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§.2.2 Borptiyify-'

~ Figures 6.4.t0 6.6 show the relationship hatwéen the
* water sarptivity and b/w ratio'for*the'three binder\
' types tested. The figures show the sorptiv1ty |
' measurements of the 0~15, 15-30 and 30~45 mm depths '

& resPectlvely, for the four curlng regimes.

--The resultq are very 51m11ar to those obtalned with
the oxygen permeability measurements and again show
that the OPC. concretes have imprcvad surface quallties:_
far the same b{w ratlo and degrea of curing. However,_
unllke the- permeabillty values, ‘the sorpt1V1ty _
performance of the three binder type concretes are"'
H_slmllar for curing periads of three days and longer.

. This. implies that, for the binders used in this study .
- and for curing periods longer than three days, the
:'sorptLV1ty of the cover concreta hecomes lnsenSLtlve to

3 fthe blnder type. . ' -

A_further'pdint to;note_isuthat,_fdr curing_periods '
longer than three days, the sorptivity of all the

. cencretes tested appears to become 1nsan51tive to

' chanqes in the h/w ratlo.
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6.3 Bffect of Compressive Btrangth on Durabllity Indax
Values - ‘

6.3.1 Permeabilzty

Figure 6.7 shows the coefflclents of permeablllty for
the 0-15 ram Sllces, plotted against th# 28-day, water
cured compressive strenqths of thea concﬁetes. The '
'_correSPondlng curves for the lnternal slices are shown:
~in Flgures 6.8 and &. 9,

"These flgurls show that for equal comprESSLVE f
'strengths, the FA concretes generally show the lowest

' surface permeablllty for all the curing reqzmas. This
is due to the pore’ reflnement-effect of the pozzalanic
raaotion"as3weli as the physical, poretbiocking effect
' associated with the fineness of this material. It is
- likely that the pore hlocking effect plays a greater

| role in the . lmproved performance of the lower strength
| range concretes undexr one day water curing oondltlons.'
The ‘extent of hydration in the cover zone of these
cdoncretes would not have been sufficient for the.

| pozzolanlc effect to make a wajor contrlbutlon to

) reduoing permeahlllty

The OPC concretes again show a relative insensitivity
of surface permeability tc compressive strength after
. 28 aaYS'of water curing. The comment presented earlier
regarding the effect of addltional curing on caplllary
dlscontlnuity is also approprlata to this observation.

The GGES concretas show rasults which are either
greater than or simil-- to these of the OPC concretes.
The reverse trend shown by the high strength GGBS
concrete after 28-days of water curing appears to be
anomalous and should be ignored. This trend was also
noted on the curves in Figures 6.1 and 6.2 above.

611
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. ﬁgé.z'Sorptivity-

(Al

‘Figurg ? 10 shows the measurements of water sorptivity o
- plotté. against the 28-day, water cured compreSEiVe-
‘strengths of the concretes..The correspanding ourves
lffor the 1nterna1 sllce$ are shown in Flgures 6. 11 and

e
6 12 . ""’"“_

e

It can be seen that, asx&e from: the. 1ow strgngth

concretes under one day of water curlnq, the _
differences in scrptiv;ty values for the diffar-nt
blnder type concretes ara small when compareﬂ on the

' b&sxs of: equal compre551ve strengthsu Also fer moist

curlnq periods of three days and 1lof, %er, the curves are

__relatlvely flat, agaln indlcatlng Ahat lncreases in

COmprESSlVE strength have a small effect in ﬂeareasing

the surface sorpt;vxty af concrete.ﬁﬁ_

'However, the curves very clearly show the detr1mental

effects of paar curlng at early ages on the surface.

B

',prqpertles of concrete. Poor éurlnq effects increases

 in sorptiv;ty at depths of up to 45 mm from the surfaca
o rand for concretes wlth CcmprESSlVE strangths As hlgh as -
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6.4 Effect of fnltlal cur;nq wime on Du:ahility Indax.
yalue - -

An attempt at empirically modelling the variables used-
in this study reguires a multi variable approach, with
~ duration of curing and depth from the drying sufface”asb'
.the independent variables and the durability 1ndex
| value as the dependent Varlahle. quever, this a;praach
. was fouid to be unwmeldy and would have dlatracteu from;
 the possmble ‘usefulness of such a model. It was '
- therefore decided to use a two-stage approach to tha
model: : ' _
- 'flrsu dpvalop a two—variahle madel descrlblng the.
- relationghip between the duration of moist ocuring
~ and the durability index Value of the aurface
- sagment of the concrete (0 ~ 15 mm),
= - develop a model descrihing the relationship |
" between th? durability index values of the. strface |
- and lnteznal segments of the concrete. :

4.1 Durability index of the surfice segment

The cdmbined'fcrﬂ in which the results wére présented"
in Chapter 5, in Figures 5.13 to 5.15 for axample, gave
an indication of the effect of the duratlon of molst
curing in reducing the permeability and sorptivity of
the concrete. As examples, Figures 6.13{a) and 6.13(h)
below show thesze trends for the surface slices of the
low strength concretes on‘v, with the extent of molst
curlng shcwn in linear foru, The figures show the
pemeablllty and sorpt:.v:l.t‘.y response of the concretas
to changes in the ﬁuratlan of early moist cur;ng._'

=19
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'All the concretes Shothhat'tha durability indeXJVélues'_
'_decrease at a decreaslng rate as thefperiod of 1n1tial
noist curing lncreases. leen the ﬁ%rm of ‘the curvea

- sHown in Figure 6.13, it was dPOl@ed to: deVelop an - .

- empirical model of the response (f the concretes to
duration of curing by humerically fittlng a regreESLQn '
’ equation of the forms | : :

o =admE o R

' Where D, is the durability index value (permneability or

- sorptivity). and T, is the duration of early %oist

'curn.ng ‘The values of A and B #re constant for a
_-'particular binde:.type“and b/w_ratio.-

Bquation 6.1 can be re-written in linear form as:

- 1n(Dpy) = B.in{I;Yﬂ-lnfa)__ PEE -3

Regression analyses were carrled out, in which'thé

- permeabi;lty and sorptiv1ty re»ulta of the surface -
slices were fitted to Equntlon 6.2, The calculated
valuas of 1n(3) and B are shown in Table 6.1 for the
“-pezmeahlllty measurements and Table 6.2 for the _1
Sorptivity'measurements. r“"hcs-.se” tables”also show the
correlation coefficlent for each regressmon analysms._

It showld be noted. that, in all the analyses presanted

here, the un:ts of permaahllity and sorptlvity are m[s'
“and mm/hr“ reﬁpectlvely. SR

S 6-21



| Table 6.1 Equation 6.2 coefficients for the permea-

g Siiity results of the 0-15 mm siices. o

Mix-

'_Nuﬁber -

Linea)

B

.C¢rreiétiﬂn_

_¢pefficianﬁs_

o1
p2
P3 -

FL
hF2
(F3 -

| s
| sz
83

| -19.863
| ~20.765
-21.776

-19,974

| -20.779
| ~21.817

(~19.363

-20.580

| -z1.178 |

-1.060

14027
-0.687

| -0.778
| -1.052
~0.781

2.50;799_'
~0.806

10.949
] o0.963

|l 0.976
0.958

::0.993~- B
0.752

0.986

0.987

. mable 6.2

‘Equation 6,2 coefficlients

for the

 sorptivity results of the 0-15 mm slices.

Mix
“Number

"Coéﬁﬁicient'

Correlation

Pl
P2
P3

FL
F2
_Sl

52

3.454
3,136

| 3.042-

3.303 .

| 3.242
| 2,980

13.620
13,262
12,989

-0.340
~0.264
 ~0.239

' =0.348
-0.226

| ~0.316.
| =0.159

| 0.989
'0.996

1 0.993
| a.909

- |o.es7

0.994

0.988

0.940
0.953
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. Tah1és“6'1 and 6'2'thatléofrélatioﬁ cdéffidients .
- greater than 0,94 were obtalned for most of the

o con¢retes tested. The hlgh strengtn slag concrete showsfu _
poor” ccrrelathn coefficients for both the permeabilitymkg'

‘and sorptivity results, because of the (apparently)
'anomalcus results obtained for the 0-15 mm slice after

28, days of curing. It was, however, decided to include

this result in the ana1y51s in’ order to malntaln a
- perspective on the p0531b1e extent of dev1atlon between.'
. measured and predlcted valuss. -

It was found that approximately 1in. ;~'relétianships"'

. exist between the In(a) and B cneff101ents and the b/w

_ ratio oL the concretes. Figures 6. 14(a) ;o G 14 (b), o
- 15(a) “and 6 15(]:)} show these relat:l.onshlps as well as
the regr9551on lines fitted to each relatlonshlp. '

A

-

~¥-orc B-FA ~¢-aaps

Pormeability Results

. '. ::X. .

. “25 T - [ .. l. o ! .1. | ._',_:\_ . ’._ : .r_._ . . ] . l ..
| | Bmder/Water Ratio L

Fignre 5. 14(a) Relationship betWEen the ln(A) coeff.'
' for the permeablllty resu;ts, and_tha
| b/w ratic af the pinarete
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-%-OPC -B-FA ~-aGBS

Permeability Results

' Bmder/Water Hatio -

| Figura_ .14 (h} Relata.onshlp between tha B coeff. far
' ' the permeahility results, and the bfw
ratlo of the concrete

o e

‘Sorptivity Results -

~roPc. -E-mA ~0-caBs

ot .I. S ' .I I I W T " o
14 18 e 13 8 19 2 21 ag.-zg' 24. 25
S Binder/Water Ratio R
E_igur'_é 6.15(a) Relatmnsha.p between the 1n (A) coeff.
for. the aorpth.ty resuli:s, and the b/w _

ratio of the ccmcre.te ' '
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—+—opc. -E~FA ~0-GGBS

" . =0Af ' S -Sorp_tiv._ity Results

-0.8

'._0.4 ';. JO DRV S 1 — . :
14 18 18 1t 18 19 2 23 22 28 24 .28

Bindeerater Ratio

“Fzgure [ 15(b) Relatlonshlp betwaen the B coeff. for
” ' the sorptivity results, and the bfw
ratio of the concrete

' For the permeability results, the relationships between
the B cbefficient_and'thé.h}w“ratio are not very well

‘defined. However, the linear relationship was accepted
in the interest of slmpllfying the model belnq

' developed

_'Thegvalues of In{A) and B could therefors be determined
from the regression lines in Figures 6.14 and 6.15
based on a knowledge of the b/w ratio of the concrete.
Using these regreSSJ.on lines, the. model develaped for _
predlcting the oxygen permeab:.l:n.ty and water sarptlvity :
of the COncretes can then be expresaed as fOllGWS‘
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oxygen permeability:
-;"ln(k)¢=$galn(1334¥ln(Ap)_ - ;_ 6.3

' whére'k is the coefficieht of 6ngen'permEability (n/s)
and T, is the duration of early age mo,.t curing
(tiays) . The values of A,, and B are - determn.ned from
il-Equations 6.4 and,s 5 re-pactlvely. :

s

'B§'=13-_<b/w>_+_14_-__-: a5

The valuea of k,'to kd are. dependent on ‘the blnder type'
and are presented in 'I'able 6.3 : '

Tahle_s;a Values of the A to h‘factors for wse in-
D Equatlons 6. 4 and ‘6.5

“Blnder typé:
Factor |[opc = l?ofjo-opc{Fa-' 50/50 OPC/GGBS
In - [-3.188 [~2.633  {-2.644
N | -25.062 ~15.459 -1 -15.205
i lo.e22 |-0.0047  fo0.138
N |=-2.024  |-0.861 -o 973

-
Hence, ‘the model requlres controllable parameters uf |
concrete manufacture — b/w ratio, blnder type and

extent of curing - to predlct the coefflclent of
permeability at 28 days.; '

_Using "circular :easpning“; a*hack-calculation_wasli
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carried out uszl.ng the model developed above to o
determine the 28-day pevmeablllty of the surface slices
of the concretes tested This was done to determlne the“ 
effect of the assumptions made in developing the mpdelsf'
_ er_example, the linear relatipnshlp between the b/w
. ratic and the 1n(A) and B coefficients). The results of
the "pfedict‘ed“ permezability values are pl'otted against
the - eorVeeponding measured permeabillty values in
'Flgure 6. 16, The overall ceefficient of. correlatlon for
the relatlbnship shown in Figure 6.16 is 0. 979. This
1ndicates that the assumptions made in developlnq the
-model were acceptable.

=redioted Permaab:lity (m/a)

- LOEEOB

A Surtace Slices s
1.0E-09 | e
¥ - %
- ' S Line of EqUuiity
' ﬁ?%— +
1OE-10E < T
F + * o
: i .I‘?‘ . ) . : .
4 UE"11 N 1 el ||'|.:|' 1 1y |'_|||1 : " I SN :
- 105»11  10E~10 1.0E-09 ' 1.0E-08

- Measured Permeability (m/s) .

Fzgure 6.16 Permeabillty predicted using Bguations 6.3
to 6.5 compared with th neasured
permeability values '

Water sorptivity .

The model developed for calculdtlng the 28-day .
sorptivity is similar to that presented above far
oxygen permeability The corresponding equat:.ons take
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. t.h'e. for’ir_l_:
1n(s) = B,.1n(T) +1n(a,) = 6.6

 where 8§ is the water SQtpthlty (mmjhr*) and ‘T, is the
duration of early age moist curing (days) _The values
of A, and B are determined from Equatlons 6.7 and 6.8

'_respectlvely. '

In(a,) = dg. (/W) + Ay 6T
By a").;,.(.b/wi + Ay . 6.8

The values of k,-to M\ are presented in Table 6.3 for
the various binder types. . '

Table 6.4 Values of the A\; to A, factors for use in
Equatians 6.7 and 6.8

n Blnder typar
Factor | opc | 70/30 OPC/FA 50/50 OPC/GGBS
As ~0,685 ~0.461 - | =0.903 |
A  |4.443 - 4,121 | 5.051
As | ~0.s88 -0.133 -0.678 _

As with the permeability model, a back calculation was
carried out to show the comparison between calculated
and.measurgd sorptivity values, similar to that shown
-in Figure 6.16. These results are shown in Pigurs 6,17
below. The overall correlation coefficient of 0.357 was
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_ obtained for the results in thls flgure, which,agaln
shows ‘the acceptablllty of the assumptlons made in
developing the model.gn L

'y
L

_ Surface Silces

P .
a8

| Predictgd_Sarip'tivity _' |
o
I
.8\ p
.H
L

el

o

T
o

% 5 10 15 20 25 30**35”_40' a5
' ' Measured Sorotivity
Figura 6.17 SorptiV1ty predicted using Equatipns 6 6
to 6.8 compared with the measured
sorptiv1ty values

6.4.2 _ Uaing the models to detarmine surfava indax
' values '

Figures 6.18 and 6.19 show the relationships between
b/w ratio and permeability and sorptivity respectively,
based on the mathematical models developed above. A
family of curves for each binder type is presented to
account for the different extents of initial moist
‘curing. The falloWing points are noted from these
qurves: ' : .
Oxygen permeabllity (ref. Flgure 6 18) _
- Belng a logarithmic relationshlp, ‘the curves plot.
‘as straight lines on the log=iinear graphs shown.
However, reference to Figure 6.1, shows that the

629



T

experlmental relatlonshlps generally decrease at a.
decreasinq rate with 1ncrea51ng b/w ratio. This

- . trend is not reflected in the model and can_be

considered as a weakness of the model..
Nevertheless, thls does net detract from the
usefulness af the modex, since its predlctlon

rablllty'ls demonstrated in Flgure 6.16. Alsa, in
- view of the erratic trends noted in the curves in
-Flgure 6. 1, & reflnement in the prediction ahility'
. of the model (at the cost of a more complex and

unwelldy model) does not appear to be warranted.
For a given b/w ratio, the OPC coancretes generally '

'f”glve a lower index: value than the GEC/FA or
' OPCIGGBS concretes.; .
A observed in Section 6.2. l, the model also shows
that wmth 1ncrea51nq bi/w ratie, the 0OPC concretes S
gbeccme less sensitive to the extent of initial
curing. Thls 1s indlcated hy the changing slope of'
" the curves.'

The GPCIFA and OPC GGBS concretes have

_.apprnxlmately the same sensit1v1ty to the extent
af inltlal curing, regardless of the h/w ratio.
‘This is shown be the approximately parallel curﬁes"
for these concretes. - :

water sarytzvmty (rer. Flgure 6. 19)

The 0PC concretes agaln show generally lower lndex
values than the OPC/FA ang OPCIGGBS concretes for
all h/w ratlos._ ' '

‘The OPC/FA concrete shows approximately the same
: sensitlvity to the- extent of 1n1t1al curlng '

ragardless of the b[w ratio. Also, there. is a _
szgnificant improvement . in surface. sorptivity an

the OPC/FA concretes when the b/w ratio is
' increased even with 28 days of curing.

' g=30



 1.0E-08

1.06-08 |

1.0E-10=

1.0E-11

Lot | d.

I O 1wt

: | 4-days

" 1.0E-08

28 days ~

1.0E510.

-qugen Permeability: {(m/a) .

LOE-11—

1.0E-08 |=

1.0E-10

i !Duratlomol' '
T eurlng! ok

i _ 1 R R T 1

SR -SE P f——
~ 1-2 . 1!4

16 18 2 22 24 26 28
b/w Ratio |

Fignre 6.18 Modelled relatmnshzn between permeabn.lz.ty |
‘and bfw ratio for the var:_ous concretes

' 6~31



 Water Sorptivity (mm/hr~0.5)
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Figure G 19 Modelled relatlonshlp between sorptivity

_ and b/w ratm for the varx.ous concretes
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- | The OBC and_ch/GGBS'eoncretes show a decreasing _
 sensitivity to the effects of initial moist curing -

' as the b/w ratio 1ncreaees. Also, with 28 days of
| 1n1t1a1 moist curlrg, the surface concretee become.
almost 1neensit1ve to variations in the b/w ratio.

: seé.é_ i' Varlatlon of durahzlmty index wlth depth from_
' ' dryznq surface : : '

As mentioned in Chapter 5, the variation of oxygen

- permeabllltv w1th depth inte. the concrete was Found to.

be erratlc and often anomalous. A single functlon cculd
therefore not be established to descrlbe the _
'relationshlp between concrete. permeabllity and depth

: from the drylng surface. The problem of sample =~
thlckness in relatlen tc maximum aggregate size has
prevented a clear representatlon of this relationship

o Iﬁ the .ase of the eorptivity méasurements,'the resu1te
'are much less erratic and it was poscible to fit '
regreSSLDn curves to individual sets of data relating
sorptlvxty to the duration of curlng¢ Hewever,'a_'
‘relationship could not be established across the data
sets for depths from the drying surfacde to account fer_
w/b ratio or compressive strength. Hence, it was
decided to present the data graphically instead of 1n_
the form of a mathematlcal model

The sorptLV1ty results of the internal sllcas were.
expressed as percentages ‘of those cbtained for the
corresponding surface sliues. The average percentaqe

. was then obtained for samples of the same binder type,
curing condition and depth from the surface‘ These'
average vaxues are presented in Flguree 6.20 to 6.22,
where depth form the surface is plotted as the average
depth for the indzv;dual glices.
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o Sorptivity
QLT

PG Congretes

' .‘_80_'* ‘Extent of Curlng .\\?
'~ 9 Days

HToa |
B 28Days |

: 8ol

S 20 80 . 40
. Depth :rom Drying 8urfq1=e (mm)

. ’Fzgure 6.20 Varlata.on of sorptivity w:!.th &epth from a B
' drying surface - OPC concretes

% Sorptivity
100 ———- .

FA Conoretes

| Extent of Guring
= tDay
"~ 3 Days
¥ 7 Days
= 28 Daya

80.

80

 4.° e o |
o o _ 0 ) a0 T a0
: Depth from Drying Surface (mm) :

F:I.gure 6.21 Var:.at:.on of sn:lrptivity wrth depth frt::m a
" drying surface. - FA concretes c
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" q00f-

% Sorptivity

' GGBS Concretes
80 Extent of -_curlau]_ :
' ~== {Day
—+— a Days
_ ¥~ 7 Days -
.Sb _—E— 28 Peya
o o 20 0 a0

: Depth frorn Drymg Surfane (mm)

Figure 6. 22 Varzatlon of SOrpt1v1tv with- aepth from a |

drylng surface - GGBS concretes

The following p01nts are noted from these curVes..

. The curves show that, for curlng'perlods up to 7

days, the sorptlvity decrease. . rapidly to
-approximately 20 mm from the surface, then appeare
to becone unlform with 1ncreaslng depth._

' Both the FA and GGBS concretes show appreciable

reductions in sorpt1v1ty with depth from the ..
surface after 28 days of ¢uring. lefarences in
the porosity values of the surface and internal
slices were not large enongh-toﬂacceunt_for this
effect. The reason for'this'dbServatien, as well
as its 1mplicat10ns will requlre further '
1nvest1gation.3 — o

‘There is no fixed order to the percentage.
reduction in sorptivity to the extent of moist
curing. In the case of the OPC concretes, the '
order of curing duratlon in 1nere351ng percentage :
reduction is: 28, 7, 1 and 3 days. In the case of
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the GGBS oonoretes, th;s order beoomes. 1, 7 3
’ and 28’ days. = C

| Nonetheless, the curves provige useful ;ndleatlons of _

- the effect of drying on the qradlent of sorptivity with
"depth into the concrete. Having determined a sorptivity

value using Eguations 6.6 to. 6. 8, the numerloal

- variation of _sorptivity with depth into the concrete
'oould be estlmated usxng Flgures 5 20 to 64 22.

36 5. Relating the Depth of Uarbonation to Durahilxty
- Index Values

Early 'age permeability and sorptivity measurements of

_the cover concrete zong serve the purpose of monitorinq;'
"~ the effectheness of - ourlng procedures in developing
7. the propertles of this zone of ‘the structure. In thls

context the results are used 1n a relatlve sense and
compared with correSpondlng results obtained in _
concrates treated in a standard manner (eg. water oured _
-for 28 eays). on the. other. hand, if these tests are to
-_be ueed as durabillty index teste, attempts must be '
nade to relate absolute values of permeability. and
sorptivity to 1ong—term durabllity performance of the_
oonorete.

ths seotlon shows the relationshlp betWeen the )
permeabllity and - sorptivity results, as durability
index tests, and the depth. of oarbonatlon, as a
durabi’ity prooese. An attempt is- also made to quantlfy
the effect of different blnder types on thls '
relationshlp._ -

'since most of the carbonation depthe measured were 1eee :
than 15 Tum, lt was declded to use the durability index
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 values of the 0-~15 mm sllce uf the s*ﬂpies to develop
the relatlonshlps. A further reason for this decision
was ‘that the. models developed above are most rellable
‘for the surface slices._

Figures 6. 2'3 and 6. 24 shcw plots of the measured

. carbonation depths ‘at 10 manths and the 28-day ongen .

parmeahillt; and sorptivity raspectively. The dlfferent'
;binder type concretes are. 1dent1fled separately on -

these curves and the reqra551on 11nes for each blnder
'type alé also shawn._ ' ' ' '

F:.gures 6.25 and 6. 26 show the relationshlps betWeen _

 the za—day durability 3.ndex results and the 20 mcnth
depths of carbonation measured on the FA and GGBS
fconcretes. The regressxon lines are’ shown on- these

'_flgures as Well '

5o CAREONATION DEFTH (mm)

| % opc O FLY ASH- __O'QQQiJ_ aass negréulon

) S~
- o'{’/‘ )
10f
T " CARBONATION DEPTH.
MEASURED A'r 10, MONTHS
0L ' [ li..llll. L - ||r_|_|r — 1 :.._|_-1 Larps o
CtOE-t - 10E-10 . 1.0E-09 o 1.0E-08 .

28-DAY OXYGEN PERME»\BILIT? _(m_le_)_

. Figure 6.23 28-day surface permeability vs. 10-month.
: - carbonation for the three binder types
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L mnaouAT-mN D.!;‘ff"TH'.fm'“’_-;_

20—

% ope. O Fy ABH o ass 'y
_ ' o GGBS Regression ‘,_f*"’ B
4B e e
B 0 pt
or ORC Regression
-y m—
B GARBONATION DEPTH o
MEASURED AT 10 MONTHS
e . 20 30 40 - . 8O
o - a-DAY SORPTIVITY (mm/hr-0.5) R
F:l.g‘ure 6.24 28-day. surface sorptlvity vs. 10-month
B carbonation for the three. blnder-typea
 3oCABBdHKn0MiEPTHlmm) f
L # Py asn O gads | o .
5. 0a8s “"""'99_._ ____________________________ ]
CARBOMATION DEPTH.---— -
MEASURED AT 20 MONTHS
o= 1 .I'Il'|||1| e I |||1||I' L i |:||||.
~ 10E-1 1.0E~10 1.0E-09

28-pAY PERMEABILITY {m/8)

F:I.gure 6o 25 28-day surfac.e permeahility vs. zo-month
carbonation for the three binder types
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%0 GARBONATION DEPTH (mm) -

_ . I o
¥ FLY ASH -E5-aaBs S
_GARBONATION- DEPTH——-{
| __ MEASURED AT 20 MONTHS
O b .-:'1 S o
: _'D__"_ 10 20 - 30 40 . . 50_

AT © 28-DAY SORPTIVITY (mm/hr~ 0.5) L
. FPigure G,ZG_ 28-day surface sorpt;v1ty vs. 20-month -
carbonatlan for the three_binder.typeS'

The regression 11nes take the ﬂarms shown in Equatlons
R 9 and 6.10. ' ' '

 For pe:meability;'

for sorptivity:

X=hy.S+hy, - . 6.10

where % is the depth of carbonation (mm), k and-sfare
as ¢efined before and Mo to A\, are coefficients
‘dependent on the binder tyPe;:The values for Ay to Ay
for both 10- and 20-month carbonation depth
measurements are given in Pable 6.4,
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Tabla 6 5 Values of coafficlants ﬁg to ku for use w1th
Equatlons 6.9 and 6. 10 L

Bixic_l'er ' '-'}\9"' S Ao )\u Az

Type |  For lo-month Carbonation Depth

orc  |2.514  |62.2  |o0.504  |=-2.3
ffopcyFa. . | 2.317 - |s9.5 - [o0.851 - |~1.4
J ope/eeBs 13.558 | 85.7 _.;_0.434.,_. .1.031

For zo-month Carbonatlon Depth

ope/FA - |3.3s1 | 8s.3 f,o.761_-_- 15
| opc/GeBS [ 6.162  f148.1 . j0.727 1.6 - |

 7_Tah1e,6.5.shows the correlation coefficienﬁa'obtained_
 for the regression lines shown in Figures 6.23 to 6.26.
_Table 6.6  Correlation coefficients of the regression
o L 'curves shownﬁ,in F_igures 1 Zand 2‘ o

_Correlatz.an cceff:s.ca.ent for the '
' 'relat:.onshz.p based on.

ick_Permeability- Water SQrptiv1ty

Binder type 10 mths | 20 mths 10_mth5' 20 mths

1005 oPC - lo0.940 |-  [o0.,938 |~
' 70/30 OPC/FA .| 0.938 .|0.890 |0.965 |0.230
50/50 OPC/GGBS | 0.954 |0.936 |0.924 | 0.866

- The cbrrelation'caeffiqients-Obtained indicate thjt all
the linear relationships developed are significant.

'Figure &.23 shows a clear trend of indreasiﬁg depth of
carbonation with increaéing surface permeability. The
following points are noted with reqard to the '
 regression lines 5hown.
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'.% | _The'?h line'is'apprnximately parallel to and
' o  shifted above the OPC line. This 1nd1cates ‘that,
. _for the same value of permeability, FA cnncretes .
. .carbonate faster than OPC concretes. This o
‘phenomenon can be ascrmbed to the IOWer calcium s
Nhydroxlde content of the FA concrete presentlnq’
" less reactive material to the advance of the
- :carbonation frontd- ﬂ
) Qe - The GGBS llne is rotated wmth respect to the OPC
1line lndicatlng that, for concretes in the high
_'permeablllty ranqe, GGBS concretes carhcnate
:faster than OPC cencrntee and vice versa.

-_Figufe-5[24 alsoeshows E‘gaod co:felation between 28-
day sorptivity and the depth of carbonatiOn. Here
again, the regreSSioh_line of the EA;réeg;texis_. _
 approximately parallel to and shifted abeve the 0PC
iine,'Tne'GGBs'line'is rotated with respect tao the OPC -
line but not as matkedly as for the oxygen permeability.
']relatlonshlp._ '

. In'the'caSezof the 20-month carhbnation depth -
measurements, the relationships shown in Figures 6.25
and 6.26, there appeare to be a larger scattef in the
results.. This is reflected 1n the lower correlatlon
coefficients obtained in the regressmon analysis of:
this data. Flgure 6.25 shown that a 51arificant _
'difference in the alope ot the regressmon lzne occurs B
for the FA and GGBS concretes. This flgure indicates
that, for equal suxface permeabillty, FA concretes
carbonate faster than GGBS concretes ln the low range
of surface permeablllty values.- o

onetne other hand, Fi@ure”é;gs_showsﬂan almost egual
relationship between 28-day sorptivity and 20-month
carbonation depth for the FA and GGBS concretes, It
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must be. noted however, that the.GGB% concretes showed a

:f-much 1arger scatter of results, as feflected by the

-___1ower cnrrelation coefflcient.-

L

!L

*s 6 Relatlonship Between tha Coefficient of

Permeahility and Watar Sorptiv:ty

”f'hh impdrtant'advantageiofﬁthe'test3methodé déVéloped"is

that the permeapility and: sorpt1v1ty tests are

_fconducted using tha same. ﬁample, nomlnally atl’ the same
'95age after casting. The twe: tnsts can therefora be -

compared dlrectly in order %o -establish if a rellable .

f,relatlanshlp exists between them. If such a o _
_ relatlonshlp axists, it may justlfiably e argued that _

only nne of the tests is necessary as a durablllty
indicator. Co ; 1«5¢_3; o -

o

Flgure 6. 27 shows a. plot of the coefficlent of

- permeahllity agalnst water sorptiV1ty for ‘the -0~ 15 mm
.'s}lces._The r@rt35810n 11ne shown for thls data is
.descrlbed hY\NIE equatlon (S and k ara as descrlbed
_ahOVE) - S

- §=4:924.1n(k) +126.2 6.11

o cbrrélétion coefficient = 0.893.
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"40._ ' : ”"__” e S e !
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o IV NESNEI PO T B S E | Lt 1 b "1 Ll '3 1141

0B 1080 - - . 10E-09 . 1.0E-08
- ' Coefﬁclent of Permeabll:ty {m/s) | |

Figure G 2? Relatlonshlp between permeablllty and
sorptiVLty for the surface slices

;-Fiéure 6. 28'shbws the ralationehip between the test'_
results of the two teet methods for all the samples
tested. The regress;on 1line for all the samples tested
is shown on thls graph together with the line obtained.
for the surface slices only, as shown in Figure 6. 27.
The averall regression line is descrlbed by the
equat:.en' ' '

§=3.965.In(k) +101.3 = 6.12

correlation coefficient = 0,747.
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E;gure 6. 23 RElatlcnShlp between permeablllty and
- sarptiv1ty for. all the samples teated '

The following pbints are noted from these results: -

- although fairly low, both the correlation _
' cDefflc1entS indicate significant relationships
_between the two test methods because of the 1arae'

- number ‘of data points used in the regreaﬁion
analyses, '

- however, despite this, the scatter of results
~ around the regression line for all the results

appears to be unacceptably large;

- the relationship for the surface slices is

' '  considerab1y more signlflcant and ‘a much smaller

- scatter is noted; '
- ‘the differences iu the correlation curves
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_1ndlcates that, for the same value of
.permeabllity, the eotptmv;ty af the 1nternal
' concretes. is lOWer than that of the surface
concretes - the difference beﬂheen the two values
becones ;erger as the coefflclent of permeabllity
1ncreasee‘

| It appeers that no elmple relatlonehlp exlsts hetween
+the coefficient of permeablllty and the water
sorpt1V1ty of concrete., Thls is prcbahly due to the

~ fact that different mechanlsms of transport are
_operatlonal for driving - the two fluids threugh o
3concrete. It can be expecte& that these mechanlsms are
dlfferently affected by microstructural aspects such as
porosity, pore size distribution and the nature and '
deu;ee of 1nterconnectlon of peres.

It is felt that this'study.has nOtfprovided sufficient =
information for one of the test methods to be rejected
in favour of the other, with any degree of confidence.
It is likely that, depending on the nature of the
'expected_aggre551ve_enVlronment, one of the tests may
_.be a'more”uEeful_index’test_than the'ether{-Further':'
reeearch'will'be-neceesary in erder to fihally
establish the usefulness of each of these tests as |
indicators of 1ong-term.durab111ty under a wide range
of aggressive environments.

6.7 Genetai_biéau&eicn '

A number of mathematical ahd.grephical models_have'beeh
developed in this chapter which are aimed at
restructuring the results of this project into mnore
usable forms for engineerlng appllcatlon. An attempt
was made to express the models in terms of controllable

6-45



7“'parameters such ae b/w rat;o, cempre551ve strength and -
extent of curlng In sdne measure, guceessful '
relat;onehlps have been devalope& betweEn thesa
' :parameters.' '

‘However, it must be noted that these models and their
frelatlve degree of accuracy of predlction,_apply only
to the materials and candltlcns used in the laboratory
:1nvest1gatlon..although numerical valuee have baen
deternined for- the various coefflclents, lt is= unllkely
 that these will be applléable for other concretes in o
- eother drylng envlronments. o ' '

~ The usefulhESS of the mod-lé is ratherfthat'ﬁhey show
'the trends to be. expected frcm the 1nteract10n of

- various parameters and, where appllcable, the form of

:pes51b1e emplrical equations describing this -
einteraetlon. The analysis has also shown the relative o
perfermance of the different binder types tested.

;Sinee nost specificatione and codes of.pradtice'uee'b/ﬁ
ratia and'compfeesive'strength as parameters for
controlling durability, Sections 6.2 and 6.3 show the
effect of thess parameters on the 28-day durability
index value and, hericé, the quality of the cover
concrete. Such relationships allow these specifications
to be used with greeter_cenfidence‘and,reiiability.' B

The emplrlcal relationship developed in Section 6 4,
reiating the surface durability index to the extent of
early—age moist curlng appears to describe the results
obuained with a good degree of rellabzllty. The model
is also able to account for the dlfferent response of
_-different binder types to the degree of early moist
_curlng._- -
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'eThe'g#adient_pfﬁdurability-iﬁdek and hence,-cqndfete
quality from a drying surface, wgs found to be more
difficult to model. This wag apparent from the erratic

nature of the curves in Figures €. 18 to 6.20 as well as

the poor relatlonshlp between permeabllity and
sqrptiv1ty for these depths, as discussed in section :
'6.6. Further research, which includes an assessment of
the durability performance of this lnternal zone, is
requlred in order to addrese thle 1ssue* '

o

.The equatlcns developed for predlctlng 1ong-term

carbonatlon using early—age permeahllity and eorptLVLty ;'

'-Lteste appear to he reliable in view of the. relatiVely
_ gocd correlatlon coefflclents obtalned This holds
promlSe for the use of thése inﬁex-type tests to

e-;control durablllty at the const:uctlan stage. Further.

research must. be ‘conducted to assess the usefulnese of
these indey tests in predicting the aurabllity '
-performance of concretes exposed to different drylng
condltlens and dlfferent aggresSzve environments.

6.8 Conclugions

The following conclusions are drawn on the basis of

results and discussions presented in this chapter:

a) Lack of active curing during the early stages of
hydration has a marked effect in increasing the
permeablllty and sorptivity of surface concrefe
for all b/w ratios and strengths tested Thls
effect is noted for up ta 45 mm below the surface
of the concrete. ' _

b) For a given curing dendition.and_b/wiratio,joﬁcj
concretes generally'giVe'lowaf permeability and
sorptivity values than the OPC/FA and OPC/GGBS.
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@)

e)

' lnsen51tive to the blnder type. S i

concretes. Algo, for curing periods longer than 3

 days, the serptivity of the cover concrete becemes:

i

LEd

_For egqual compressive strength the OPC/FA
' concretes showed the lewest surface permeahillty

for - all the early curing conditlons tested. Alee,
fer curlng perleds of 3 days and longer, concretes

- made with the different binder types_shew_eimilar -
'_éurfaCe'watef sorptivity values. Under these

curlnq condltions, 1ncreases in compr3551ve

"strength have a small effect in decreaslnq the
- surface sorptivity of ‘the concretee.
" Based on the test proceaure uged in this

lnvest;uatlon, the oxygen permeablllty and water-
scrptz py of the 0 to 15 mm surface segment of -

_concrete can be predicted frcm the followiug
“_equatlone. '

'_ 1e(piie¥B.1e(z9~+_1n(Ar
In(a) = Ay (B/w) + Ay
B = hgu(b/w + A,

Where D; is the durability index (permeability or

sorptivity), T, is the duration of moist curing
(days) and )\, to )\, are factors which depend on the

‘binder type. For the results of this :

1nvest1gation, the A factors are given in Tables
6.3 and 6.4. These eguations allow the durablllty
index values to be determined on the basis of
controllable concreta parametere. bjw ratlo and -
the duration of early-age moist curing.

OPC/FA and OPC/GGBS concretes showeappreqiable
reduction in water sorptivity with depth, even
after 28 days of water curing. The reaSOn for this
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is unclaar and wlll requlre furthjr 1nvest1g¢tlon.r

T_The depth of carbonation (x) igs related ta the
durabllity 1ndex values (D) as foﬂlows--

= 1n (k) for permeabilﬁ ty
B’- = 5’ for sarptivi ty'

i

._1% and Xfare constants. B ; ; _ _
. Foxr equal surface permeabilmty or surpt1v1ty, OPC_"
_ concretes carhonate slower than OPCIFA and '
. OPC/GGBS concretes. _ g
By
_"and 20-month depths of carbonatlon of the OPCIFA
~ and OPC/CGES contretes could not be. relatad to .

In this investigation, it was found that the 10—

sach other uslng the conventlonal square*ront

:relationshlp. Further 1nvasxigatmon is required to -
,confirm these results and perhaps develop a more
'-'sultable relationshlp for the depth af carbonation
" aver time: - S ' '

' There appears to ba a anear relaticnshlp hetwaen
 the sorptivity. and loqarithm af permeahillty
_measured for the samplas téstéﬂ. HOWever, the

scatter of the data points is toco largs and_thé-'
correlation coefficierts too low for this -f’
relatlonshlp to be establlshpd with confld%%ce._
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'-;projects presented here involve the use of

._.CHAPTER 7
'casx swunxes

Tv.;_-xntreduetioﬁ

'fThls chapter presents some of the prejects in'which the
'durablllty index test nethods develnped an ﬁlscussed in _
Chapters 3 to 6, were ‘used to address actual . R .
-_constructlon o speciflcatien problems. All the

-Upermeahlllty, sorpt1v1ty and}or carhonat;on teeting to _
. determine the performance of in situ structures or the"
.potentlal performance of propdsed concrete mlxee._ : o

For varicué reaeens;'sbme af the'clieﬁté have reqﬁeetedf3"

. that the projects not be named in thls dlSGﬂSSlon. In
'_these cases, the praject is- 1dent1f1ed by thé npst
e_lmportant parameter be;ng testeﬂ and/ar the type of ”

 'nstructure being: tested. ' :

'_Tne follow1ng progects are dlscussed in this chapter'
-a) _:Cast~1n~51tu ccncrete culverts in Namlbla'

. Bffectiveness of curing compound. S
gb) j_lemkulu river lncrementally launched hrldqe on'*
- the Natal N2. _ o _

e) 511p-ﬁormed concrete - Effect of very early R
o _exposure of concrete to drying envirnnments.

d) Ready mixed concretes -~ Durability effect of

- proposed alternatlve mlxing pracedure._

T



'.7 2 Cast-in-siﬁu concrete culverts in Namihia.:??';e"
: Effect;?eness of curing compound L

This "pro‘jecﬁ invalvéd the durahility aspects of
'ccncrete ta. be used for cast- n-sxtu storm—water _
-tculVerts under a road. The culverts were expected ta he
partly submerged in water fcr con51derable periods

during ‘the’ ralny season4 Analysls of the water. expectedz_ﬂ3

. to flow through the culverts gave Bassonm 1each1nq
‘indices. between 300 and 380, A 1eaching index value of
350 is considered non—-to mildly aggre551ve while a
'.value of 1000 is cons;dereq_very.h;ghly aggressive. The'
- values obtaineg plaéed'the water in the ndﬁ* to mildly
e;aggressive category and could therefore present a
eslight leachlnq prohlem wnen in ccntact with.concrete.
? 2 1 COncrete detazls :
”iThe tender decuments for - the project called for the use
- of a 70%/30% blend of OPC/FA ‘as the binder for the - '
_concrete. HoWever, for economic reasons, the contractcr
;3_proposed to use rapid hardenlnq portland cement.(RHPC)
:lln the folloW1nq mlx'_e

‘Cement content: 280 kg/w

"'-Weteffcement ratia: © 0.68

Admixtures: . Retardlng/plastlclszng
Aggregate: - .

. Stone: L crushed dolamite

jSand:_ _ : '~ Blend of crushed dolomite
EE— and natural sands - -
Measured o o
Tﬂdey_etrenqth: | '339.0 MPa.

h'question was raised regarding the durability
performance of the proposed concrete relative to the
requested OPC/FA concrete, After some discussion



between the contractcr and the cllent it was. felt
Vthat, provided the concrete was adequately cured, the

_ durability performance cf the proposed mix in the given

'enV1rcnment would be at least equivalent to that of an
IOPCIFA concrete. : : .

h _It then hecemeeneceesary tc'gauge'thequfectivenessscf*"
_the'ccntractcr 's prdposed methcdfof éhring,'which o _
“involved the use of & resin based curiay ccmpaund. The =~
| proposed curlng ccmpoUnd was reported to be '

- approximately 5 times better than the minimum

_requlrement of ASTM CBOQ—Slm_'currently the only test :"
method used in Scuth Afrlca for asee351ng the quallty
B cf curlng ccmpcunds.-- '

 The curlnq methcd wAS assessed by testlng laberatory
' samples of the propcsad concrete for oxygen . - - )
_'permeablllty and water- sorptlvlty. Detalls of the test |
. programme are glven below. S : '

_7.2Q2'Lahoratcry.prccedﬁre'

,Sample and curxng detazls ; .
- Nine 100 mm cubes were cast by the Portland Cement
Institute (PCI) and de—mculded_apprcx;mately 24 hours
atter caeting.”After-de;moulding,'these cubes were
cured in the fcllcw;ng manners
i) _three cubes placed in a standard water curlng tank'
. for a further 27 days; ' : S |
ii) three cubes exposed to drying in the labcrutcry at
- PCI havlng had all six faces of each cube ccated
with the recommended- amount (6 m/e) of a
~ pigmented, resin-based curing compound.
iii) three cubas exposed to drying in the laboratcry at
PCI, coated w1th the same curing campcund as above
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- but uelng twice the manufacturer 'S reccmmended
 dosage rate (ie. 3 nﬁ[i} ' -
-The coated samples were placed in a rcem where the

-t_temperature was controlled at 123 °C. These were

ﬂarranged so that free alr mevement was allewed around
Call faces of the ctbes., All the samples were
_ _transported to our: laboratories 28 days after they were
. cast._.r- '

rSample pre-treatmEnt and testing :
Upon’ recelpt of the samples, a 2 mm thlck layer was

removed from a Vertlcal (as cast) surface of each cube._.f'

This was necessary to remove the effect of the eurlng
-'cempound on the test results. For each cube, a 68 mm o
dlameter core was drilled from this surface end a 20 mm'
thlck d;sk was cut from the'core repreeentlng a depth
of 2 to 22 mm from the surface of the sample These o
-.disks ‘were then pre-treated and tested for oxygen
_permeablllty and water. abeorptlon as descrlbed in
Chapter 5. :

__7.2,3 Results and discussion | S

Table 7.1 preeents_the'aVereqe of three results -
_obtained.of'the'exygen:permeability and water
_abserption.tests. Thie'table shows that the durability

properties of concretes cured using the cur;ng_eompound_-e

_arefconsiderably:lower than that of the concretes cured
‘for 28 days under water. However, the 28-day water
cured values should be seen as "ideal", control test
values which would not normally be obteinable:inesitu.

It was expected. that'the 28-day water'cuxed'strenqth-of”
_thle concrete Would be approxlmately 45 MPa. These
results were therefore compared to those obtalned for
the P2 concretes at 28 days. By setting the 28-day
1ndex values to 100% and llnearly 1nterpolating where

e



necessary, it was posSthe to obtain estimates of the -
_,equivalent duration of water ouring for the curing '
- compound coated samples.

-Table 7 1 Results of oxygen permeability and water

sorpt1V1ty tests. , o
i ST NS

| | Average | Average
| ¢ | coeff. of | wWater |
.| guring | Permeability |‘Sorptivity
i Methoa - . | (x20"'m/e) | (mm/hr®)
ﬁfWaterfoured" S | _ y
for 28-days =~ |0.38 - - 18.85
Double ooatjof S
‘curing sompound | 1.36 - |12.94
:._Sinq;efooat'of H B T
Il curing compound | 1.96 .75 J'

'These estimates ‘are presented in Taole 7.2 below. The '_
_estimated periods of water ouring provmdes a measure of
the eff*CLenoy of the curing compound treatments.
Figura 7.1,. presented by Ballim et a1m shows ‘how the
estlmates were obtained '

Table 7.2:shows that the single-ooating of curing
compound provides the same development of concrete
sﬁrfaoe propefties as approximately 3 days of water
" ecuring while a double ooatlng is equivalent to 5- days
‘of water ourlng. Given that the concrete intended for
use on the project will contain RHPC, it is reasonable -
to expect the equivalent of three days of water: curing
on site. The high rate of initial hydration of the RHPCI-
means that it can tolerate shorter curing periods than
plain OPc or OPC/fly ash blehds, for which a minimum of
5 days of water ouring is. recommendedm '
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Table 7 2 Equlvalent water ourlng perlod of the curlng
. compound treated samples. ' -

_ _'Estimated-equ1Valentm c Average:'
. {water curing period- . equlvaleqt
| _ (days) baged on:* | water
feuming L eability | Sorptivity | CFINT
il method BN | perioca
o | results - | results

'-(dayﬁjo' »

[_Single coat '  R | _ _
of curlng B B Y- 1 2.8 IR R I
compound_ ' - ' ' I '

pouble coat _ e . S _
of curing 1 ¢ s.2 7 ] 5.2 - | ' 5.2
(, ‘(‘{(; mpgund . . . O o . .

RELATIVE PEHMEABILITY (%)  RELATIVE SORFTIVITY (%)

10000

C(Loa SCALE) : R '(L!NEA'rt_"sdﬂLEl 250
_+ : oo - ?ESTM&THOD e
¥ ;—**PERMEABHJT? —+—sd, rﬁATv
.f "5260.
1000
’ : e e Tt ‘.--. ........... Emm—— R . ——
a1 . .
e 180,
100 —.— 100
0 2 4.6 8 1012 4 16 1a 20 22 24 26 28 30

DAYS OF WATER CURING

Figure 7.1 Method of estlmatlnq the equivalent water
B "~ curing duration of the curing compound
coated samples (after Ballim et al®)
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Ta giva an lndiaation of the durablllty 1mplicatlons of
the results in Tdble 7.1, astlmates of the carbcnatlan 2
rates for the slnqla and &uuhle coated concrates uslng
:_Flgures 6.23 and 6.24 in Chapter §. For compaxison, an
‘estimate of the carbonatlon rate of an OPC/fly ash
concrete of the same surface.permaablllty as the 91ngle
" coated concrete is also presented Thesa estimates are
shown in Table 7.3, where the value D is the -
‘garbonatioh coefficient used in the square root
f_equation relating depth of carbonatlon to timé of
'exposure.-

_'The results shown in Chapter 5 1ndlcate that for equal"
strengths, a 70/30 OPC/FA mix glves lower permeability
° than a plain OPC mix. However, if the plain OPC is

- replaced with RHPC, ikl can be. expected that the
increased fineness of the binder will result in _
permeability values sinilar to the OPC/FA nix. Hence,
the gomparison with the OPC/FA concrete in Table 7.3 is
based on egual permeabillty values.

The reasan fov the hlgher rate of carbonatlon of the -
OPc/FA concrete is that it has a lower concentratlon of-
calcium. hydroxlde in the pore structure and the - |
"carbonaticn front can thlxefore move at a greater rate.
This lower culcium hydroxide concentration derives from
_the lower OPC content and the fact that calcium
hydroxide is. consumed by the pozzclanlc reaction of the
.fly ash.

: Tha éstimateS'presanted in Table 7.3 were intended to
gife an indication of relativé durability performance
and were not meant to lmply that an equlvalent rate of
carbonation should be expected in situ. The actual '
carbonation rate would strongly be affected hy the
anvironmantal exposure conditions.
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Taﬁlg'7.a'Estimated rate of carbonation for the curiny
‘compound treated conczetes . and an equivalsnt
LOPC/fly ash concrete. L '

A 1 Time to - |
o | . b | carbonate to 15 |
 Concrete De alls | mm/(month)* | mm Depth (years)
Double coat of curlng 177 | 54
'g_compound ' o B
51ngle coat of curing ' : 1.992 L__ o 42 R
| compoung 1 e S
| oPc/FA conerete with - | |
 same 28<day | 2.2z | 34
_.permeability slngle ' o ' '
: _coated COncrete

ﬁ;z:&jsﬁmmary of'findinqs

The following lmportant pu;nts were raised by this'f

:investigatlon°-' .

a. Wlth the appllcatlon of the r951n—based curlng
_compound, the proposed RHPC concrete can be
‘expected to provide a similar degree of resistance'

- to deterioratlnn as the OPCfFA conerete.
b.  The ASTM 0309m test does not ‘appear to be a
reliable measure of the effectiveness of-curlng._
_ compounds. The curing efficiency of the comgound
 tested is considerabiy Tower i Lan Wou1d be | }
expected, given the performance of the material in |
the ASTM test. C

@, Durablllty index testing of concrete, in the form

 of surface permeability and sorptivity, gives a

direct measure.of the effectivensss of a curing

gompound in developing the surface ﬁropertiés of
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- concrete. The good agraement in the pradictions of -

the effectlva duratzon of moist curing ig
-engouraging from the polnf of view cf the
. usefulness. of these tests.:
"#. Some of the comparisons made in this study may
- reguire further zlarification since RHPC was used |
as the binder: in the samples. However, there ls_.
- {sufflcient evzdence to warrant further‘research
1nto characterising the effectlveness of curlnq;
_compounds._ '

_?;3 ~Mzimku1u R;ver Imcremantally Launchad Brzdgn on -
. ‘the Natal w2 :

The Mzimkulu rivér‘bridge at Port Shepstone forms part

"-,Df the extehsion and upgrading of the N2 freeway on the

'Natal SQuth coast. The proxlmlty of thls structure to
“the - ocean gave rise tm some concern on . tha part.-of the
) aeSLQn-nnglneerﬁ raqarding the long term durability of
the in situ concrete. The concern derived mainly as a -
~ result of the relativmly short perlods over wﬁlch some
af the concrete sgctions-WEre heldfln the shutters -
'reported to'be'betWeen'z;gnd ﬁ_éaysf- ' '

The bridge deck was canstrﬂcted uslng tha lncremantally
launched technique and.Fiqure 7.2 shows an early staga
in the launchlng of onhe ‘side of the degk. Figure 7.3 .
shaws the row of pierm laoking northwards across the
river. '

'In'order'to'qnantify the extent of the problem;'itIWas
decided to undertake a series of tests measuring the '_
potential durability of the concrete. These tests wquld-'
. inform a decision on whether or not it was necasgary to
apply a protective coating to the concrete ih_brder'td

improve the long term durability. = ;
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 $igura'7;2§ 'Eafly'atageé of the.hriﬂgeﬁirf

Figure 7.3: View of the piers 1oak1ng Northwards
' across the rlver

Samples retrieved frum the structure were testad for
strength and surfice oxygen permeablility, water
absorption and carbonation. At the time of testing,

-7T=10



P | R T : R o
’ . I R X . S
* = .

Figure 7.3: View of the piers looking Northwards "
R ‘across the river o |

- b o Bt

Samples retrieved from the stiucture wers tested for
strength and surface oxygen permeability, water
" absorption and carbhonation. At the time of testing,
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-cancreta samples from the plers were between & and 24
;weeks old Whlle those from the deck ‘wera 18 days old.

7.3.1 bésqriptiﬁﬁ of the samples

- Test saﬁplés consisted of'loo'mm'diameter cores drilléd
from the structure._The lengths of the cores varied -
between 260 m and 300 mm. All tha cores were kept
moist durir transport by being wrapped in wet - geo—'
fabric and placed in plast;g bags. Table 7.4 gives.
physical details of the cores as received. The areas of
 '_concrete to be cored were selected by the resident
”-englneers on s;te.f Three cores were taken from each of
 the piers and 4 aores were taken £rom the web of the
- deck. o '

:_Tﬁe.conérete'appeared tq-he of'a=fai: guality with only
- a few compaction voids visible on the surface. All the

'_'cores were obtained from the pier walls and smde web of

the deck and therefore had ofﬁmshutter top surﬁaces.f_'
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»Thhlq 7.4§.Physigal ¢ondition of thé_corgﬁ;#g Received

- e -
caore | Locatign Observations/Comments
sroup : X s _ _ S
,13.1{2/3 _'3 ¢erés; ist - - Good campactlun,
- v | pier, South sid§3 reinf, bar in AS3;
| ; cover depth #.4?_mm.
BN 1/2/3 |3 gores; 2nd Concrete well
S -p;g?; North'sidé'fcompacted, few small
Lo - pores evenly
distributed; no |
: 7_rainforéementfﬁresant.  ' f
'c5'122/3'- ;é_géres}.Srd Larger stoﬁe size than f,:
o 'fpief;_South-side _As BN and ES cores, |
I  many 1 mm pores
_v;51ble on the
.surfacéf;no__~
‘reinforcement
_ "encountered.-
eﬁi;)zfsﬁ; 3 cores; 3rd 'As for cs samples withf
' ' | pier; North side | less surface pornsity,'
| reinforcement kars
through each core;
-cdvar depths as _
faliows: CN1 = 43 mm,
| CN2 and CN3 = 37 mm
tES 1/2/3 3 cores; 5th 'As for AS concrete; no
| pier; South side | steel relnfarcament
L  encountered.:
IW1/2/3/4 | 4 cores; inland Few compaction volds
' side; web of ‘ranging - from small to
deck |10 mm., Approx. 2.5
| | days in formwork.
e _ . S




.The cores receiVed were cut into. three segmente' (i) o
'to 60 mm, (ii) 60 to 170 mm and (iii) 170 to 210 mm
;meaeured from the expOSed surface. Where a__:
relnfercement.bar was encountered 1n the core, the
first segment was reduced to 0 to 35 mm._

"-The 0 to 60 fam and 170 to 210 mm segments were cored to RN

obtein 68 nm diameter ceres. 20 mm thick test sllcee

were . then cut from these wores to represent depths of 0_.;'

- to 20 mm, 20 to 40 mm and 170 to 190 T 1nte the . _
' concrete measured frem an expeeed surface. Some’ uf the :
eamples had tao be abandoned because of the presence of-
'-relnforcement._# __' ' '

The twe ends of the 60 to 170 T eegmente were planed f
. on a high speed faclng machlne te ensure that they were
parallel to each other. These segments were then stored_
“in a standard curing £ank for three days before belng |
tesfed ﬁor compre531ve strength '

'7.3;$-Teet methcds and_p:oeeduree-

The three 20 mm'elices_ebtained_from each:eore_were_-
dried for 7 days in a ventilated oven controlled at 50
°C. These samples were then tested for -oxygen
permeability and water abeerption as described earlier.

After the water absorption test, the 0 te 20 mm slices
were broken along a dlameter and the depth of
carbonation was determined ‘by epraying a 1%
phenolphthaleln 1n alcohel solution onto the broken
surface.

. The approximately 110 mm high core segmente were tested
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"for comprese;ve strenqth in’ an Amsler comprebeien
testlng machine with a 2000 kN capacity. A sheet cf -
-soft board was lnterposed betWeen the 1oad1ng platen-
and the ends of the test cyllnders. This was done to
elininate any eccentrlclty which may have been

* introduced by the ende of the cyllnders not heinq

E perfectly parallel to each other.'

. 7.3.4 Results and Discussion

- Compreseive'strength;'Tabie 7.5 shous the results of

1-the compressive strength tests carrled out on the

cores, The density values shown in thle Table are
'"apparent" den51t1es, calculated on the' baSlB of
*saturated surface dry welght Measured to an accuracy
of 5 . It should ha noted that no correctlon factors"

:JhaVe been applled to the strength results presented 1n
Tahle 7 5. ' '

. The results show that all the strengths were greater

-_tthan 30 MPa._For ‘the plers, the average strength of the

'concretes is 35 1 -MPa Wlth 1nd1V1dual in the’ range 30. 6
MPa to 39.2 MPa. The apparent density results are also
fairly unlform for all the eamples._'



Table 7.5t . verage Results of ‘Sample densrty and
R chpreSSLﬁe Strength Tests ’

_Sempleif' 'Density . Strength ;.
group ' (kg/nﬁ : "_ (MPa)

as.  |a2387 [ a33.9

BN 2393 . |36.5 -

cs - la2e11 341

ey - - lamzez.. . o f3s.a

'ES . |2382 | 3z2.8 .
IW'e | 1 ag03 '_:44?5_.

ePerﬁeability,'serptivitv and cerﬁohatien tests: Results
- of the oxygen permeahility and’ water sorptlvlty for the
various slices tested are shown in Table 7.6. ‘The

: measured ﬁepths of carbonatlon are also shown in thls
”table. ' B o

_The results presented in Table 7.6 ehow that sectione
of the bridge have suffered reduced long term .
"durablllty potentlale as a result of 1nadequate curinq.
This is indicated by the hlgher durabillty index values_'
- at the ‘Surface of the samples than on the inside
~ samples. of partlcular cnncere are the sectlone_
~represented by the As, cs, ES and IW samples.

. As an.iﬁdidation of the durability effect of the
'reduced surface quality, sample group AS showed 7.5 mm
of carbonation 6 months after casting. Using the V& _
‘relationship for the rate of carbonation and assuming
that the SPEC1flEﬂ 40 mm of cover depth has been
satlsfied, the steel in this area will be derpassivated
after 14 years. ThlS illuetration assumes that _
carbonation will be the only action leading to de-
paeslvation of the steel, -
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Table 7.6: Average Results of Oxygen Permeablllty COEffiCler ., Water Sorptivity and .
o : carbonatlon Depth Tests ' - _ B

oxygen Pérmeaaility_ Water Sarpt1v1ty __Depth of
(x10™ m/s) st - -”(mm/hr*} at depths'" catbonatiqn
| 2age at | depths: DR PR o am
f:Core "test — -

0to |20 tof180 |ote |20 to]180 -

leroup | tmonthsy | . 17 . : G
B _ 20 nm | 40 mm | mm ... 20 mm | 40 mm | wm

11.3 |4.6 |0.8 |17.6 |8.4  |7.4 |7.5
4.3 |29 Ti.3 |83 [e.2z |83 [2a
le.a las |s.2 [15.0 |s8 {72 |3s |
l1.e 2.2 2.8 |94 je.z [e1 f3.0 - ]
lis.s le.c |13 le.9 |io.7 {s.1 3.0 o
6 |40 li.9 F0.3 [10.9 |7.2 |68 |-

las
BN
fes
oN
_ :ES_..'
e

O MmN N Ao
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It is interestxng to note the lack of relatlonshlp

"between ‘the compr2551Ve strengtﬁ of the internal

concrete ‘and the durabllity propertles of Lhe omver
'oonorete. This agaln points to the retarded devo&opment'

of properties of tho cover concrete resultlng from
lnadequate curlnq.; _E ___-—" '

" An 1n~51tu oarbonatlon lnvastlgatlon showed that lt was
mainly the first lifts of some of tha plers which were
" of partioularly low guality. This was acoompanled by
porous  surface areas, at +the 1nterfaces between oastlng '
1ifts. The porous areas ware caused by loso of grout

'“ 'from the shuttors.- R f. WHT&’ o

While the surface 1ndex ‘value for the deck web samplas

'f_is not unduly h*gh, the values obtalned for the

_internal slices show that an_lncreased duration of
curing would improve the potential durability of the =
_surface cancrete. However, the duration of éariyﬁage:

”fcurlng was dictated by the deck jacking cyole, which

- . Was approxlmately 2.5 days. Hence, the formed.- surfaoes
of the deck were exposed to alr drylng 2,5 days after

;castlng. . '

7.3.5 ﬁéoommendotions

The following reoommendations were made for improving
the potentlal durablilty of the structure' ' '

Bridge Piers :
It wag propose& that the first llfts of piers As, cs,
ES and be ooatad with a proprletary sealant whioh would
‘reduce the access of gases and dissolved ions into the
cover cancrete. If partial coating‘preSentgd a problem
with regard to the aesthotioo of the Struoturo, '
consi-eration would have to be given ta "concrete

- 7-17
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A

.'Jcoloured" coatlnqs or oolourlesa surfaoe penetrant
-materlals. Technical aspects were th be discussed w1th =

the manufacturers of theee produofeg

Tt Was étxessed that the'porouaﬁgone noted on.some of .

.the plere ‘and in partloular,;at the doints between o
_ sucoessmve.lifts wero ‘o bf-eealed and made good. It

was recommended thdt af €poxy based mortar be used for

- this purpose. Agaln, the choice of the moet appropriate;
'sealant was to be nade after consultation Wlth the

suppllers aof theee materlals,

,The'depth of oarbOnation of”the ooﬁcfete was to be

monitored contlnuouslyr especially on_ the plers cast

during the 1nvest1gation..The site personnel had
_suff1c1ent experlence Wlth the phenolphthaleln tast- to

conduot ‘the carbonation: monltorlng tests., A deolsion _
could then be made as to the need for coating on other

'sectione of the piers on the ‘bhagis of the measured rate :
._of carhonation. It was possible that a flnal decision

coul& ‘have been taken on thls aspect by the mlddle of

Br;dge oe_k

It was ?eoommended that, as a sectlon of the deck 15

jacked forward, the newly expoeed concrete ke coated

_with a curlng compound This would ensure that the
| first 20 mm ‘of the cover concrete develops a sufficient

degree of meermeahlllty to obviate the need for
subgequent protectlve ‘coating to be applied to the

vundereiﬁe of the deck. .

nThe application,of the curing campound would possibly

interfere with the dressing operation oarrled out by
the contractor. However, where it was neoeeeas“ to
carry out minor repairs or when rubbing downowes
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'requlred, the affeeted area of concrete cauld be re~ -
coated Wth ‘enring compuund after the dressing -
eperatien; I+ was also polnted_cut that cement;tious
ctmiings and repairs do not adhere to most qurihq-

'cbmpaunde; If such coatlhgs were to be applied, the
requlrements ef the curing compound would have to be
diecusseu with the suppiier. '

7.4 CASE 3% SLID Fonmn cancnm'ﬁ. Errzc'r oF vzm!
Eann! EXPOSURE CF noncnﬂrs TO nntrn& '
Emnomms

' 7.4.1 Intreductian' _
This 1nvest1gation was almed at comparlnq the
.effectiveness of a wa)»based curlng compcund on plain
. OPC concrete and concrete made with blends of orC and_
GEBS. The concretes tested were to be used in a slip-
formed construction project and were therefore to be =
exposed to drying conditions at approximately 5 hours
after casting. The investigation was therefore aimed at
informing a decision on the use of GGBS in the concrete
for this project._

Concrete samples were prepared and stored in the
laboratory under three conditions:

ﬁé' - exposed to air dryiﬁg 5 hours after casting and
: L . coated with curing compound;
'ﬁ,_ - exposed to alr drying s'hqurs afﬁer-caeting'-
|  uncoated; ' '
- water cured for entire period.

The mass change of the air dried samples was regularly

_ moniitored up to 28 days after'casting..hﬁ 28 days'after

¢ : casting, surface segments of the concretes wera tested
for‘uxygen permeability and water sorptivity in order
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' to determine the efféctiveness of the curlng campound_'

on.the different concrete types.. '

7.4.2 Mixes and materials

Table 7.7 below shows the-mix proportions of thé 5

'concretes tested. Mix 1 was the plain OPC control mix

and mixes u ta 5 cqn51sted of hlends of OPC .and- GGBS.
50% blend proportlon was used for mixes 2, 3 and 5

a

while Mix 4 contained 40% GGBS. Table 1 also shows the

rneasured slump of each mix. All the solid materials,
the. water reducing admixture and the whlte pigmented,
wax bhasged curing compound used, were the materials

' intended to be used in the structure. '

fable 7.7t Mix proportions (kg/m®) and slump |
' measurements of the concretes tested

| Material o |Mix 1 |Mix 2 |Mix 3 |Mix 4

water = - . |170 {170 |170 |160 | 165
Slagment : |- |iso -|170 j128 |1e0
opc ~|320 Jis0 |170 182 - |160
| vaal river sand 525 | 525 {509 |s27 |s525
12 mm - dust Dolomite |525 |s25 |s25  [528 |52
19 mm Dolomite stone |975 |975 |975 |975 | 975
Admixture (ml/n’) goo {800 |soo |so0 {400
Measured slump (mm) |50 145 |95 |35 55

-7.4.3.Laboratbry prodadure

Sample preparation and mo;sture loss measurements :
_Nine 100 mm cubes were cast u51ng each of the mixes
shown in Table 1. These cubes were de-moulded and
exposed to their respective curing regimes in the
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(b)

ey

iy

'follow1ng manner-

@

three cubes were. de-moulded at § hours afLer
casting and exposed to air drying in the'f_-
laboratory; '

three’ gubes'were'de—maulded 5 hours after -
' casting, coated with curinq cdmpound'and

exposed to a ir drying in the 1aboratery,

‘three cubes were de-moulded after approximately
18 hours and placed in a. standard Water curing .
bath up to 28 days qfter casting '

_The follnw1ng procedure_wae used far the eubes expoeed
']under conditions (a) and (b):

At 5 hours after castlnq, carefully remove the j'

;__side faces of the cube mould so @s not to
'damage the surface ~ the concrete. This was

bast” achleved by seldlng the individual mould
plates upward against the concrete surface..f

__tWelgh the cube on its base plate 6 ihe neareste
© 0.1 g. ) . o .
'?Immedlately goat the 6 exposed ‘surfaces of’ the o

cube with curing compound by splaehlng the
curing compound from a standard 50 mm palnt

* brush.
'tW1pe off any excese curing cempound from the
_base plate of the mould and welgh the cube and _
base plate to determine the mass of cux;ng
compound applied. | |

Place the cube on the'Nofth window ledge in the

~ laboratory exposed to sunlight during the

moerning only.

fWelgh the cube and- ﬁase plate approximately 15

hours after castlng. then remove and we;gh the

' pase plate. .
Coat the underside of the cube with curlng

compound and re-weigh the cube. Place the cube
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B back on the window lédqe{_
~  weigh the cube at regular 1ntarvals and, whlle
o 'keepinq the cube in the as—cast orlentatlen,
‘rotate the cube with raspect +to the dlrection;
_ of sunllght at each weight determmnation.
Co= . Coat a sheet of glass_of\known surface area.
' with the stated amount of curing compound and )
- expose this'aldngside.the cubas. Weigh'the
. glass regularly to determine the mass lcas of
o the curlng compound ' -
 The ﬁ&nﬁfactufei's 9pecification required that the
curing compound be applied at a rate of & m¥/¢. It was
'found_thaﬁ,_atfsfhours after castiﬂg, theqsideffaces'af__
' the cubes were not able‘to ‘hold ‘this amount of compound
 and a second coat of ccmpound was applled after the-
 base plate was’ removed on- the: day after castlng. '

| 'As stated'ébéve, the cubes were ekposed ihdﬁoks to"_
morning sunlight only. At approxlmately 12h30 each &ay,__

"ia ‘black plastic sheet was placed over the windows s0 as

to eliminate dlrect.sunllqht onto the cubes.-

i oxygen permeability and water sorptiVlty tests.

AL 28 days after castlng, a 68 mm diameter x 25 mm
thick disk was cbtained from a side face of 8 of the
cubes of each mix tested (3: coated, 3 uncoated_and 2
water curedj. These disks,_représenting the 0 to 25 non
‘surface section, were testsd for oxygen permeability
and water absﬁrption as descrived in earlier chapters.
These tests were condus s£ed . in order to. mcnltar the
effact of the dlfrerent curing reglmﬂs on the
development of the burface quality of the- conctates.
The outside face of the samples which had been cpated
with the curing compound was lightly rubbed with sand
‘paper to remove approximately 1 mm of the surface.
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compress.ura Strength‘ .

- For each wmix, cma of the water cured cubes was used to
~ obtain an Indicatlon of tha zs-day cumpreasive strength'
| 'of the concrete. - - o

7.4.4 Results an'cl discussion

Sample mo.wture loss o
Using the curing compound on. ‘I:he glass sl:.de, it was

determined that the curing compound lost approximately T

~ 90% of its mass: after 6 hours of exposure in the

' laboratory, The mass of the compound remained staple'
thereafter. This correction was applied to the mass .
- loss measurements obtained for the coated samples. _
_'Figures 7.4 and 7.5 show the average mass 1osa of the_;
'.coated and uncoated samples reapectiVely '

' AVERAGE MASS LOSS (g)
140 1 A Mﬂ 2 . Sjs_.(g)

9 20 S i —
100 SR
) . —_—
salE MIX No. |
— 1
» |
C L | % 8
20 ,__q..._,_ ...... - ____.__,_ _._4_...___ ........... . ommrasc] -4 )
_ o S , > 8
o o
o §  © 4. 30 28 . 86 - -
TIME AFTER CASTING (DAYS) - o
' dlgure 7.47 Average mass loss of the cur:l.ng compound

coated samplas



- AVERAGE MASS LOSS (g)

--1'49 ==
. ik
a0 -
100 -t
‘. 36 SRR _
D MIX No.
B0 e e e '_‘_._ g —
- UNCOATED SAMPLES _- +2 |
" I
e e g
o — arns . |
"0 § w© . 1®. 20 25 30
' - TIME AFTER CAST‘ING (DAYS) | '
' Figure 7.88 Average mass loss pf the'ﬁﬁéoated

samples”

-_These rasults show that.

The effect of the curing campaund is a

' combinatlon of a reduction in the initial rate

" of moisgture loss together with a reductlon in

- the total amount of molsture lost.

For the air dried samples, the OPC mix (Mix i)_.
generally showed the lowest mass loss in hoth
the coated and uncoated conditions.

Mixes 2 and 3 showed the highest mass loss for

the coated and ﬁnopatedlconditiohs but this may
‘be a reflection of high slump values obtained -

with these mixes. There may therefore have been

_“ﬂbregmoiature available o be 'dried off from

the samples.

GGBS mixes 4 and & nave shown the greatest
response to the curing compound than any of thea °
_ othe: nixes. For-these.miXes ¢oated with_cur;nq
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 'cdmpoﬁnd,'the iniﬁial'rate uflmoistura_loas'is'”

-:lower than that for tha OPC concreta.
_Thereafter, the rate of malsture loss is
similar to that of the OPC concr%te. Also, the
curing compound reducad tha 28-day cﬁmulative
mase loss of the. OPC concrete by 11, 5% whlle
'the correspondlng reductions for mlxes 4 ‘and 5
were 18 6% and 20.9% respectlvely. S

IOxygen permeabllity and water so:ptlvity
The results of ‘the oxygen permeablllty and Water '

'. jabsorption measurements for the three exposure B

_ canditlons are shown 1n Flgures 7.6 and 7 7
_jreapectlvely. ' '

 OXYGEN PERMEABILITY | =
' 1.0E<07 g _N . -_Lgvy(nva)i.'

1.0E-08 3
T MsNe | _ = :
LOE-103 | 4 4 ' | PERMEABILITY M’a‘u%a\_',
= _ . i 28 DAYS ARTER CABTING :
o Ee A N
[ % s SR S :
1.0E-11 ————— i N L
U~ . COATED  WATER

COATED S ] -~ GURED

Figure 7.6% Oxygen permeability of the various.
concretes for the three exposure conditions
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WATER SORPTIVITY {mm/hr-0.5) - -

40 :
35; L
30 \
254 e
20+ : '
G| [ MIXNe | ST . .
CAB e TS RRSS -
2 e T
10 ek g . | SORPTIVMITY MEABURER T
. TR o 23 DAYS AFTER GASTING -
- 4 - ’
5 '
Tl o s
CLUN= . COGATED . . . . WATER
| COATED .~ ST R CUﬁED-'

'Pigure 7. 78 Water eerptlvity ef the various cencfetee
\Ifor the three en‘asure condit:.ons ' '

.' '.I'rom these resulte, 11:.' is nbted that:
- . The curlng compound has had a greater effect 1n_
' reducing the water scrptivity of the-surface
' concrete thar\ it has had in reduclng the exygen :
_ permeabllity. For the GGBS concretes, the water'
:sorptlvities of the curing compeund coated
sample. are equivalent to those of the 28-day
water cured samples. '

- The water sorptivity reeult obtained for the
coated OPC sanples (Mix 1) is censidered to be
anemaleus and rEquiresffurtherftesting.'e_ '

- The coated and vater cured results for Mix 4

' are gimila: to those of the plain OPC concrete =
(Mix 1). It must be noted however, that Mix 4

- had a hlgher hlnder/Water ratie than Mlx 1.
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) CQmpressiVe strength ' Lo .
Pable 7.8 shows the results of the’ compressive strength g
tests. It should be noted - that each result was obta ned
_u51ng a elngle cube sample..

rable 7.8&-Reeu1ts:of.cem?ressive strength tests

_ - | sample Mass | Compressive Strength
'_ﬁix Numbef (gj  “_”.'_1 (MPa} o
1 © tass0 - l48.1

2. fzero . |ad0.

3 2615 |36.2

4 2645 . |a43.8 -

5 2590 . |37.4

The trend of these etrength results generally reflects;
that ebtalned in the results dlscussed above. The

. hlghest\strength“poncgetee.(szes-l and 4) also ehowed'e;~:e-'

- the better performance from the point of view of =
- mgisﬁurealeee_ana development of surface properties.

7.4.5 COnclu51ons | o |
ae- - Upon exposure to drying condltlons at very
SR early agee, untreated GGBS concretes lose more
_ _mOLSture than plaln OPC concretes. -
b. ~ The wax-based curing compound was more
: 'effectlve 1n reducing tha molsture lose of
‘Mixes 4 and 5 {GGBS mlxee) than reducmng the
moisture 105; of the OPC mix. This- meant - that
these GGBS ccncretes had similar mo;sture :
___retentlan characterlstics as the OPC concrete.
”._under condltions where the concretes Were :
coated w;th the curlng ‘compound. |
e 00n51der1ng ‘the effect of the curlnq compound
B in developing the concrete surface quality, Mix
4 showed similar properties to that obtained -
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- _fof the OPC mix on the basis of oxygen
_'permeablllty and water sorpthlty test resul ts;__

7.5   _c$at'4~ nzant MIXED ccucnzwns- DURABILITY
" EFFECTS OF A.pnoposzn anwznnnmzvs MIXIHG
'pnocnnunz.___

7.5.1 Introduction

‘A local ready mixed céncrete suppiiar had identified'a.
-'poss;ble strength advantaqe in altering the mixing |
_procedure of their concretes. Before lmplementinq any
changes to the production progess, 1t_was_necassary.tp
f”unde:stand_the_etfects,of this néw:pfodedure“an:qther

. aspects of the performance of concretes. This project

was uhdeftaken'in'order'to”quantify;the effectsvof the
new mixing procedure on the - durabillty performance of
concrete.3 : '
This concrete supplier was alsé considering the
addition of finely ground silica "flour" to the

: dbhcreta-as a_pcssible'coat-savinq'aCtion while
_maintaining'the engineering pe*formance'nf the _
‘concrete. A series of concretes with the 5111ca £loux o
 additions was included for testing in the programma. '
These concretes were also preparad us;ng the new mlxing
pracedure,

In the test programme, oxygan permeablﬁlty and watar
'sorptlvity were used as indexes to 1nd1cate potential
durahility. Both surfacs and_internal sections of the,
cuncrete samples were tasted._: ' '
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' '7.5.2 Mixes and Sample Preparation

. Table 7.9 shows the material proportions for the
_various mixes tested. This information was provided by
- the concrete supplier and the admixture referred to was

- denoted "P509"., Fcr'eaCh'mix,'éiX'isﬂ'mm cubes were
. manufactured at the factory laboratory and were

'dellvared to our laboratorles 28 days after castlng
3Ll the cube samples were water cured and were
'transported in a mOlSt condltlcn. '

'Serles 1 concretes were mlxed in ths coﬁveﬁtional
manner,_5er1es 2 concretes were prepared using the
praposed new procedure; Series 3 concretes were mixed -
as for Series 2 and had flnely ground s;ilca flour
added to the mix. Slump values for all the concretas
j_ranged batween 75 and 85 mm‘__

fable 7.9: . Mlx proportlons (kg}nﬁ) fnr the varlous

| | | mixes tested. .
= e e - :

Mix Series | S 1 2 B 3
Mix Number -~ | 548 | 549 | 550 |s51 [ss2 | 553 | 584 | 585 |85
Strength _ ] : _ N -
Grade (MPa) |20 [30 40  |20. |30 || 40 20 |30 {40
orC - . {230 pa3o0 (360 |215 |285 | 340 [ 195 | 255 | 305
Water | 185 (185 [ 185 | 175 [175 |175 | 178 175 | 175
pune Sand . | 299 [241 ] 190 jaszs 279 | 233 [337 |279 |233
19 tonm Stone | 1120 "1120 1120 | 1120 |-1120 | 1120 | .120 | 1320 | 1120
coarse Sand | 520 | 520 | 520 |20 | 3520 | 520 [:520. [ 520 | 520
admix. (mg) | 460 | 600 | 720 [430 !s70 [ 680 |90 |10 | 610
SL Flour ™ p~ 1~ b T - - _.QP 30 {35
‘w/c Ratio 0.80 | 0.62°| 0.51 | 0.81 | 0.61 | Q3% | 090 ] 0.67 | D.57
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Canrete strengths were determlned at the factory

;”1ahoratory and reported as shown in Table 7.10 for bothfﬁfs.

CaT- and 28-day strengths. These results were obtalned
'fq\;ng 150 mm cuhes as well. ' s

-'wable}1gib:' 7— and zs-day compressmve strength'_“

_ _results _
B (e — =
o e Compr3551ve strength
(MPa) _ o, :
- . _ ]
Mix;gymber'-at 7 days’ at 28 Dﬁys
e [2500 o faso o
549 34-0 . | .._.“_39 B ”{ . . ® . L
Cisso 0 faz.o T [4s.0
“dssz o {28.0  la30.0
ss2 (350 o |aws | G
553 .. .145.0 -0 -|Bl.a -
554  |21.0 - |23.5
555 . [30,0, © 36,5 I o
556 fas.o o dase T
b _

'Upon receipt of the cube samples, a 68 mm dlameter core S
- was drilled into a cast face of three cuhes of -each. '
mix. From each of the cores, two dlsc samples were cut
'representmng depths of 0 to 20 . mm and 40 to 60 mm into
the concrete. These discs were cut using a high. speed
continuous rim diamond grit blade. Hence, for each mix,
three 20 mm thick surface sanples and three 20 mm thick
- internal samples were obtained. The samples were then
tested . for_oxygen3permeabillhy and water absorption. .,

P
P
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 7.5.3 R‘és'ﬁlt's _‘ah& Diaﬁ.cﬁssi.an

:\" . 4

"-Table 7. 11 shows the results of axygaa parmeabillty and _
water sorptivmty teuts carried out on the disk samplns. -

~ The table shows the 1ndiv3.dual and average results
obta:.ned for tha tw:: parameters onh the surf‘ace sllces
- (0=-20 mm) and J.nternal slices (40-60 mm). In this

' Table, an asterisk (*) 1nd1cates that the result was

: dlscarded. In order to pravide a haa:i.s for comparing
the results, F:Lgures 7:8 and 7.9 ‘show the permeabllity

- and sorptlvn.ty results for the surface and internal
' slices respect:.vely, as perceutages of that obtamed

o '.With the -corresponding conVentlonally mlxed samples. :

J.'

SN

Y.

. % OF STANDARD MIXING = oo
200 200 8 BD MM

= Permaahmty Sorptivity

ys0L- sunFAcE SLICES

. GONCRETES

_ . @RADE S0 -
L  CONCRETES W
100 g . A

50

Std New Flour Std New Flour B std New Flour
M!XIN"‘ METHOD

Figu'r'e '7;8 - Relat:.-r:-.» values of permeahlllty and
| " sorphivity for the surface siices.
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Table 7.11%

lPermeabxlity and sorptiv;ty results for
all the concretes tested

N .

732

 0-20 mm ! 40-60 mm
_ Slice . .{.8lice _
|| str . Mix. -Permblty Srptvty Permblty Srptvty_
Grade | No. W“ m/s m/het | 10 wm/s 4 mm/hr :
L 7.37 9.13 11.10 | 10.50
20 MPa | 548 5.86 19.05 7.80 8.06
O . ..f _6}68' __9#23 . 6-95 : -9;?4;
_Bve 6.64. | _9.14 . 8.62 9.43
- 7.99 9.74 '9.76 | 8.83
s581{  7.82 | 8.00 7.90 { 10.5%
o 8.84 | 11.11 9.22 | 8,08
Ave|  8.22 | ! 9.62 ! 8,96 | . 9.15
| 16.30 | “ 13.33 15,50 | 10.39
554 | 11.90 12.95 20.90 10.52
e d10.40 11.15 _8.39 | 8.84
rve [ 12.87 12.48 14,93 | 9,92
S - 6.73 10.87 7.88 9.45
30 MPa | 549 | 5,92 7,08 " S.L.65 10.28
. ol 7.34 |- 7,59 | o
ave | 6.66 | . 8.51 |  8.77 9,87
_ . 4.56 8.12 6. 82 9.56
552 ' 4.64 ‘9, 65 9,47
| 4.07 | 6.71 5. 20 907 |
Ave A.42 8,16 6.01 9,37
REE §.31 - 9.08 4.87 8.71
i 587 583 > 8,76 ¢
| Ave 5.68 | 9.63 6.12 | _8.54 |
I S 4,32 9.49 . 8.61 10.17
S __5.33 11.51 |~ 7.20 | 10,60
Ave 4.62 10.36 7.17 1 9.78
5.53 10,90 5,92 8.14
553 6.53 11,10 5,62 ' 8.50
. _.5-39 _9131 5{68 ) 9r31
_Ave. _5.98 16,80 5.51 9.15
6.16 11.86 o 10.31
556 4.60 10,88 6.67 9.21
. 5.37 10.93 | s5.85 | B.78 |
Ave 5.38 | 41.12 _6.26 | _ 9.43




6 % OF STANDARD MIXING
200 -
m-rsnm. sucss

| 120 Permeasitity NN gorptivity |

150 -

QRALE 20 - GRADE 80 QRADE 40
CONCRETES _ coﬂcneras 'CONCRETES

100

50

X ) R ,3.. - - i
o Std  New F’Iour Std New Fiour Std New Flour
' o MIXING METHOD | _
Figura 7 92 Ralatlve values of permaahility and -
. sorptivity for the internal slices

Permeability = | S
These results show that surface slices were generally
‘slightly less permeable than internal slices. This is a

- reflection of the fact that the concretes were well

‘cured and the surface concrete was allowed to develop a
‘similar state of hydration to that of the internal
concrete. Since the surface concrete contains a 1ayer
of hJ.gh cement content, thig has caused sl:.ghtly
improved air permeability properties.

The addition of silica flour to the mix caused
increased permeability only at the Gi .de 20 concrete
level. However,as shown in Table 7.10 above, this
cancfete_had a considerably lower cempressive strength
than the concretes mixed using the'_c:nnventional (8td.)
~ and the new methods. Figure 7.10 shows a relationship
- between average oxygen permeability and compressive -
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| strength for the concretes tested in this project: -
Although poorly defined, a relationship of. decreasing
permeability with increasinq campresaiva strength is
apparent, being noxe senaitlve for the. 1ower strangth
concretes, Part of the observed increased permeability
for the Grade 20.8i flour mix could be explained by the
reduced atrength of this concrete.

1é'PEHMEAB|uTY (x 10°(-1) m/8)

14 s |oeernwroconomete | |
N I 0-20mm O 40-60°'mm |
12fw@¢wqhﬁ”"w_fmﬁ;;fﬂmm@mwumﬂ_MwWWTWJ;n__w”_m_m_ﬂm_dhmmww_mﬂmm,mv"

8 —— - B ey P — [
| . |
4 - - — S
) 2 A L L.- L ] 1 el - . - .
20 26 80 - 35 50 66

GOMPRESSIVE STRENGTH (MPa)

Figure 7.10: - Relationship between strength and oxygen
' ' ~ permeability for the concretes tested

'ﬁonsideringithat the difference L.:>wden good and poor
gquality concrete, as méasured_by permeability, can be
of the order of 10® to 10* times, it can be said that
the econcretes tested showad similar p'ermaab-iiity' values )
(ignoring the ¢rade 20, Si flour mix). This means that
the new mixing method has had 1{tt1e efféct on the
'oxygan permeablllty of the concretes under gﬂod curlng
conditions. o
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Water sorptivity : :

In comparison wmth oxygen permeahlllty, water
::porptlvity measures a different mode of fluid transport
through concrete. The difference between the -

performance of the surface and internal slices is
‘therefore not as clearly defined as in the case of the
permeability results. -

 As with the permeability results, the Grade 20 5i Flour

mix ehowe considerably higher sorptivity than the '

correspendlng gonventional and new-method mixes.

_However, the results are generally 51m11ar for the for.
the different mix preceSSes. ' '

:5.5;4 Geneﬁai_diecuse;oh

Given the strength levels, the concretes tested have

" ‘'shown good performance from the point of view of
permeability and sorptivity. An important factor

' ‘contributing to this observation is the good curing
..cenditimn.te which these concretes had been subjected.
The extent of curing was sufficient to eneure_thet the
surface concrete developed to a similar quality to that
of the internal concrete. Also, as noted'in Chapter &,
after an extended period of irltial water curing, the
-durabllity index values of surface concrete becones
insensitive to changes in compressive strength.

As noted above, the results show that the new mlxlng
procedures qzvas the same and often impraved
permeability and sorpt;vmty performance as the
conventional mixlnq procadure, Howeveyr, since the new
mixing method and 8i flour concretee have lower’ cement
contents than the corrasponding conventionally nixed
concretes, sguivalent permeability-and sorptivity
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values'eeuld'meen'lower durahility'performanee.'The

. concretes with the lower cement contents would produce

proportionately less calclum ‘hydroxide upon hydratlon
and would therefore show a higher rate of carbonation
in a given environment. For the same permeability and
‘sorptivity values, the concretes with lower calcium -
hydroxide gontents generally show hlgher rates of '
carbonatlon rates._ ' '

Although'no test results are avaiﬁable;'a'similar .
effect would be enceuntered in a marine env1ronment
where chloride penetration presents the main durablllty'
- problem. Given two concretes with the same =
'_,aucessibillty_for chlorides, the concrete with the
lower cement content will have a lower ebiiity'tp bind
ehlorides;'The 1ower cement content eonerete would
'therefore have a greater amount of free chlorides for
the sanme amount of total chlorides diffused into both

. concretes, Hencer the de-passivation of relnforcement

‘would occur earller in the 1ower cement content
-concrete.-' ' '

'7;545'Conc1usione

‘the following conclusions are drawn on the basis of the:

results and discussion presented above:

a. _  All the concretes were well curad as evidenced
by the similar oxygen permeablllty and water
sorptivity results obtained for the surface and

internal segments. tested.-- :

k. ~  Altering the mixing procedure has had a
negligible effect on the- oxygen permeab111ty
and water sorptivity of well .cured concretes
relative ¢o the conventional mixing pfodedure@
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o ReplaC1ng & portian of the cement with “sillca

£lour! and mixing u51ng the new mathod,,has

' :also had a negligible effect on the measured

durability index values. It is belleved that

‘the high index results obtained with the Grade

20 5111ca flour concrete is a reflegtion of the.fl

‘high poro31ty cf this concrete resulting from
ite high w/b ratic. It is unlikely that the
addition of . silica flour, to the mix would, on.

- its own, result in an lnferlor pore structure.
‘The lower cemient content of the concretes made
with the new mixinq method and the silica flour'
zconcretes may‘mean that these concretes w111 be
' less durable in service than the conventionally

nixed concretesr.Further_testlng_W1ll-be

' necessary to establish this influence.
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" CHAPTER 8 =
1””GENERnr~concLUsrouaﬁ3__~f -;: 7. '7-'  B

9.1, Intraduptinn '[;;

- In thls Chapter, an attempt is made to draw toge.her
the. important ohservations, conclus;ona and trends

: -noted in- chapters 1 to 7. P9551h1e araas for future

research in the- field of concrete cur.nq and durablllty
“are also identlfled and,. where p9551h1e, suggastions
 are made as to the form_that such siearch may take.

'The conclu51ons presented below are lelded into those _
‘relating to the' test methods and those relating to the _
" performance of the_concretes.tasted._Flnallyt a sectlon  -
'-_is presented on the future research'neéds.--' |

8.2 -mést néthoas-"

a. In relation to many of the durablllty lndex test'
apparatuses developed, the falling head
permeameter ahd water sorptivity tests developed-
in this pro;ect have the advantages of low cost,

'-simple construction and ease of use.’ These
consideratlons satisfy an 1mportant objective in
- the development of the tests:« namely that the
test methods be suitable for use in an on-sxte
laboratory. _ _ o : '

b. Good correlationS'havé besn obta*“ed'betweén the
actual results of these tests and the~results
predicted by the theoretical equatlons.

2. The oxygen 1ﬁrmeab111ty and water sorpth1ty test

| methods are suff;c;ently 5en51tive to detect the‘
effects of varlations in moist curlng on the pore .

. .. 3_;_’



_ structute of . surfade'cbncrete;'at various depths
into the concrete. Thls means that the tests. could.
be used to monitor the quallty of ln s;tu surface

concrete.

‘The test methods are eenlltive to the moisture

conditlon of the samples at tlie tine of testing...
care ls required in standardlelng the method of
pre-cond;t;oninq the samples before testzng.

COnfrary to other reported results,lit.was found -

that oxygen permeahility mee$uremente'are not

'_eensitive to variations in the aggregaﬁe size to
- sample thlckness ratio for as cast - eamplee._For
-_samples cut from larger - speclmens, Varlatlons in
1oxygen permeablllty with sample thicknegs appear
ko depend on the bleeding eharacterlstlcs of the -

concrete.

The Performance of Concretes Tested

Increasihg the duration of'cﬁfing has a

*51gn1flcant effect in reducing the durability

index va]ues of the surface zoneg of concrete made
with -each of the three binder types uged. The
decrease in index values is most significant for

‘curing periods from 1 to 7 days. Thereafter, oniy'

small decreases in these parameters are observed

with increasing durations of curing.

The «ffect of drylng in 11m1t1nq the development
of low durability “index values, was noted at
depths of up to 45 mu.

- Fcr a glven curing condltlon and bfw ratio, OPC

concretes generally give 1ower permeablllty and

: eorpthlty values than the OPC/FA and OPC/GGBES

goncretes. Also, for curing perlods.longer than 3

days, the sorptivity of the cover concrete becomes |

g~2



_1nsen31t1va to the blnder type.

For equal compressive strength, the OPc;FA S
concretes showed the lowest surface permeability

. for all the early curing condltlons tested. For

 curing periods longer than 3 days, increases in
~ compressive strength have a small effect in |

decrea51ng the surface sorptiv1ty of the

' concretes. _ : ; :
. fThe results ahow tha“ a'paxticular durability.

index level can be achlevEd either by EXtending

T tbe duratlon of curing of a low strength concrete
:-or decreasing the w/b ratio of a poorly cured
'_concrete. In choosing one of these optlons to :
. improve the surface ‘guality of the concrete,

_ economlc paxameters pelate& to particular projects

must be consideredr' :
The oxygen permeablllty and water sorpt1V1ty of

-the 0 to 15 mm-surface segment cf concrete can be
'predlcted from the folloW1ng equatlons*"

o D, —A (7.)5%
ln(A) = Aot (B/W) +xb
B = Ay (b/w) o+ Ag

Where D; is the durability index (permeability or .
sorptivity), T, is the duration of moist curing

(days) and A, to Ay are factors which depend on the
‘binder type. These equations allow the durablllty

index values to be determlned on the basis of
qontrqllable concrete parameters' b/w ratio and
the duratioh of earlv-age moist curing.
The_depth of carbonat1on (x) is related to the
durability index values (D) as follows:



X aveaDi + ld_f .
= 1n(k) for permeab.ll.r. ty

1.? g far so:ptlviry

':k and hfare constants.'

For ‘equal surface permeability or sorptLV1ty, OPC

" concretes carhonate slower than OPchA and
' OBC/GGBS conoretes. , . - |
. There appears to be a linear relatlonshlp between -
~ the -sorptivity and logarithm of permeahlllty B
;measured for the samples tested. However,_the _ _
scatter of the datad points is too large and the
_"ccrrelatibn.ceeffibieﬁts_tbo low for this -
reiationship_to be established with confidence.

| ﬁuture*neseerch Directions

B _Further'reeeareh is required in order to establish

the effect of drylnq history on durability indesx
measurements of samples made using a wide range of

' - concrete types. This may. involve more. fundamental

'studles of concrete mlcrostructure, volume and '

distribution of porosity and microscopic

' examinations of the extent of damage caused by

b

different drying metheds. such studies will be

necessary before firm recommendations can be made
’as to the "standard" pre—condltlenlng method’ to be
__adopted _ . '
- Research should ve focused at quantlfying the

effect of curmng condltione and envzronments Wthh

are different from those used in. thlS

investigation. In particular, the effects of in
situ eutdnor env1ronments, as well as the

8-



'.different curlng methods commonly used in Southern -
__Afrlca, should be quantlfzed with a V1ew o
.'facllltetlng specificatlon and contrel of cuncrete
_ curing.” ' o B R S
- The relatlonship between the early age durablllty -
. . index value of a particular concrete and its
resistance to. dete ioration in various aggresslve

~ environments must be studied further. The present L

-;=1nvest1gat10n has conSLdered the rate of
 carbonation as a durability process, Future
studies should consider deterleratlon processes .
such as sulphate attack, chlorlde ‘ingress and Sth
'_"water attack to cover the maln mechanisms of . '
g“concrete deterloratlon. ' '



APPENDIX

Table Aié'cohpressive]

=daYs_ E

strength of OPC concretes at 28

i
L.

R

| sample

No.

 sample

Mass (q} 

Féiiuré

ﬁ{f.:.
| Average

R

Hix No.

1

- | 2550

2530
2545

| 40,2

Sﬁrgssf(ﬂPa)
39.0 |
39.6

strength.tnyi)'

| 30.6

| 2510
| 25810
'{ 2500

46.9

- ar.e

48.9

47.7

P :

| 2535
12520
2520

88.4
60.9
59.0

| 59.4-

Table A2: chpréssivé
©  months .

.strehgth of OPC cqncretés at 10

Mix No.

'No. _

‘Sample -

sémplg;j:

_Mass (9)

Fallure

Stréss (MPa)

_Average 

Strength (MPa)

P1

1
5

2540

2520

-2BLB

53,2
152.4
52.5

52,7

P2

2515
2520

2520

 64.4

| 67.0

70.5

67.3

P3

| 2580
| 2880

2560

| 80.0

79.6
79.1

79.6




 Table A3:. Compressive.

'days:-

strength of'FA.concretes-

S

at 28

e

1 Mix No.

Sampie
No.

sample
| Mass (g}

.Failﬁre

;Stress:(MPa)'.

Average
Strength (MPa)

F1o

: a

12

|3

2510

2515

F 2:54_:-0 .

30.2
_31;4
32.3

31,3

_'zsob o
2500'
'12529

447
4si2
459

45.3

F3

las30 o
2530
s

58.8
59.1

| 57.9

Table Ad: Compressive
._ﬁénths-_ o

strength of FA concretes

Mix Ko.

Sample
No.

.__Sample'
[Mass (g)

Failure

Stfess (MPa)

Average
Strengtii- (MPa)

.Fl.

11

No results available

|| ¥2

2520

| 2540
2835

71.3

74.0
74.6

73.3

F3

2550

12525

2530

87.5

1as.5
| 92.5

89.

m .

Az

. N . .



Table A5: Compressive strength of GGBS concretes at 28 . .

cdays -

I Mix No. |

| sample
No. .

| sample

Mass (9)

| Failure
 Stress (kPa)

'Averé§é _
Strength (MPa)

™. o

e
TE

i

. P

3

| 2530 -
| 2560
1 2510

37.4
137.3
36.6

37.1

82

2500

”_f2515 _
2505 '

135.4
139,6

38.0

83 . -

2510
2520

2840 -

_51.71“
53.2
54,8

l83.2

i

_ “ Tahie aa:_cgmbressiVa_streﬁgth'of Gqu:con¢rétesaat'10

months .

Mix No.

ND-._ )

Samplé

| sample

Mass (q)

Failure

| stress (MPa)

Average

51

1

'-'2460
| 2540
2490

——
49,7

53.3 -

Strength (

52.1

WPa)

52

2540
2530
2540

63.5
61.9

63.7 ..

83

1 2850

2550

2540

[ 83.7

74.8"

81.6

80.0

'Ag'




- ?351&'&7(5)?_ 23~day oxygen permeabllity {x1ww m;s)
' ' for the Pl (OPC) concrete '

Duration of |  Depth from Surface (mm)
moist curing e - -
(daYSJ |

0to 15 |15 to 30 |30 to 45

fa o 2 |23 |as.

Average |32  [27 |23

L.

. Avérage 3.7 T .2;,5-__." . e

. average | 4.4 . '2.1__ Jﬁ 2.9

28 jo.ss  o.7s |

average| 0.7 . |07 |32

* = result discarded

FVe



Table A7(b): 2

8mday oxygen permeabillty (xlomkm/s)

AN

for the pz (Och-aoncrate

Duration of

moist curing fe———
= 0 to 15 -

(days)

' Depth from Surface (mm)-

Cow

15 to 30

30 to 45

115

17.8

7.6

10
11

-_Average

13

17.7

11

L.

Averaga |

11,8  

Ll

Average | 0.

: 23"

0- 57

Average | 0.

| 0.73

]



wahia'a7(c}; 28mday oxygen permeablllty (xl&” m/s)
o for the P3 (OPC) cancrete s

Duration of * | Depth from Surface (mm)
moist curing e —
(days) 0 to 15 _15 to. 30 30 to 45 )

ll "Q' . 5-.:3f0 o _f2.§ . . 2f9:p 

- Averaga 3.7 2;7 ' "_ ' 3;3:

3 M”. " : L 1 L-¢
. wa ] - .1‘4: ] T - ) -.:._. ..i;¢

" average|{1.4 [tz 1.4

Y- daz o jose o |x o
| ' - |o.76 | 0.47 - Jo.s2

Average  0.96 o 6;5§ -~ |a.s2

28 fo.3e [+ Jous2
o Jeae fos o |x

average | 0.36 | 0.6 “|o0.32

# = result discarded =

Y

s



Table As(a):

.g -

—-

S

28—day oxygen permeahillty (xlwm m/s)
for the Fl tOPC/FA) concrete

‘moist curing
(days) . '

Duration of

Depth from Surface (mm)

0 o 15

15 tn 30

- 39 'i.i:
116

15

31

40
E 9 )
&

it T T

._Aver;gé

23

BRI

3

9.1

._ 5(8 :
';14' f_

"3;7:

 ﬁvé£qge

| 1s

10

| 4.9
_2;1'

28

"_Averagéﬁ

' Average |

a7
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| mable As(b): 28-day oxygen permeability (x10™ m/s)
_ A - fcrlﬁﬁé_FZ'(QPCJFA) concrete

.-Duratioﬁ_df | '_Depth'frbm78u¢fhce_(mm)'_-

moist curing

(days)' 0 tq 15._ ‘15 to aq ,.:30 t? 45

1 7ea o jeur o 7.3

Laverage|7.9  17.7 . |&.4

L EIEEUEE I 2 SR I 04 T - TP
- 3.4 Yis 0 1.6

D e

 average (5.3 - - |17 - |2.5 -

BT

72 . |ear7  |o.er - [o.55
o te.a7s cjoe2 0w

average | 0.76 - |0{72 } |0.55

28 * Hod3s o e
0.31° | 0.23 . | 0.41

 Average|o0.31  [o.33 = lo.er

A8



. Table as{c): .

za-day axygen permeablllty (xlw“ mfs)

fnr the 53 (UPCIFA) eoncreta

-IDuratidn of

moist curlng '

(days}

Bep*h from Sur*aaa (mm)

0 to 15

15 tc 30

:-36 to'45 g

'_11"f'

3 6

o9
1.

Average

. average | L.

0,43

. Average

Average

j S



Table A9(a):
- - o for the 51 (opchGBs; concrete

28—day oxygen permeabliity {xlwm m/s}

moist
f(days)

Duration of.

curing

| Depth_from surface (mm)

4] tc'15' 

115 to 30

| 30 to 45

o)

|ae .
a0

27
26

REL
{ %

" average

4z

126

I

PR

olas

13

_ 10. |

* -

115

Averagg 

16

11.5

15

10

113

13

12

23

 Average |

2.9

~ Average

1.7

3.6 .

‘are



' Tablé-h&(h):

| zsnday oxygen permeablllty (xlﬁm mfs)

far the sz (OPCJGGBS) ccncrete

puration of 4 -
moist’curinﬁ/

_Depth frﬁm“Surface-tmm)ﬁ-

|oto1s [15to 30 |30 to 45 -

..1

(days)

15l lis

Awe:age

12 |z e

" Average |

- Average

28

1.0 jo7o o f1.a
0.69, . | 0.48 . Ja.z2

- Averags

'0.85 Jowss a1z

o an



" wable A9(¢): fza—ﬁay_angen pérmeabilitfltk;w@ nysy
A ' For thé_'S_?. "..('QPC[GGB_S) concrete o

I puration of | ~  Depth from surface {mm) = .
R | moist curing =g
s o days) - : -Q't?”ls_gl"'ls §9 30 - ??=t°'45

E AR T DUR (7t S | |
o e 16.7. . fe.z

"_'Averégé' 9.4' ) “5;9 R i_Sql'

 Average [ 2.4 . otz lais

L]

N P2 P A 0

‘Average [ 1.2 1.3 li.a

'_23- — .31_.9 — 2'5 2.1 _

Average[2 . (2.2 |is

A12



Tahla 31o(a§%

meonth oxygen permeahlxlty (xlww'me)_

‘f‘*for the Bl (OPC) concrete

b

| puration of
‘moist curing

(days)

"'Depth'from_surfage.(ﬁm).--

h

0.to 15

15 to 30 ..

10 to. .45 -

{7

13

17

15

R avéfége 2

.

17

' Average

3s o

* Averageﬂ

. Average

Al13



Tabla Alotb)._ 10—manth oxygen permeablllty (xl@” m/s)
Yoo far the P2 (opc) concrate -

fburation'of'. '.j. Depth from surface:(mm} -

.mdist'curir_ag _ T i —
. (aays) 0 tD 15. .- 15 tD .30.. :_30 1.:0.45__ .

| R ’12 .. ls.es . |10
‘T pe®.2  |8.25 _ [9.4
s es o s

' Average|s.s |7.9 . [a.7

Average | 3.2 - |a2.8 33

Average| 1.3 1,7 la.e

RYPE

o 1.1 - fo.84 [ 0.63
28 Jo.s2 . |x.0 " {o.95
lo.87 - to.e2 . |0.77

Average | 0.77. | 0.86 - ]0.78

Al4



lo-month oxygen permeablllty (xlU“ m/s)

Tahle 3iﬁ(c);
'  for the P33 (OPC\ concrete

|| buration of

: '_Depth from su:face'(mﬁ) .
molst curing o L .

._(daYs)

0 to 15

115 ta 30 .

30 to 45

Ts.5-

§.27

| 12

9..? .

 Average

10.8

3 Average

 Average

23 ~'j7w.

0.93
0.54
0,77

hverage |

0;75;

A5




.
!'._a.

; Table hll{a) O-month oxygen permeablllty (xlwm m;s)
. for the Fl (OPCfFAJ concrete : "

'.Duratién.df' o Depth from Surface (mm)

noist curinqxﬁ - e _
(days) 0.to 15 |15 ta 30 30 to 45

PR S 25_- o las
1. o fx o 20 f22

Averag% 21.... 20 L 1_‘9 .

i

. NV E T T B
3 o o] lis i6

,.;.kverage 15 '_ :"._15  R %!.17

| |1 NS o {44

‘average 7.7  |e.8  |e.2

o 14,9 |7.0 - |80
| " 8.8 N - I -

Averdge | 7.3 fe.9 . |9.5

AlLE



© . Table Aii(b):

10~month axygen permeablllty (xlU“ m/s)

for the ¥ {OPG{FA) concrate )

moist

Duration of
curing -
(days).

Depth £rom. Surfaca (mm)

0 to 15 _

15 to 30 }

30 to 45

12
10

11

) ilj

14

9.2

14

0.

e

Average

11

12

G

'.:301.

_ AVeEage 

11.8
{1.2

1.5

"Average |

195 ’

1.7

28

| 0.49

0-54

'.0141.

°s44.

{o.61

0.50

] 0.45:
10.82

0.40

'_Average'

.48

0,52

0-56 .

.:fAl? -




 Table alife)s

A

10~mnn*h axygen permeability (x10'lo m/s)
for the 3 {OPC/FA) concrate ____'

-Dur&tioﬁ dff
_molst curlng
(days}

Depth from Surface (mm)

0 to 18

15 tdusu

30 ta 45

.1 5. 7..

48

la.8

8
'5
4

- Averagé

4;9

2.3
l.8"

L]

1.5

1.8

1.7

1.6

il

" Average

0491
1 0.73

0.63

.IQ;7§ 

0.57 -

o7t

'Avgrage

Q.82

| 0.61

|o.es

a8

1 o.38

0.37
0.38

4.27
0.28

1°0.3G

U.29

0.34
.35

‘Average

- AlSB



| table Al2(a): 10-month’ oxyqen permeablllty (le” w/s)
. for the S1°(OPC/GGBS) concrete . -

‘Duration of :f_ _- Depth from Surface (mm)

moist curlng -
(days) 0 to 15 - ._:15.to_30_2 30 to 45

o 35'-: e '55 ._-
1 N 30
{87 36 - |39

Average :?17_: e :_44 f

| = es o pm1 o Tlan
3 . -l 2  |[sa
| 8.7 9.8 14

 Ay§:agé' 23 _7 B 13 _'_ - _zsﬁ_;*

8.9

Average | 6.2 {ae 7.

s o a0 3.

l2.8 . 3.8 le.s

average|s.s qa7  [4s




Cm

| Table A12(b): 10-month oxygen permeability (x10% m/s)
L for the §2 (OPC/GGBS) concrete -

£2HSE

puration of | - .Depthffrom:Sufféce (ma) ©
moist curing - | | S
(days) .

0 to:215 [15 to 30 |30 to 45

| R 1) B % 75 RN 51
t - i C0o{12.4 0 (12
AR & EEE - A 2

Average {15 = |11.7 . a3

| 8.2 . |3.0 |s.8
3 lee o Tlae o |48

i las 6.5 . |e.s
N . E 2.1 I ; 6.1
. 2.4 . {z.a1 2.8

Average 2.3 - [a3.9  {6.2

28 1.2 f4.6 4.9

‘Average 2. . [2.4 - |3.2

A2c
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Table A12(c):

10-month ogygen permeabillty (xlo“%

?!51

(days)

Duration of -

for tge 53 (OPCIGGBS) concrete o

Depth from Surface (mm)

L

moist curing -fee——
10 to 15

|15 to 30

130 to 45

8.1

11

__910. 

.J/é‘

g%

19.8

8.4
6.6

7.5

gverage

5.9

2.4
l2.7

. Average |

4

.2.2'|
2.2 .0
1 2.1

" Average

1.8

28 .

1 2.0
1.5
1.-8'

- |o.78
1.2

Average

1.4

Azl



. Table a13(a) :

28—day water sorptlvity (mm/hx“) of the;

PL. (OPC) concrete

-moistj

| buration of

curing

(days)

" bepth from Surface (mm}

-ﬂ-to'lﬁ_

115 to 30 |30 to 45

31. 9”

32,1

-:24;4 o ;19.6  

25.2  |25.2

Average

'32.0"-

1| 24.8 '_}.' 22.4

20.9

11,9 . |13.5
14.1 . [15.2

22.4

o laz.e | 14.4

 Average.

"fiS,Q

14.3

|18 100

1.3 0 i

’TE_hVeréqe'

1.1 | 10.5

[ 28

10.8

 10.3

9.8 fii.z2
10.3 . 2.2

- Average

10.1 . |10.2

CA22



‘f;maﬁlg;ﬁxgtb)..

28-day water sorptiVLty (mm/hr“) af the

pz (OPC) concrete

moist

_;Duraticn gf

‘Guring

(days)

Depth

from Surface (mm)

Otﬂ 15

15 to 30

’30_ta 45

124.5_

240

'ma;L*
;_14,4_

11.4

24,2

14,1

Avefége

l'17.5

15 4

R 0028

~ iaverage |

16,5 'f.

[13.2

~ Bverage

13.1

28

10.0

. Average

10.0

a2

G
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 wable Al3(e):  28-day vater sorptivlty (mm/nr“) of the
I P3 (OBC) concrete. .

Duration of -_ﬂ?: ﬁggth.frnm_Surface (o)
moist curing - -
(days) -

0 to 15~ |15 to 30 |30 to 45

1 o0 ans o | x2.4 0 |12
| o le2i.s 0 [a2.1 - 113.0

Average|21.6 - |12.2 . {i12.5

' 5.4 (11.2 . |9.4

"'-Avera'g'a_' 15.5 i 5.3 9.5 il

Average|13.0 |84 . |s.r

28 J10.3 - |83 . |s.9
oles o lss - |e.s

- Average|se.s - |85 . {s.6

A2



. rable AL4(a):

za-aay water sorpt1VLty (mm/hr“) ofj
F1 (OPC/FA) cancrete e '

| aration of’

moist curlng
(daYSJ

Depth

from Surface (mm)

d;tc 185

| 35 tQ 30_[

'30-to_45 a

1 24.7
{27.5

24,2

| 26.6

20.1
15.13-

_Average

26,4

19.9

lisio

22.0

-22;2'3f_
2.3

14.5
' 16.5

| 18.3

2_14.6 
. 14.1

13.9

. Average

23,2

16.4

| 242

18,4

19.8

| 18.6

12.4

1.2

1142 :_:_

15.0

‘Average

18,9

28...

11,9

17.0 .

10.6 -

22,7

|07
[11.8

-AVaraga

14.5

1.7

,: il€£....

._ 325”¥'



. Table Al4(b): 28~day water sorptivity (mm/hr*).of the

' F2 (OPG/FA) concrete

| puration of | = Depta from Surface (mm) .
(days) - [0 ®e 15 115 to 30, 30 to 45

Average | 25.9 ©  las.s | 17.3

5 {37 Jwe e
| ) 16.3° . l10.9. - [9.2

Average | 17.5 | 10.6 |  _' io.d o

PO - :'11'.3'. ) g.8 | 7.0 o

. Avefage [12.7 . ls.e. 7.8

[26 lse |74 |88

© Average{8,2  [7.9 ~ = |8.5




‘pable hi;}c).

-

28—day water sorpt1v1ty (mm/hr“) of the

F3 (OPCIFA) concrete :

 Durat1on of
molst cur%Aq
| (qays)

' Depth from Surface ;mm)_1;.fﬁ

0 to 15

15 to 30

10 to'45:T':

21.1

20.0

15.9

l13.5

..14?3.
1 12.9

~ Average

20.6

14.3
114.3

10.8
10.6

8.3

*_Qﬁz'

14.3 -

: AVErage

.13.§ e

- f12.0

9.7
5.0

. Average

-12.8

28

,Aﬁérage

i f32f““



 rable A15(a): -

za—day water sorpthLty (mm/hr*) of the _ _*'
Sl (09C/GGBS) cancrete '

g o

T

R

lmqist

J pburation Sf-

curing,

:( daYs ) .

Depth from Surface (mm)

D to lo

- 15 to 30

30 to 45

”-43,9.

43.4

:9.3 'i
38.6

:31i5  

Average

{ 32,2

. 3135

- 22?9.

' 22.0.

1474

18,7

:: AVefagQ"~

22.4

16,7 °

| 16.0

16.5

19.6

+ 2.7
0.5

{13.12
| 10.4 .

T Average

18.1

1.6

28

14.8

14.6

:8-4Tﬁj'
7.0

19,5

7.0

- Average

14.7

~3
s 1.
q. .

]

B

A28

N
A

LA

e P,



' Table AL5(b):

moist curing
1 (days)

Duracion of

' Depth from Surface (mm)

0.to 15

|15 to 30

30 to 45

1

20.8

| 26.8

19.7
1696' .

{224

- Average |

28.3

18,2

3 RETR R 9.2 a7
' 20,5 10,3 (&7 )

Average

19.3

{

12.9
1850

14.0

 Average|

1502
9.9

Average

12.6

- A29

’zavday;waéer.éprptivity (mmfhr%)_égﬂtﬁg;%_
. 82 {OPC/GGBS) concrete = - ‘



Tﬁbiq 315(5)2- 28~day Wdt k3 sorptivmty {mmihr*) of tha

53 fO?CfGGBS) concrete -t

=

Duratiohiof - Depth from Surface (mm)

| moist euring
Il (days}.

|0 to 15

15 to 30

30 to 45

tl'

T26.3 -
| 24.5°

16.4
18.2

149

lSa?z'

 Average:

25.4

17.3

15.8

12,3
13.5 -

12.9

RN

 Average

2.2
(12.0

12.1

| 5y4:_

: 28

- Average

14.5

-flats

7.5

5.4

. Average

14.2

.. A30




- ‘Pable AL6(a): ln—manth water Sorpthlty (mm/hr“) of
'“ | the P1 (0PC)  concrete

Duration of

Depth fram Surface (mm)

| molst
(daya)

curlng

_ 0 to 15

"15 tc-30

_ ;0 to_QS

T
i

. '_ .31‘0..
123,90

28,1

25.0

27.8

19.9

AVéragef 

27.4

25.9

24.5

'_ 19;3-

23.1

1 19.7

18,2

7.2
|17.7

Y
f19.8
17.2

- 3vera§e_

20,7

17.7

B P

16.4.
e
1441

fwran
| 15.3

12,9
14.2

14.2

| Average

15,6

13.8

28

;I

13.6

| 12.3

10.2

10,7

| 1z2.s

. Average | &

11103

< har



Tahle.hlﬁ(h)z

e

. ) .
10~month water sorpt1v1ty ;mmfhr“) of
' the PZ (OPC) concrete

Duration of

moist ouring

Depth from Surface (mm)

0 tc 15

15 ta 30

: 30 to 45

(days)

' 25;3._ _
|27.6
18.5

| 2a.5

18.0

| zz:8

.v.. 16.2

18.5
| 18.0

Average

24.3

et

20.1

14.7

3 :hr' . o

Average

15.8

?115}5_.-”
Qi3;2J. 
' ﬁ¥?5

[

14,

“g._

BT

i

12.2
11"5
12,6

12.3
13.%
13.0 .

P
112.8
14,5

Average

12.1

12.8

|"13.3

(28

9.5
10.5
12.0

11,3
11..9
10.8

- Average

10.7

| 2103 -

A32



Table Alé(c):.

1U—mcnth watar sorptlvity (mm/hr“) of
the P3 (QPC) ccncrate

O

molst
(days}

Duration of

curing

Depth from.surfaéé'(mm)

0. to 15

‘115 to 30

30 to 45

121.1

20.9.

| 23.7

{192
120.6

116.4

f17.3
17.0L 0

| Average

‘a1.6

18.7

17.4

15,5
13.8

) 15.0

{15.0

12.1

1.8 R

l13.7-
[ 13.3

12.4

. Averidge

"iﬁoas

13,6

l14.0 N

9.9

1201

12.8

S| 11.5
| 21.4

12.6

Average-

12.3

'11-3"

o f28

Too

10.2
11.7

8_.7 R
..g.-j‘

8.5

|e.8

10.3

Average |

10.3

a3



‘Table Al7{a): 10-month water scrpt1v1ty (mm/hr*) ~
' “the’ Fl (OPG]FA) concrete '

Duration of 1 Depth from Surfaca (mm)

_malst curlnq |

(days}

0 to 15

-?15'to,30

30 to 45

_2917

25.9
24.8 -
25.0

| 24.6
24.3

24.8

N

.29.7=

"  Avéragé

127.0
| 26.0

29.8

-1 23.0

24,9 -

~ t20.5
11s6.2

26,9

R T I

- Average

27.6

. .'23."‘5'.'. .

1212

] 20,0

18.9

168.7

’ 15' L

16,0

 |1s.8

2008,

|'t5.9

TlG.l_.

28

Avéfage

1 16.2°

20.3 .
20.7

 15.9.
. 16.9
15.5

14.8

| 1a.8

15.7

Average

19,1

16.1

© A34

15,0




e
A

| 'mahla'317(h);_

10-month Watar sorptxvmty (nm;hr“) qf  '
tha Fz (OPC}FA) concreta ' '

:.>
Trela

T 4'[_
L

r' ‘ :..

';buratiéﬁ_df
| moist curing
(days)

S Dapth from Surface'§ﬁm} 

0.to 15

15 t6 30

25,7
26.7

|26.%
2 6 rz )
| 24.4 -

25,1

22.8

Average

25.9

25.6

o Jaa

Tis.6 .

13.4

| 16,4

23.4 ¢
14.8
16,1

. . ‘Average

15.4

14.7

13.8-

13.5

|1z Ry

o fas.n
111.3 .

Average

13 -"..4- '

| 12.3 _

8.9

11.0
10.7

AVarage_

10.2

A35




= I ..'_\.“ .

-.wghié-hlitc)i“'10-mcnth water sarptiVLty (mm/hr“) of
o - the F3 {OPC/FA) concrete

Radlaloor ot

_Duratidn df

' molst curlng

(days)

o
7

Depth from Surface (mm)

o to 15

15 ta 30

30'to.45'_

19.5’

B 20}7 'm@

'f'16;3--'__
.| 18,3

15.6
| 17.6
_;4;4_'

~ Average | 20.5

[

| 16.8

Jasis

l11.5
10.0

11,5

1.7

SECHE.

=l 1041

9.7

9.8

| 2-le-

 -Avéraqe

1190 C

. _11 -.0 .

10.4

1 10.3
o 8-3

9.9

Average. 

._  9.5_

' Average | ¢

7
v

A36

S

7o
4



' Tablafhldta}'

the 51 (OFC/GGBS) concrete o

“"""“‘I

10~mmnth water sorptiv1ty (mm[hr*} of  f'

Duratzon of
o muist curlng
' (days)o

Dapth from Surface (mm)

_d to 15:

15 to.30_3

730 to 45

"'32,9__ 
30,9

25.6
26.2
27.1

30.3'
| 26.2

31,9

) 27?9.1_.

Ayerage

24.4
16.2-

| 16.2
| 16.9-
'10.8

4.1
23.8°

. Average:

19.7

{14.6

15.5

116.8

13.6
14.8

.ésg
[ 7.3

1.2

Tos
s
1eio

- Average

15.0

28

15.0
14.7

[ 7.9
are

" Average

13.6 -

a37



rLla 313{h)- Jlo—month water sorptivity {mm/hr*) of .
o the sz (OPC/GGBS} cancrete '

' _Duration-bf 5  ° Depth from Surface (mm)

' mbiSt euring

Lare)  |otors [aswose [soeoss |

T s '_15..4 | 12.9
1o S zeess o 185 ] 18.2
o i 24, 1 14.5 | 142

8.8 | 10.0
Jus.e 0 ol lei2z

QRIS 0% N

 Average| 15.7 j&s o8

B TCI T I S -5 SR
tz - {a.e |83 8.1
| 13.7 . |81 - [|8.,85

RPN O VO 7.9 - 7.4
N E s tT2 6.7

. Average 13.3"  7.0 6.9

A8



| mablg-aihic}-

ool

10—month Water sorptlvity (mmfhr*) of-

o the 53 (OPC/GGBS) concrete

' Duration of
moist curing

e
o

Dapth from surﬁace {mm)"

d to"

15

15 to 30 |30 toas

 {days)

19. 7_'

1233
| 22.3

J17.8 -+ is.1

15.7. . 115.6 =
[16.4 . l14.0

21.7 .

ji1s.6 - l14.9-

Avérage

12.5

13.3
1.4

7.1 7.7
8.2 - 8.0

FEEEN {7.0

12.4 -

 Average

. Average

28

Jo.s =
10.3 -

10.8

'Average

10.2

A39
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