rings ‘together with
T " a concrete sampla epoxy-cast 1nta a PVC
 _ring

An lmportant requirement of the. epoxy used in thls
'fappllcaticn is that it should not creep under the :
“applied test pressure. Creep in the epoxy would causa
an increase in the volume of the cylinder and would: be
‘reflected as a decrease in pressure in'the'cylindér o

thereby cauSLng a dlstorgion in the test result. In
this pxaject, Epidermlx 365 ‘epoxy, manufactured by
HAfrican Bltumen Emulsions - -(wty) Ltd was used. This
epoxy requlres a curlng time of 24 hours after the
= ' resin s mixed with the activator. A flowable mortar
o B was preparsd using the epoxy and a clean silica sand,
' - with the sand making up ﬁpprog;hately=74%'pf'thé mass
o . of the nmixture. The addition of sand reduced the cost
oE sample pruparatlon and‘mlnlmlsed any creep patentlal '
in the PDOXY. ' a
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3 &ethod 23 silieone rubber collar seal. This method nf
sample sealing, based on that proposed by Cabrera and
Lynsdale®, was developed for routlne testlng of
- concretes from which 68 mm dlameter sample slices can
be obtalned. The sample disc, cut to the appropriate
thlckness, is placed in a rubber collar which is
-_axlally compressed when the arrangement 1s tled in- the j
~ permeameter un;t. Ae described before, the eample is _
 sealed clrcumferentially by the transverse expansion of
the rubber._Outward expansion of the collar is
restrained by placlng the collar in a PVC sleeve whlch .
~is cut from the same tube as the rings used in the
epoxy Sealing method. The 1nside qiameter_of bhe PVC _
sleeve is 0.5 to 1.0 mm larger tﬁeh;the outer diameter . .
of the rubber collar. When this method of sample
: _sealrng is ueed, the rubber ring on ‘the top. plate is
'removed and the lower edge -of the PVC sleeve is lecated

~in the 5 mm groove so as to eentrallse the sample on e.f_er

~ the top plate.

As W1th the epoxY . seal it is 1mportant that the- rubber
_ used for the collar does not zreep under load. If this
' -happens, the seal ‘between the sample and the collar

' wxll be broken, cau51ng air leakage durlng the test._'

The amount of ax1a1 compress:on of the rubber collar is
centrolled by the thickness of the timber epacer. The
perforated cover plate is tied down untll it reaches
the top of the PVC sleeve. Figures 3.12 (a) and (b)
'show the position of the perforated cover plate before
and afterrit is tied”down to cempress the rubber
collar.-_“ o g '

 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 eample. Thicker
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samples would require smaller timber spacers to provide
 the same amount of sealing 'pz_:essure.'- because of the |
larger contact area between the samﬁl_ei_- and the rubber -
'collar_..' " Fi;gure 3.13 _' shows a scheméttic arrangement of -
the rubber coliar assembly with the sample in place.

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

TIMBER SPAGER

ILIGONE RUBBER
COLLAR

TEST SAMPLE |/

NS

=ER

A
s
=

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
'_maxlmum sample thickness of approximately 45 mn, alse,
the lower end of the collar was tapered on the ineide
to prevent the sample from falling through. However, it
_was later found that thls was a superfluous feature _
'51nce the - eamples always. fitted snugly in the collare.-

‘The fsbbef eollars were'mbulded in'the'laberatory using
Silastic 9161 RTV sillcone rubber thh 2% 9162 catalyst'"
(both manufactured by Dow Corning). Figure 3.14 shows a
cross section thﬁ%ugh the mould used to make the rubber
_collars. The receés ‘ocut on the 1over edga of the outer |
- ring. former simply located onto the base plate of the _
- inner former. Tt was found that, with a £film of )

.-,petreleum 3elly applled to the surfaces of the recess,f'

" the weight of the outer rlng former was sufflcient to
'sprevent any 1eakage of the rubber whlle in its liquid

. state. Figure 3.15 shows the various components of the'
rubber colla seal arrangement together w1th the twa
eomponents of the mild steel mould, _ .

2z R

| lnnar'Mould_ .

" Quter Mould

2

e

s

o

e

=

fﬁa?

NAMTATIN
.- A
&&&k@Q \\

DN

Figure 3.14  Cross sectlon through the mild steel
rubber collar ‘mould.
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Figure 3.15 Varlous componenta of thu rubber collar
' seal arrangement.{

3.5.4 Testing the air-tightness of the sealing methods

‘Epoxy/PVC ring sample seal

A blank-sémplé-Was.preparEd'in.which the PVC ring was
prepared and mounted as discussed before but was filled
with the epoxy/sand mixture only:. Thisg arrangement is
_shown schematically in Pigure 3.16.

When harxdened, the blank sample was tied inta the
permeameter with the lower edge seated on the rubber
'rlnq in the groove,. The cylinder pressure was 1ncreased
to 130 kPa when the valves were shut and the-cyllndew
isolated. The cuntact between the edge of the PVC rlng
and the: rubber ri ing was coated w1th soapy water to
check for leaks. The pressure in the cylinder was then -
monitored for 24 hours.
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_iEpoxy/Sané'j'
- Blank _Sample

Figure 3,16 . Schematic arrangement of the blank'

' ' ' sample used for ensuring the air-
| tightness of the epoxyjpvc ring seallng
~ method

This test was carried out on ail the permeameter cells
manufactured for this project. Im each case, nc
measurable drop in air pressure wasg observed after 24 -
‘hours. On the basis that the permeameter 1tself was air
' tight and that the epoxy mixture was lmperVLous to

-_oxygen, this test indicated the a1r~t1ghtness of the

PVC ring-to-rubber ring seal as well as the epoxy~to~
PVC ring seal. The test also showed that no creep
deflectlon occurred in the epoxy disk for the duration
of the test pressure. The epoxy-sand mixture was

' therefore acceptable for use in the permeameter.

8ilicone rubber collar seal

A similar test as described above, was darfied out to
check the air-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 coatlng was
approximately 2 mm thick and this was sufflclent to -
engure the required 1mperviousness to oxygen. This
| blank sample is shown in Flgura 3.17.

3-31



et ke s b B, S g
o T -

beaaf it o 1« rrmmrm b el L

Figufe ;;1?-'J Blank sample used to check the air-

' tlghtness af tha smllcane rubber collar
seal - '

- The circumfetehtial edges of the spoky iayers'wefa
'Chamfered_back-to-thE_CthﬁEte 1e§el_tﬁ'en5ure:that thé
rubber collar seated against the circumfersntial edge
- of the concrete oniy.'Tha sample in fhe=rﬁbber;¢allar
was mounted in thé”pérmeameter'and the pressSure was.
_1ncreased to 110 kPa. No pressure drop was noted after
the pregsure 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 Opgration of the permeamster

_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 mm'holts and nuts.
With the sample in the epoxy cast PVC ring, care must

. be tuken not to over-tighten the nuts as: this could
cause dgbandlﬂg between the epoxy and the PVC ring.
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wWith the'samplefinithe”si1ieoha rubber vollsy, the
collar is compressed hy-fying the cover plate down to

- the top of the PVC collar. It is found that, with thls"'

methed of sample sealing, the 8 mm’ bolts are qulckly
damaged with repeated use and these had to be replaced
with 10 mm bolts and nuts. |

The inlet and outlet valves (refer to Figure 3. 6) are :
. then opened and +the pressune. cylrnder is purged by
'allowlng oxygen to flow thraﬂgh the cyllnder for a few

‘minutes. The_oxygen_mq supplled from commercially

_ aVaiiabie,”pressurised dylinders with a fitted outlet
~ pressure regulatpr.:sinaevthe molecular masseef cXYgeaﬂ
. is greater than that of air} the lower valve was used
as. the inlet valve. When purging is complete, the
butlét_valva is shat and:the.pressure_allowed to
increase to approximately 100 kPa. By adjusting the
regulatar on the pressure cylinder, the pressure in the
permeameter chamber is stablllsed and the 1nlet valve
is shut. The tlme_and_preseure is recorded at this _
- point and the préssure*decay:is:then nonitored with.
time. Readings are taken in decrerments of'apprcximately
10 kpa down ts. 50 kPa. It was found that the time
requlred for testlng varled between approxlmately 12
minutes for a 15 mm thick sample of a low strength,
poorly cured concrete, to approximately 20 hours fcr ‘a
well cured, high strength concrete sample of the sane
thickness.

3.5.6 Davalopment of the equatzon gnvern1ng the fallinq
head permeameter

The rate of pressure decay in the falling head
permeameter is governed by the D’/Arry egquation for the
_'flow ¢f fluids through porous media. The D’ Arcy

| equation can be expressed as®: '
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Where* , ff 
; g% lS the rate of mass flow per unlt cross

'“sectlonal area, and |
"5& is_the pressure gradient in thefdifectian of flow
(- sign because the pressure decreases as the distance
‘along the flow path increases). k is the coefficient'of-:-
- permaabllity (in units of VelOClty) and g is the '
- acce;eratlon due to grav1ty '

.Equatlon 3.1 is Fick’s Law Wthh applles to tha flaw of 
_giccmpre951b1e fluids such as air. For alr, nass is :
;-related tq_volume V_and pres;ure_? by the equatlon;

wlP . 33

in which w is the molecular mass of the permeatlnq alr,
“# is the absolute temperature and R is ‘the unlversal
'gas constant. - ' '

The change in the total mass of stored air (dm’) in
time dt is ' -

For a test specimen of cross sectional area A measured
" normal to the direction of flow and thickness d,

3-34



: EQuatidnfatl_can bé_rewritpen -

am’ .

"

PA
"Te

e

Hence
Rearranging

Inbegiaving. . C i

C wVd o o
o ) e

i - At t = o, P = P,. Therefore
S t;_ngd“‘
_r:onsran. ROk I#(Po?

 Substituting into Equation 3.3
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" o= . In-2
- RBkA P

Rearfanging  Lo R

k = (ﬂyg

A M . o

'A descrlptlon of the terms used in Equatlon 3 5 1n 1ts

balow..

3fapplicatlon to. the falling head permeameter is given
The units used for each of these terms in thls.

_epraject are a150 presented hera.

oo

P,
P =

B WA S e W

coefflclent of permeablllty (m/s}

:molecular mass of permeatlng alr (kg/mol)
‘the volume of the pressure cyllnder (m%)
=_acaeleration due to gravity (m/s?)

universal'gas constant = 8313 (Nm/K mol)
superficlal cross sectienal area of the
sample . (nﬁ) ' ) '
sample thlckness (m) _

absolute temperature (X)

~time (s) for pressure to decreasa from?P to '

p
pressure at beginning of test (kPa}
pressure at end of test (kPa)

'Hence, Equatlon 3.5 allows the coeff;c;ent 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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--verifigatign of Equation 3.5 v

' Equatjon 3.4 can be re-written as :

in which

" Rekd

. The factor O is constant for a partlcular deslqn of
permeameter, enVLronmental conditions and. test sample.:'

-ﬂ'Hence, durlnq the same test, the natural lagarlthm of

the ratio of pressure “eads should be dlrectly

"1proport1ona1 to the time requlred for the pressure to'
- decrease. The apparatus was tested +to check the =
'_applicablllty of this theory to the flow of gas through :
| concrete. Three samples of. OPC concrete with varylnq

._cement/water ratlos were tasted uSLng the epoxy[PVc

ring saaling method. The resﬁlts of these measurements
are shown in Table 3.1 and plots of the ratic of heads%f'

- . wersus time relatlcnshlp are shown in Figure 3. 18 The

samples used hare were approxlmately 15 mm thick,



7Table 3.1 Results of tests conducted to verify,thg falling_héad pérméameter

equation

SAMPLE 1

wie = 0.67

-SAMPLE 2

w/c = D.56

SAMPLE 3.

w/c = 0.47.

TIME | PRESSURE

(Sec). 

{kPa)

in({P,/P)

TIME

'f.(Sec).

| pressURE |

(kPa}

| in(psPy

TIME

fs&c)

PRESSURE |

(kPa)

1:1‘(?;/'93' '

0

600
1080
1560
2460

i 4230

1 90.G

80.5

40.5

102.5

72.0

59.5

o -

54D

| 1140

3660

6060

9180

- 1102.5

96,5

90,0

68.5

' 52.5

38.0

0.99

0

1820

3120

| 4380

G660

8760

$102.0
90,0
| 80,5

'_72,5;

61.0

§2.5

| 0.00

7o

0.999225

0.999750

0.999630

" Note: K’==Liﬁear regression coefficient of correlation.
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o TME {thousand seconds).

w/G = 0.5

wlu o 067_- '

o 01 02 08 04 05 08 07 08 08 1
LOG OF THE. RATIO OF HEADS In(Po/P)

?igufe's.la ;.Exparlmental veriflcatlon of the ‘ratio
- of pressure heads vs. time relationship

' The curves in Figure 3 18 all show a sllght upward

'curvature indicating a very small decrease in

permeability with time. It is thought that this could

be due to two possible reasons: - '

- an imperfect applicability of the assumptions
inherent in tha derivation of Equatlon 1

- a sllght increase in the moisture content of the
Bam_ple during the test resultlng from absorbed .
atmoéphéric moisture. This would manifest itself
as a decrease in oxygen permnablllty as the water
acts as a solld to the permeating air.

Notwithstanding this observed deviation, as shown in
Table 3.1, linear 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 Ln the determlnatlon -
of the permeablllty ef cencretea. ' v

It should be noted that a value of the coeffmclent of
' Bpermeablllty, k, is determined dlrectly from the slope :
of the stralght line obtained in a graph as: ahown in
eFigure 3.18. in thls case.

" TReA

where the terms are as described before,

Lastly, a further advantage of the falling head
‘permeameter can be noted from Equation 3.5. The
sensitivity of the ‘apparatus, and hence the time
required for testing, can be adjusted by varying the _
' volume of the preseure eylinder (V) A permeameter with-
‘a smaller pressure cylmnaer could be used to reduce the
required testing time of low permeablllty concretes. |
‘This will be accompanled by a decrease in the
'sensitlvity of the apparatus. '

s.6 Belection of the Water Absorption Te9£'ﬂethod

The decision to use a water absorption test as one of
the methods of character151nq the durablllty of
concrete, was based largely on the loglcal relatlonshlp
between such a test and a number of concrete _
deterioration protesses. However, as was noted 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 tast fluld lntroduces tha problem nf -
having the test method alterﬂthe parameter belng '
_measured. '

VAS.With the pérmeability test;:iﬁ is accepted that gime
‘alteration of the pore structure during testing has to
be tolerated in the 1nterest of practlcallty ang.

:;;convenmenre. Tt was , however, considered zmpcrtant
-~ that the methqd chosen for measuring +the water

absorption of concrete should not involve exc3551ve
contact time between the sampla and the test water.

~ While a notion of "excessive contact" is dlfficult to

g deflne, it was felt that 1f this perlad could be
restricted to 24 hours.or ‘less, the amount of
"additional hydratlon whlch takes place durlng this. tlme

- woul ‘not’ signiflcantly affect the results. '

':An 1mpcrtant further consideratlan was that, if
posgible, the water absorption test was to use the same
sample as uged in the oxygen permeability test. Aside
from its convenience value, this requirement would
allow a direct'comparison'of the'two test methads as'

- durability index tests. Absorptlon tests such as the :
“initial. surface absorptlcn test®™, the Figy apparatus“”
and the covercrete absorption test developed by Dhlr_et.

al' were excluded by this consideration. These tests,
designed for in situ use but adaptable ta laboratory
testing, wrequire holes to be drilled into the concrete
to ‘depths greater tharn the individual sample thlckness :
which was to be tested in this progect. -
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_3 6. 1 Salaoted survey of varloua water absorption test -
_ methods S ’ '

In this'category'of tests, the samples are dried to
soma pra—def=ned standard and then brought lnto contact_
wlth water. The amount of water absorbed into the pore
structure of_the concrete is monitored by weighing the
_Saﬁple'after a'Qi?en time. Some of the more promising
'methoﬁs-which have been developed in this test category -
are discussed below. | a | o | '

"Tha'ns abso:pgiqﬁ test
A number of concrete water-absorptlon tests have been
 accepted as BS' specificatlonéﬂz“ﬁ However, the ES.

- 1881:° Part 122¥® test described here is aimed at
general structural ooncrete In this test, a.75 T
_diameter core of length up to 150 mm, is retrieved from
a structure or a larger laboratory speolmen and dried
at 105 °C for 72 hours. After cooling, the sample is
placed in a water bath at 20 °C with its dong axis
horizontal and guch that there is a 25 mm depth of
water over the top. of the sample. The sample is . _

. immersed for 30 minutes, then surface dried and welghed
to determine the améunt of water absorbed. Ahgorption
therefore takes place only in the outer surface regions
of the sample. :

While this basic test describes the prinoiplés'inVoived
in water absorptlon testlng, an 1mportant weaknass is
th-£ it does not account for dlfferences in the
conecrete propertles of the different areas of the
sample in which ahsorptlon takes place. If the
'hydratlon process had been 1nterruptad in situ by 1ack
of curing, the (tnen) exposed surfaces would be of
poorer quality than tne internal concreteg This
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' ébsorptibn test may not:detadt such. effects since'thé  ?-”
higher absorptionzraies of the #nd surfaces would be
‘masked by the Jlower absorption ‘of the curVed surfaces
of the tast ccre._Hence, the test 1s prohably of llttle
value as a durablllty test: method

3 abaorpiidn_hy'gapillﬁry rise 

Jornat and’ Tarrent““ as we11 as Parrotta“ propose the

~ use of water absorption through capillary rise as a

measure of the quallty of cover ccncrate._Th;s involves
'brlnging one surface of a concrete sample into contact

‘with a water suxface allowing only approximateiy'z_mm'

of immersion. The time rate of water uptake through

o capillary suction is then monitored by wemghing the

sample at regular intervals.

In this test, water is absorbed through:thé pore
structure of the concrete mainly by the capillary
tension of thEIWater méniscus; It is‘&r’guedmj that the
larger the caplllary pores, the lower the reslstance to
the passage of water and hence, the faster the volume
rate of absorptlon. This underlines the appeal which
thesa tests have as durablllty.lndlcatar tests.

-Sehhétta-and'Scholer“? have QropQSed a similar test to
‘monitor the efficiency of curing. In this test, a 25 Tm
_core is retrieved from a larger sample and this core is
cuf lnta 10 mm thick ‘discs, starting at the expased
surface. The downstream surface of each disc {with
respect to the direction of drying) 1s then brought
into contact with a free water surface and the water
absorbed after one minute of expoﬁﬁre'ié determined by
weighlng the discs. This value is used to calculate a
coefficlant cf absorptiV1ty which is a- measure of the
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_extent of hydratlon and, hence,_the effectlveness of
_'curlng of the samples. R

| The Kelhan aorptiviﬁy test :

Kelham?m has proposed a test based on a measurement cf

_ the water sorpt1v1ty of concrete. The concept of
1_sorpt1v1ty i=s mere cammnnly used as a soll physics
‘parameter in the study of water lnfiltration inte soll

but. is applicable to the infiltration of water into any

‘ porous material, When one surface of a body of porous
-_material ié'broughtliﬁto bantadt with water, the depth
of . 1nfiltration, i, after tlma t is ﬁescribed by the
equatlonﬂn']' ' '

3.6 .

"~
i
‘Lt
-
e

"Where & ls the- sorpt1v1ty, a measnre of the water
transmiss;bility and, hence, pore structure properties
‘of the material. This equation shows that thare is a
linear relationship betwesn the. depth of  water -
infiltration and the square root of the time requlred
- for the Lnfiltratlon to take place.

'The'advantaqe of ﬁsihg sorptivity as a durability
characteriéatibn method is that it involves unsaturatEd )
flow conditions in concrnte. Unlike water permeabllity
which measures fully saturated f£low properties,
sorptivity more closely resambles the form of water
. penetration into réal.gtructureSG”; Conicrete is'qnly
‘rarely exposed to saturated flow conditions énd:the
more common circumstance is where watgr'iﬁfiltrates Lthe
~ surface of the concrete under a small gravity pressure

3-44



head.:.

.Kelham's apparatus, shown in Figure 3. 19, continuously.
‘monitors the weight: change of a concrete sample into

: ewhlch water is allowed to 1nf11trate under a small

pressure head acting against gravity. The slepe of the
sample_weighp versus sqguare root of:time curve -is then
- used to determine the sorptivity of the concrete. '

o l08d beam

o
g
7
7 o
’/; ] . capﬂllﬁ
/ | ey ._':-j e uram sa_il
sl ;ffrﬂpfj U
; ) £ '+:_: ____,_....'.-.-allnq
7/ rere B oo
/////// [ 77TNTIITTTTIT
samiple wm : : ’
Figurees,lg- : Schematic arrangement of Kelham'sﬂm

: sorptlvity test apparatus

In this test, the sample is a 150 mm diameter by 50 mm
thick cylinder, of which the curved surface has been
sealed Wlth epoxy. A perspex cover is placed onto the
Top surface of the sample -and sealed aleng the
circumference uslng greage. The perspex. disc has a
capillary tube. sealed into its centre such that, when
the sample arrangement is suspended in a water bath,
‘the caplllary tube protrudes above the water surface‘
The sling supporting the sample is attached to a
weighing apparatus and, as water is absorbed through
the underside of the sample, air is expelled through
the caplllary tube and the change in Welght is
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recorded. The sample ie kept submerged untll eatugatien >
occurs and the change in Weight becomes negliglhle.- '

| It was felt that, ln view of 1ts 51milar1ty with the
_mmpvement of water in real concrete, the prlncmple ‘of

eorpt1v1ty should be used in a test’ to characterlse the

potential durablllty of cencrete. Kelham’s test suffers
 the weakness that only one sample can be tested ln the _
 apparatus and that this Sample could occupy the
‘apparatus for up to 45 hours. In addltlon, the '50° mw

. thick samples used would negate the intention of .g_;:
'“studyinq the gradatlon of propertlee in the cover -
concrete zone. ‘Hemce, a test was develcped based on the

:Khlham apprbach to sorptiv1ty ‘testing: but modlfled ta
suit the requlrements of this project.-e' ' -

'Vjs;s;zjneveloﬁmeet'offthe_waterjsorptivityztest ﬁeﬁpod

. As mentioned above, it was desirable'that'thE'waterz'f
: serpt1v1ty test be carrled out on the same eamples used
in the oxygen permeabmllty test, The test was therefore
.&eVeloped around a 68 mm dlameter dlSG of cencrete as
”the test sample. ' o

It'has”be'en'shown‘mm that, given the swmall capillary
sizes in- concrete and the ccnsequently high caplllary
forces, the direction of water absarptien with respect
 to the action of graV1ty, has llttle effect on the

  sorpt1v1ty measurenent. It was therefore decided that
it would ke more convenient to allow absorption ta take:_
- place in a Vertically downward direction by placing a
1eyer of water on the top surface of the e.ample'. o

In the case of the samples whlch had been Sealed uslng
- the epoxy/PVc ring method, the sample ln the ring is
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_merely turned ovér ‘and the recess formed by the

: pl&sticlne on tha underszda of the sample (see Figure Ea

'3.10) is used’ as a water reservolr. Thls ir shown
_schematically in Figure 3. 20 (a). Figure 3.21 shows a

) completed eample ready for water sorptiV1ty teetinq...3,.

'”In the caseﬂbf the rubber collar sealed samples,
'_reserVOzr to hold this water is formed by ceatlng the
. purved surface of the dlsc with epoxy ‘and- 1mmediately
f*placinq a strip of plastia ‘tape around the full

circunference of the sample, The plastic tape is placed N
‘- so that it protrudes approximately 5 mn above the - T
‘surface of the sample and the epoxy caating is aliowed

24 haurs to set. ‘This. drrangement is shown -
 _s"hemat1ca11Y in Flgure 3. 20 (h) A completed sample

o ready to be tested for water sorptivity 1s shown in _,.

. Flgure 3.22. -_eﬁ_?yt_e

. WATER.

. PLASTIGTAPE . o S
(b)  AND EPoXY . NN g
¢ seaL .k

SAMPLE .

_. SUPPORT

: Figﬁrezé.zo'_ _Scﬁemetic arrangement of the water
 gorptivity test method for (a) the

'epoxYJpvg*fiﬁg'sealed'Samplesgand_(b)_ .
. for the rubber collar sealed samples.
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,;Figur§.3,21- “A_qOmﬁleted7epqu}PVC'ring sea1ed sampls’
© ' ready to be tested for water sorptivity.

A

e o

Pigure 3.22 A completed rubber collar sealed tlample
.7 ready to be tested for water sorpfivity.

f-'i .
i .

ﬁfter.tEE'sample is prepared as describéd_abbve,ﬂﬁhe

following procedure is used for testing:

a.  The sample is weighed to an-adcurady_of 0.01 g to-
determine its dry weight and, in the case of the
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_ rubber collar sealed samplee, euppcrted on a _
- metal or plastic grid placed oni a flat surface.-"
b, Using a 20 ml syringe, a layer of water is’ _

- .gently piaced onto the concrete surface, the
water layer heing épp?oximetely 3 mm deep. A _
.clcck, measuring to an- accuracy of one second, is

' _set to zero when the water flrst comes’ into
o contact with the concrete. ' S
g At pre-determined time lntervals, ‘the Water is
- poured off the sample and the top of the sample
i surface dried using slightly damp, absorbent
g_paper.-m e sample is:then'weighed and the water
- layer is replaced. This procedure requires_
approximately 30 seconds to complete and the
'-_clcck is not stopped durlng this per;cd.
a. After the last. rmeasurement is recorded, the
o _ sample is submerged ir“a4 beaker of water. The
 beaker is placed in an evacuatlon chamber end a -
"vacuum pressure of 75 kPa is applled for |
_ apprcxzmately 24 hcurs. i '
e, The - sample is then welghed tc determlne the
' {(apparent)- saturated welght, .

' After some experience w;th the test methcd it was
found that weighing the sample at 1, 6 and 12 mlnutes_"
' was sufficient to determine the scrpthLty of the +15
mm samples used in this prcject: These time intervals
also allowed three samples to be tested with twc'minute
spacings in starting times. '

The need_ﬁc'reise the rubber collar aealed:semple of £
the surface using a support gfid is only important for
poor quaiity;concfetes where the water may percolate
through the sample before the tﬁelve—minuﬁe-weith.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 distqrteé_résﬁlt’is'thainéq;
. 3.6.3 Theoretical considerations -

~ Using Equation 3.6 ‘above, the change in mass of'the_
- sample with time after the water inflltration has

started, can be. descrlbed by, the falla'..ring equat:.on““"

AM, = Ang,, St%

- AM, = the chdnge in mass of the sample With_f
o respect to the dry mass, after time t;
A = .:crass sectional area of the sample at
' 'rxght angles to the dlrectlon of

_ _ absorptlon, :

n = " the effectlve por051ty of the sample,

Py = density of the water, '
o sorpt1v1ty |

s

The 'porclsity is détermined from the difference between

the dry and the saturated Welghts of the sample ag

follows.

M, - M)

" T Adp,

where Mm and M, are the saturated and dry weights of

the sample respectlvely and a4 is the thickness of the

sample. Subst;tuting_into Equation 3.7 above ylelds:
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= F1gure 3. 23 ﬂhows a typical plot of the mass change
versus square: root of time curve for the sorptiv:.ty
test, The. slope of the llne in Region I of this graph

represents the coefficlant of t% in Equatlon 3. 8. o

_Hence*;;'

s
g 'SZ_OP3=.-(—$~E--—2.S S ke

_ -value of sorptlvmty can’ therefore be caTculated from .
'Equatlon 3. g _ o _ -

_._FIEG!O_N.!_' Ve

Infilteatlor

REGION I

 Gturation

WATER ABSORBED -

SQUARE ROOT OF TIME |
Figure 3.23 _‘I'irpiéal_*pl_ot' of the. fesuits from a
'  sorptivity test '
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':3 6.4 Expar;mental ver1f1¢ation of tha sorpt1v1ty

Three samples of OPC concrete with varying o/w ratios
vere selacted for water gorptivity testlng to varmfy '
the linear relationship reflected in Equation 3.8
Iabove* These samplss had been tested 1n the oxygen
_'permeameter using the epoxy{Pvc sealing method. The

: results obtained fram these tests are - shoWn in fables
3. z(a) to 3. 2(c) .

Table 3.2(a) * Results of the water sorptivity
R ' verificatian'tests-—'Samplé 1

wic = 0 6?
[ e
 Time (min) = | Tine® (sec™) Water Ahrorbed (g)
o ] - o.00 o 6.00
- S 7.78 0.0
10 | 24049 . 2.36
30 o 42.43 3.93
60 . e0,00 |- - 5,23
180 | - 10392 .} 5,99
I?'%'hinear regre.sion correlation coeff.= 0.999
e e e e
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'_Table-i.ath5 Results of the water équtivity
7+ 7 verification tests . Sample 2 -

=

. wfe = 0.56

Time (min) | Time* (sec*) | Water Absorbed (g)

o | o.00 0.090

i\ 78 | 0.75°
o2 - f - 26.83 - 2i32
60 - s0.00 | 4.71
240 120,00 . 6.28

R = 0.997 -

'Tﬁhléfauétﬁﬁ Results of the water-aoﬁptivity
' 7 verification tests - Sample 3
; : - ' ' mESTRR S

w/e = 0047

| Time (min) "Q_ Time*-(séc“) Water Abscrbed'(g)u_t

o - e.00 | 0.0
x| 7 | o.as
12 ] 26.83 | 1.60
46  sz2.54 | 3.35
163 | e8| - %.08

R = 0.999

Figure 3.24 shows a plot of the sorptivity test results
presented in Tables 3.2(a) to 3.2(¢) . The correlation
coefficient was calculated on thé basis of the first
four data points, including the zero point. Note that

the slope of the Region I part of the durves,.and'hance
the sorpkivities, increases as the w/ec ratia increases.
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'_'Fmgure 3.24 also shows the pnsitions of the 1, 6 and 12
'”mlnute meastirement times in the Region 1 part of the
_curves: The resuits show that good correlation
 coefficients were obtained using this test, 1nd1cat1ng
-'strong ‘agreement. ‘betwesn theoretlcal pradlctlon and

' 'exparlmental results. - o

, 'm*rm@sﬁbﬁgﬁn @

——wio = 087 —w/ov0.56 d-wio=047 | |°

6 20 40 s 560 100 1w o
o S’QUARE RGOT OF T:l‘ME (330“0'}5)“ ' '

 Figure 3.24 Experlmental verlfication of the
L sorptlvity equatlon_

_.Tabla 3.3 Shaws'the Wapér abaorptiqn,rééults of a éét3 
of samples from similar concretes as those tested above
hut which had heen aubjected to poor initial moist
curing. In this case, the three test times suggested
ﬂearller (;, 6 and 12 mlnutesl were used. These rasults -
are plotted in Flgurﬂ 3.25 below.u ' '
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Table 3.3 Results of water absorptldn tests us;ng threE'_'
' suggested tine interV4ls : -

o

o _ Water absorbed (QJ by samples B
Time - | with w/e ratio. |

fmin, | sec.® _0.57 |o.s6 - |o0.a7

o |o  Jo  fo fo
‘1 |77 {1.59 - . |1.18 . {1.04
6  |18.97 |3.66 12.87  |2.27
12 {26.83 [4.88  |3.56  |3.23

i

SR =10,996  |0.9928 0.897

, WATER ABSORBED (g) -

1~ wie = 0._3‘? "_+w/6 » .66 - wio 0.4‘_;'_1 .zmin

o 5 1 45 2 - 28 80
 SQUARE ROOT OF TIME (sec"0.5) |

Figure 3.25 - Water-absb:btioﬁ of samples tested at

o three-suggested time intervals “'

The results presented in Figures 3.24 and 3.25 show
that the three sugyested tima intervais of m@asuremeht
are sufflcient for determlning the -arpt1v1ty of the
‘samples.
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';3.7" Geﬂerel ﬁiseuseioﬁ and_conelusion

Part of the intentlon of this Chapter was to 9prSe
the range of methods used by researchers to measure
fluid transport propertlee of concrete, with the =
.*1ntention of characterlsing the potential durablllty of

" the material. A second Obje¢tlve was to develop the

-ratienale for Selectlng the particular test methods tm_-
be used in this study. Finally, the development of the _
-'epecifie'apparatus chosen was discussed-in detail; The:'

followlng general cencluelens can therefore he drawn at

‘this stage: - : S : S
- There is a wide variatian in both the nature and ’

' complexlty of teer ‘methods used. for meaeurlng the_-e."

_ fluid transport properties ef concrete o
'_'4_:'_ A variation of the falllng head permeablllty teet’“*_
- eapparatus, developed by Blight®®, ‘is con51dered o
~ to be the most apprcpr;ate apparatue for"
l measurlng permeabillty The advantages are. low
o eost emmple construction, eagy to use.
- A variation of the Kelhan™ water absorption teet
s considered to be the most approprlate method
' for measurlng the water transport prepertles of
- concrete. Using the method developed, it is
~ sufficient to measuve'water absorbed by the
-sample at 1, 6 and 12 mlnutes after the start of g
the test. An 1mpcrtant advantage is that this
test has been developed to use the same sample as
- that used for the permeability test. e S
- Theoretical equations have been developad for’f
both the oxygen permeability and Water_SQrptivmty _
test methods. Good correlations has also been
demonstrated betwesen the actual results of these
tests and those predlcted by the. theoretleal '
equatlons._ -
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fCHAPTFR4 | _ .
CHERBCTERISING THE INFLUEﬂCﬂ OF THE VHRIABLEQ
RSSOCIATED wITﬂ THE-PROPQSED TEST_HETKODE
R 4;1 Ihtﬁoductioh L

In chapter 3, the test methods to be used to. measure

. the potential durability of concrete, vere selected, -

- developed and shown to be useful in ‘testing the fluid
~transport ohaxaoterletlcs of concrete. In thJs chapter,_

the intention is to callbrate the conditlon—of-test o

_ variables assoo;ated with a 51ngle conorete sample,
”whlch affect the results of the teets. ‘These variables

' -relate to'

- - the thlckness of the sample, meaeured in the

' fdlrectlon of test £luid movement,'1n relat;on to_

the maximum size of the aggregate; :

= - the moisture content of the semple at the tlme of
_" test, and : S

- - the drying hlstory of - the sample.

In addltlon,_an attempt is made to understand the

effect, if any, of these variavles on dlfferent quallty

conereles as aftected by‘mlx de51gn pdrametere such as.

blnder type and strength grade.

This ohaoter 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 fallinq head permeameter ahd,water .
sorptivity tests. The results of these tests provided .
guidance- for the development of sample preparatlon and-
pre—treatment asPects of the test methods to be ueed in
the maln tast programme.- '



EEC

..4.2  Infinence of Sample variaﬁleﬁ dn.ﬁhefTest'Rgsults
4.2.1 sample ﬁhi#knqas

ISample thxckness and oxygen permeah;lxty .
Equatlon 3.5 in Chapter 3 shows that, ceteris parlbus,
a linear relationshlp exists between the thickness of )
the sample (d) and ‘the time requlred for the pressure
to fall from P, to P, This means. that, fcr ‘the same
material under teat the same value of coeff1c1ent of

7" permeab1l1ty should be- obtalued regardlesa of the

thlckness of the sanmple. waever, when considering the

two-phase, 1nternally_flawed nature of concrete, there
is a limit to the validity of this relationship. As the -
-~ sample thickness'decrea5es, the possibility of Flaws

'_(such as mlcro—cracks and bleed volds) short-circultlng.'.'

‘the air flow through the sample increases ‘and the
: apparent permeablllty of the materlal lnCreasesa

'Thls effect is partlcularly meortant when the
thickness of a sample, cut from a larger specimen, is
less than the maximum size of the aggregate. It is
known® that the inferface between aggregate and
‘hardened cement paste is more porous than the buik of
the materlal Also, if local bleedlng is 11kaly,
bleed void could form .on the lower suxface nf the
aggregate with respect to the directicn < %ér
movementm Hence, 1if the sample fnlckness s ;ess ‘than
the maximum aggregate smze, a surface of thé same’
aggregate partlcle could appear on both sides of the
sample. Flaws on the perlmeter of such an agqregate
particle would be a direct short clrcuit for air flow
through the sample. This effect is shoWn in Figure 4.1
balow. '



Directlon of Casting l

', Aggregaw -ﬂﬂm 5"

" Gement — &
Paste

Thin Sampla _ Thick Sample |
Figure 4.1 -_Effect of sample thickness in relatmn
: - o aggregate size. -

'BeQause of'this”éffect,'Gfube@ has_suggested that the
sample'thicknéss-be at least three times that of the
masxinum aggregate size. However, the issue appears to
‘be far from being resolved since-Hooton@ found that,
using concrete with a 25 mm maximum aggregate sizé,_the.'
permeabiiitigsfof samples 23 mm and 45 mm thick were
almdst_ identical. He vioes sﬁggest that more tests are
reguir'ed 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
_gradatian of prdperties in the cover woncrete region.
This zone is commonly 25 mm to 40 mm thick and the
maximum aggregate size in South African concretes is
usually 25 imm. 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 undarstand the influence
- of sample thickness on measured parmeabllz.ty under
conditions where the sample thickness is close to, or
smaller than, the maximum aggregate size.
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' Semp1e tﬁickneee_and_wafer_abearptiogl

. _ 'In the development of the sorpt1V1ty equatirh ln _
~ chapter 3, it was shown that the effactive porosity (m)
L | _of the sample is determined from the equatlon' | |

- (Mm —'Ma)
Adp,,

" where:

. n = effective porosity of the sample;
‘ Moy e_water'saturated mass of the sample;
b M, = sample nass at the start of the test;
g LA = Cross sectional area of the sample'.
] = sample thlckness, and

ll

woo 'den51ty of water.

p_Ah:aseumpticn inherent in this aﬁalysis-is'that'the~'

;porosmty determlned from Equatlon 4.1 is uniformly
distrilnted throughout the test sample. If the poroslty
is indeed unlferm through the sample, the thickness of
the sample is of little consequenée to the value of -
sorprivity obtained in the test.. However, if the:
lpurosity varies with depth into the sample, the
straight line relatlonsh;p between water ‘absorbed and

f%k& o _ the square root of time is no longer valid. This
to _ ' situation occurs in the case of concrete. whicn has been
g .  exposed to lnadequate curing: the porosity of the

_ surface concreta_can be’ expected to be greater than
that ofﬁthe internal concfete.-Such a egmple is shown
schematically in Figure 4.2 and the'generai, imagined
‘form of results from a water sorptiV1ty test on this
sample is shown in Figure 4.3.

{/# Q
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Ficqure 4.2

WATER ABSORBED

~__Direction of
- Water Infiltration Surface Exposed .

/ {0 Poor Curing

1Y 'i“‘ A A

sl

~ AGTUAL FORM OF THE
"ABSORFTION CURVE ...

':' N .-“’.' S ..:'-_..“‘_e'”.' . :
AT A TR B SR g;;‘. Decreasing
{ Gonorete .- .ty o ~~-"-"~~= w‘ Porosity -
"1#‘;»‘- .

Test Sam ie-‘--’.,»‘.%'“ e \n‘ |
SRR SRS

‘Schematic ripresentation of a éampie_
- with varying porosity

Y \ CURVE OBTAINED ON THE |
. BASIS OF MEASUREMENTS AT
- FIXED TIME INTERVALS

Figure 4.3

Figure 4.3
depth into

~ SQUARE ROOT OF TIME

Generalised form of results obtained in
a sorptivity test on the sanple. shown in
Pigure 4.2 C -

shows that the decreasing porosity with
the sample is reflected by a non-iinear

relationship developed in the water absorbed versus
square root of time plot. For the orientation of the

4-5



-samp;e.as shown in Figure 4.2, the curye:shoﬁé_
decreasing slopé'indicating decfeasing'sorﬁtivity with
depth into the sample, Figure 4.3 also ShDWE the form
of the results obtained on the basis of mass _ -
neasurements at regular- intervals, as would be. the casef
in the sorptivzty_test_method_proposad in chapter 3.
' The prnblam Wlth results as shaWn in Figure 4. 3, 15
that there Ls no clear portion of the curve to be. used
to deternine a sorptivity value. This derives from the
. fact. that, at any time during the test, there is no '
_:meqsure of the depth of water penetrat;on 1nto the

sample. Parrott® argues that: o

h ...y calculations. of the depth of water
penetration from the wemght or volume of
“water imbibed involve the assumption that'
poroslty doas not vary with depth and that
water penetrates as a sharp liguid front. o
- Thesa . assumptzons are only approxlnatlons

of reallty in a matermal like concrete«”_:

It is’ 'therefcr not ﬁos‘sible tb-divide the curve ints
small, discrete sections, the slope of which could be
used to determine a sorptlvity‘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 linef
value to determine the sorptlv1ty and incux the error
of masklng the poor quallty of the surface concrete.

A way of minimising this error wduld be to use samples

with as small a thickness as possible, The variation of

 sorptivity with depth c¢ould then be detarmlned, a& the
curve in Figure 4.3 would ba leldEd 1ntn sectmons of
Xnown depth



'Slnce the concretes in the naln research programme were'
- to be subjected to a range of curlng reqimes, it was
expected that surface samples would show varlatlnns in
porasity with depth and thac test results of the form
in Figure 4.3 would be obtalned. It could be expected
that a szmllar prob1em would arise when samples with
“macro-flaws, such as cracks and bleed voids, are
tested. At the beginninq_of-infiltratioh, these lﬁrqe
voids are filled first, giving a high'value'of
sorptivity in the first minute of the test and lower
values as the test proceedéé'hn analysis of this

. problem is presented when the results of the main

. research programme are discussed. '

4.2,2 Moisture chfant of che sampie

Moisture content and oxygen permeability

Because of the low diffusivity of oxygen through water,
a water filled capillary in concrete acts as a solid |
barrier in the oxygen perméability 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 interccnnection
of these pores. As the sample is dried and the pore
structure is "opened" to the passage of oxygen, the
measured value of permeability increases.

This effect was well illustrated by Ujike and
Nagataka.m who exposed concrete samples to varioua
relative humidity conditions for air dryinq and

- monitored the change in air mermeablllty with time. The
.temperature in the drying enviromments was held

. constant at 20 * 1 °C, Their results showed that an
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approximately 11near relatienshlp ex1ste between “open
'_poroelty" ahd. the measured -coefficient. of ‘permeability
regardless of the relative humidlty of the drying
envirot;ent. Open poras;ty is deflned as the ratio of
the volume of evaporated Water to the VQlume of the N
sample. ' "

A lineéf”regreesien anaIYSis'of'the data pfesented'in

. reference 6 showed that, over an open porosity range ef_"

2% to ' 1%, the coefficient of air permeability, k¥ (in
cm/s) is related to the open por051ty, n (%), as '
follows: :

log {k)-=_R.n - 13

vhere R_is-aﬂeenstant dependent_en the mix parameters
of the cancrete. 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
_ Ujike_and Nagataki@_ '

w/c ratio of concrete _. | ﬁ
| 0.4 u_.597.
o5 1 o.s00
0.6 | | 0,455

Parrott and Hong® present'results;Of the variation of
air permeability with sample moisture leSS due to
drYing’whieh'agrea'well with those presented in -
reference 6. They also show an approximately linear
relationship between the'eample weight loss after 10 .
days of drying and the air permeability measﬁred‘&fter;
80 days. This, they argue, emphasizes the utility of

' early-age weight-loss data, 1mply;ng that such data
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- could p9551b1y be used as a durablllty characterisatlon'”
parameter. '

_The dlscuselon above has underllned the important
'influence of moisture content on the gas permeablllty
of .concrete. This 1ndicates the importance of concrete
'eamplee being tested at.a similar moisture condition if
gas permeablllty is to be uaed as a durability 1ndex

'fe parameter. Unless this is achleved it will be

difficult to compare the relative perfbrmance of
_d;fferent Lypes of concretes.

Kaistuxe'eontent'and edtptivity__.

_ It is eaamly reasoned that the rate of water absorption _
into a porous materlal such as concrete will depend on.
the amount of water in the. pore structure at the start
“of infxltration. As Wlth air permeabillty, thls_
_dependence of water dbSGrptlon on molsture centent.has
“plagued the. develcpment of a useful in situ abearption
test method. The inability to determine the moisture
content of the in situ concrete make rasults from tests
‘such as ‘the ISAT method® difficult to interpret and
1mplement as a_specificatlon test._For.example, the |
time lapse between a rain period and the actual -
performance of the test could have a signlflcant 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 paftial'
sclutian'since the moisture content of the concrete -
will be affected by the temperature, relative humldity '
and duration of the rain-free days, '

e

the sensitivity of the-ISAT'test to meisture content of

: s



the sample was: demonstratsd by Dhir et a1®. In
; characterlsing the covercrete absarptlon test developed"
by Dhir et a}."J Lampacherd® showed the sensitivity of. :
.thls test to moisture content by testing concrete |
samples suhjected to Varylng deqrees of uniaxial drying
at 50 °c, Hls results are presented in Flgure 4.4 where -
it can be seen that stabillty in. the test results 1s
 only achievsd aftsr appronmately 30 days of drylng.

70 ”_" — — ~0

-
[=]

Bt:Aborptien

80
40+ B2: Absorption .-'_ _3 ..?IE
- 1 T -
. : d’ ]
B =1 2 oy, 53
30 —t Lo %5
=

[¥]
=]
! .

. 8% Molsture Loss

—__,

Covercrete Absorption (1015 minute)
: {10"~2 mi/m*2sa) Co

" BAMPLE - WG RATIO . o
10 Bt o.58 L OVEN DHIED AY
: B2 a.4T : ’ 50 DEQHEES C.
0 . 1 TR 1 ] 1 - |: R R 5
0. 10 - 20 3¢ 40 G 80 70 80 90
o : Drying Time (dsys) . S
Eigufe 4.4 - variation in the covercrete absorption

test results with changes in moisture
content of the sample (after
Lampacher®)

Another fa@tor which could affect the outcome of the
test results is the distribution of woisture in the
pore structure, despite a uniform distribution of -
porosity through the sample. If the sample hds been
dried such that a gradient of moisture content exists
from the surface to the interior of'ths:s&mpie, the
rate of water absorption will change with depth intc
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the sample. As wlth the non—uniform.distributinn of
- poresity, this will have the effect of distorting the
straight-line relationshlp between the water ahsorbed_ '
and the square root of tima._Flgure 4,5 shows the =
 results obtained by Ujike and Nagataki® on the . drying -
profile of a 60 xm thick concrete sample exposed to
- drying from two_opposiﬁe aurfadea-only,_Thé-sample wasg
. exposed to a relative humidity of 60% and temperature
'-_Qf-zo "C. for drying. Under these drying conditions,

‘uniform moisture distribution was only achieved after

104 days, the earliest time at whlch the -orpt1v1ty
test could be condu(:‘ted, -

o

» BOY 5O
P : Dryin
'E 50r ] Pex.wg g
2 )  [dayn) -
. 0 -
B S Wi/Cw=SDY
u . 30F
L]
Ea0
© | orying Drging|
wob .

0 - i . s§al
0123 20
) Distance from ’

. Surface tem) -

Figure 4.5 Variation in moisture profile with time-
' in a concrete sample exposed to air
drying (after Ujike and Nagataki®)
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 4.2.3 Drying histdry of'thgiaample

. prying history and air permeability

The way in which the sample is brought to a. stable and
uniform moisture condition béforeitESting is the basis
- of - a congiderable and, as ‘yet unreschved ‘debate amongst -
researchers. The debate relates to the amount- of damaqe'
or ‘alteration caused to the pore structure of the _

sample during pre-treatment procedures. A quastlon is~

therefora . ralsed regardlng the extent to whith the testﬁ.u

- results can be ccn51dered to be representatlve of the -
Parant concrete. ' : : _

A_range offtechniques hasfbeen.USed by various
' researchers for drying their samples and, on the basis

. of the extent of 1dcfostfuctural'damage'caused,'theae

 technigues can be placnd 1n the broad categorles 1lsted |
',helow. ' '

‘Gentle dryinq4 in'this category, samples are"dried
without exposure te high temperatures or mozsture
gradiente. Methods sush as air drylng“” solvent
replacement or freeze drying®® are used in order to
minimise the damagé caused to the concrete '
mlcrostructure. In support of these drylng methcds,
Hooton® states that: ’

“(F)or a1r or gas permeabilzties, extreme

drying such as at 110 °C should be avoided

- due to the pctent1a1 for both collapsa of

the microstructura and cracklng "

The problem:with'air drying of sampies'is the long time
required to achieve uniform moiSture conditions as
shown in Figure 4.5 above. This is an important

L 4=12



o oonslderatlon 1f the test ie to be ueed for earlywage :
' -oharaotera.eat:.on of oonorete qual:l.ty.

ni;l.d heating- The air p’ermeability test method usea' by

 The Division of Buildmg Technology at the CSIR

: .inVo1Vee dry:.ng the 50 mm thick eamples in a vent:.lated
oven at 50 °C for 14 days before testing. It is '
| argued"” that th:.s is a compromige between short sample B
prepaz:at:.on times and microstructural damage due to =
. excessive heating. Parrott™ also argues for the merits
of drying. at 50 °C but adds that the sample should not - |
' pe exposad to this temherature suddenly. He ’Suggests

that. che temperature g. the sample should be increased. -

from amhient to 50 ¢ at a rate of 0 5 °C per ‘m.mute. '

_ 'm:ya.ng at 1,105 ‘e W'Lth this method the sample is.
. placed in a vent:.lated oven operating at between 100, g
_and 110 °C for between 24 and 48 hours before testmg.
* cabvera and Lynsdale® report that their samples '

- requ:.red between 24 “nd 36 hours of. dry:.ng at 105 °c tao

‘reach constant Welght Dhir et al® also exposed their
'--eamples g 106 °C and oont:.nued dry:.ng until a weight

- change_ of less than 0.1% over a_ 24 hour perlod was

obtained. This requitred drying times of between2 and 4
days. 'l‘hey argue that the adVantages of dry:mg at 105
°C- are: .
oML a short oond‘.tt:.omng period for the
. test sPecJ.men, a smpllfled test procedure |
(s:.nc:e both gas and specimen could easily |
be brought to a minimum relative humid:.ty
quickly), & high flow rate with dry -
- specimens and, part.wularly, an. lmproved
reproducib.llity of test results." ' B

k!
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|  _'b:ying*hista#y and.watarlahsorption :

Lea® presents data an the water absorption of aancrete
-_dried in dlfferent ways. He shows that the water =

- absorption - ‘of samples dried. at 105 W: is higher than

fthat_of samples dried in vacuum at 20 °C for 30 days.
H0wever, with'these'feSultS; it is'diffidult‘to;-.
dlstlnguish between the effects of higher drying
_temperature and the 1ncreaSed ‘dryriess of the sample,'ln o
‘itself causlng an increase ln water abborption.

In tha deVelapment of their test methods, both Kelham“”'

~ and Dhir et alm dried their samples at 105 °c before
_:testing and thls_appears to have been done in the
.”intereét'df a_redﬂced sample pre—treatmEnt tiﬁeQ'

Icnnsideratian of the issues assoqxated with dryinq
hlstory._ o _ _ ' . L §

In Sect'iqﬁ 3.4 of Chapter 3, it was argued that, when
_meaSufing'a.particular parameter df'concrate.tc be_ﬁsed
‘as a durability indicator, we need not measure such a
parameter as a fundamental property of the materlal..xt
.Ls understood that some alteration of the '
mlcrcstructure may ocour as 7 result of the pre- .
treatment method and this is acaepted in the 1nterest
of practlcality Inherent in this acceptance is the
' understandlnq that the method of sample pre-treatment
_ fcauses a similar relatlve amount of alteration to the _
- mlcrost;ucture of dlfferent concrete types. Hence, the
ability to compare the durability performance of
different coricretes on the basis of the measured .
pafaméter remains intact, since their performances in
the test correctly reflecte their relative performances
in situ.



'Since"eaoh'of the drying methods discussed ‘above will
result in microstructural alterationm, although to.
';different extents, the foous of the debate should I
'_rather be aimed at assassment of the relatlve degree of
"alteratlon caused by the drying methods. To 111ustrata
this argument consider that a hypothetlcal '
relatlonship has bean doveloped whlch desorlbes the
1onq—term durability perﬂormanca of concrete (say, in a.
partlcular sulph@@é env1ronment} on the basis of a :
short~ternm durabllity index value (say, air
 permeability), determined with the minimum ‘alteration
of the microstructure caused during the test. o
'-Experlenoe with the relationship has also shown ‘that it
o is generally applloable to-all types of concret-. The -
'_Vrelatlonshxp would bé of the form -

_-where* D= a durahillty performance measure, and
T_ a durabillty lndex test. measure. o

Assume thaE this_function ploﬁé;as\curve'I in Figure
_4.6.lIf a_differentidrying procedﬁre is used andfthis':
oaﬁses'the relationship to be represented by, say,
Curve II, tho prooedure is aooeptable slnce Equation
4.2 is Stlll applloable, although Wlth altered values,
However, if the new drylng procedure causes the
':elationsh;p_for some concretes (say, OPC/fly ash) to
be'represented by Curve I and other concretﬁs’(say,
OPC or OPC/GGBS) to be represented by curve LII, then
the drying procedure has had ditferent relative effects_
in alterlng the mzcrostruoture of the dlffere@t
concretss. o _ o __Eg.ﬁh- e

. M
FRTINEY L
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A

’DURABILITY PERFORMANCE.(D)

\  DURABILITY INDEX (T} ©
“rigurg_i;ﬁi . Hypothet1ca1 ralg lnnship between "

‘- durability 1n$ex value and durablllty :
PErformance ?ﬁ éoncrete R

_Heﬁéé;'ﬁwo'cbncretes Which wefe'&ésesSed to have the
same durabllity performance on the hESLS of the _
'"correct" index test procedure (point a on Curve I),_ )
are now assessed +o ‘have dlfferent durability S

' performances (polnts b and ¢ on Curves II and III) |

- because of the d;stcrt};n ;ntrpduced by the drying

- procedure. The effect has been simplified here to
111ustrate the point. In reality it can be, expected
‘that T will also change in moving from curve I to
Curves II and III. The ‘extent of this chaﬂge will have
an influence on the final result and concl?sion._::_

_In this SLtuatlon, Equa ion 4.2 has to be aajusted to :
_account for the effect bf concrete type on the teat .
_result and will then take the form' '

- D=fTd 43
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o

_where < is a varxable accountlng for the concrete type.

~ The problem lntrcduced into’ Equatlon 4.3 is that, for

* the durability index to be useful as'a design and

quality cuntrol tool, the varlable ¢ hda ta be e _
'_quantlf ed through *estlng : 3'_"r S o
Another problem whlch cnuld ‘be lntroduced by the drylng
-prncedure 1e where the extent of mlcrostructural

’altera tion is such that the. relatlonshlp between

durabillty lndex and durablllty perfcrmance is _
transformed to that rerresented by curve IV. Here the

.'__sen51t1vity of the index has been affected and small

- changes. in the measured index reflect large changes in
'durabillty per*ormance. The effact of experlmental
error and interwlaborator" ‘diffarences become magnlfled
" and the usefulness o the test is blanted.

The diScuesien presented above im ndt'intended'to imply
' that a slngle relatlcnshlp, such as Curve I, existe or
is lndeed achlevable. It ie llkely that the - '
- ;relatlanships are more. complex than lndicated in
Equatlans 4,2 and '

4.3 haboratary Investigetion

Where insufficient guidance was prov;ded by reported
ﬂresearch, a series nf tests was developed to _
characterise the lnfluence of some of the paraneters
discussed above on the test methods developed in
Cnapter 3. This:was necessary to finally seélect the
sample parameters and pre-treatment procedures to be
used for teating concretes un the main progremme.

The follcwzng tests were canducted in this part of the
' 1nvest1gat10n. - : '



'-aj " the’ inf-uence of sample thlckness (as cast) to e
- aggregate. size ratio on measured oxygen '
permeahllity, ' _
b}  the influence of sample thickness, cut from a
1arger speclmen, on measured oxygen permeability;
@) “Phe influence of drylng history on p&rmeabmlity
and sorptlvity mea%urements.

-The tests were candgnted in thiﬂ sequemce s0 that the

. measurement of the influence of drying history could be

determined, on samples of the same thickness to be used
in the. 1arger test programme. This thlckness waula be

deternined by the resulhs wf tests conducteﬁ under a)

‘and b) above. ' '

This meant that a drying method had to be selected in
" order to conduct the ﬁesta for a) and b). In this
_sSelaction, guidance was providad py the work done by
'Nagataki and Ujike"™ who show that ‘the relationship’
. between the open porosity (resulting from increased
molsture loss) of a sample and its. permeablllty remalns
}_unlform if the samples are dried in air or at 50“0. on
_the other hand, when the samples were dried at 100 T, -
- the relatianshlp between open porosity and permeability
| was no lonqer acmpatmbla ‘with that of the "more gently"
dried gamples., The authors do not discuss the
implications of this observation for permeabillty as a
'durabillty indicator test. However this resaarch
_prampted the decision to dry samples at 50 °C on the
bagis that this was the fastest way of achieving |
uniform molsture condition in the samples without
causing any slgnlflcant alteratlon to the
mlerostructure.

It was therefore necessary to address the guestica of
the required time of drying at 50 °C to achiave'stahle
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molsture oondltlon The first set of teets oonducted _
was therefore aimed at a determlnation of the required_
'drying time. :

§.3.1 Duration of drying at 50°c required to achieve
atahlo moisture conditions

The samples for the 1nitia1 characterisatlon programme
‘were to be of varying thioknesees within the range of

- normal ooncrete cover. These samples were to be dried
in an air Ventllated oven having a thermostatic contral'
' betWEen amblent temperature and 120 °C. The thermostat
was set so that the temperature in the oven could be
malntained at A9 %1 %, ' o

1k was decided that, for the tedts on the required
drying time. to be sufficiently repreeentatiVe, a goed
guality, well cured concrete should be used. Two
concrete cubes which had been in a standard curing tank .
for approximately 12-mohthe were used for this part of
the investigation. The cubes were manufactured using
plain OPC and crushed granite as aggregate and it was
known that the 28-day compressive strength of this
cohcrete was approdimately 45 MPa.

Bach cube was cut so that a central prism measuring 70
X 70 X Bo'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, O mm and 45 mm using
a 2 mm thick, oontlnuoue diamond qut blade. .= _
Immediately after cutting, the slices were rinsed with
water, surface dried and weighed to an aécuracy'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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Results and diééuaaion”
Table 4.2 shows the results of change in mass with time

in the oven far,ﬁpg variouﬁ'samples.tasﬁedagbhir-eﬁ3
al@ have shown that a 0.1% mass change over 24 hours

:i _is an acceptable Lriterlcn for’ determining s able ;
‘-_mozsture condition for the permeabmllty test.:The '

rasults are therefore presented in terms of the _
-percéntage mags logs over a £4 hour periud. The table
also shows,the time required to achieve a rate of mass
loss_of_o 1%. This value was determined by linear
fin%erpolation between the relevant points. Finally, the,
- table shows the aVerage drylng time requlred for the .
“varylng sample ‘thicknesses. As an 111ustratiou, Figure ”
4.7 shows the. variation in the_rate of mass loss with

| . timé,for:the three sample thicknesses ofuthé Pc[1

samples. 'A'ibq'scale is”used on the vertical axis of

'_thls figure to show the trepds more clearly. The slopes

-of these curves are sufficiéntly uniform at the point
of crossing the 0.1% line to justify the linear
interpolatlon used in determlning the required drying :
'tlne.
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_Tabla 4.2 Time rate of moisture loss of sawples drying in.tha 50 °C oven

| saturated

 _T_Rate of Mass'Lnss'(%lzé nrsj

Thickness | Weight - | arter Drylng for (days): 0.1% M,

 sample (mon) (@ 6.75 |1.81 1z.79 | 5555_:_14;?5 6.75 | 9.75 |‘(days)
10.00 110.33 | 3.61 | 0.63 0.35 | 0.23 | 0.13 | 0.06 |=0.02 5Qsa_

' PC/1 20.00 237.69 2,51  0.57 | 0.40 ;_'ofza 5: 0;22- 0.15_ 0.05 8.20
45.00 549.67 | 1.74 |o.4s5 |o0.34 0.26 0.21 | o.16 0.07 8,40

';o;no 116.73 3.14 | 0.45 |o0.26 | o6.09 0.08 0.02 | -0.03 3.70

i pc/2 20.00 228.83 2.51 |0.56 | 0.38 0.25 0.21 o,is 0.04 7.70
| ';5.00 532.02 | 1.64 _..d.gg: 0.304 0.23 0.19 0.14 o.dj 8.40

Sample Thiékneéé {ﬁﬁ)'  io: -zQ  15

| '.4.50. 7.95 a.és

_EVErage.Time to 0.1% M, (days)

Note: M, = Rate of mass loss (g/24 hrs)
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'nate of Mass Loss' (qstm hrs)

Sampto Thlckneaa _
—— 40 mm —l—zo e -*-45 -

T TTIiTiT

M L DTl

[ L LLLALE)

—F F F LTI

001 et —
-0 2 o4 8 &8 w0
: _Ovan Dry_in_g_ Time (days) . |

Figufe 4.7 Variatian in the rate of mass loss for_  .. B
o | samplas dried at 50 °C . o

'Both the 10 mm thick_samplgs'showed a;negativé rate of
mass loss after 9.75 days in the oven. It is thought
that ‘this was caused by the samples showing a Sllght
mass gain at this age resulting from an ifprease in the_”
ambient relative humidity. This would. mausa an o
increasad relatlva humldity in the oven which would be

" reflected by a mass increase Qf the samples.

"ﬁhaghe'basis of the'reéﬁlté'abqve, it'was dgcided tﬁat,
when necessary, the following minimum drying times.
would ke useds ' o o ' - o

‘Sample thickness =~ Dryin 1 me  in 50‘@ oven
_ 17 ™m R : 7 days '
>17 mm, <50 mm 7 14 days
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"_shown in Figure 4.8. The thicknesses of .the slabs were

 §§_:;

-w-r':'.‘:-. R PR

., 4.3.2 The influanca of sample thlcknasa 1n relation,to
anregate size

. i
i - . S - e

- In this part of tha - investlgatlon, the intention was to
';determlne ‘the influence of the sample tthknESS, in _
‘relation to the maximum aggregate size, on the measured-
'permeablllty of gimilar concretes. Sampléds Were_cast o
the required thickness to avoid thé need for cutting o |
‘which may have had a dlstorting 1nf1uence on tha '
'results,_ L '

"Concrete slabs measuring 100 mm X 300 ma and of varying
-thickness were cast in tinber trays, manufactured as

'cantrolled by altering the height of the side walls of

'.the timber trays. A plastlc sheet Wwas - plaoed on the

._bottnm of the tray to aveoid 1055 of water from the ”HF
'-_fresh concrete to tha tlmber base.' ' - ' R

4. - . ) ’ H

'?iéuré 4.8 Timher tray Wlth plaﬂtlc sheet fnr o o
o casting concreta slaha. E '
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It Waé_dédided.éo prepare concrefes using two w/c®
 ratios and two masximum, aggragéte sizes. The larga'7 ”
‘aggregates were obtained by passing a nominal 13.5 mm
‘dolemite aggregate through a jaw: crusher and manually
'-sicving the crushed mﬁterzal to separata the -9. 5 +6. 7
mn and the ~6.7 +4 75 @mm fractions. These sizes were

used to increase the . range of sample thlcknags to

'aggregate size ratios which could be’ tested in the
::falllng head permeameter. Flgure 4. 9 shows samples of-
the aggragates used. '

"-Table'4,3 shbws thé}cqmbinatinw- of samplefthiékness'

and'sEOne siée tested. A combination of the small stone

with a 45 mm thick sample was not tested as the ratio
of stcne s;ze to sample thickness was thought to be
unrealistic at thls level

Figure 4.9 samples of the stone gizes used in the
| sample thickness/aggregate SlZé ratiﬂ
tests, -
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¥ Indicates tested combination

b Tahle 4.3 cOmbznations of stone 51ze and sample

thickness tested

_ _ -
-Sample R : ) Stone Slze {mm)
- _Thickness" ~9. 5 to +6.7 | '-6 7 to +4 75
10 e ¥
_ zd;' ; _ 2__ e.Y

It was also felt that 10 mnm was the minimum'physicél'::

sample size which cculd be cored and tested in the . .

) permeameter.__

. Table 4, 4 shows the mix proporticns used to prepare thew
,}samples. w/¢ ratios of 0.67 and 0.56 were used for. both’

agdregate types. The mlxes were deélgned to be fairly
dry because of the thinness of the slabs being cast and.

“the fact that hlgh-speed, mechanlcal V1bratlon was used_ N

F

* 5 .::J

for compactionf_

A crushed granlte sand, w1th a8 flnenesq modulus ef 3. 1
wag used for theee mlxes. The mixes were prepared in a
small, 10 11tre capac;ty mixer. Miwing was continued

for 2.5 minutes w1th the water being added over the
”'first 30 seconds.

Before'eastihg,'the various'components of'tﬁe'timher =

_trays were coated with mculd release Gll and then
_ assembled us;nq 15 mm wood SCrevws. The trays were

1v1dually mlamped onto a hlqh—speed vibrating table
and £illed with concrete Wlth the vibrator actlvated..
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wabla 4, 4 Materlal prnportibns (kgfm)of the varlous

mixes tested.-- o
- : - i

__ Mix Identification
Material   §]15. “Toss 5/15-_'Jy51;8_
'-}wéter" 205 j205 210 210
oPC 7{,'-. -307.5 IEC 315  3§8 o
stone: R 1
—9,5 +6.7 - 780 | 740
4&;7 +4;75:-' : :_: o ' .: 5q¢_-'  ,50¢ :
fsana . 111 |1130 1360 | 1315
- ”wﬁc-Ratié'.h'b.sj'f |o.s6 0.67 .-*0456 |

-fWheh sﬂﬁfidient'compactioﬁ.was_achiéVed,_tha_tray.ﬁas
'fémbvéd”ffom'the vibfating tablé'ahd the top surfacé:bf
the concrete was finished by roll;ng with a 10 mm
3diamater ‘glass rod. This ensured that the top of the
concrete was even with the top of the tray gides, The
slab was then covered with plastlc sheet untll
 'demould1ng._-' :

_Apprpximately zd.houré éftar_daSting, the sides df:the~J

 trays were removed and thé_éoncrete_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 chtained

from each slab in the positions shown in Figure 4. 10,
" The tray sides ensured that the slab was flrmly held
during the coring operation.
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100 mm
| AT "
300 mm - '_ _
' pigure 4.10 - Location of ‘the cores drllled from each

_Results gn&'disaussion“.

Coricrate slab o
\ - .. 88 mm dlam cores

' concrete slab,

Each core wasIidentifieq_by-beiﬁg’harkéd on its

‘circunferential edge. All the cores were placed in a

ventil'ated“ Uvén' held'at 49 *1 °c ft'jr 14 days before
being tested for oxygen p@rmeabillty in the. falling
head pemeamater. .

" Table 4.5 :slimlws 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 tha sample thickness to

~ aggregate size ratio. The aggregate size was taken: to
‘be 9 fm for- the —9 5 +6.7 stone and 6 mm. for the -6. 7

- +4,75 stone. o
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SAMPLE THlCKNESS!AGG SIZE FIATIO

Figura 4. 11 . Variation in cﬂefficient of permeabilzty:

with gample thiukness to aggregate size" _‘

ratm

_From tha rasults shown 1n Table 4 .5 and F1Qure 4 11, it
‘can be seen that:

o= the 0. 56 wie ratio c:oncrr -=s gave lower oxygen o
] permeab:.lity results than the 0,67 wjc concretes i
~ . for equdl w/c ratios and t/a ratios, the

concretes with the 1arger stone s;ze gave lawer

o permeability results; ' '

e aoncreﬁes with the larger stone- sxze showed

) graater variatlon in permeablllty with varying

 t/a ratio than the concretes. with the smaller
stone smze,_
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‘Téhie 4.5 Results of the coeff1c1ent of permeablllty (x
R 10" m/s) tests conducted on the samples
cared from the slabs. . '

"Saﬁpie- coeff.-qf-?gxméabll;ty,_k-_5f

rhﬁnes§¥g(xi@¢-m;sjidf_Samplé”NQ:_ fAverage - tsaf

w1 | 2 |3 | k| Ratio

| Mix I.D: 9/15

10 2.0 |1.65 = |2.73 |2.16 . .[1.11
J=zo  fz.42 2,08 188 |z.13 . fa2.22
36 {1.4sa  |2.46 J2.08 |1.89  |a33

45 . |1.67  |1.68  |1.77 172 [s.00

&

10 {1.24 - jo.sx  lo.es  |a.00 i.11
20 ‘lo.76 |o.90 ~ [1.01 |o.89°  |2.22
30 |o0.63 |0.76 |o.60 |o.86 ~ |3.33

‘Mas  lo.es  |o.82  |o0.77  |o.76 |s5.00

lao " [2.03  J2.sa | % J2.29 167
20 }2.53 -_2;07' 2;71.-_1 2.44' ~13.33

30 |1.78 |34 [1.80 |2.24 . |5.00

Mix I.D. 6/18

20 . |o0.78  |o0.96 [i.06 |0.93  [3.33

30 j1.08.  |o.94 102 |1.01  [5.00
= % = Sample broken gur*ng coring. _
“t/a aample thickness/aggregata size




- W1th1n the range of sample thickness to aggregate-
size ratios teated the largest variatlon in
'permeahlllty was observed With the larger stone

_*concretea‘Maximum percentage differences were 21%.-57

and 34% for the 0. 67 and 0 56 - w/c ratio coneretest
reepectively ' ' '

';Hoetoﬁm haga showh that the permeability of a high”'
-'quallty concrete COUld differ from that of a poor

_ quallty conzrete by a factor of 1000 tlmes. In view of
this observat;en, the dlfferences cbserved in the -
_'resulte shewn in Flgure 4.11 ceuld be considered to be
:marglnal It ceuld therefore ba argued that, for the
as-cast samplee ueed 1n this study, neasured gas _
jpermeabllity is not'elgnlflcantly affeated by the h
'maxlmum aggregate ‘ize in relation to the sample
'thlcknﬂes.' . ' ': : - "

4, 3 3 The 1nfluence of sample thxckness fer eamples cut
from 1arger speeimene.

.In this part of the characterlsatlon teeulng, the-
'objective was to cbtain a meaeure of the 1nf1uence of.
sample thlckness_on permeabll;ty meaeurements, when the
samples are cut from larger specimens. This is a more
common application of the permeability test since test
sanmples deriVed from in 51tu structures weuld be
ebtained in thls manner. '

B The.fcllowing'aspects Were_eonsidered'importent in the
development of the mixes for this inVestigetion.e

- all concretes should centein the same 1arge\
) aggregate side, :
= a single binder type should be used threugheut o
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o ‘the test samples, : -
- a range of strengths and workablllties should be

: tested. ' T . '
The mzx proportlons shown 1n Table 4 6 developed in

‘consideration. of these criteria, WEre used in this - part'__ :

of the investlgatlon._a nominal 19 mm crushed granlte
stone and a crushed granlte ‘sand were used as.
- aqqregates. .

Table 4.6 Mix'proportiohs (kg/n?)'df'concrates used to
. test the lnfluencé of cut sample thlckness on
- oxygen permeabillty measurements.

- Mix Identaflcatlon

Material | 200a |200B |200¢ | 210a |210B |210C

Water ;_;'200_53.2uuf 200, | 210 . | 210 210
“Jore - 1300|350 |400 |315 |368 |az0

1omm Stone | 1030 | 1000 {1000 | 1030 ‘| 1000 | 1000

[ sana = | 837 824 [782 j798 788 |730
ﬁ{d Ratio |0.67 |0.57 |0.5 |o.67 [0.57 [o.5°
slump (mm) [15 ~ |25 |30 [ 45 60 - |45

_'sufficient_material of each mix was prepared to £ill

one standard 700 x 101.6 x 101.6 mm beam mould. This
material waz mixed in a 40 litre capacity pan mixer for
3 minutes, W1th the water helng 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 nlaced in standard water curing tanks
"fitted'with'sumerged circﬁlatinn'pumps.'The water
| ”temperature was maintained at 22 #1 ¢ with the’ aid of
'thermostatlcally cnntrulled 1mmer51on heaters.

':;ﬁt'i4’daysiafter_casting{'thé'beams'were rEmoved'from-"
jﬂthe_curing téhkssand'cut into segments as’ shown in’
i”Figuré 4.12 (a). The two end segments weare disaarded so
" as to ensure that the propertles of the segments tested -
. were as ‘uniférm as possible. The two 100 mm segments’ B
‘were used to determine the 14-day strength as a means

of charaéterising'tha partitular'concrete'ahd"'
monltorlnq the - 1nf1uance of the different water

' gontents., CQmpr3551ve strengths were determlned in the
. standard manner using an Amsler campression testlng '

machine with a capacity of’ 2000 kN. The 1aad was

-applled at rlght angles to- the dlrectlon of castlng,

onto- the tWO OppOSlte motlded faces.

A central, 68 mm dlameter core was drllled
langlrudlnally from. each- of the three 140 mm segments
as shown 1n Figure 4.12 (b).. From each core, disks

measuring 10, 15, 20, 30 and 45 i thlck were cut using '

a high-speed, continuous fine cut blade, with the

-'remalnlng segment being discarded as shown in Flgure '

4.12 {c).. Tbe order in whlsh the various disk

- thlcknesses were cut from the core was not necessarlly
.as shown in Figure 4.12 . (c)¢-In thie way, three samples

| were obtained for each concrete type and sample _
thickness comblnation, with each. sample taken from a
'dlfferent segment of the beam.-
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Direction of Casting

T

.compreasiva '3 % 140 mm fong prisms - - Compressive -
atrength RN g\p_ / .strength
Disgard N__L . Disoard
D / (a) Baam out Into prisms
B&mmdhm.f”mm* )
oom’ﬂ“'f__
(b} PI'IBI'I'I COI‘Bd o (o) Core sliced
: _ - /inte digks

:E‘igfui:‘e 4.12 Method of cutting, '-do:"inq and obtaining
S i-"_-d:‘n-.sc- s-ampleS'.-_frum" cast _bgam-se_cti_ons; -

'I‘he discs were. t.hen marked and pla.c:ed in the 50 "c oven.

for 14 days. The samples were then tested for oxygen

. ._ permeability in the falling head permeameter using the

rubber collar method of sample sealing.

Results and discussion

_'Jf_abie 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 _-5
_ dlstance between the two cut faces of the segments..
This dlmenslon varied between 101 T and 106 nn after
-_'cutting.
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_Table 4.7 Compressive siréngth results of concretes.

:_thlckness on permeabillty.

' usad o measure the influence uf cut. sample

Sample

‘Sample
iNﬂ._

Sample
.DenSity_'
(kg/m)

Compress.

_ Strength

| o)

.Averagé-

5 Stranqth

(MPa)

23.9

2~0a 2426.7 T2a.a

2 - |a2a07.8 laso

2008 - |1 ¢ |es03.2 30,7 32,3

'”éaaé.o' 33.8

fz00c 11 Jasaz.0 a4 Jaz.2

2 . [2422.1 ° ‘395

dezoa o J1 . a402.9  |24.3

2 la2s7s.e  {23.7

2108 | 2241.0 | 31.0

2 f2408,7 . fas.1 - [ .

210¢ - |¥  |2379.8  [37.2 38.8

2 y2375.2 . |a0.5

Tables 4.8 (a) and'fb)_show3tne'oxygen'permEability_
- results for the various slices. The tahles also show

_'the'stahdard dEViatioh and cdefficieht of variation for "'

‘each group of results. These parameters are calculated_ o
- as follows. ' ' ' ’ '
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' -3:whéra:

e

o ee350 0

L8y = sémple stahdardﬁdeviatidh _
_ x;='ong-cf_aﬁgrbup of three results
%’ = the. aVéfage of three results -'
n = the number of results (three)
v/ = coefficient of variation - : N
';Var1ahilzty af the results. The resulis prasented in :-
Tables 4 8(a) and 4.8(b) reflect tha bOhElﬂ&f&ble o
“-varlabzlity in oxygen permeablllty rasumts obtained on-V" |
neminally simllar samples. Hootont mentions this as a
‘major drawback of gas permeability tEStlng and notes -
tha meortance of 1nterpret1ng the rasulfsz in-the Light
of the variability of the test prucedura. Tonles 4, 9(a)
and 4.9(b) show analyses of the coefficients at .
- _varlation calcalated in Tables 4. 8. R



'Tabie 4.8(a) ' Coefficients of permeablllty for the- varlous sample thlcknesses of the

. | | concrptes with water content of 200 l/m. '

| sample |- s - ~g-__ Mlx Identiflcatlon o _

Thknes [ 200 | ~~  -2008° | . apo0c |
(um) x |k [8 | v | ¥ Jke |Iss ! v ¥ [ke [ 8 | v
10 }2.30 |2.90|1.31)45.1)2.21" [1.28]0.81]63.0}0.38 |o.51]0.13)26.2
| 4080 | | toss | b laso | | |
 fres | 7 0,97 1 ] lo.az | | |
k15 1,60 |1.78 [0.26 | 14.7{0.86 |o0.87{0.09 9.9 |0,29 [0.34]0.07]21.6
| 2.08 . 0.79 o | : 0_30 ' : :
j ez | 0.94 | - © o less |
20 1.57 |2.06]6.44{21.3]|0.85 }6.93]0.07|7.7 |0:33 [o0.36|0.03(7.1
- lze2n | o ewse } | (0.37 | 15
2.6 | 0 0,92 T le.as |
30 l2.06 |[2.73}0.59{21.6|0.80 |o0.81]0.21[12.1}0.28 [0.32]0.06]16.3
o dsar | b e | 0.30 | |
l2.za.} | 1 jo.on . 1 jo.3e o -
a5 |[2.28 {2.22|0.122|5.3 jo.88 |o.85|0.02{1.8 {0.23 |o0.30|0.08]27.6
208 { | f- _'o 9o [ | |  {o.2s D

Legend‘ k = coefficient cf oxygen permeability (xlﬁm’m/s) ' : -
k,. = average coefficient for the three samples; 8y = standard deviation
Vv’ = goafficient of variation (%); * see later dlscu5510n.  . S :
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~ Table 4.8(Db) cGefflclen‘ts of permeahlllty for the varlous san‘ple thlcknesses of ‘I:he
: conc:retes with water content of 210 llm . _ .

.}l Sample | _ : . Mlx Identlficatlon _ .
I Thknes 210m | - 2108 R R T 1 S
S I O P 7 P P P S T P P
| 101 : : R 1.28 | | '2..91 1
1o [s.s8° |20.3}4.24 [40.3[3.30 {3.72]2.6771.8]2.91 |2.28[0.22]7.90
B 0.8 y | | e | 4 | {283 | '
. 5.61 | - - o =1.10'"_'f  _ o o 1.80 . . :
16 [2.13 {6.28|4.52|72.0{3.04 [2.27)1.03|45.471.45 |1.76]0.30]16.8
: | .11_.1_ S 2..'6.__7 L - BN T S 2.08 o .
8.09" | - 2.26 {0 |7 frarf g

20 2.29 |4.36{3.24|74.22.57 l4.85|ai22|87.0}1.89 |2.68)|0.31[128.5
2.70 L ter _1.82 - 1

| 2.73 ) t ties | lyas | R
30 2.37 {2.31[0.49 [15.9 | 3.02] -:2,143_0.75'_35;5 '0.82 [o0.96]0.19 ﬁ19.9'
1.82 | o dzez2 4 ] lo.ss |
| 11.75 | oz |} | {o.ez |
45 |2.19 [2.03)0.24]11.5]|0.74 [3.13}4.06|130 Jo.96 |o0.89]0.09120.4
2.1 b1 iv.s2  "j o .79 L

Legend: k = coefficient of oxvgen permeabllity. (xlﬁ 0 omysy;
: k,,,, = average coefficient for the three samples; : By = standard davxatlon
V' = coefflclent of wariation (%); * see later dlscussmm. L .
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‘Table 4.9(a) Analysis of the coefficien?s of
' L variatlon of oxygen permeability results

on the bas;s of mix characteristics
o _ Biadedasining

Mix  {w/c = |Max. vV |Min. v¢  [ave. vr.

I.0. |Ratio | % t%)._.__"__ 1@ B

il e

2008 |o.67 |45.2 {53 . lai.e
2008 |o.s57 [e3.0 {18 1.1

200¢ y0.5  {27.6  l7.a las.7

. average [45.2 . (47 |20.1

- l2i0a |o.67 {74z 1109 {437

2108 [0.57 |130 - f35.6 . |73.s

f210c Jo.5  fis.s . [7.80 . 147

'~ Prom Table 4'9{a)'iﬁ dah'béISeen that'the'condréﬁeé'
with the lower Water content generally gave ‘the lower

- coefficients of varlation. However, the 1awest averaqe
_ value was obtalned for Mix 210c, indicatinq that there
- may not be a clear relationshlp between water content
and varlahlllty of results. The hlgh value obtalned for
Mlx 210B 15 caused by the slngle ancmalous result
obtalned for the 43 mm thick sample of this mix.
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Tahle 4.9(h$ Analysis of CDeffibients of variatienjq _
(%) of oxygen permeabillty results on;"
‘the basis. of sample tthkﬂ&SS-ﬁ_

‘Water = 200 l/m® | ‘Water = 210 1/m?

‘t | Max V' |Min V' [Ave V”|Max V’ | Min v’ |Ave V¢

10 |é2.0 |z26.1. |4a4.7 |72.8 |7.9 [a0.0
115 . [21.6 0.9  |1s.4 |72.0 16.8 | 44.7
20 [21.3 [7.1 |12.0 |87.0 |218.5 [s9.9

130 |21.6 [13.1 [17.0 35,0 1909 [24.9

45 |27.6 1.8 = |11.6. |130.0 |10.4 |so0.8

:A\"E J 31,0 :1196-.. 20‘1 ' '79:'.2. 1 14.7. 7 44‘1

_ﬂetef't_# sample thickhess'

The analysis presented in Table 4.9(b) is also shown
_graphlcally 1n Figure 4, 13._Frem this flgure, 1t can he
seen that, fer the lower water content mlxes, the
coefflCLent of varlablllty reduces from an average. of

- 44.7% for the 10 mm thick sample to an almost unlferm_
f_ value of +15% for sample thlckneeses of 15 mm. and
greater. On the other hand, reflecting the trend shown
in Table 4. 9(a), the results for the hlqher water
L"centent mixes are erratic and no trend can be -
dlscerned. However, it is agaln clear from thls dlagram
that the variability of the 210 1/w’ mleP is generally
greater than that of the 200 1/ mixes for the range N
' of sample thicknesaes tested. :

Tﬁe'abGVe analgsis-indicates that the.vééiabiliﬁy in

 the measurements. of. permeebilitY'cn nominally similar

_concretes is dependent on the workahlllty of the -

_ concrete. Thls is perhaps 3 reflectlon of the 1nfluence¢
of bleeding on the 1nterconnect10n of capillary pores,
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especially at aggregate interfaces. The variability

would then deriVe'from lodal differences'in the_'--"
aggregate dietrlbu+1on through the cut sample

thlckness..' . _

. WE, GOEFF.'O_.F 'mmmon (%) -

MTEFI 210 llm"S

o 1w =2 s 40’-f s
o SAMPLE THlCKNESS (mm)

'- 10

vigure 4.13 _Relationship between_average-

N  coefficients of variability of -
permeability measurements and Sample
thicknese - o

Rejection of imndividual results. In order to understand'
‘the. influernce ef'sample thi¢kness on the measured

' permeablllty of a particular concrete, it is neceSsary_
to first address the varlabllity issue dlscussed abeve.

- It is clear from the data presented in: Tables 4. S{a)

and (b), that.much of the variability in a group of
‘three results can be ascribed to a single "anomalous®
result in'the_éroup. For exemple,-the coefficient of
variation of 130% obtained for the 45 mm thick samples
of the 210B concrete (see Table 4.8(b)), is the result.

4-40 .



e

o

PR TN

';cf the 51ngle, hlgh.value ebtalned on. the thlrd sample.__e

This result (7.82 x 10" m/s) is almost ten times_-=f

:_larqer than the aVEnage of the other two resultg_ i

'Intuztively, it appears that there is justlficatlan fnr

rejectlng this result and us;ng the aVeragn of the
remaln;ng two results as the value_:epresentlng the

. performance of the particular combination of

peremete:se,

s._:_..

”The refmstion of data 13 often a controverSLal exerclse o

and in thms case, where. the dee151on 1s belng made on

“the bas;s of only three measurements, it would be

dlfflcult to Justhy data rejectlon statistically

_ 'Howevar, 1t appears that these individual "outller“
- 'results are masking the trends and should be excluded:

to allow meanlngful conclu51ons to be drawn.

'““The“sﬁatiStiéal'éPPrOach'tc'réjectioﬁ‘ef date:isebeéed.

' on an assessment of the probability of the suspect
result occurring in a range of measurements. This < "%
- probability is related to the difference hetween the

' _particular result and the mean of the group of results.
" The prohability that a reSult-ﬁill fall within an
© interval T. Sﬂ (T = a constant) of the mean value is

given by.

. 'P(n=-:-1—fre(--’d: P .4.6 ..
where: _ _ _ _
'~ x = an individual result

't

f=qg]



‘m = * the mean of the'group of feéuitS'
 Sp = " the standard devzatlon of the group of
o - f results._: : '
.standard tables are avallabla for evaluatlng thls
_ 1ntegralﬂm and from these it is calculated that:

- P(1) = 0.683; e '
- p(2) = 0.954; .

P(3) = 0.997; etc._: : .
'This means that there is a 68 3% probabillty that a
rasult will fall wlthln one standard daviatlon of the

© mean. On the other hand, there is cnly a 0.3% chance

5_ that a result will fall further than three standard
"'deviatlons from the mean. '

'Usinglthis appraach,fit:was'decidéd'to'excluae one of a. N

grpup of three results if such a result was more than
'_one ‘gtandard deviation away from the mean. Hence,'

- referring to Tables 4.8 {a) and (b), ﬁ result was
-renected if' . e ‘ '

 1%® f'sp < ki<_hm = Sp

where k is the 1nd1VIdua1, suspect result. Eorderllne
results were retained rather than discarded “The -
results rejected on thls_baqms are marked_wlth an
asterisk (*) in Tables 4.8_?&) and (b). The average

'ﬂ coefficientsfnf'permeahility résultinQ+from"thi§-

"smoothing" of the data, is shown in Table 4.10.

The results in'Table-4.10 are also shown graphically in -
Figure 4.14(a) and Figure 4.14(b) vhere, for reasons of -
clarity, the scale- on the vertlcal axes. had to be
7fchanged to show the trends. ' ‘ '
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‘rable 4.16 Avéraqe coéfficients of Qéméébilitj fér _
~ the various. mixes and sample thicknesses
after the re:pecticm of qutla.er results. '

|| sample Ave. caeff. of Permeability (x107® m}s)
Thkness - | = = = for Mix I. D: :

C(mm) | zooa 2003“ 200¢ | 2108 |210B | 2100

10 [2.15 {o.83 ]0.53 [12.45{2.20  |2,78

15 |1.78 |o0.87 |o0.34 [3.87 [z2.86 |1.76
20 j2.06 |0.83 |0.360[2.50 [z.42 |i.68
fa0  |2.73 [o0.81 |o.34{2.32 |1.70 o.85

~fas  jz.22 {o.89 |0.3¢ [2.03 |06.79 |o.88

4 06" COEEF. OF PERMEABILITY (x10°-1m/3)

280k MIX 200A
2.00'_ s

150}

3

o ~—— R _M}lx 2000,
0_-06. .. L. - S . _ [T 4 L . ' L
8 0 16 20 28 30 35 40 45 - 80

' : SAMPLE THICKNESS (mm) o

F:u.gure 4.14 ta) Varlatmﬁ in coefflclent af permeablllty '_
with cut sample thickness for mixes with -
- water content of 200 1{m3 '
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CQEFF oF PEHMEABILITY (x1o w10 rn/s}

s

12 oo -

.10.'00

—

400

- 200F

A R " MIX 2108 — - — ;# 

. 0.00L—— L . : EEEEE S T ; "y

. § 0 & 20 25 30 35 40 45 50
SAMPLE‘ﬂﬂCKNESSfMHﬂ I

jragura 4;14(b} Varlatlon in coefficlent of permeabllity L
' " with cut sample thickness for mixes with
water content of 210 1}nﬁ

‘The folloﬁinq observations_ara drawn from.thesé
figures: ' :
= 7 %he medium 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 content mixes appear to be less
'sen31tive to changes in sample thlckness than the
higher Water content mlxes ' '
-  The hlgh variation observed w1th mix 2104 is due
' " to the high result obtained 'with the 10 mm. thick
- sample. This varlatlon reduces con51derably for
_ samples of thlckness 15 mm and greater.
- _-The results obtained for Mix 200A are erratic and"
 shows no clear trend between permeability and
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'sémple thickhess. However the resulﬁs 6nly'vary
between permeability values of 2.73 x 107 and

. 1.78 % ¢0m‘m;s which is smaller ‘than the o
'variatlcn obtalned for Mix 2100 of between 2 78 X

| -110“‘and 0.89 x 10" mfs. o .

- . For samples of thlckness 15 T and graater, mixes

' " with a water content of 210 ljnﬁ Hhcw reducing
;permeabllltles with increasing sample thickness.

..HQWEVer, the varlations are in a ralatiVely
_'narrow band of permeabzllty values.-

It Was stated in Chapter 3 that one of the Qb]ectlves

'of this research was to obtain a measure of the
'- gradat1on of properties in the zone of cover_concrete.
To achieve thls, it is necessary to use the thlnnest
'possible sample Whlch will maximise the number of

~ sample points within the cover concrete. The results

' ohtained_above indicate that, -to obtain a measure of

‘permeability which reascnably reflects the perfprmﬂhcé"
' of vomcrete made with 19 mm stone; the sample should
not he less than approximately 15 mm thick. |

4.3.4 The 1nf1uence of sample drying method on measured
- permeab;lzty S

It was indicated in Section 4.2.3 that considerable
differences existed between researchers regarding the
method of sample dryinq in preparatlon for gas '
permeablllty testing. In this part of the
characterisation test programme, ‘the 1ntentlon was to
address some ‘of the issues raised here and to prGV1de
: guldance on the sample drying prccedura to be used for
the main test programme. '
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 'concretes ware prepareﬂ.u51ng three blnder types with
-two binder/water: ratipe for each binder type. crushed’

- WQranlte gand and 19 mm stuna were uged as aggregate and

the slump was. controlled between 40 and 60 mm by
~ adjusting the watar contents of the nixes Wi
':dlffarent binder types, For each binder typs, the water
content was held constant for the two birderfwater A
‘ratios. Table 4.11 shoWs_tha.m;x_;dantifications_and
prcpdrtions used for this pért of the investigation.
" This table also shows the avérage 28-day'comprESsive'
gstrength of these concretes determlned on threa 101 6
mm cubes for each mlx.u S ' ' o

T_Tahla 4.13_T Mix proportlons (kg/nﬁ)of thie mixes used
' - for. manltorlng the influende of drying
‘history an_mgaaurad oxygen parmaability'

" Mix Identification

Méterial; PC1 PC2 | FCl | FC2 :s¢1' _”sc2”
— P 700 | 1a5 | 105 | 103 o
.oéd ! ...' 320 380 | 207 |246 | 156 |18s
FA - . 89  | 106 |- -

:GGBS - - - - 1 156 | 185

119 mm Stane 1000 | 1000 | 1000 | 1000} 1000 | 1000

[sana - |s8s0 |soo0 |ssz |83 |ses |816
w/b Ratic | 0.63]0.53|o0.63|0.53 0.63 |o.51 |
f.x - |38.8[s2.8|28.8]39.132.1 |44.3

ottt
Notet w;b _ watef?bmnde» ratlo

L= Averaga 28—day compresalve strength (MPa)
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One iOI 6 mm.cuke of each of”these mixee'wae preparea
and, after 28 days ‘of water eurlng, a 68 mm diameter
core was er.lled from each cube perpendicular to the
direction of castlng Three 15 mm thick slices were -
then cut frem the eentral portion,ef each core ag shown

~ in Figure 4, 15. A 2 mm thick, high speed, ccntlnuous

- d:l.amond g:r. it hlade was used te cut the slices from the
'coree.. ' S ' '

' Direction of casti~g

1 3 x 16 mm thk.
1 - digks -
R DR 1
68 mm diam. : b
S oore ;
.
100 mm oubs

F:i;q’ura_ 4.'1_5"':' +  Method of coring ahd eiicini;t cubes to
' ~° obtain samples for testing the 1nf1uenee
_'of drying method on permeability

After slicing',' the_s__amples _w-ere_'pii‘ce’d in a Wat_ei"
filled container ingide a védcuum c:h:amber. The chamber
Wae then evacuated to pressure of 7. kPa helow o
'atmospherlc pressure. This pressure was maintained for
.24 hourw, after which the eamplee were surface dried
and weighed te obtain the water saturated Weight ef
each Sample. The. samples were then exposed to the
following sequence of ‘drying methode..'

a) over silica gel or in a vacuum chamber for 3
months, _ ' _ '
k) cver phosphorus pentoxlde (Pg%) for 7 daye,
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ey in'a-so‘t'oven_fc: 7 days:;” "”
a) ”-in é’;oo ?C-oven_fdrﬁ241houré.
o i _
: At each stage in the drylng proceSs, the samples Were
“kept in the particula“ ‘environment untll weight -
aquilibrium was achlevedd This was determlned from .
o experience w1th the drylng method or by regular o _
_ lmonltoring nf the weight of the samples. At the end.of .
- each drying stage, the sample was w31ghed and an oxygen  :
‘permeability test was conducted using the falllng haad
- permeameter. - :
samples to be vacuum dried were placed in a glass
chambes whlch was evacuated to. approxlmately 70 kPa
below atmcspherlc pressure.:The vacuum punp connected'
to the glass chamber wag kept running . for most of tha
duration of the drying period. occaslonally, for '
- periods of up to tWO days, the’ pump was required fcr
other projects or for maintenance, On. these oqgaslons,
the: qlass chamber ‘wag isolated from the putip so that
- the vacuunm pressure 1n the chamber was malntainad.

A 330 x 220 x 60 mm3dgep_plaétid_cgﬁtainér, commonly

" used in domestic kitchens, was used for drying the
;'éampleé over silica gel. A *10 mm thick layer of self-
_1nd1cat1ng smllca gel was placed in the bottom of the
container and a 10 mm thick, plaatmc grating was placed
on the silica gel. The samples were placed on this
plastic grating so that they were hot in direct . cantact
with the 51llca gel The contalner was then closed
'w1th its cover and, since this was not an alrutlght '_
cover, the jaint between the cover and the. container .
was sealed with plastic tape. The components and. seal
of this drying methed. are shown in ?igure 4.16. The
gilica gel was regularly checked for colour change
Whlch 1nd1cated that it was not draw:ng any further

;4-48:'



P

|j

. moisture from the”saMplesf'When_thisgaecﬁ:red; the
‘silica gel was removed from theiplastic container,

drled in the 100 %:even untll‘the dary colour was

'achleVed,_coaled in .a deezccator and returned to; the
- plastic container. This. procees requlred approx;mately

8 hours to complete.

. Pigure 4.16": Varibus'ﬁomponents and container sealing

method used for the. samplee drled over
*sxlica gal. . '

Phosphorus'pentaxida_(Pﬁx)-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 phese; the =ilica gel

was removed from the plastlc containers and replaced

‘with a %3 wm thick layer of P,0;. The samples were then

placed in the containers and dried in the same manner
as fur the silica gel drying. Unllka sillca gel, Pﬁk is
not re—usahle and has to be discarded when it has
completely reacted with water. Thls makes 1t a mare

| expensive method of sanmple dyying.



.eDrying phases a) and h} {1e._vacuum, iliee gel and

Pgh) were considered to be "gentle" drying methods ftom.-'

‘the point of view of mlcrostructural alteration ‘through
' cracklng. The’ 1ntention Was to usze these drylng methods
. as standards by which to compare the effects of drylng L
'*by the more "severe" 50‘@ and 100‘% metheds.

At the end of the ‘high temperature drylng phases, the
samples were ellawed to ccel to room . temperature before'
-;belng tested The samples from the 100‘@ sven were
first placed in a desiccator until they wers cool  _$
 enough to handle and be weighed to determine the dry
Jsample wemght..These samples were then allowed to cool
-iln air until the time of testing. ' ' ' o

i

- n’e’é’#m_ ana- di.scuéé’io#- |

Tables 4.12 (a) to (¢) show the oxygen permeabllity of
'the samples tested measured at the end- of eafh drylng

* phase. The % dryness shown on these tables inalcates

- the proportlon of total moisture removed from the
-;sample at the end of the drylng phase. Thls value is
'calculated as fellows' _ '_ '?f

‘M;tﬁﬁﬁme f4g:"'

D(%) =100Mw M,
. where: D{3) = % dryness; | |
. Mg = - mass of the sample at the time of
R .testlng, ' h'
My, = . mass of sample after drying ét 100
3 °g; _ _ t
' water seturated mass of the semple.ju.:

=
i
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© Table 4.12(a)

LF

Measured oky@an ﬁermeability at the.end _.

of the various drying phaszs, for tha
OPG concretes

e

._;Hix aﬁdf

‘Sample

| Sequence

% nynéés

Measured

_Permeabmllty
;k(xlwm m/s)

_;ﬂ.

% §31ati?e-

;Permeability;  
. (R/Ki)

| | silica
PC1.DL
| }s0 °c

P05

100 °c

'133‘4.f
_ 90.3]

L
.l 146

_125 :

135

les.6
92,5
RN i P
 3710b..

{epc1.p2

As Above

88,5
| 98.0

| 210
215
| 209
: 218.-”

96,3

98.6

100

lpo2.01 |

as Above

P
87.7
187.1
{99.2

1 D.26

0.24
0.42

1 46.3
‘61.5
186,33

100

{ Vacuum
irﬁch '

50 °c
100 “c

{90.0
90,1

B9 .7
99.3

b1
{isa -

153

."155.

91,0

97.4

- 100

P2,V

As*ﬁbqve 

le7.0-
89.6
_3849
 99.7

~|o.26"
. G‘q 49

8.24

0.29

48.9
ﬂg 2 Lo

T 53 l__'ﬁ'
1100

PC2.v2"

'As.Abavé

84.7
88.6
87.9
| e9.3

0.58
0.68
0.72

l1.03

56.2

69.5

100




__mahle-d-lzth)

MEasured oxygen permeabllity at the end -
o of the warious drymng phases, for the
OPC/FAaconcretes

LA

|| sample
I.D.

I Mix and | _
| | Drying
 :Sequence'

% prynéss-

| Measurea
ijermeabilitYV
“k{x10"® m{s) |

=

% Relative

Pérmaabiiity.

- f/(k/klm)

.Sillca .

50 c.
100 °c

_..91.2 -
192.8
92,6

{ 99,5

j'4 iz
la.95
l4.99 -
L ls.oz2

| 62,2

FCL.D2

As Above

91.0

92.6
2.0 -

'_99.8?  _]].

 ?0.47

0.52 -

0.87

 ;~54é° ' '
100

RECE S

1 o |es.a
| 28 mbove -
S POt
99,7

90.9

0,81

0.88

';;25 _

'48,4

65.1

Y7001
100

FC1¢V1

- vacuum

P05

50 .o"c

1BO-PC;_

.'9655

le3.3. =
|s2.8
|99.6

- 0.63
lo.67

1.12

53.8
.5@.3- ?
.| 80,6

{100

FC2.V1

-{ As Above

1s0.2
91.4
180.1
$99.7

0.21
0.27
0.33
0.49

43,3
55.9

| 67.6

100

FC2.V2

| As above

88.4

eo.1

20.3

| o.26

0,24 -

1 _0929' :
] 0.584

48?2.-,
43.9 -

53.9
| 100
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 ‘'Table 4.12(c)

Measured oxygen permeability at the end
- of the various drying phases, for the
OPC/GGBS concretes '

#

:Mix and |-

—

sample

brying .
Bequence .

%_D:ynésé

—

| Measured
Permeability

)

%_Relative"

 Permeahi1ity :
(ki)

91.5
110 .
RESTS
131

89.9 .
91.8
90.8
89,3 .

© .. |silica
Clséipy RO,
150 ¢
igo «

69.9

84.0
ls4.0
{100

Z23%
| 286
244
- 296 -

78,0
96.6
{ 100

89.8
'92.0
90.8°

| 99.3

SC1.D2 | As Above

$2.2 -
{58.2
s0.9
}109 -

'8.15 -
REXEE
19.51
15.6

g :f :33‘3__:.

As Above |50.4
R -9
99.1

"8c2.Dbi, ;

75.13
| g2.3-
84.0
100

52.3
57.2.
58.4
69.5

i 90.2

| 92.9

B -5 W N
| em.an

Vactum -
P,O;
|50

SC1.V1

| 46.8
48.8
48.8
{100

1.98

1.98
| 4.06

{87.3
91.2
90.5.
99.4

‘8C2.V1 | As Above

‘44.5.
55.0

54.7

100

4,38 )
5.41 v
5,38 . U
lo.8a .

88.2
91.8
_90*5:'
99.3

SC2.v2 | As Above
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E The tables shcw that the % dryness ie slightly lass
'_'_than 100% after 100‘@ drying. This is because the
_samples abSQrbed some atmoepherlc m01sture during the '_

._coollng period betveen- removal frem the deslccator and
the start of the permeablllty test.

'-_I'n order*"for 'i:he"eamp'les' with different-pemeability" |
ﬂ'gvalues to be compared, the tables show the- 1nd1v1dua1 1
permeability values: expressed in relative. terme as a
percentage of the permeabillty after drying at 100 %L_

These relatlve Values are shown as klk“m.. S

. VThe follnw1ng observatlons are. made from the data
e preeented in these tables'_ o o

- There is Very little dlfference in the exteut of
o dryness achieved dSlng silica gel or vacuum
 drying. With these. methods, a range of dryness _
':.between 81.6% and 91, 2%, with an average af 88 3% :._
. was achieved. - S e
- The relathely short perlod durlng wh;ch the
"samples were . exposed to P,0; caused further drylng
of the samples with a geherally greater effect
' beinq noted with the lower w/b ratio samples. Ih'
-all cases, the 1ncreased dryness was accompanled
. by an’ increase in permeablllty
- | _iAs evidended by the decrease in % dryness, almost
-all the samples showed a sllght increase in _'
| 'moieture content after being dried at 50 °C for 7
1'daysf This is explained by the fact that the oven';"
ie_air'ventiiated_ahd.is-thexefore eubieqt'tq
 variations in the ambient ‘relative humidity.
01ear1y, the combmnation of long ternm silica
.geIIVacuum drylng followed by exposure to BO;
removed sllghtly more moisture than could be
'removed by drying at 50 °C in the oven used. The



relative humidity'infthé-dven must have been
higher than in the P,0; environment and some. _
- moisture was re~absérbed - 1nto the samplen when _ 
_ .:placed in the oven.?- _ : R .
o ~1_'_ contrary to expectaﬁimns, the increase in the:
| 'mnlsture content of the samples from the 50 °C

. aven Qid. not ‘always manlfest 1tself in a decrease h

in permeabzlity. This 1ncreaSe in permeability
- appears to gceur randomly and only the f£ly ash

samplas reflected the zmcreaSE in five of the six _"

samples tested. Althouqh there are only small
differences .in the permeabllltles measured aftar |
 -P4% and so‘t drying, it is felt that the .
 1ncreases in permeabillty with reduced dryness is’
evidence of mlcrqstructural damage caused by the

'hlgher drylngh;emperature. This damage, 'in the -
form of mlcro—cracklnq, would . have the- effecf e jf
3_1ncreasing the size and &egree of interconnectlon
between pores, thereby 1ncrea51ng the '

permeabllity of the materlal. '

To'indicate.tneteffect of-arying'at-ldo-vc;'the-“
relative permeability values are plotted in Figures
4.17 (a) to (). Thesa figures are separated according
‘to the binder type used in the concrete. In the legend
below each flgure, the permeablllty of each sample
aftar drylng at 100 °C (= 100%) is given in parentheses'
alcng51de the sample identlflcatlon code.

el
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-'Fiqure ‘. 17ta) Femeability of samplas afte:r: various |
_ ‘drying methods relative to permeablllty
_ after 100 °C drying of the ‘ape samples o

_ RELATIVE PEHMEABILITY (%)
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' DRYING METHOD' B
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Figura 4 17 (h) Fermeability of samples after varwus
' dry:.ng methods relatn.ve to permeabllity_
~after 100 °C drying of the OPC/FA - '

' samples
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| HELATNE PEBMFABILITY (%) .
- 400 - IR P

80

50 N----

40

20 BN IN

JNL N RN R . s
SILICA P205 50 100 vacuum P205 50 100
: ' DF!YING METHOD

| ] _'361.::1'_(1311' - mm 3_01.02 (208) 862,01 (15,8)
SCIV1 (89.8) 8C2.V1 (4.08) 'EZZ_I émz.vz- (9.84)

-'Figure 4, 1‘?(::) Permeability of samples after various

| _dry:.ng methods re.lat:l.ve. ko pemeablllty
aftexr 100 °C drying of the OPC/GGBS
samples

The fnllowa.ng observations are made from the trends

_ shown in rigure 4.17: : K

L= Samples in the 1ower permeabxl:.ty range show

small relatiw-:» variations in permeabil:.ty between'
silica gel ¢ vacuum, P,0; and 50 °C drying.
However, this trend is followed by a large
increases in permeahz.l:.ty after being dried at
170 °C. Assuming a linear relationship between
degree of dryness and air permeability®, this

increase cannot be explained by increased dryness_ -

alone, Drymg at 100 °C has caused
nicrostructural damage ‘leading to increased
permeablllty. - - R

- on the other hand, samples in ‘the high
permea_bility range show a much smaller increase
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':in pérmeaﬁility_éftercdrYing at_lob °C. . These
cfxmples clsc show. fairly. unifofmzpcrmaability
values after the Eirst L'ree drying phases. The
-"1nd1caticn here is that the more permeabla the
ccncrete is, the less sensmtlve it is to the
- method of sample drylng. Thzs is possibly due tc '
the fact that, for hlgh permeabllity concretcs,.'
theé permeability is dominated by large,
-_~1nterccnnectcd caplllary pores. - AﬂY mlcrcn
_-cracklng caused by drying at 100 °C would make a
n_relatlvely small cbntributlcn to "opening” the
pcre structure of such a concrete. This would
: translate to a marginal - lncrease in permeability,-
_ a proport.lon of which is due to the increased
. dryness of the material when dricd.atﬂioo°c.g

' The_fésults cbtainéd'infthis part of the investigation
show i_‘_.-t:;at drying the. éamples at 50 °C 'prcduc:es similar
'pei:meab'ility results to that cbtained when the samples
care drled by . "gcntle" means, such as vacuum, slllca gel
or. Pgh. While some evidence of mmcrostructural
alteration was. observcd ‘with samples dried at 50 °C,

- the effect on measured permeability was vefy'small.

on the other hand, microstructural alteration caused by
drying at 100 °C has had a varying effect on the -
different concretes tested. Low permeability concretes
were more severely affectad than high permeability
concretes. With refarenca to the argument presented in
Saction 4.2.3 ;cfer to F:a:re 4.6), drying at 100 °C
has had the effect of translating curve I 1ntc a
'relatlcnshlp similar to Curve IV, As dlscusaed, thisg
may hava the effect of increasing the sensitivity cf'
gas permeability asﬂan'indicatdf of potential
durability tc a'1evc1-where the results become
unreliable. | | -
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'y a. 5 mhe influende of dryzng methad on wate: o s

| scrptivity maasuraman%s s | '
5 _ . _

As discuqsad in Section 4.2.3, there iz only 1im1tad

-Lnfarmaticn in the literature on the effects of drying

~ . history on measvred water absorptlon of concrete. In

particular, there is na information on its 1nf1uence on
- water sorptivity measurements. This geries of tests was

o theérefore aimed at audressinq this lack of informatien -

- in «arder to prov1de furthex guidance on the method of
'drylng samplas fcr the maln test proqramme.;_ '

'Samples from the same cubes as used in SEGt;.on 4. 3 3
}'abnve were usaed in this part of the 1nvestigatlon. The

- samples were also approxlmately 15 mm tnick and were _
"initially air or. vacuum- dried as dlscussed before. ‘I.‘he' .
watex sorptivmty test was - conducted. as described ln '

N Chapter 3 with the plastic tape belng affixed to the

_ samples at ‘the end of the air or vacuum drylng-period.-
ff-Thls drying. phase was followed by oven drying at 50.°¢

: for 7 days and 100 °C for 24 hours. A water so;ptiVlty_.
test was canducted at :tgé end, of ea‘i‘m 'drging phaéa .

_A prublem wvas encountered in that, aftar removal from
'the 100 °C aven, the plastxc tape had cullapsed and was
- no longer usable. Fresh ‘tape had to be affixed and the
'samples wete 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 uample
_ resulting from the frash ‘tape and resin, was accounted R
”for by weighlng the sample before and after the tape :
 was affixed. : -
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_ ﬁeéﬁlté and discussion e

The. results of the water sorptLV1ty tests after the

dlfferent dxying phases are presented in Tdble 4. 13.

| The furmat of the data on this table is similay to that o

" used for Tablas 4,12 abOVe. The relative 5orpt1vity is
'expressad as a percentage of that obtained after drying .. .
at 100 °C. However, because of the need to place the

samples in the 50°c oven for 24 haurs bgﬁore the water

‘sgrptivity test could he conducied, the table shows a.
7considerably lower degree of dryness after the 100 °C

drylng than the corresponding values in Tables 4 12,

A aamparlson of tha relatlve sarptiVl ;en is shown in

'Flgures 4,18 (a) and 4.18(k). As pEE . :a“, %he’-

sorpt1v1ty value representing 1daﬁ - h ey is

' sh¢wn in parehtheses in the legend, angs;&ﬂ tha '
. correspandlnq mix ldentlflcatlon. o ST L

'Thh_resultsqutained indicate that witer sexptivity is

net as sensitive as oxygen permeability to the method
of drying. After drying in the 50°C'oven, almeat all-
the samples showed a decrease in the degrea of dryness

-relatiVe to the silica or vacuum.dryxng condmtmons. _
Daspite th;s decrease in dryness, many of the samplea

showed increases in sorptivity, indlcatlng that the act

of drylnq at this higher Lemperature has marglnally
 inéreased tha water absor, tion characteristics of the
 concrete* ' o

In view of the relatively small ihcrease; it is
possible to ascribe the increase in sorptivity after
100 °c drying to the increased dryness of the sample.

It may well be possible that a portion of this increase

is due to the microstructural alteration caused by high
temperature dryinq, but. this again underlines the paint-
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- wee e r—

that water sorptivity measurements are relatively less

seneit:we to the drying history of the sample than .

.oxyqen perme.ab:.l:.ty neasurements,

4 3 ¢ Influence of the mo:.si:ure ccntent of the oxygen '
) on measured permeabi.lity - -

Lo In order to deternine the influence of the molsture in
- the bot‘b.led axygen on the measured permeahility, a 100

mm high column of fresh s:]1ca gel was interposed 1n _

_ the gas line between the oxygen bottle and the

permeameter. The same sanple was used to- determine

' permeability wrl:h the oxygen. by-passing the’ s:.l:.ca qel

as well as p3531ng through the slllca gel No

_dlfferencze in permeability measurement ‘was noted and it .
C was decided to conauct all tests w:.thout attempt:l.ng ta.
. remove moa.sture ﬁrom the oxygen. )

RELATIVE SORPTIVITY (%)

) ao - M
80

20§

SILICA h e
nnvme METHOD -

] o Mlx No. { 100%) S
B Poi(ZIn Y POz (6.84) E’..:] FC1 {&‘u)
“El Fc2 (6.32) : 'Sm {10.27) 3 sca ts\ms)_

Figure 4. 18(&) Relatlve serptlvxtles after various .
drying phases for samples in: wlallY -
dried over silma gel ' ' '
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‘Table 4.13

Results of water sorptivity tests |
" conducted after various drying methods

[ mix

{ Drying

Sequence

| % pryness

Heasuxéd:L 
Sorptivity
S (mm/hr%)

| ¢ Relative

{8/

Sorptivity

I PC1 -

Siliga

50 °C

100 °C

89.4

| 88.9

92,5

9.82

10.39

12.17

 85.4
| 100

80.7

pcy

;As'Abqve

87.4
87.1

la.60

4.70

§9.3
70.8
100

Il Fe1

‘|'&s above

| 913

los.4

91.3

S .4-_.:9.3 E

5.88

16.84

85.7.

Fez

As Above

91.6 .

89.5

lsad.0

5.98

5.14

6.32 

| 94.6
81,3

100

sC1

As Above

1'89.8
| 94.7 -

90,8

9.99
1 9.97 -
10,27

97.0
100

scz

. Aé'Abové

_ agfs_
'38.5
1'94.,7

| 598
| s.89.
6.75

188.1-

“lo0

84.3

PCL

Vacuum
50 °C
100 ¢

90,4
88.7
93.4

10.05
10.28
11.71

| 8s.8.

87.8
100

I pe1

| S 80.8
As Above

91.7

7.45

7.55
8.80

1 84.7
' 85.7
1 100

sc1

| As Above

92.3
90.3

94.2

"9.80

100 _ o
N e
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- RELATIVE SORPTIVITY (%)
e o) .

80
BO}
40t

S DFI.YING METHOD

MIX No. 100%)
W Fet (a.aoi - " st . sas

- pot (11.7#) |

B ?igure 4 18{b) Relatlve SOIpthltleS after variou-
drylng phases for samples 1nit1ally
vacuum drled I

;4@4f¢onciﬁsions__

The 1i£eraﬁufefreview’and the'lahoraibry iﬁvestigations_
presented in this chapter were 1ntended to provide
guidance on the test method to be used in the main
_research prograﬁme._The followinq conclusions are. drawn
in this regard-
a) it was considered acceptable that the concretes3~"~
| to be tested for ‘this work contaln a nominal 19
mm stone as coarse aggregate, _ ' _
- b) as: a compromise between the requirements of the _
oxygen_permeabllity test,-the-water_absorption |
test and'thefneed_to'obtain.a-measure of the
gradation of properties in the cover zone, a ..
sample thickness of approxlmately 15 wmm wae
selected 7
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 these samples were tc be dried in an air
-ventilated oven at 50‘@ for a minzmum of 7 days
- before being tested,_ o :

VIcare was to be taken to ccntrol the workablllty
~ of the concretes. tested in view of the

sen51t1v1ty of permeahillty to the orlginal water

_content of the mlx,
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'CHAPTER 5
. LABORATORY Invnsmxeawxon AND nnsurmsf"“'

5.1 :Introﬁeotion
This chapter descrlbes the laboratory test programme
f_undertaken to measure the 1nfluenoe of curlng on the
_surface properties of concrete, The obgectives of the
1nvest1gatzon were: : _
(2) to quantify +the effeot of curing u31ng
 permeability and sorptivity measurements as
- described in Chapters 3 and 4; _ .
. (b to quantify the response of ooncretes w;th varylng
' “_ Cmix parameters, to limited moist curlng, :'
(e} to determine the adequacy of using parameters suoh3* ;
| as sorptivity and permeablllty, measured at early '
ages, to predict the 1ong-term durablllty N
'performance of concrete :

'Thls chapter presents detalle of the test programme as
'Well ae the results obtamned together w1th a general
dlscuSSJOR of the resulte and the broad 1mp11cations of_'
o, ving on durabmllty. A more detailed analysis of the®
results and a dlsﬂussion of objective (¢), with a v1ew i
to developing predlctlon models is carrled out’ 1n
chapter 6. ' ' s C

It has been found that the effect of carl - {on on the
surface permeability of concrete is dlfferent for
different binder types. Xropp", dlecu531ng results'
obtained by Bier®, shows that after carbenatlon,_fl
ordinary portland oement (0PC) concretes show a -
decrease in water mermeablllty, while eonorete wrth a
50% ground granula ed blast furnace slaq (GGBS\ content_
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$howed aﬁ upprnximately 600 t;mes 1ncrease in ui~£$§;; |

o permeabillty. This observation has not been reportedﬁ ”#ﬁ“..

. widely and appeats to hold négative implicaticns for H:..\:kﬁu
_ concretes made with GGBS. T R ¥ S
-_Hehce,'a'further'ohjective”ef the test prdgraﬁmaIWas te_'
measure varlations in permeablllty and sorptiv1ty of
jthe concretes tested after a;lowing carbonatlen to take -
'._place. ‘This would allew an assessment of the extent of

the problem obserVed by Bler.-

5.'.7_2' .'Var_ieblee. e_f'-; the :'Pest pr_ogrme' |

_Tbe varlables used in the 1aboratory test programme e;a"
_related to inerinsic factors'“ o
f_;]' binder type, o o S
- nomlnal compressive strength;
'and extrlnsic factors: -
- “extent of early-age moist curmng,

- . depth into concrete fromca surface exposed to .
| drying; and | |
= age at testlng.

theee variables are dlscussed in_mqre'detail below.

' 5.2.1 Binder type = | |

In the selectzon of the lntrlnsic varlables, an |
1mportant consideration Was to ensure that the
concretes tested reflected concretee commonly used 1n
construction projects: in. ‘south Africa.
Three binder tvpes were used as fDllOWS‘. E
- plain OPC ' o
- & 50% OPC / 50% GGBS blend .

- a 70% OPC } 30% fly ash (FA) blend,



5. 2,2" atrength grade

" It was decided to compare the parfarmance of dlfferent"f
concretes on the basis of equlvalent strengths. The .
follow;ng noninal strengths were selected ta gover the 
range of commonly used concretes in. South Arrlca._'”‘ |
- 35 MPa .

- 45 MPa

- - - B5 MPa. | |

'The hlnder/water (bjw) rat‘os requlred to achleve these
;stxengths with the different hinder types were '
determined from Fulton® or. from manufacturer's
 techn1cal literaturem R ' '

_ ag 3 Early age moist cur:ng :
' After'casting, groups of samples were expcsed ta water
curing for i, 3, 7 and 28 days before belng expoﬁed to

'” 'drying conditiﬂna. Tt was considered that water curinq"

. for up te 7 days rapresented the full ranqe of site
--condltlons whlle the 2 day water curinq ccndltlon

_ represented "ideal“ curlnq, which would act as a
"aontrol condition. x '

5 2,4 Depth from the conc:eta surface =

'_Given the cofistraints discussed in chapter & - regarding
ths minimum test sample thlckneas, it was decided to
tes: samples representing depths of 0 to 15. mmy 18 ?b .
50 mm and 30 to 45 mm from the surface of the concr&te.
This also satisfied the requirement of ohtalnlnq a
‘measure of the gradation of properties across the zane
of cover concrete. ' '

5.2.5 Age at testlng

Two test ages were selectwd at which. fhe parmeahility

and sorptivity of the concretes would be dete:mined.

- 28 days - to provlde an early-age measure of these
parameters on which the long-term dhfablllty '
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 performance of the concretes could be based;

- 10 months - to provide a measure of the variation =
. of these properties of the cover concrete with |
- tipe. - e SRR | )

5.3 '?:apexties of the Materidls Used

5, 3.1 Cenment .
- Tae cement used ln tha cnncretea was an OPC fram the

' ::Dudf1e1d plant of Anglo alpha Limited. Thls_was_chosen- 
~ because it reportedly does not contain the pozzelanic

. material typically added to Squth African OPCs at a.

"dbgagg.of-appraximaEeIYfS%.'Thrae 50 Xg pockets were =~
selected”fromzone_day's productian and, upon receipt:at';
the laboratory, a samp e (approximately 800 g) was

. obtained from each pccket and sent to Anglo Alpha's
. Techhical Services Division for analysis. These '
 _ana1yses are presented in Table 5. 1._

Each_pockat,of cement was stcred in an air-tight drum
~in the 1abcratory.'When'hatching cement'for ﬁixing, |
-appraximately equal proportians of the required 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.



'mahlé 5.1: chemical and phy51cal analyses of Dudfleld

OPC used in the concretes.

Pocket Number‘= R

| ioz.
21,05 .

- Cald
~ Mgo
'.Igo..

- Ti0;

S0,
MnQ,
P,05

V,04
L. 0 I

Chemlcal Tests (%)

 Na2,0 7

'_'CI&C&Z__;'.. 

7| 22.03

. 2.68

Q.23

- 0.07
- 0.02

1.20

4.40

| es.00
.'-1939”
0v24

1.69
”Oiél

21,99
4,38
- 2.84
64,79

1.88

0.24
©0.23

"1.53
0.21

- 0.06
0.02

1.10

21.78
;'4q36
2.62

.la99: .
S 0.21

64.43
1.85
0.23
0.23

0.07 .

| Phyglcal testS' o
Fineness (nﬁ/kq) _
_-Vihrated Mortar cube
Compressive Strength:
3 days (MPa) -
7 days (MPa)
Settlng tlmes'
~Initial (min)
Final (min)

S

'51.0
350
425

105

305

35.5
| 55.5

320

395

| 305
35.5

210
315

51.5

' Tabie'E 1 shows that the thrée'saﬁples 6f'0PC-havé”
“uniform. physical and chemical properties. The results
,abtained also show that this cement is typlcal of South

African opcm

wu===_':_



5.3.2 Ground granulated blastfurnace slag

A 50 Kg pockét of GGBS'was obtained.from the
;Vanderhijlpark plant of slagment (Pty) Ltd. The rasults_
" of chemical and physical analyses carried out on a

_ sample from the pocket received,. are presented in Table
5.2. Where. apprnprlate, these tests were conducted in
'accordance with the requlrements of SABS 1491: 1939@

' mabla-s;zr Physicai'andfchémicaizproperties of=th@?
- GGBS used in the concretes

"chemical-éompound () _ - :
- cao. . |30.4

gio, - 358
. T Al0; . " o . | 15.6
B Mgo o o ase
o '?7503(sulphate) f_' | 1.0
L.O.I. . - . 0.5

'Hydraullc Index ) | 1.830

Physical tests.

Fineness (m¥/k4) - 357

Glass content (%) - 98

Soundness expansion (mm) _ 1 Q

= ..,___. " = - o .
«F. T = [ .;o] [Mgol [Aiz 1 s1

| [8i0,].

on the basis of the hydraulic index calculated in Table
5.2, this would be considered as an acceptable quality
¢GBS®. This is a typical South African GGBS and.
_satisfies all-tha regquireménts of SABS 1491 Part 19,

5. 3 3 Fly ask : _
A 50 kg pocket of the fly ash used in. the concrates waa
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supplied byﬁAsh.Resources_fPty)'Ltg.'from the Lethaho-_;'
power station. a. typical analysis of this ash, ) |
- conducted during the perlad when the 50 Xg. pocket was.
drawn, is shown in Table 5.3.
Tghle.s.aéj Typicai_analySiS-of_the fly aSh:used in

| . the cohdretes  . o

Chemical compound (%) : _ _
- Bio, - | | s3.40
CALo, - 131,90 -
Fe,0 o . 3.49
- mio, I | e
P05 E B | 0.54
ca6 S | 4.88
 Nad S B Y
so, | | 0.17
L.o.I. ] 0,43

cléSSification and extraction of'flﬁ-ash for use in
concrete has only recently started at the Lethabo power
statiori. However, these results are typical for South
african f£ly ashes® and satisfy the reguirements of

SABS 1491 Part 2. In particular, the quality of this
'FA is enhanced by the low S0, and L.0.I Valuaa (maximum
allowable is 2n5% and 5% :especleely@*.

5.3.4 nqgregatea .

In the development of the EXPEflmental compqnent of the
‘project, it was felt that optical and electron o
' microscopy techniques could be used to character.se the
development of the microstructure of concretes exposed
to different curing regimes. In addition, there wis the

possibility that analytical techniques such as X~ray
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diffractlon (XRD) and energy disPerslve analysis of o
rays {EDAX}) weuld be used for quantitative assessments.

The use 5f Ehese ‘techniques in the enalysis’df concrete;'
‘is often hampered by ‘similarities in the chemical '

composltlen of the aqgregate snd blnder components of _
‘the materlal In order to avoid this problem, it was

- decided to use a crystalllne silica as beoth sand and
- stone aggregate Thls material wag obtalned frem the_

_Delmae Slllca Mine of Samancor (Pty) Ltd. .

*TUnfortunately, this mine produces crushed smllea for"- N
the glass manufacturlng 1ndustry and is rot equipped te;
provide sand and stone with gradings suitable for
-aOLcrete._It Was therefore hecessary to manually
' separate and reeenstltute various size fractions in

. order to achieve sultable gradings. Details of the-
_aggregate gradlngs and corregtiVe measures undertaken

ggare dlBCuSBed below. -

Sand: A sanmple of material classified by the mine_es
"-10 mm" was obtained and found to have éigrading as
shown in Table 5.4. The corresponding gradingecurve-is
showh in 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 um and 2360 um sieves is much'higher“than'
that required of a concrete sand. Alsa, the material
retalned on the 4750 um sieve contained a large
proportion of between 7 and 10 mn particles.At the
other end of the size spectrum, the sand has a low ~
proportion of the -300 um fractlan,

*t was therefore decided to dlscard all the materlal
rntalned on the 4750 um sieve and half the materlal
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retained an the 2360 um smaVe. These fractions were f'
manually separated using 500 % 1200 mm sieves. The
u“material retalnﬁh on the 2360 um sieve was ‘passed
" through a sand separatar and leldEd inte two haIVEs.
One half was :e-mlxad with the sand while the other
'-_half was discarded. In this vay, approximately 32% of -
the. materlal recemved from the mlne wag discardedy

'-Table 5 5 shows a’ gradlnq analysxs of the reconstztuted
sand while the gra&lnq curve of this sand, after
PMJ-dlscardinq the large size fractlons as discussed, 15
_hﬁ; ‘shown &n Figure 5,1. o

' T&hle.s}ig_ Gradlng analysms of the ~10 mm material asf 

recelved from the Delmas Silica Hine _

: 'fSievé'Size -V o7 | cunulative |  ' 0
i (um) | % Retaineg :%]Retained % Passing
{4750 |16  [16.6 . {834
1 2360 - ]se.2 46.8 1532

‘1180 . - .f1o0.8. . ]87.7 - - }42.3 o
00 . F 5.3 . . le2.s - |37.1 A
300 j18.3 8r.2  |is.s :
150 . - }33.8e - |es.a | 4.9
75 (2.7 le7.7 2.3 0

| Pan - 2. 3’_ 100.0 __r-' .o
Flneness Madulus. 3.60 L .
&



_.Tabie 5;5:”' Gradlng analy51s of the reconst;tutede'
RN ' sxlica sand used in the concretes.- '

sieve size | .~ |cumulative |
(pm) 1% Retained | % Retaihed | % Passing

4750 _-f' 0.o oo - |100.0
2360 - |22.1° °  |22.2 [ 77.9
1180 | 1s.9 380 6240" .

oo - [7.7 -  |4B.7.. " |sB4.3

o0 |26.8 - |72.5 0 l27.5
180 - t20.3 - lez.s . - |7.2
s (3.8 96,7 13.3
Pan - |3.3 0 100.0. B SR

|  Fiheness Mcduiﬁs. 2,71

. Flgure 5 1 also shaws the preferred outer llmits fcr

e gradlng of concrete sands suggested by Fultanm It
~ can be seen that the grading curve of the modified o
”nsilica sand generally lies between ‘the sugqested o |
'_llmlts.- : o

'.HOWever, the gap—graded nature of the sand, caused by a
deficiency in the -1180 +600 pm size fraction, is
evident in the movement of the curve from the lower to -
the upper preferred limits. Whlle this is neot an 1dea1'
situation, the sand was accepted in view of the

- mlcroscopy requirements discussed aheve.-

(:{,
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Percent Passing

100+ — _Fullon's.l.lmun
¥~ Modifled Sand
‘8ol ~ Sand as Recelved

80

40

20

75 150 300 800 1180 2360 4750
Sieve Slze (micron) ~ =~ =

' Figure 5.1: Gradihg'cufvézof the modified silica sand
o in re.ation to Fulton’s preferred grading
limits. '

Figure 5.2: Pho‘l':c':graph' of sand and stone _us(ad,_ showing
particle shape and grading '

'5-1;



i1

- Stone:. Thls fracticn ‘of materlal was cbtalned frcm the -

sillca mine frcm a stcckplle c1a551£1ed ag ¥-25 mm“
'Particle sizes of this material ranged from 25 mm to,.

_“dust fractlcns, thh 87% of the material’ belng retalnede

‘on the 9,5 mm sieve., It was decided to discard all

'material paseing the 9. 5 ™ sieve, leaVan a well _
* graded stone between 25 mm and 9.5 mm fracticns._Flgure:”e'

5.2 shows the sand and stone used in this project.
‘5.4 Laboratory procedure

"Ccncretes were prepared u51ng the materials descrlbed ;

'abcve, w1th binder types and strength qrades as
dzscussed in Sections 5,2.1 and 5.2.2 resPectlvely. All
mixes were de51gned to. have slumps ranging betWeen_BD_'

*and 60 mm. Table 5.6 shows the mix proportions of each. - L

of the ccncretes used in the project. These prcpcrtlcns

”_were determincd on tha basis of trial mixes. The ccarse_"'

aggreqate content of these mixes are cher than would
riormally be exvected becatge af the ccarseness of the
sand used. Alsc, the low fines ccntent of the sand )

~ meant that more sand was requlred to prcV1de the lees "

ew1th suitahle cchesivenecs.



:-:Tablals;ésf ‘Mix proportxons (kg/nﬁ) of the various
B ' concretes used ' .

fwixy | (- -}  |coarse

No. _Water::OPC |72 |cess Agg. |sand | w/b

P f205 [308 |- [~  |soo |1033 |o0.67
p2 |210 l37ze |- |~  |soo  [|e76 |o0.36

p3 |20 l4s1 |~ |- |soo |e23 |o.47

1 | 193 230 |98 |-  [7s0 - |1053 |o.50
CJF2 fag0 [273 [1a7 |- - |780  [1003 |o.49

'F3 |1sa 316 [135 |- |70  |es1 |o.a1

s1 |205 (162 |- |164 |780 {1047 |o0.63

s2 [a202 |17 {- - |87 [730 |ese [o.51 |

Is3 |200 l2se {-  |230 |790 |e37 |o0.43

' Note* w/h water/blnder ratlo'

ki

5;4,2fcuhebsamp1e manufaatura and-stéragé"

34 cubes measuring 101.6 X 101.6 X 101.6 mm (4 inches)
‘were cast usihg each of the concretes listed in Table';
5.5 above. Mlxlng was carried out in a 0 11tre pan )
mixer and the following procedure was used. '

- introduce dry materials into the mlxer in the

 order of stone, binder and sand;

_e-‘__actlvate the mlker and -add the wafer over the
_ fFirst minute of mixing, _

- mxx for:a_further two minutes;-

- At the end of thlS mlxlng cycle, the mix was manually
_ distrlbuted in the pan using a hand-held scoop. This
' ensured.a unifarm.distribqtlan of the material as,some
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: -_segregatlon was noted resultlng from the operation of

 the mixer, A standard slump test was then conducted and  -

" the slump value was xecorded to the nearest 5 mm. These'
values are glven in Table 5.7 below o

tahle 5.7t Measured slump valuea offthe'various_hixés

| Mix Number Slump (mm) C
e otz
. SR SO P
' - les . lao
HFL 50
F2 |45
¥3 . |48
51 . |eo
83 . 40

' The cube moulds were. fllled in two layers, each layer
lcompacted by holdlng the mould onto a ‘high-speed
vibrating table for appraximately 30 seconds. The
filled moulds were covered With_pla5t1c75héeting and
placed in a roon where the temperature and relative |
humidity was controlled at 231 °C and 65+5%
respectively. - '

Samples were de—mbulded after'22+2 hoﬁrs and thgn
subjected to the following curing ccndltlons. _
(a) in air at- 23%1 °¢ and 62+5% RH for the entiﬁe
period up to the tlma of testing; .- e o
(b} in a water curing tank at 22+1.“c for the next 2
- days, then as for (a); w -
(c) in the water curing tank ﬁor the next & &ays, then'
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o as for (a), - . o .
(d) dn the water curing tank for the next 27 days,
. then as for (a} ) ' ' -

-Hentﬁ, nominal water curlng perlods of 1, 3, 7 and 28
days Jere used. These curing periods were- chosen on the"
_.basir~ that they represent the follawing Dn—Slte |

a_condltlons respectively-'_ | o .

- “ponr curing; formwark ia remoVed approxlmately 18

- hours after Lastlng and the concreie is alloWEd tof
dry with no- further actlve uuring applied,

- ‘average ‘curing; this is conSqured to be the S

‘extent of curing achieved on nbst Sauth Afrlcan o
_"7construct10n 51tes and is probably abhleved with -
... the correct use of curlnq carpounds,i; ’

~  good curlng, this is the’ extént of curlng called
. for by the specificatianm but is seldom achleved

‘on site; it would normally be achieved by water

. pondinyg, water spraying or’ p“astic wrapplng of the -

concrete element,_g ; -

- 1deal curing; this duratlon oL curlnq is rarely
| fzachleved intentionally and serves as a control ;or

' reference with which to compare the effects of the
‘shorter curing durations; it would also be -
achieved using the methods as for good curJ-._ng;

The 34 cube samples of each mix were dividéd 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 stféngth testing at two ages
and one cube of each mix was cast to monitor the
-pfbgress of the depth UfICarbonatioh with time.

At the end of the stated leSt curlng perlod, the
appropriate samples were rehuved from the water curlng
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tanks (cr demoulded, in the case of the 1—day carzng"
perlod) and transferred ta the. drying ruam. The .
;f'temperature in this room was controlled at 231 c
_“uslng an air condltlonlng unit and relat*ve humadity 
was controlled at 62+'% using a robmwtamperature '
 Ehum1d1fyLng unjt. The humidifying unit was only
operatlonal durinq‘the characterlstlcally ary autumn.
ané w1ntar months 1n Johanneshurg.  '

'-_@;bxe's;s, ',Number offdﬁgé'samples“used.fof the
o ' wvarious tests |

e s i
| AR | No. of Cubes for Curing Regime
':Permeability'and“”' Tﬁfz_ -
.QSOrptiVLty Tests at.'ﬁ'_ o S o '%ﬁ

‘28 days 12 2 2 12
12_-WE.E-‘]{E_- 13 5 2 o, |
10 months |2 |2 2 |z
'Compressivs N .
Strengthhat: S A 1 |
. . z8days |- |= = |3
carbonation |1 |1 |1 {1

Theae aamp1és were surface dried and four contiguous
surfaces of each cube were coated using a watervhased
' epcxv (sold as “Wetseal" and supplied by RFK
Industrials). The four coatad surfaces included the top
and bottom surfaces as cast (see Figure S. 4) and were
arranged such that drying of the cubes took place -
-through two oppesite, formed_faces,-Two_coats_af the
epoxy Wwere applied, with the second coat being applied
approximately 24 hours aftev the first. '
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When thé second coat bf epoxy had aried 'thé samples
were placed on shelves so that one of the uncoated
surfaces of each cube faced outwards. The cubes were
arranged with a spauing of at least 50 mm between
nelghbourlng cuhes. 2 contmnuuusly pperating fan, set
on the opgp51te .end of the room in mglataon to the

- position of the samples, ensurea mixinq and movement of
~the air. However, the. effect of the fan was not large
-enough to cause wind effects at the . su*faca of the
samplbs, Wthh would have accelerated the drylng
proqess The - arrangement of the samples on the shalvas
is shOWn in Figure 5.3, ' ' '

Figure 5.3: Arrangement of cube samples on shelves in
the drying room.

5.5 Tast Methoas

5.5.1 Compressive strength tests
In order to characterise the mixes in compressive

Bl
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-strength tékms, three cubes were prapared for teatlng
in compression at 28 days under atandard euring
conditions. Cube compressive strength tests under .
gtandard wet curmng condltlons were also conducteu at
10 months after casting so as to monitor the strength
- development of the different concretas and the
influence that this may have on their durability
3performance. Tests were carrxed out in accordance w;th
- SABS method 863% using an Amsler compression testing
 machine with a capacity of 2000 kN. Ali sﬁmpies ﬁera
weighed in a saturated, surface dry condition to an.
accuracy af 5 g before be1ng tested.-

.52 nur.'ability' ix’xaiax tésf.la:

preparatmon of samples for durabilmty 1ndex teating‘ at
the appropriate tlme ahter casting as 1ndicated in
- Table 5.7 ahove, sufficient samples vere 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 & 70 x
100 mm prism was cut from the pube so that the drying
faces of the cube formed the small faces of the prism.
The front. end of the. core or prism, with resp-ct to its'
orientation on the shelf was sliced to form disks or
"tlles" representing depths of 0 to 15 mm, 15 to 30 mm
and 30 to 45 mm into the concrete. A 2 wm thick,
continuous diamond grit blade was used for cutting
these slices and the actual thickness of the sl;ces
varied between 13 and 15 mm, depending on the
straightness af the drllled core, ¥ gure 5.4 shows the
" method of coring and outting the cuba samples. The
prisms and "tiles® were orientated in the same
direction as the core and disks respectively.
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IVEigure's.G: Methpd_of;cutting Aha”cofing cube saﬁples

"The slices were then transferred to a 48&2 W: | _
Ventllated oven (nomlnally at 50‘@) to be dried for 7 _
'Zdays before being tested. Tha “pack ends of the cores or
'prlsms were alse placed into the oven and retained *n '

'¥._case repeat tests were requlrad.

_Qxygan permeability. At the end of the oven drYing o
period, the slice samples were returned to the drying |
room and treated as follows* - ;
- immediately weighed to an avouracy of 0. 01 g to

determine the 50 °C oven dry weight;

~« . ‘left in the room f‘ﬁ_appraximatgly one hour to
‘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 oriéntated in the permeameters
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 such that the outer face of the sample (with respeét'to'
the direction of dryinq} was on the qpstream side of
- the directlon of axygen flow. '

Some of the?é%rly samples tested, for which 70 x 70 x
/100 nm prisms 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 usinq the silicqne rubher
-”7_collar sealing method._ -

. A bank'of 12-permeametér cells was built fdr"thiﬁ'part';'
" of. the test programme. Because of the casting sequence,
it was ofteﬁ necessary to test more than 12 samples on

'-ﬂ_¥the same day. Thisg neant that some samples had to be

kept in the 50 °C oven for longer than 7 days. It was
' felt that thig would not signlflcantly affect the
“results of the test, since the samples reached uniform:
'moiétureJcbﬁdition at 7 ﬂays'(référ to Figure 4.7 in _
. Chapter 4). Algo, because of the low relative humldity *
“in the oven, it was considered that no further
_'hydratlon would take place if the samples were left in-
'the oven for 2 period 1onger than 7 daya.

- Water sorptiV1ty. At the end of the oxygen

' permeability tests, a 1ayer et epoxy was placed on the
circumferential surface of the disk samples and a
length uf plastic tape was applied to this surface to"
form a 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
hours after the epoxy was applied and then transferred
to the 50 °C oven for a further_lz'hours;'

In the case of the samples tested for permeability
uaing the PVC ring and epoxy method, a reservolr for
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~ the water sorptivity test is formed by the epoxy on the

5undersida of the sample ‘(as permeability tested) and no | _:.

further preparatlun was required. These samples were
therefore placed in the qven dlrectly after
permeabxlity testlng. : :

Thé water sarptivity test'was'then conducted . és
~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 absorptian and were then vacuun gaturated
to determine their apparent porosity values and this
was folluwed hy drylng at 105 °c for a determlnation of -
_:'tha dry weight of tha samplea._ R

5.5.3_Depth af'carbﬁnatibn |

' For all mlxes, the depth of carbonation was measured at
10 months after casting on mamples cured as shown in
Table 5.7 above The rate of carhonation was not
accelerated and the samplas tested were stored

alongside those subjected to the durability

”characterlsation tests. Samples of the GGBS and FA
concretes were again tested for carbonafion depth at 20
months after casting. Samples of the plain OPC and low
strength ¥a concretes were inadvertently discarded
~after the l0-month measurement and the zo-month
measﬂrements are therefore not avallable.

A solution of 1% phenolphthalein in alcohol was sprayed

onto a freshly broken surface of the concrete and the
ocarbonated Zone was lndlcated by the absence of colour
change of the cement paste phase. Flgure 5.5 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 was achieved usmng a- 1aadinq platen wath a |
welded 10 mm mild steel bar, on the. top and bpttom of’ '
- the sample as shown 1n ?igura 5. 6._

Surl‘ace used: ior
" 20«month -
carbiotigtion

anuramnnt

_ Undergide . .

- goated alter
- fo-month
break.

Burfan used for.
10 month pr
cachoration ™=

- meseyrement § -

. ‘Un-ooated surface ':

Figure 5.5: Conorete cube used for depth of. |
' -carbonation determination at_lo_andezo-'

The depth of carbonatlcn was aetprm;ned by taking the )
_aVeraqe of three measurements of the depth of the
' unceleured zone of concreta. These measurements were
" taken from the surface of the sample which faced |
.outwards when StOLEd on the shelf. The depth of thls
zone was measured to an accuracy of 0.5 mm using a
vernier calliper. Obvious dlstertlons, such as the
'presence of aggregate particles or air v01ds near the
surface, were avaided when the three measurements wera '
taken.
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o

Fignre-s;ﬁz Hethod of breéﬁing cube segment for depth

of carbonatlon determlnatlon

W

5.6 ﬁe5u1§s_and_bieeuseion"”kﬁ -_{ o

'3Tab1e 5. 9 ShOWS the average. compressive strengths

obtained for al’ the mixes at 28 days and 10 mornths

'after castlng. Each value shown in thls~tah1eu

represents the average of three individual cube

'-ccmpre551on testa. The 1nd1v:dual re 1ts of sampie -
mass and failure stress are nreaente in Tables Al te
_'As in the Appendix.'s_

T
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 mable 5.9:  Average compressive'strengthé of the _
|  various oohoretee.at'as.deys and 10 months

o

_Im W_—=—-.mﬂ
| Average CGmpreseive Strength (MPa) at._ '
fas days R T monthe e
130.6 52,7
47.7. . |e7.3.
59.4 o |79.6.
1#a  f30.3 | ]
¥ - 453 ] 73.3
les . -{58.6 -~ - |89.5
st |37 |s2.1
s2. . |39.4. - | e3u7
'83°  "fs3.2z - |80.0

RtThe results shown in Table 5 8 are shown graphloally :
in Flgure 5.7. It should be. noted that the mixes were:
intended to be designed for zs-@ay ta:get strengths of
3%, 45 and 55 MPa. Given these target strengths, mix PL
was'overhdesigned for strength, whmle mix F1 wvas under-'l
de31gned to appr021mate1y the same extent. On the other .
”thand, mlx 52, Whlle alao being un&er-deelgned, appeare
‘to be anomaloUe gince decreasing the w/b ratio from
0,63 to o, 51 has only effected a strength 1norease from
37.1 MPa to 39 4 MPa. '

osiFigure 5 8 ShDWS the strength reeulte plotted agaznst
~ the w/b ratio. In oomparxson with the other curves in _
this figure, the curve for the GGBS- concrete strengthe
- at 28=~days shows that the anomaly is caused by the 81 '
tfconorete showmng too hlgh a 28 day strength value.
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8ot - - [ S A }.}...;?;'"lf}fﬁ-fizfg;f-L;ji'ﬂ{_-.
| soup LINES = LOW STHENGTH CONCRETES " -~ x |

DOTTED LINES =MEDIUM * . % <. -%7 .7 o

60 DASHED LINES HIGH " =m o T |

* Compressive Strength (MPa)
B

1MONTH

. 132 -'i   ._.. o 10 7;';.;. _= iaj 100
|  Time Aﬁ:er Castlng (Days) - Log Scale

" :l?-ig'_ur:e' 5..7___. cDmpre.ss:Lve. strength of the. ccmcretes at 1 and 10 months after c:a.stlng
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100

Compressive _S_trengt.h (MPa)

'§+01=czad ~ “opciomth  KOPCFA28d

= OPC/FA 10 mth ~ XOPG/GGBS 28d ¥~ OPC/GGBS 10 mth
0 e e
04 645 05 _ 085 06 . 0.65

' rigura 5;3§Q'28 day and .10 month strength vs. w/b ratio

- an expected value. In the abgence of any evidence of &n :
‘error in the mixing or tastlng of this ‘concrete, the
result can only be accepted as_anomalous. The_posslbla.

'm0 10Months =

)
s

B
Q

Water/Binder Ratio

'*cufves for'the differgnt binders tested'

If it is assume& that the shape of the w/b ratlo vs._
strength curve for the GGBS concretea at 10 months is
also obtained at 28 dayq thén the strength value for
the 51 concrete reduces to 34.6 MPa. This implies that
the streéngth of the S1 concrete is about 2.5 MPa above

effect, of this Yerror" in the assessment of the

compressive strength of the S1 concrete, in relation to

the measured durability parameters, will be discussed
later.. '

=26

07



'--isiﬁ;é-Okyéeﬁepermeahiligy-gt-Ze aAYe_afte#.deeting

'f'The average reeulte ef oxygen permeability obtalned for
- the various concretee at 28 days . after casting are

: Lpresented 1in Tables 5. 10 to 5.12 below. In these

ftables, the coefficient of permeability is quoted to 2
) significant figures. indlvidual results are presented
.in Tables A‘? to A9 in the Appendix. '

-At | tne"time. 'tnat the zs-day tests wére undertaken, the .
_-problem of the variability of permeability measurements
 was not fully appreeiated. As a result, only two
) samples per combination of mix type, ouring regime and33g
depth into concrete were tested initially, as shown in
'~Tahle 5.8. The permeability values presented in Table i
5.10 therefore generally represent the average of two. '_
imeaeuremente and, in some cases, the result of only one

' test. Some results had to be digvarded because the test

”sample had a crack or flaw through the thickness,.. g

- causing a Fshert circuit" F for oxygen flow, These ..

effacts were easily identified as reeults showed _
':unusually high permeability values. When this’ problem
was recognised, it was decided ta dispense w1th_the 12-
‘week tests in Qrﬁatheszovide-adeitionai-sempleéffor -
 the 28-day.and 10-month tests. Tables A7 to A9 in the'

: appendzx indicate which of the results in Tables 5.10
to 5. 12 represent the average of three 1nd1v1dua1 test
relults

. B=27



':l'a.bla 5. :I.n. 8-day oxygen permeab;.lz.t.y (x 10“‘ m/s) of
h the-. OPQ concrete.s _ N
e e = : = hﬁg#=

Extent of . ‘Depth into Concrete (umm): -

| curing (Days) [0 to 15 |15 to 3030 to 45

vt a2 2 0 jas
p1 {3 . - |37 o la.e 0 |36
'-28._: . 'f . O.?U= o 0.74 . ' 3'2 'f:,

ol BT I & 0 S ¥
pz (3 2.8 f1e 0 1.8
{7 Joe2 098_3'-__11-'

Sl fees o 53_._ Nowez




- Tﬁ.hla 5} 1.1.3

' _Extent of -
K e'.

| curing (Days)

R

ST
Ao

28-day oxygen permeahlllty (x 104°nus) of

‘the GPC/FA concrefes L _
e AT

Depth 1nto cauﬁrete (mm)'

0 to 15

15 to 30

130 to 45

|28

|1
3

ez
9.8
'3;3 .

'319'
18

3.9

| 4.5

"4,5f“ﬁ

10

1.9

- F2

| 28 -

: 7 g} ~

0.76

|27
| 1.7

'-0,39 B

[

{1 6.4

'“'9-411_

F3 -

28 -

3.8
.-“0€34 L

%;25 "

133
l11.0
0,29
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Table 5.123.

;

" 28-day oxygen permeablllty (x 10“ m;s) of

the OPC/GGBS Concretes
'_Extent of Depth into Concrete (mm)
Mix | curing (Days) 0 to 15 |15 to 30 30 to 45
1 sz |26 25,1
N 16 12 11.5
e 28 13.7 { 3.9 3.6
u_ 1 12 11z 12
82 |3 4.6 4.2 5.3
e K 123 - e |37
28 o.85 = - |o0.59 |12 -
| 1 . 6.9 8.1
83 |3 2.4 2.4 1.9 .
7 1.2 - l1.3 1.2
e 2.0 ﬁ-z. _1;5._QM-
“Flgure 5.9 shows the'oxygen permeability fesults for
the P1- concretes for the three depthe from the surface

_and for the various extents of water curing con51dered._
This flgure shows a dramatlc decrease in permeability .
when the extent of_momst curing is-;ncreased from 1~day'
to 3 days. However, the linear scale used for the
permeabllity axis, obscures the dlfferences obtained _
for the dlfferent depth slices and Figure 5,10 shows -
the same data with the permeablllty axis in a 1og '
scale. The differences are now shown mere clearly and,
for the rest of this discuss1on, a loq scale will be:
~used when presenting permeability data in graphlcal
form. all the graphs also show the 28-day, fully cured
compresslve etrengths and w/b ratios ef the reepectlve
concretes. ' '
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- 35 Goett, of Per_meéblu-ty- {(1E-10 m/s})

30F S L Binder Type: OPC
_ T w/b Ratlo: 0.87
25| S \ : S 28d strangth: 39,8 MPa

‘20
15/
C10r

T e D
Extent of Water Curl'ng (Days) R

Depth Into Gancrete

' 0-16 mm e 30‘-45 mm

- Figure 5.9 Permeabillty s, extent of moisﬁ curlng'
R for the Pl concretes : _ -

 Goeff. of Permeability (m/8)
- 10oE-oB———————— _
N ' ' BIndorTypm oPG .

B : w/b Raflo: 0.87
28d atrength: 29.6 MPa

1.0E~09

.~ 1.0E=10

Extent of Water Guring (Days)

Depth Into Concrete :
'15-30 mem - §0-45 mm

.- 0-18 mm

Figure §.10 - The data ghown in Figure 5. 10 with
permeability plotted on a loq scale
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Coefl. of Permeab:lltv (mls)

' .1.05-08

E Binder Typa« OPQ
_ T .w/bH Rat!~: 0.56
o - - a4 utronut o 47 7 MPa
10E-09:

'l. ] IIIHI_I.I

 1.0E-10

1.08-11 P T
B - Extent of Water-.CQri_ng_(D'ays)

_ Depth Into Goncrete
R ¢ 0-15 mm 15-30 mim

.I'ig'ur_e 5.11 Permeablla.ty VE. extent of moist curlng

far the Pz ccncretes

Goeff of Permeabihty (rm‘a)

1.0E-09 _ _
Binder Type: OPG °

wib Ratlo: 0.48 -

28d strangth: 59.4 MPa

LR

1.0E-10

1.0E-11 -5

" a
‘Extent of Water Gurmg (Days)

Depth lnto Gonoreta

-o'-w'iﬁm SN 15-30 mm  £] 30-45 mm -

F:l.gure ‘5. 12 Pemeabillty v, extent of mo:.st curing
. for the P3 concrete,s
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coeff of Permeab;llty (mls)

EEENT

1.0E-08

013K

JE-10

1 4 balien

OFG conoaerass OXYGEN psnusamuw L

‘w/b = 067
d0.8 MPa .

wib = 068
47.7 MPa

1.0E-11

, 28 1.3 7 28 1
' Extent of Water Curmg (Days)

Danth mto concrate

'\\‘m-\: 'ra ao mm EZJ so TO 45 mm

Figura 5

13 cOme.ned results of ZGvday oxyqen -
permeabllity for the OPC concre.tes

Ooeff. oi Parmeability {mla)

. 4.0E-08

 1.0E-09

AN ARIIT i

1.0E-10

L EERyeIN

e [RE

-t

L .
4

m .
R :
ey

—t

1

. Pigure 5.

TD'la OPG, 0% FA GONGRETES OXYGEN PEHMEABILITY

" w/b + 0,59

wib s .49
‘45,3 MPa - . )
wib s 0,42
58,8 MPa

18 7 28 -
Exten*t of Water Curmg (Days)

Depth into COncrete

01O 15.'m'm 15 To 30 mm III 30 TO 45 mrn

:1,4 Combined re.sults of 28-day oxygen
permeahllitg for the Fa c:onc:rete_s_

5&53 :



Goeff of Permeahil:ty (m/s)

. 1.0E-08

: - 80% opc. 50% QG389 concnsress OXYGEN BEwenmuw
_ o “w/bi = 061 _
1.0E-09 3 48,0 MPa '
. i L réihe w/b = 0.48
o g . : 53,2 MPa
: N|
: \
. N . ::
10E-11- -

T 28 | 1
Extent of Water Curing (Days)

_ Depth into Concrett :
doto B mm. N5 T030 mm Eiso To a5 mm

R _figufe 5.15 _COmbined results gffzaeday:oxygen
. . permeability for the GGBS concretes

_Figurés 5.11 and 5.12° show the form of the results
obtained for concretes P2z and P3 respectively plotted

" as in Figure 5.10. In order to allow comparison across
 the strength grades of the OPC concretes tested, Figure
5.13 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 '

_ respectlvely.

From these figures it can be seen that:
- the extent of moist curing has a marked effect on
the oxygen pe.me'abil'it.y of all the concretes. o
. curing for 28 days can cause an up to 50 times
decreabe. in the permeability of surface concra’be _
when compared w1th only one: day curlng,
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“inerea51ng the ‘duration of curlng frem 1 to 3 days7
' appears to effect a better proportlonal N
:1mprovement in the 1ow and medlum strength 0PC |

' congretes than in the case of the cerrespanding
.=0PC/GGBS and OECJEA concretes. This is probably

ff-related to the slower rate of early hydration of
the FA and GGBS compbnents, B : _
' wlthln s;mllar ncminal strength. grades, the OPC/FA'

- blend generally showed the lowest oxygen

'permeabllity after 1. day of curing, while the
~ OPC/GGBS cuncretee generally gave the highest -

o permeablllty results for the same degree of

curlng, however, these dlfferences appear to be B
_siqniflcant only for the 28-day cured samples,

“e; although a- number of samples show. hlgher

_permeability of: the surface Sllces Q. pared with
the internal Sllces, there appears ‘to be no clear

. trend of decreasing permeability with depth.-This-.e_ﬂ.e

j'1nd1catel that the effect of drying on the _
f}permeablllty of covercrete is elgniflcant up to a
-_'depth of at least 45 mm. : ' -

i

. Bome of the permeabillty results shevn are anomaleus
'since the expected order of values is sometimes
 reversed. This is probably due to the high variahilzty
of the permeability measurements as discussed in -
Chapter 4, ' '

5.6.3 Oxygen permeability at 10 months_after.egsting:

The average results of oxygen permeability'meaSurements_
obtained for the various concretes aﬁ 10ﬁm¢nthe*after

' casting are presented in Tables 5.13 to 5.15 below..
Individual results are presented in Tables Alo te Al2
in the Appendlx ' '
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-T’af.'h_ig. 5‘.1’3’* 10-—month oxygen nermeabllity (x 10"" ml 3)
o ' of the oPC: concretes o

 ¢Extént of Depth into cancrete (mm)

Mix 'c::uring'(ﬁays") 0 to 15 15 to 30 | 30" \to a5 ||

]t B -7 o 18- . kY :
P {3 - - |55 - }B.a3 . |s.1
o f 3.4 0 :"3'-1[‘ 3.0

28 ' f1a 13 fouss

{9.6 ~ 7.9 le.u7 .
3.2~ las- 0 |3.3
RESTRRERE b O%-S I W %, 2.9
g le77  loss  lo.7m

AW ]

8.3 ,-"* 8.7 '_*;:1I
3.1 |42 [3.7
. . lxr 0 liss o i]1.e
{28 - fo.ez - |o.75  [o.74

122

~J W =Y
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- Pable 5.14; 

of the OPCJFA concratas

10-mnnth oxygen permeabllity (M Wm”m/s)_

‘Extent of

-

' Dapth 1nta Concrete (mm).

'o to 15

15_to"3Q

30 to 45

F1

... }28"

curiﬁg”(ﬁays}

21

|15 -
7.7

|20
| 15

6.8

1H19.; _
(6.2
19.5

I r2

28

13.1
,._33’0

0.47

1z
1.5

0.52

11
3.1
_ 1 7
'.0 56

o

|28

4.7
1.7
lovsz

|o.38

1.6
0.61

'4;9'
| 0.33

537



 _Table 5;15;,:1d~month'nxygeh”pefﬁeability (x 101 m/g)
B ~ of the OPC/GGBS Concretes - |
DR o it kAo

| Bxtent of - | Depth inte Concrete (mm):
| Mix | curing (Days) {0 to 15 |15 to 30 | 30 to 45
B N 71 |43 |aa
st {3 23 jis |25
7z {62 tae . [7.4
28 le ez 4.5
i C 15 1 |13
s2 |3 . |47 4.6 |57
|28 - 2.9 o |2.4 3.2
83 {3 L 12.3 . - 2’.._5_. 2.2
2 j1.8 . fi.4 1. 3'
- _ i W

. These resuits are also preséﬁted:gfaphically in FiQﬁtes;
-~ 5.16 to 5. 18 below, ln the form described in Section
:_5 6.2. The results show that, after 10 months of drylng
in the controlled atmosphere roon, the relative effects
of the dlfferent degrees of moist curlng are larqely
unchanged. Given the conditions: of exposure of these
samples, the effects of 1nadequata 1n1t1a1 curing on
the cover concrete are therefore not: reversed with
tine. However, it appears that at 1o months the .
permeability of the surface and internal slices tend
-towards. the same Value for a given concsrete type and
curing condltlon. Hence,_the absence of a declining
trend of permeability with depth from the drying face _
is more marked after 10 monthb of air drying than at 28
days after casting.
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' Goeff. of Permeahuiity (rm's) . g )
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108103
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__15 TO aqmm | IZIao 10 45 i n |

50T015mm:

Figu:e 5. 13 Comhined results of 10—month oxygen e

permeabn.lity for the GGBS concretes '

5.6.4 Water sorptwity at za daye after easting
'I'he average results of Water sorptiv1ty obt.ained for

'the various concretes at 28 days after cast:.ng are - .

presented in Tables S, 16 to 5.18 below. In these.

__._tables, the water sorptlvz.ty values are quoted to cme

decimal place. Individual resu}.ts are presented :.n -

_'Tables 213 to A15 in the Append:.x. :
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s-day water sarptlvity (mm/hr“j of the

Tablé 5.16: 2
o OPC conqretes

of Extent of

1 euring (Days)/

lnepthfihto

Concrigte : (mm) :

0 to 15

15 toj30

130 to 45

;Pl"

oWl _'l'-*'

) i,
57

3z2.0
22.4
'1_f15 1

10.6

1

]24.8 %
3.0
IS O
”;ig;l_

| 22.4
| 14,4
11657

i P2

{10.0

24,2 .

V_;GJB

13,1

'”15;3.;-_
10.4

| 9.3

9:4-

114,10
9.4
191
9.1

P3

9.6 .

21.6 -
15.5
1 13,0

-iz 3
9.3
;@.3;4,
e

Jz.s
9.5

:_9‘.__1_ .

[a.6
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Table 5.17

-

M
: '|

UI

s-day water sarpt;vmty (mm/hr“) of the FA

ccncretes

"Extent of

:_ Curlnq (Days)

| ngpth' into Conarete (im):

0'to 15

15 to 3b"

F1- |3

| 26,8
L les.a

19.9
11s.4
l'11.6
7

13.5
11.2 -

18.0 '

ez {3 .

|85
{10.6
8.5
7.85

17.3
1o

la.s .

7.9

3|3

| 4.7
, {10.7
e

 '1356 :

| 8.8
.:5{9 ,,'
8.1 ‘

s o
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-'Tahlé_s.ia; 28—day water sorptlvity (mm{hr“) of the
o : 3GBS concratas ' :

_-Extent;of _ Depth into cgncrets (mm)._;
”f;-Mix curinq:fbays)' 0 to 15 - 15 to 30 30 to A5
Tl lase saz |sis
lsx ys 22.4 16,7 - | 16.0 -
2 14,7 S 7.7_ﬁ 8.2
SR S je28.a3 o |18z |1s.1
's2 |3 - Jie.3 - |e9.8 9.4
7 fa3.e o feis 11044
128 |12.6 | 5.5 EET
B 25.4 - |17.3 . |1s.8
I 83 3 |12.0 . j8.7. |7.2
N A Ctaz.i 7.3 [6.4
. 28 o 14,2 e |63

These results are shown graphically in Flgures 5. 19 to .

'.__5 21 below. Here agaln, the results for the. concretes'

. w1th the same . blnder type are shown an the same figure.

 'Tha followxng p01nts are noted from the water

sorptiv;ty results: '

. = The extent of moist curing has a cons;derable _

_ effect on the water sorptmv;ty of cover concrete.

. Howaver, ; 1in numer:l.cal terms, the response of .
'sorptivity to changes in molst curing is lass
marked than in the case of oxydgen permeabillty..
For a given concrete, the largest difference in
sorptivity values after 1 day and 28 day curznﬁ is
'a factor of approxlmately 3.
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., Water Sorptivitv (mmlhr‘o.ﬁ)

a0F - opo coucasrsau VATER aoap'rwlw

88} . : | -
C80F 7 wme087 . w/b=068 - - w/b=048

. 25F [k evemPa . an7uPa
o} g g "

BT
o

7 2 1 38 7 28
. Extent of -Water Curing (Days) -

..
O
.

o Dentn into concrete _
ototsmm NN 1570 s0mm EZZI ao ‘ro 45 mm

F:!.gu-":a 5. 19 CDm;’b:med results of za—day water
| sorptivity for the OBC concretes '

Water Sorptivlty (mmlhr"o.s) s

45

40  30% FA, 70% PG CONGRETES; WATER soninw
© 85F wb=058  w/h=049 . w/be042
- ggl . 8%o0aMPa . 458 MPa’ - 588 MPa

1 8.7 28 1 a 7 28 1 8 7 28 .
' Extent of Water Gurlng (Days) ' '

. _Depth into concrete ) :
o mm NN 1570 30 r’nrn | EJ 30 TO 46 mm |

:I?:.gu:ra 5.20 c:ombined results of zawday water
sorpt:.v:. by for the FA concretes
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45 Water Snrptlvity (mmlhr“‘o 5)

'40 = 50'35 GGBS. 0% OPO CONOHE?ES‘ WER BOHPTWITY

ask I - e R ¢
ok fwh»bja-_ ' '-wm?nﬁt ' wmaoAs
\{a7amMPa 480 MP2 " B32MPa

1 M * s 7 28 A 3 7. .28
Extent of Water 0urmg (Days) )

Dspth Into Concreta .
_ 1'0 15 mm. M-Is Tosomm [Jso 1‘0 45 mm |-

Figure 5. 21 Cmeined rasults af 28-day water ?_
_ sorpt1v1ty far the,GGBS concretes

At this stage, it is difficult tn interpret this
‘as an indidation'of 1ower'sensitivityfof’the- |
sorptivlty test. Such an 1ntarp‘etat1on will -
. depend on an assessment of the test in predicting
- actual durablllty performance of the concretes. _
- For the depth 0 o 15 mm from the surface of the
| conorete, the OPC/GEBS concrete showed the highest
water sorptivity with the opc and OPC/FA concrete57
showing similar results, ' '
-  Por the 15 to 30 mm. and 30 to 45 m depths, all.
' three binder types showed s;mllar results for
_ curing periods 1onger than 3 days. o
= The surface slices showed higher water sorpthl%y
| than the two 1nterna1 sliues, which gave similar
: values. _
- An unpxpected observataon is that with 28 days of

5#45



' water curing, the GGES concrates Stlll shnw S

- considerahly greater sarpt1V1t1es for the surface:_“ 

‘'slices than for the 1nternal slmces. The reason -
for thisz is unclear and’ may require further
+ . testing to conflrm the observation. .

. _—'r' For a given binder type and depth into conarete,
. with continuous curing up to 28 days, the water
_sorptlvity tends towards the same value fcr all
 “the strength grades tested. This is probably due
¢ to similar extents of caplllary discontinuity

" - peing achleved for. the 28~day water curlng
_'condltlcn., IR ;gf__- _ B ﬂ_:r--

© The results shown in Figures 5.19 to §.21 are less . |
érratfdland the trends are. clearer than the results of
the puygen permeability tests. This is probably due to

the fact that bleed vaids and other macro defects have'”"

a smaller effect on" the rate of watar absorptlon tnan
on air permeah:llty. R

5;6,5 Water sdrptiviﬁy-at_id months afﬁér cagting.

' The average fesﬁlts of water sorptivity obtained for
the various cungfé&eé:at_lo-mdnths_aftér'casting are

‘presented in Tables 5.19 to 5.21 belaw. Trdividuak

- résults are presented ln Tables Al6 Lo A18 in the
Append:.xw - S



Table 5.197 10—month water auxptivmty (mm/hr*) of the g_ ’

oPC' concretes A )

| Extent of nepth'intc'cbncrete_(mmlz

Mix -Curinq'(pays} 0 to 15_ lsito 3q_'3Q to 45

T 27.4 | 25.9  |28.5
M p1 _ 20,7 taz.7  {is.0
o7 164 [15.6 - [13.8

22 - fis.aa - fiz.0 fa1.a

| W

R 2.3 . | 21. 3 [,
B P N 110 1 14, 5. P
oo Uiiza - {128 i3l
Coles w7 i f10u9

i L 21.6  |i8.7  |17.a

®3 [3 . |18 - {13.e. 13,1
oot dazee . |z f1n.s

N1 (1 10 AR - D8 VAN - B
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-

_ mab1¢.s;zo=, 10—month water Sorptiv1ty (mm}hr*) of tha
A 'FA concretes S -

_Exfent"qf.. - Depth inﬁﬁ COncrete (mm).

Mix | Curing (Days) |0 to 15 nﬁfis to 30 30 to 45

|  tas7 o [25.2 24.6

Fr |3 |ere . |a3s a1z

4 17 - 7 laeee o lisie - |16.1
-l |11 |16.17 | 1s.0

o la o w28 |26 . |23.9
F2 |3 o jasaa 0 lies7r | 24.2
47 l1a.e o 22030 it
28 - " .z 8.1 le.o

0 v fso.s o166’ [15.9
28 |8.1.  |6.9 Lo 5.9
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Table 5.21:

GGBS concretes

10—month water sarpt1V1ty (mm/hr*) of the

_Extent of; Depth intq Concreté:(mm):'
Mix | curing (Days) _O'€0:15 15 to 30“ 30 to 47
NS a1 {263 |27.9 _'_
ts1 |3 197 14.6 - 15.5';"
Y B AT 15,0 9.1 183
128 . 113.6 - | 7.4 7.8 .
B A | 28, 3 . J16.1 . |14.8
sz |3 |25z 8.5 2.8 -
| 7 | 12.2 |85 - |8.8
28 AR EN | 7.0 le.g
RER - 218 {16.6 . [14.9 .
s3 |3 ©otla2ve sz [ 7.6
' 7 9.3, " le3  |6.3
28 10.2. . | 5.8 5.5

The comblned results for aach blnder type are shown
graphlcally in Flgures 5 22 to 5 24 ‘below. -

-'fIn comparison Wlth the 28-day sorp 1v1ty results, these
reaults show that.

the snrface sllces of the GGBS concretes have

- genierally shown a ‘decrease in water . sorpt1vity
~after 10 monfhs of drying, ' '

the surfaCe Sllces of the oOPC concretes showed

:  ~51m1lar water sorpt1v1ty Values at 10 months as at. :
© 28 days after casting; T h

the surface sllces of the ¥ A“dbncretES shoWed.
1ncreased water sorptlvity values for the laow

strength cbncrete but 51m11ar to generally

_decreased valuas fcr the medium and hlgh strength ’
'concretes,



4 Water Sorptivity (mm!hr“o 5)

5

_4& s " org coucners& WATES saap'rwrr'f
- 385 o o )
a0k wmeo 6?', TES‘I‘ED AT 10 MONTHS

25 527 MPa o

20l S /b = om " wibs048

. 15 _ 7.3 MPa 70.8 Mpa

10

- Extent of Water Curing (Days) |

_ _ 'Depth info. Conci"ete i o -
orosmm SN 1670 80 _r*nm (a0 T’c_ 45 mm

F:.qure 8, 22 Cmnb::.ned results of 10-mnnth Water__
sorptlv:.ty for the OPC cancretes '

45 Water Sorptmty (mm/hr"o 5)

30% FA, 70% OPC GONCHETES: WA‘I‘ER SORPTI\’ITY
TESTED AT 10 MONTHS '

w/b = 0.58

a1,.2 MPa

w/b = 0.40 S

88.56 MPa

|

: 7 28 1 8 7 28
 Extent of Water Guring (Days} L

- Depth mto concrate
oto#mm NNwTo30mm [ ao TO 45 mm

F:Lgure 5. 23 comblned results of 10-—-month water:
' sorpt:l.v:l.ty for the FA concre‘tes '
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| Watsr Sorptivity (rnmfhr“@ 5)

40 .60% GGBB. 50% DPG CONGHETES MTEFI SQRPTWITY
86 -' ' TESTED AT 10 MONTHS

- wib = 067
- 68,7 MPa

wit = 0,43
80.0 MPa .

P

1.8 728 1.8 7 28 1 3 7 28
Extent of Water Curmg (Days)

o Dapth into Conerete
070 15 mm ¥15 T0 30.mm E]ao TO 45 mm

Figure 5.24 . Camb:l.ned results of 10-month water
' scrpt:wlty for the GGBS concretee

_er- “ the- differences between the water sorptivity of o
. the surface and internal slices are not as marked
-at 10 months. ae_at 28 days. Thls_appears to result
from increases in the water sorptivity of the
internal sllces more than decreases in the |
sorptivity of the surface slices._Thls effect is
more pronounced with the OPC and FA ‘concretes than_
with the GGBS concrete. '

The reason for the :Lnternal slices shnw:Lng an lncrease
in sorpt1V1ty after 10 months is unclear at thls etage‘
and further _tes_tlng.. w:l.ll pro_bably be necessary.’

- BuB.B 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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It Mix | curing (Days). Depth;at_iq =_Coaffici2nt 

_that carhnnatlon depth medsurements at 20 months were
not measured for the opc and the low strength FA
concrates. Thase tables also show the calculated .
:carhonatlon coefficlent (D) based on tha carbanation

equatian.
x=D.E

e

 where x is the depth of carbonatioﬁ*fﬁmy“at“tims't'

(months) after castlng. In the tahles below, Dm and Dm_

are’ the carbonatlon aoefficients calculated on the - _
_basxs of - the 10 and 20 month measurements respectlvely.3 o

 mahie35,2g}- 10—month carbonation depths (mm) and _
B carbanatlon coefficient (mm]manth“) of thej-:'-

GPC concr&tes

‘g;Exiént-of-~  :_carboﬁation__“5

| months (mm) | By
' {mm/month*)

las.s  la. 24

7 1o '2‘25
28 5.0 - 1.61

- e s 307
pz2 |3 - 7.0 : 2.18
o o 3.0 101
28 ~f2.00  lo.63

- 1 Col7oo 0 {z2.21
P23 5 _ | " 5;.5 .' - 11.68

B T2 POVSRR pipo
j2s |15 © to.a1




fﬁaﬁIQ:SQgQ:_

N the FA concretes

‘10 and 20-month carbonation depths (mm)
 and carbonation coefflclent (mm/mnnth“) of

'Carpon&t19h -'“.
depth (mm}_at:_

‘carbonation .
coefficient
(mm/month®) .

N iﬂ'ﬁths.

'_'Dl.lil

Dy

-Ei"

T 13.5
Jas

10.5

f5550_3

4.27

3,32

-

e

] 28

1115
7.0
|s.o

[ 4.0

T
| 14.0

2.5
| 10.0

2

| 3ea
2.21
1.58

3.13

{2.84
] 2;24j_ 

T3 |3

28

‘10.5

1 7;Qf-f.

: 5.5 e
2.5

.'.1'9‘0

13.0
9,5

13.29

2.18
11.68
10.79

| 4. .24
2.91

2.17

1.38
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Table S.24: 10 and 20-month carbonation depths (mm) -
o  'and carbonation ‘coetficient (mm/month®) of
the GGBS concretea

' :Extent af_ Carhgnation:_ __-;Carbonatlon_”
curing  |{depth at: = '”coefflclent o

| Mix (Dayé) | 10 mths | 20 mths bw o ﬁm;

i | ~ Jis.5  |28.0 ¢ |5.78.  |e6iz6
tsy |3 |is.0 |23.5 |a.36 [5.30
t |7 f1e.5  |is,0 3.3z |4.25
28 [6.0 |10.0  [1.96: |2.24

I {x - {13.8 [26.5 |[4.30 |5.97
1sz2 |3 o les 17.b . }3.08 . ]3:80
|2 s 0 oftas |use o

R T l1z.0  f2t5 379 478
s3 |3 - |s.0 - Ji1.5 |2.83 [2.52
17 R PO R 1.26 - | 1.72
28 |5 Je.5  |o.47  |1.50

*

.These results are shawn graphically 1'-Figurgs .25 td"
5.28 below. ' o

As an ﬂxample, Figure 5.28 shows the broken surfaces of
the P2 group of sanples after being. sprayed with
phenolphthalexn at 10 months after casting. The 1etters
A to D refer to the extent of initial water curing as
described in Section S5.4.2 above. This flgura clgarly
shows the increasing depth of carbcnation with reduced :
_duratlons of initial moist curing. The effectlveness of
' the epoxy ¢oating in preventing €0, ingress is evident .
from the absence of a carbonatlon front at the side
surfaces of the samples.
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"'1"4 DEPTH OF cAnBoNk’non {mm)

\ | 10 MONTH cmao:wlon" o u:i.l |

12— A RN}
' : S S T ey M
e \ opccoucnsres S I

.10 --;\ \

ol S A AR SR
e & 10 15 - 20 26 30
EXTENT oF MOIST GUHING IDays) '

F:l.qura 5. 25- C}arbonatmn de.pths of the oPC concretes at'“
' - dlfferent degrees of mo:l.st curlng

ésfnsr_im OF CARBONATION t‘_mm)

10 AND 20 MONTH CARBON: ' B} | wix 1n. |
ol | —eemne ||
S ® ' FA CONCRETES = |~ FRiomthe | |
mv . _w,_, 4 FZ 20 mibs -

o | ¥ Falio mhs .'

0 B  ' N | 25 .'-ao'
EXTENT OF MOIST GURING (Days)

_Fiqure 5.26* Carbonatlon Hepths of the FA cuncretes at
dlfferent degreea of moist curing
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5 DEPTH OF GARBONATION {mm)

10 AND 20 MONTH CARBONATION | mixin.

30} B _ _ |~ stiomms ]

gt _aeBs cgﬁ,anTES st toy
Llny \ _ “¥- saio ° .
o - ~— @120 * | |
S |+ gz226 *

""""" it ¥ 63 20 AR S

% s w® 20 28  so
EXTENT OF MOIST CURING (Days)

Figure .27t Carbonation depths of the GGBS concretes
' at dlfferent degrees ‘of molst curlng

o

et

¢ i s+ T g om e & <8

L R T

o L L Wi 1T e

-Figuie's;aa;'samples.of the P2 condreté'sprayed'with
phenolphthalgln to determlne the depth of
carbonation.
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:;}Another interestlng aspect shown by this figure is the
: effect of 1n1t1a1 curlng on-the strength of the ™ o
' cancreta._The numbey: of- brcken aggregata particlea can.

' be taken asg an indication of’ the strength of the cement

paste matrix, since, ‘the stronger the cement pasta, the
o greater would he the tendency for cracks to- pass
_ through, rather than around the aggregata partlcles. On -
'this basis,. Figure 5.28 shows a marked increase 1n '

":wstrength as the extent’ of curing anreases from 1 to " -

days. There appears to be no noticeable increase in the
number . of fractured aggregate partlcles as the extent .
of inltlal_curing ;s.increased from 7 to_zs_days.-

'7-The followinq po;nts are noted fram the carhanatlon
_results presented above: o ¢ '
'~ increasing the extent cf 1n1tial noist curmng has'
o.a significant effect in. raducing the rate of
- carbonation of all the concretes tested; _
- .when comparlng the carhonatlon rates of- the 1~day_
and 28~day cured concretes, £he OPC. and GGRS
‘concretes appear to be mors sensitive to the
- duration. of initial curirg than the FA concrates;
- within s;milar nominal strength grades, the GGBS
' concretes generally shoved the largest depthb of
carbanatlon while the OP¢ Goncretes shdwed the
o lowest depths of carbonatlan, _
- all the concretes tested for carbcnation depth at
20 months gave Dy which were greater than the
correapondlng Dio values. ‘These are. anomalnus
results bia,_ *hey mﬁalc-*n that the rate of
carbonation increases with time. The opposite
effect would be. expectad since, far the samples
with limited initial curing, the accessmbilrty of
00, into the conarete reduces with depth, = -
indicated by the reductlons-in_permeahility and
sorptivity with deptht Figure 5.29'graphicaliy

" 5-87



 shows the relationship between Dy and Dy.

 CARBONATION COEFFIGIENT AT 20 MONTHS _

Binder .ﬁpe‘: _
* OPC/FA -
O OPG/GGES

— b 4 N 1 o I ] ':"" 4
0. 06, 1 15 2 28 3 35 4 45 B 55 8
' CARBONATION CGEFFICIENT AT 10 MONTHS

'_Figure 5. 29- Relatlonshlp between Dm and Dm for tha FA'

- and’ GGBS concretes

“igure'S'zg shdws that there is an approximately 0.7

.__lmu/:tm:mtlcx"‘S upward shift in the relationship between Dy
~and. Dy. The reason fnr thzs is possibly a comb;natlon

of the follcm.'lng factors.

- The differences are magnlfled hecause of the

relatively early ages at which the.measurements .

" aré keing taken. It may be that the coefficient

stabilises at the Dy value at later ages,
The low rate: of carbonatlan after 10 months could
be caused by tha hlgher camant content of the
surface- 1ayer of the sampLes. The amount of
carbonatable material would be greaver in this
area and the rafe of advance of thé aarbonatlon

~ front would theﬂefare be slower.

'The square~root relationshlp for the time rata of
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. ) ')_ .

_ _'carbonatxon may not be entlrely valida This

- relationship has been questlaned by Bentur and .

' Jaegermann® whn hava prnposed an alternatlve
3 relationshlp of the form:
' x_,.__p_t{o_ Y
. | e

:'HoWever, applying this form of tha equatlan.daes not
improve the Djp/Dy rElatiDnshlp lndlcatmng that the form
- of the egquation may be in gquestion.

5.7 General Discussion of the Results -

' The effects of aﬁrinq duration and ¢ . . amn@pnts The

results of both oxy~an parmeability and water .
_sorptiv1ty alearly show that Jarger 1mprﬁvsmenhs in

| -permeahxlity and absorptlnn can be ef.fected by

increasged moist curlng than by anreaqed c/w ratics
For example, assume the: ccnditlons ot a particular
' prpgecp reqnires_a 28-day durability "index" of say, 3

©ox 10t m/s (in oxygen permeability terms). Reference to.
Figure 5.13 shows that this can be achieved using an

OPC concrete w1th a w/b ratlo of 0 67 and water cured -
for 3 days. However, if the econcrete is to be moist
cured for only one day, the w/b ratla has to be
decreased to 0.47 to satisfy the durabillty
requirement. Assuming a cnnstant water content of 200
2/n’, this represents a cement content increase of 125
kg/m’ or a cost inéfeasa of approximately RéSwOO/nE-df
_cnncrete {cement currently casts approxlmately |
RO. znfkg)¢ ' '

. wWhile it may be more efficient to improve the
durability of a particular concrete by increasing the
duration of early-age curing, this may not be the most.

»



.costweffectlve optian. On.a partlcular project, the :

_ enqlneers may ‘£ind it more ccst effect1VG to increase
the cement content rather than 1ncrease the duratlon of
: earlywage curing. Hence, the cost of additlonal moist
"curlng nust be we1ghed against the cost of addltlanal
binder required to give the same permeahllity and '

: absarption characterlstics. -

it shcu'ld also be noted that, for a cost assessment,
the results of permeability, sorptiV1ty and carbonatlon
" depth show the “dlmlnlshlng returns" effect. The .
duration of moist curing requlrad to effect a unit
impravement in the.quélitY'bf thg'surface_dOngrete;_f]
iﬁcréaSes;with ihcreaﬁinQ-duration.of-curiﬁg‘
Hffect\of curlnq on depth from a drymng surface*rIt was
: 'found that the. 15 to 30 mm and 30 to 45 mm slices gave

similar permeablllty and’ sorptlvity results, generally
' lower than those of the surface slices. . Hence, drying
"has a 31m11ar effect on the zone ‘of ccncrate 15 to 48
mn £rom the surface. Also, increased duration of moist
rurlng has a 51gn1fi¢an? effect on thls 15 to 45 mm
zone of the cover. concrete, as shown by the reductlon
in permeablllty and %axptmv;ty thh increa51ng curlng
duratlcn. : ' -

. pffect of Binder typé: For the range of concfetes
tested, the FA concretes have geherally'performed
better than the 9pC and GGBS concretes from the—paint
of view of oxygen permeahlllty and water sorpt“vity.
This is prohably due to the pore refining effect which |
FA has on OPC concretes because of 1ts small partlcle-
.Slza and pczzolanlc effect.

The\GGBS concretes generally ahowad the hlghast
permeahillty and . sorp?xvity results. ﬁor the ranqe of
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cohcrgteS'tésted; Hawever;:this could;-gt'least in3__ .

" part, ‘be exp&aineﬂ by‘thé'lowéf zs-day-campressive

strengths obtalned for the medium and high strenqth

- concretes. These results 1nd1cate that for the GGBS B
'_mlxes, lower w/b ratios should haVe been used than '
'-those suggested by Fultaﬂm ' ' |

*COmparzng the permeab111ty and sorpt;vzty tests. The o
resplts a; ‘ear to indicate that water sorpt1V1ty is a.
more sen51tive measure of changes in the davelopment of -
. cement phase microstructure than is oxygen o
'1permeab111ty This is noted froom the differences 1n _
. resnlts obtained for the 0 to 15 mm slices campared to
© the '1nternal’ sllces. The differences are much clearer
with the watar sorpt1v1ty results than with the oxygen
-_permeabllity results. However, in considering the '
'_merlts of these tests as durabllity lndlcators, it mnst
]Vbe noted that gas permeablllty and water absorptlon- )
'represent dlstinctly different transport ‘mechanisms of

_ .flulds in cqncrete‘ The test results may therefore have

to_ be considered in relation to the axpected domlnant

'i mode of - deterloratlon if Water sorptlvity or .

permeability are. to be- used as durablllty 1ndex '
paramaters.. . : : . : :

5.8 COnclusidns

The follawing conclusions ar@ drawn on the ba31s of the
_results and dlscu351ons presented 1n thls Chapter"'

- The measured compressive strength of the low-
strength GGBS concrete is aromalous when viéwea 
with respect to a w/b to strength relationship,.

';However, this does not. appear to have unduly _
‘influenced the permeability and water sorptivity

| Bl



resujts of thlS concrete. :
' The' problem of the varlablllty of gas permeabllity-
results of_concrete must_he.lnvestlgated further.
eIt'eppears'thatj for the test conditions used in
this_project the minimum number of test samples
 should be increased. to greater tlan three
'Increa51nq the duratlon of curing hag a
_ 51gn1ficant effect in reduc1ng the permeability
" and sorptivity. of the surface zone of concrete
| Zmade with each of the three blnder.types_used,"
The decrease in permeebility and sorptivity is
most significaﬁt for curinq periods from'l'to'7'_-
days. Thereafter, only small decreases in. these N
parameters. are observed with 1ncreasing duratlons
‘of curing. . _ L
*-Within similar strength grades, the OFC/FA
-concretee showed the lowest permeability results

- while the GGBS concretes gave the highest

._permeablllty results for the same degree of

" curing.

‘The affect of drylng An llmltlng the development
of low permeabillty and sorpt1v1ty, was noted at
depths of up to 45 mm. -

‘No clear trend of the permeablllty with depth 1nto
concrete could be identlfled _

The water sorptivity results are con51derably less_
erratic than the permeability results. Also, a
clear trend of decreasing sorptivity w;th_depth
into concrete was noted with'ﬁﬁese results. .
 For the surface (6-15 mm) - slicee,'the'DPC/GGBs'_
_'concretes showed the highest sorptivity. results,

‘with the OPC and OPC/FA concretes. showing simllar_"

_reeults "For: the two internal slices, all the
concretes showed similar sorptivity results for -
. ouring perlods longer than 3 days.

For a glven binder type and depth 1nto concrete
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and'uhdef continuous. curing aonditions, water' :
'sorpt1v1ty tends ‘towards the same value fcr all
the strength grades tested. . o _
‘Considering the. permeablllty results obtained at.

_ _10 months and the. S%mple storaga conditions used

_ in this project the effects of. 1n1t1al lnadequatezf

- curing are not reversed with time. -~ -

' The surface slices of the OPC and OPC/GGES
concretes showed a decrease in sorptivity afﬁerﬁlo -
months of drying, while the sorptivity of the o
UP'OPCIFA concrete appears- to have been unaffected in
 th1s period. _
Continued early age molst curlnq signlflcantly
‘reduces the rate of carbonatlon of all the '
 'concretes tested. : o .
'comparing the relative carbanatmcn rates for 1~day
:and 28-day cured samples the oPC and OPvfGGBS
'concretes appear to be more sensmtlve to the
duration of 1n1tmal -curing than the OPC/FA
cnncrete. S — :
. 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
' relationshlp, the concretes tested showed higher
_carbonatlon coefficlent values after 20 months
_ than after 10 months. Further research is required-”
to establlsh a reason for thls apparently
anomalous result.
In general, the results show that . 1ncrea51nq the
duration of momst curing of a nominal 35 MPa
- concrete from 1 to 3 days, has a 51m11ar effect on
';surfaue permeabllity and. sorpt1v1ty as 1ncre351ng
the strength grade to 55 MPa, with. only 1 day of
-mo;st curing. However, in chqosing-one of these :'
~ options to improve the surface guality of the |
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”'oconcrete, economic parameters related to
-particular projeots must be oon51derad.
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CHAPTER 6

' DEVELOPHERT OF A GENERALISBD BPPROAGH TO THE Eﬁ?ECT OF:.
CURING oN DURABILITY

6.1 ZIntroduction

_This_chapﬁef;presents-ﬁdre'de@éiled an&l?ées of the
frésults'preéented in Chaptaruﬁ, withﬁthé'iﬁtehtibh'bf
developing a generalised approach to the effact of

. quzing on concrete durab111ty: consideration is given
. to the relationship between the measured durablllty
': index values - (permeahlllty .and. sorptiv1ty) and the
folIOWLng parameters;
'_(a} binder/water (h/w) ratlo,

':(b) _compress1ve strength;

(a3 duration of initial curlng,

(d) depth into concrete; '
{é) rate of carbonation. o . . _
s Note that ln this chapter, it was: decided to ise b/w
_ ratlo rather than the more convantlanal w/b ratio. The |
‘reason for this is that, in the numerical modals
doveloped later, it was found that the h/w ralo form B
_ 51mpl1f1es the relatlonshlps con51derably |

For the reiationshipsf(a) and (k) above)'thé nature and
implication of the observed trends are'diﬂ*ngEd, while
in the case of (¢), (d) and (e), mathema. = models
are developed to represent the relationships. The

- models are empirical énd'are derived from reqresSion
analyses of the data using standard forms of regresSLOn
_ equatlons. : “

Anﬂimportant objective of thia'studycwés'to consider
' the usefulness of early-age index testing as a means
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efs _ : o _

- '_monitoring the quallty'of cover concrete~ and _

-  predicting the long—term durabllity performance of
' 'the materlal,'

: " All the analyses and comparlsons in thls chapter refar
to the zs—day permeahillty and sorpt;vmty results and
-are 1ntended as contrlbutlons to answerlng tha
follow1ng questlons' : '
- Within the scope af the varlables u5ed in the
: aﬁhstudy, how should mix parameters and curing
cchdiﬁions be selected to achié?e a partidulaﬁ.
level of durabllity 1ndex at 28 days after
1caat1ng7 ' .
- _'Hav1ng achleved a. particular &urablllty 1ndex at
- 28 days, what lonq—term durablllty perfcrmance is
to_be expectgd_frqm the concrete?_ '

While 1t is not ‘the 1ntent1on of this study, a

Zprobahlllstlc approach to addre531ng these 1ssues will
have to be considered. It will be necessary to focus

' further research in the field of concrete durabillty in
‘this dlrection.___ '

6. 2 Effect of Binder/ﬁater Ratio on Durability Indax
' valuea ' :

6.2.1 Permeability

Figures 6.1 to 6.3 show the relationships between the -
-qoefficiant of axygen 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
- T0m aapths respectiveiy, for the four curing régimes.



These curves show that for a glven b/w ratio and

% curing condition, plaln OPC concrete generally q;ves -
~ ‘the. 1owest permeablllty value. Ja cancretes give

similar results to those of the OPC concretes only for f

ofw ratios greater than approximately 2.0 combined Wlth_~'”””

water curing periodsy greater than 7 days. The GGBS

. ccncretes showed 51m11ar ‘performance to the FA

'concretes for water curlng perlods of 1 and 3 days. Thef'
-:effect1Veness of longer curlng perlods is less

'3:pronaunced for the GGBS concretes and these show hlgher

;'permeablllty values after 7 and 28 days of water
curing '

It is also interesting to note that, with. in-créasihg“
_duratlons of initial mozet curing, the permeablllty of
“the OPC concretes become relatlvely less sensmtlve to :

";_changes 1n_bfw ratio than the FA and GeBS concretee. As

_ mentioned in Chapter 5, this is possibly an indication
of the greater extent of caplllaryﬁdlscontinulty belnqe

- athieved with continued hydration of the OPc'cencreteer37f

- This effect is more 51gn1ficant in +he lower range of
”_b/w ratzos.. o - '

Whlle the curves generally show trende of decreaslng

- parmeability with 1ncrea51ng b/w ratio, these trends
‘are not uniform and, hence, no attempt was made to
‘desoribe these curves mathematlcally. The influence of
b/w ratio is accounted fox 1n a mathematical rﬁdel
developed later. ' ' ' '
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