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6.2.2 sorptivity

Figures 6.4 to 6.6 show the relatil)nship between the
water sorptivity and b/w ratio for the three binder
types tested. The figures show the sorptivity
:measurements of the 0-15, 15-30 and 30-45 mm depths
respectively I for the. four curing regimes.

The result(l are very similar to those obtained with
the oxygen permeability measurements and again show
that the ope concretes have impro'lledsurface qualities
for the same b/w ratio and degree of curing. However,
unlike the permeability values, the sorptivity
performance of the three binder type concretes are
similar for curing periods of three days and longer.
This implies that, for the binders used in this study
and for curing periods longer than threE: days, the
sorptivity Of the cover concrete becomes insensitive to
the binder type.

A further point to note is that, for curing periods
longer than ·three days I the sorpti vity of all t:he
CClncretes test.ed appears to become insensitive to
changes in the b/w ratio.
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6.3 Effect of compressive Strength on purability Index
Values

6.3.1 Permeability
Figure 6.7 shows the coefficients of permeability for
the 0-15 nun. slices, plotted against th"~ 28-day, water
cured compressive strengths of the c:onc:r::etes.The
corresponding curves for the internal slices are shown
in Figures 6.8 and 6.9.

These figures show that, for equal compressive
strengths, the FA concretes generally show the lowest
surface permeability for all the curing regimes. This
is due to the pore refinement effect of the pozzolanic
reactioll as Well as the physical, pore blocking effect
associated with the fineness of this material. It is
likely that the pore qlocking effect plays a greater
role in the improved performance of the lower strength
range concretes under one day water curing conditions.
The extent of hydration in the cover zone of these
concretes would not have been sufficient for the
pozzolanic effect to make a major contribution to
zedu ,;':lingpermeability.

The ope concretes again show a relative insensitivity
of surface permeability to compressive strength after
28 days of water curing. The comment preset),tedearlier
regarding the effect of additional curing on capillary
discontinuity is also appropriate to this observation.

The GGBS concretes show r,:esults which are either
greater than or simi)-' to those of ~he ope 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.
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Figure. (5.10 shows the measurements of water sorptivity
\ \plotte ....aga.inst the 2S....day, water cured compressive

strengths of the/concretes ..The corresponding curves
/l

for the intel.'l1a:(slice? are shown in Figures 6.11 and
6.12 •.

It can be seen t,hat, aside from the. low str,ength
concretes under one day of water curin~, the
differences in sorptivity v;::.luesfor the different
binder typ~ concr.e-t;:es~r4:!small when compared on the
bas±:~ of' equal compressive strengths/;" Also for moist
curing periods of thl:'eedays and lot~er, the curves 'are
relatively flat, again llidicating that increases in
compressive strength have a small effect in decre.asing
the surface sorptivity of concrete.

However, the curves very clearly s.how the detrimental
effects of poor curing 'at early ages on the surface
proper.ties of concrete. poor \juring effects increases
,in sorptivity at depths of up to 45 mm from the surface
and for concretes with compressive strengths as high as
40 to 50 MPa.
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6.4 Effeot Qf Initial cUring Time 011 Dur~bility Index
Value

An attempt at; empirically modelling the variables used
in this study requires a mu~tj!variable appr'oach, with
duration of cllri.ng and depth from the drying surface as
.the independent variables and the durability index
value as the depemdent variable. HOY1ever,this a~,,);>roach
was fOlU1.dto be unwieldy and would have ciistract:e(; '.from
the possible usefulness of such a :model. It was
therefo~~ decided to use a two-s~age approach to the
model:

first develop a tWo-variable model desoribim3' the
relation!:llhip bt~tweenthe duration of moist c\.,'tring
and the durability index valUe of the surface
segnlent of the concrete (0 - 15 mm);
develop a mOdeldescribing the relationship
between t.he duralbili ty index values of the ,st.,r:eace
and internal segntents of the concrete.

6.4.1 Dur.ability index of the surface segment

'rhe combined form in wh:~chthe results were presented
in Chapter 5, in Figures 5.13 to 5.15 ;for example, gave
an indication of the effect o·f the dUration of moist
curing in reduc~J1gthe pl;\rmeability and sorptivity of
the concrete. As examples, Figurel;"6.13(a) and 6.13(b)
below show the~e trends for the SUrface slices of the
low strength Oonc'retes on,' 'II , with the exbent; of :moist.
curing shown in linear forl,;. The figures show the
permeability and sorptivity r~:~$ponseof the concretes
to changes in the dUrati(:m clf l'earlYmoist curing.
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All the concretes show that the durability index values
decrease at:. a decreasing rate as th~;?period of irlitial

Ii'moist curing increases. Given the perm of the curves
shown in Figure 6.13, it was aeciil'9dto develop an
empirical mode l, of the response (jfthe concretes to
dUration of curing by numerically fitting a regression
equation of the form:

6.1

Where Dj is the durability index value (permeability or
sorptivity) and Tc is the duration of early !inoist
curing. The values of A and B are constant for a
particular binder type and b/w ratio.

Equation 6.1 can.be re-written in linear form as;

6.2

Re~fression analyses were carried out, in which tha
pal~meability and sorptivity re~;ults of the surface
slices were fitted to Equation 6.2. The calculated
va.Luas of ln (A) and B are shown in T~'i.ble6.1 for the
.pe~meability measuremants and Table 6..2 for the
sorptlvity maasur-emerrcs, These tables also show the
correlation coefficient for each regression analysis,
It should be noted that, in all the analyses presented
here, the units of permeability and sorptivity are mls
and mm/h'!...~'l re::'ipectively.
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Table 6.1 Equation 6.2 coefficients for the permea-
bility results of the 0-15 romslices.

c

Mix ! Correlation
Number In(A) B Coefficient

Pi -19.863 -1.060 0.949
p2 -20.765 -1.027 0.963
P3 -21.776 -0.687 0.996

F1 -19.974 -0.778 0.976
F2 -20.779 -1.052 0.958
F3 -21.817 -0.781 0.986

I
81 "'"19.363 ...0.703 0.987
S2 -20.580 -0.799 0.998

E -21.178 -0.606 0.752

Table 0.2 Equation 6.2 coefficients for the
sorptivity results of the 0-15 romslices.

I Mix correlationI
Number In(}\) B coefficient

P1 3.454 -0.340 0.994
P2 3.1.36 -0.264 0.989
P3 3.042 -0.239 0.996

F1 3.303 -0.185 0.993
F2 3.243 -0.348 0.999
F3 2.980 -0.226 0.988

S1 3.620 -0.316 I 0.940
!82

I
3.262 -0.248 I0.953

S3 2.989 -0.159 ,. I._~.657



Tables 6.1 and 6.2 that correlation coefficients
grea:ter than 0.94 were obt.ained for'most of the
concretes tested. The high strength slag concrete shows
poor correlation coefficients for both the permeability
and sorptivity results,becquse of the (app.arently)

,'" )\

anomalous results obtained \iTorthe 0-15 mm slice after
.

28 days of curing. It was, hoWever, decided to in~lude
this result in the analysis in order to maintain a
perspective on the possible extent of deviation between
measured and predicted values.

It was found that approximately li~\ . relationships
exist between the In(A) and B coefficients and the b/W
ratio 01. the concretes. Figures 6.14(a), 6.14(b),
6.15(a) and 6.15(b) show these relationships as well as
the regression lines fitted to each relationship.

In(A)-15~~----~------------~~
""*- ope --e- FA "'{,.,. GGBS

-17
permeability Results

- 25 .--.L,,_-,--_-,
1.4 "1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

E3inderlWater Ratio

Figure 6.14(a) Relationship between the In(A) coeff.
for the permeability results, and the
b/w rtatiC'·;~rf '(,~~l:H~\rete
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OB~ ~ __ --------~------------------~
"""*- ope -a- FA -+ GGBS

-1 * o

-0.2

-0.4
Permeability Results

-0.8

-1.2~--~--J_~~---L--~--~--~~~~~~~~~~~
1.4 1.5 1.6 1.1 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

Binder IWater Ratio

Figure 6.14(b) Relationship between the B coeff. for
the permeability results, and the b/w
ratio of the concrete

Sorptivity R(.>,sults

3

2.51
I

-I- ope -a- FA -+ GGBS

2~--~--~----~~~J_---L __~ __~ L- __ ~ __ -L

1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

Binder IWater Ratio

I

J
Figure G.15(a) Relationship between the lnCA} ooeff.

for the sorptivity resuJ.ts, and the b/w
ratio of the conorete
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-0.3

Sorptivity Results

-0.2

+ope -e- FA -4- GGBS

-0.1

o
o

o

-0.4 L ___l _ ___l..~_L. __ -L~.....L__...L.,.._.J__L-_..J-__!.---'

1.4 1.5 1.6 1,"" 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

Binder/Water Ratio

Figure 6.1S(b) Relationship between the B coeff. for
the sorptivity results, and the b/w
ratio of the concrete

For the permeability results, the relationships between
the B coefficient and the b/w ratio are not very well
defined. However, the linear relationship was accepted
in the interest of simplifying the model being
developed.

The values of In(A) and B could therefore 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 regreElsion lines, the model developed for
predicting the oxygen p~'rmeability and water sorptivity
of the concretes Can then be expressed as follows:

6-25



oxygen pe~meability:

6.3

where k is the coefficient of oxygen permeability (m/s)
and Tc is the duration of early age me:'.I't curing
(days). The values of Av and Bp are determined from
Equations 6.4 and 6•.5 respectively.

6.4

6.5

The values of At to A4 are dependent on the binder type
and are presented in Table 6.3.

Table 6.3 Values of the Al to A4 factors for u.se in
Equations 6.4 and 6.5

Binder type~-~----------~----·--------···-----~----------------~IFactor ope I 70/30 ope/FA 50/50 OPC/GGBS

AI -3.188 -2.633 -2.644
A2 -15.062 -15.459 -15.205
As 0.622 -0.0047 0.138
A4 -2.044 -0.861 -0.973
_"
Hence, the model requires controllable parameters of
concrete manufacture - b/w ratio, binder type and
extent of curing - to predict the coef.ficient of
permeability at 28 days.

USirlg "circular. reasoning", a back calculation was
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carried out using the model developed above to
determine the 2S-day permeability of the surface slices
of the concretes tested. This was done to determine the
effect of the assumptions made in developing 'themodels
(for exampler the linear relationship between the bjw
ratio and the In(A) and B coefficients). ThG results of
the "predicted" perm-aability values are plotted against
the corresponding measured permeability values in
Figure 6.16. The overall coefficient of correlation for
the relationship shown in Figure 6.16 is 0.979. This
indicates that the assumptions made in developing the
model were acceptable.

1.05-09

?redioted Permeability (m/s)
1.0E-08 '-="-----~----~-----~--/-----

/~+

++~\+~
-b + +'" +'

Lina of Equulity

Surface Slices

+
1.0E-10

1.0E-10 1.0E-09
Measured Permeability (m/s)

tOE-oe

Figure 6.16 Permeability predicted using Equations 6.3
to 6.5 compared with the measured
permeability values

water sorptivity
The model developed for calculating the 2S-day
sorptivity is similar to that presented above for
oxygen permeability. The corresponding equations take
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the form:

6.6

where S is the water sorptivity (rom/hr'!.) and T.; is the
duration of early age moist curing {days}. The values
of Asand Bs are determined from Equatiol1s 6.7 and 6.8
respectively.

6.7

6.8

The values of As to As are presented in Table 6.3 for
the various binder typElS.

'table 6.4 Values of the As to ).,8 factors for use in
Equations 6.7 and 6.8

Binder type:

Factor ope 70/30 ope/FA 50/50 OPC/GGBS

A '-0,,685 -0.461 -0.903s
A6 4.443 4.121 5.051
).,7 0.169 -0.585 0.224
Ag -0.586 -0.133 -0.678

- .

As with the permeability model, a back calculation was
carried cue to show the comparison .between calculated
and measured sorptivity vaIuea , simi.lar to that shown
in Figure 6.16. These results are shown in Figure 6.17
below. The overall correlat:ion. coefficient of 0.957 waS.
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obtained for the results in this figure, which again
shows the acceptability of the assumptions :made in
developing the model.

40
Sul1ace Silces>--'S:

:;::30
a.....ern
'i20-u:s
<D
Lo

a.. 10

o 5 10 15 20 25 30 35 40 45

Measured SOfDtivity
Figure 6.11 sorptivity predicted using Equations 6~6

to 6.8 compared with the measured
Elorptivity values

using tbe models to determine surfa~2index
values

Figures 6.18 and 6.19 show the relationships bett1een
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 following points arb noted from these
curves:
Oxygen permeability (ref. Figure 6.18)

Being a logarithmic relationship, the curves pLot;
as straight lines on the log-linear g'raphs shown,

However, reference to Figure 6.1, shows that the
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experimental relationships generally decrease at a
decreasing rate.with increasing b/w ratio. This
trend is not reflected in the model and can be
considered as a 'Vleaknessof the modeL
Nevertheless, this does.not detract from the
usefulness of the model, since its prediction
ability is demonstrated in Figure 6.16. Also, in
view of the erratic trends noted in the curves in
Figure 6.1, a refinement in the prediction ability
of the model (at the cost of a more complex and
unweildy model) does not appear to be warranted.
For a given b/w ratior the OPC concretes generally
give a lower index.yalue than.the OPC/FA or
OPC/GGBS concretes.
As observed in section 6.2.1, the model also shows
that, with increasing b/w ratio, the ope concretes
become less sensitive to the extent of initial
curing. This is indicated by the changing slope of
the curves.
The OPC/FA and OPC/GGBS concretes have
approximately the same sensH~i vity to the extent
(..'1f hlitial curing, regardless of the b/w ratio ~
This is shown be the approximately parallel curves
for these concretes.

water sorptivity (reI. Figure 6.19)
The OPC concretes again show generally lower index
values than. the Ope/FA and OPC/GGBS concretes for
all b/W ratios.
The Ope/FA concrete shows approximately the same
sensitivity to the extent of initial curing
regardless of the bjw ratio. Also, there is a
significant imprOVement in surface sorptivity on
the Ope/E'A ccncr ebes when the b/w ratio is
increased, even with 28 days of curing.
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Figure 6.18 Modelled relationship between permeability
and b/w ratio for the various concretes
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The OPC and OPC/GGBS concretes show a decreasing
sensitivity to the effects of initial moist curing
as the b/w ratio increases. Also, with 28 days of
initial moist curir.g, the surface concretes become
almost insensitive to variations in the bjw ratio.

6.4.3 variation of durability index with depth from
drying surface

As mentioned in Chapter 5, the vari~tion of oxygen
permeabllitv with depth into,the concrete was found to
be erratic and often anomalous. A single function could
therefore not be established to describe the
relationship between concrete permeability and depth
from the drying surface. The problem of sample
thickness in relation to maximum a':Jgregatesize has
prevented a clear representation of this relationship.

In the ~ase of the sorptivity measurements, the results
are much less errat:ic and it was pos::dbLe to fit
regression curves to individual sets of data relating
sorpti v+t.y to the duration of curing. However y a
relationship could not be established across the data
sets for depths from the drying surface to account for
wjb ratio or compressive s,trength. Hence, it was
decided to present the data graphically instead of in
the form of a mathematical model.

The sorptivity results of the internal slices were
expressed as percentages C)fthose obtained for the
corresponding surface slices. The average percentage
was then obtained for samples of the aame binder type,
during condition and depth from the surface. These
average values are presented in Figures 6.20 to 6.22,
where dep·th form the surface is plotted as the average
depth for the individual slices.
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Figure 6020 Variation of sorptivity with depth from a
drying surface - oPe concretes
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Figure 6.21 variation of sorptiv.i.tywith depth from a
drying surface - FA concretes
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% Sorptivity

GGBS Concretes

80 Extent of Curing

-- 1 Day

-f- 3 Days

--;,jE- 7 0ays

-B- 28 Days6C1

\I----------EJ

40~~------~----------~---------L---- ~
o 10 20 30

Depth from Drying SUI'~aoe (mrn)
40

:i!'igure6.22 Variation t",lf sorptivitv with aepth from a
drying surface - GGBS concretes

The following points are noted from these curves:
The curves show that, for curing periods up to 7
days, the sorpti vity decrea~e" rapidly to
approximately 20 mm from the surface, then appears
to become uniform with increasing depth.
Both the FA and GGBS concretes show appreciable
reductions in sorptivity with depth from the
surface after 28 days of curing. Differences in
the porosity values of the surface and internal
slices were not large enough to account for this
effect. The reason for this obsez'vat.Lon, as well
as its implications will require further
investigation.
There is no fixed order to the percent:age
reduction in sorptivity to the extent of moist
curing. In the case of the ope concretes, the
order of curing duration in increasing percentage
reduction is: 28, 7, 1 and 3 days. In the case of
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the GGBS concretes, th.l.sorder becomes: 1, 7, 3
and 2S'days.

Nonetheless, the cu.rves provide useful indi,qations of
the effect of drying on the gradient of sorptltvity with
depth into the concrete~ Having determined a sorptivlty
value using Equations 6.6 to 6.8, the numerical
variation of sorptivity with depth into the concrete
could be estimated using Figures 6.20 to 6.22.

6.5 Relating t.he Depth of Carbonation. to Durability
Index Values

Early age permeability and sorptivity mee sur-ementraof
the cover concrete zone serve the purpose of monitoring
the effectiveness of curing procedures in developiX'lg
the proper"':iesof this zone of the structure. In this
context, the results are used in a relative sense and
compared with corresponding results obtained in
concretes treated in a.standard manner (eg. water cured
for 28 clays). On the other hand, if t.hese tests are to
be used as durability index tests, attempts must be
made to relate absolute values of permeability and
sorptivity to long-term durability performance of the
concrete.

This section shows the relationship between the
permeability and sorpti.vity results, as durability
index tests! and the dl~pth of carbonation! as a
durabi}.ity process. An attempt is also made to quantify
t.he effect of different binder ·'typeson this
relationship.

Since most of the carbonat.Lor.depths, measured were less
than 15 nun, it was decided to use the durability index
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values of the 0-15 mm slice of the s~ml~les to develop
the relationships. A further reason for this decision
was that the models developed above are most reliable
for th~ surface slices.

Figures 6.23 and 6.24 show plots of the measured
carbonation depths at 10 months and the 28-day oxygen
permeability and sorptivity respectively ..The different
binder type concretes are identified separately on
these curves and the reqression lines for each binder
type al:e also shown,

Figures 6.25 and 6.26 show the relationships between
the 28-day durability index results and the 20 month
depths of carbonation measur-ed on the FA and GGBS
concretes. The regression lines are shown on these
figures as well.

CARBONATION DEPTH (mm)
20 ~~~~~---~----~-------~

'15

[ * ope 0 FlY ASH
o

GGBS Regr9selon
<,-,,-,//

""'_""_"_"~""_""'~~"' __"4 ... _ ,"" .. _.,; ,"" .... '...... ~•.__._._.' __ .'._ ....__.4._' ....~

0,<'/
-'

CARBONATION DEPTH
MEASURED JJ:.r 10 MONTHS

O~--~~~~~_~W_--~L_~~~~LL_ __.-L~~

1.0E-1f 1.0E-10 tOE-09
28-DAY OXYGEN PERMEABiliTY (m/s)

tOE-OS

Figure 6.23 28-day surface permeability vs. 10-month
carbonation for the three binder types
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15 -.._ ---- -- --.- - -.-.- - - ~,"".:.~~: _ _.-- _ .._.
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~. "* CARBONATION DEPTH
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F'igure 6.24 28-day sur-race sorptivity vs. lO-month
carbonation for the three binder types
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Figure 6.25 28-day surface permeability vs. 20-month
carbonation for the three binder types
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Figure 6.26 28-day surface,sorptivity vs. 20-month
carbonation for the three binder types

50

'l'heregression lines take the tsrms shown in Equations
6.9 and 6.10.

For permeability:
6.9

for sorptivity:
6.10

where x is the depth of carbonation (mm), k and S are
as C:~fined before and A9 to AI2 are coeffh:ients
dependent on the binder type. The values for A9 to AI2
for both 10- and 20-month carbonation depth
measurements are given in Table 6.4.
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Table 6.5 Values of coefficients "9 to i\t2 for use with
Equations 6.9 and 6.10

Binder "9 "10 A.1l AI2

T~lpe For 10-month carbonation Depth

OPC 2.514 62.2 0.504 -2.3
Ope/FA Z.317 59.5 0.551 -1.4

!
OPC/GGJ3$ 3.558 85.7 0.434 1.0

For 20-month carbonation Depth

189.3
1148•1

OPC/FA
I~PC/GGBS

3.351
6.162

1.5
1.6

0.761
0.727

Table 6.5 shows the correlation coefficients obtained
for the regression lines shown in Figurl=s 6.23 to 6.26.

Table 6.6 Correlation coefficients of 'theregression
curves shown in Figures 1 and 2

-
Correlation coefficient for the
relationship based on:

°2 Permeability water sorptivity

Binder type 10 mths 20 mths 10 mths 20 mths

100% OPC 0.940 - 0,938 -
70/30 OPC/FA 0.938 0.890 0.965 0.930
SO/50 OPC/GGBS 0.954 0.936 0.924 0.866

The correlation coefficients ubtained indicate th~~tall
the linear relationships developed are significant.

Figure 6.23 shows a clear trend of increasing depth of
carbonation with increasing surface permeability. The
following points are noted with regard to the
regression lines 0hown:

'l"\
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The FA line is approximat~,ly parallel t.oand
shifted above the ope line. This indicates that,
for the same value of permeability, FA concretes
carbonate faster than ope concretes. This

.;ti:~
phenomenon can be ascribed to the lower calcium
hydroxide content of the FA concrete presentingI'
less reactive material to the advance of the
carbonation front ..
The GGBS line is rotated with respect to the ope
line indicating that, for concretes in the high
permeability range, GGEIS concretes carbonate
faster than ope concr~tes and vice ver$a.

Figure 6.24 also shows a good correlation between 28-
day sorptivity and the depth of carbonation. Here
again, the regression line of the FA res:Ults is
approximately parallel to and shifted above the ope
line. The GGBS line is rotated wi'i::hrespect to the ope
line but not as m9~kedly as for the oxygen permeability
relationship.

In the case of the 20-mon·th carbonation depth
measurements, the relationships shawn in Figures 6.25
and 6.26 f. .. there appear-s to be a larger scatter in the
results. This is reflec.ted in the lower correlation
coefficients obtained in the regression analysis of
this data. Figure 6.25 shown that a sigrdficant
difference in the slope of the regression line occurs
for the FA and GGBS concretes. This figure indicates
that, for equal surface permeability, FA concretes
carbonate faster than GGBS concretes in the lo'wrange
of surface permeability values.

On the other hand, Figure 6.26 shows an almost equal
relationship between 2S--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
much larger scatter of results, as !/:-eflectedby the
lmver correlation coe:fficient.

6.6 Relationship Betweer~ 'the Coefficient of
]?ermeability and watoer sorptivity

An important advantage of· the test methods developed is
that the permeability and sorptivity tests are
conducted using th~ same r~~ample,nominally at, the same
age after casting. The two tests can therefore. be
compared directly in ord~):'to est.ab;:';ishif a reliable
relationship exists between them. If such a
relationship e:x:ists,it may 'justifiably be argued that
only one of the tests is necessary as a durability
indicator.

Figure 6.27 shows a plot of the coefficient of
permeability against Vl.atersorptivity for 'the 0...15 nun
slices. The r~c",ession line shown for this data is

. / /
d·ascribed by,_,.)ieequation (S and, k are as described
above) :

S ::;4.924 .J,n (k) + 126.2 (l.ll

correlation coefficient = 0.893.
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Figure 6.27 Relationship bettveen permeability and
sorptivity for the surface slices

Figure 6.28 shows the relationship between the test
results of the two test methods for all the samples
tested. The regression line for all the samples tested
is shown on this graph together with the line obtained
for the surface slices only, as shown in Figure 6.27.
The overall regression line is described by the
equation:

S=3.965.ln(k) +101.3 6.12

correlation coefficient = 0.747.
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Figure 6.28 Relationship between permeability and
sorptivity for all the samples tested

The following points are noted from these results:
altbough fairly low, both the correlation
coefficients indicate significant relationships
between the two test methods because of the large
number of data points used in the regression
analyses;
however, despite this, the scatter of results
around the regression line for all the reGults
appears to he unacceptably large;
the relationship for the surface slices is

.considerably more significant and a much smaller
scatter is noted;
the differences ia the correlation curves
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indicates that, for the same value of
permeability, the sotptivity of the internal
concretes is lower than that. of the surface
concretes - the diffe.rence betWeen the two varues
becomes larger as the coefficient of pe:cmeahility
increases;

It appears that no simple relationship exists between
the coefficient of permeability and the water
sorptivity of concrete. This is probably due to the
fact that different mechanisms of transport are
operational for driving the two fluids through
concrete. !t can be expected that these mechanisms are
differentlY affected by microstructural aspects such as
porosity, pore size distribution and the nature and
de~cee of interconnection of pores.

It is felt that this study has not provided 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 aggressive environment, one of the tests may
be a :more useful index test than the r;;,ther.Further
research will be necessary in order to finally
establish the usefulness of each of these tests as
indicators of long-term dUrability under a wide range
of aggressive environments.

6.7 General Discussion

A nu:mber of mathematical and graphical models have been
developed in this chapter whic:::hare aimed at
restructuring the resuJ.ts of this project into more
usable forms for engineering application. An attempt
was :made to express the models in terms of controllable
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parameters such as b/w ratio, compressive strength and
extent of curing. In some measure, successful
relationships have been developed between these
parameters.

However, it must be noted that these models and their
relative degree of accuracy of prediction, apply only
to the materials and conditions used in the laboratory
investigatiotl. Although numerical values have been
deterrnined fc)rthe various coefficients, it is unlikely
that these will be applicable for other concretes in
other drying environments.

The usefulness of the models is rather that they show
the tre.nds to be expected from the interaction of
various parameters and, where applicable, the form of
possible empirical equations describing this
interaction. The analysis has also shown the relative
performance of the different binder types tested.

since most specifications and codes of practice use b/w
ratio and compz'e's s i,ve strength as parameters for
controlling durability, sections 6.2 and 6.3 show the
effect of these parameters on the 28-day durability
index value and, hence, the quality of the cover
concrete. Such relationships allow these sp~cifications
to be used with greater confidence and reliability.

The empirical relationship developed in section 6.4,
relating thi: surface dUrability index to the extent of
early-age moist curing appears to describe the results
ob~ained'with a good degree of reliability. The model
is also able to account for the different response of
diff,erent binder types to the degree of early moist
curing.
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The gradient of durability index and hence, concrete
quality from a drying surface, wQ/s found to be more
difficult to model. This was apparent from the erratic
nature or the curves in Figures 6.18 to 6.29 as well as
the poor relationship between permeability and
sorptivity for these depths,- as discussed in section
6.6. Further research, which includes an assessment of
the durability performance of this internal zone, is
required in order to address this issue.

The equations developed for predicting long-term
carbonation using early-age perm.eability and sorptivity
tests appear to be reliable in ~.tiewof the relatively
go00, co:crelation coefficients obtained. This holds
promise for the use of these index-type tests to
control durability at,the cons'ezuct.Lon stage. Further
research must be conducted to assess the usefulness of
these indeX tests in predicting the durability
performance of concret.es exposed. to different drying
conditions and different aggress,ive environments.

6.8 conclusions

The following conclusions are dz'awn on t,he 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
permeability and sorptivity of surface concret.e
for all b/w ratios and strengths tested. This
effect is noted for up to 45 rumbelow the surface
of the concrete.

b) For a given curing condition and b/w ratio, ope
concretes generally give lower permeability and
sorptivity values than the OPC/FA and OPC/GGBS
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concretes. AlSo, for curing peQ:j_odslonger than 3
days, the sorptivity of the cover concrete becomes
insensitive to the binder type.

c) For equal compressive str~ngth, the ope/FA
concretes showed. the lowest surface permeability
for all the eerly curing conditions tested. Al::ro,
for curing periods of 3 days and longer, concretes
made with the different binder types show similar
surface water sorptivity values. Under these
curing conditions, increases illcompressive
strength have a small effect in decreasing the
surface sorptivity of the concretes.

d) Based on the test procedure used in this
invest;Lgatiorl,the oxygen pe:r:meabilityand water

I',

sorptl, ..y of t.he 0 to 15 rom surface segment of
concrete can be predicted from the following
equations:

In(Di) = B.ln(Tc) oj. In(A)

In(A) "" A.a' (b/w) + A.b

B = A.c' (blw) + A.c:

Where Dj is the durability index (permeability or
sorptivity), T~ is the duration of moist curing
(days) and Ad to Ad are factors which depend on the
binder type. ]'orthe results of this
investigation, the A factors are given in Tables
6.3 and 6.4. These equations allow the durability
index values to be determined on the basis of
controllable concrete parameters: b/w ratio and
the duration of early-age moist curing.

e) OPC/FA and OPC/GGBS concretes show appreciable
reduction in water sorptivity with depth, even
after 28 days of water curing. The reason for this
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II
Iiis unclear and will require furthe1irinvestigation.

f) The depth of carbonation (x) is rJhated tCithe
durability Lndex values (Dj) as fOliI.lows:

x =: l.e.Dl + '}..f

Dl ::::In (k) for ·p(:J:rme.3.bil;~ ty

Dl. = S for soxpti vi tY'

Ae and Af are constants.
g) For equal surface permeability or sorptivity, OPC

concretes carbonate slower than. OPC/FA. and
»

Ol?C/GGBS concretes.
h) In this investigation, i'twas found that the 10-

and 20-month depths of c~rbonation of the OPC/FA
and OPC/GGBS corlcretes could not be relat/ad to
each other using the conventional square~root
relationShip. Further investigation is required to
confirm these results and perhaps develop a more
suitable relationship for the depth of carbonation
over time.

i) There appears to be g linear relationship between
the sorptivity and logarithm of permeal::lility
measured for the samples test~d. However, the
scatter of the data points is too large and the
correlation coefficients too low for this ;!

relationship to be estal::llishedwith confid~~ce.
"

6-49



CHAPTER 7
CASE STUOIES

7.1 Introduction

This chapter presents some of the projects in which the
durabili ty index test lnethods developed an discussed in
Chapters 3 to 0, Were used to address actual
construction or specification problems. All the
projects presehted here involve the use of
permeability, sorptivity and/or carbonation testing to
determine the performance of in situ structures or the
potential performance of proposed concrete mixes.

For various reasons, some of the clients have requested
that the projects not be named in this Cj.iscussion.In
these cases, the proj ect is identif ie.d by th(a ll"iOst
important parameter being tested and/or the type of
structure being tested.

The following proj ects are discussed in 'this chapter:
a) cast-in-situ concrete culverts in Namibia:

Effectiveness of curing compound.
b) Mzimkulu river incrementally launched bridge on

the Natal N2.
c) Slip-formed concrete - Effect of very early

exposure of concrete to drying environments.
d) neady mixed concretes - Durability effect of

proposed alternative mixing procedure.
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7.2 cast-in-situ concrete culverts in Nalllibia:
Effectiveness of curing compound

This project involved the durability aspects of
concrete to be used for cast-in-situ s·torm-wat.er
culverts under a road. The oulverts were expected to be
partly s'J.bmergedin water for oonsiderable periods
during che rainy season. Analysis of the water expected
to flow through the culverts gave Basson(t)leaching
indices between 300 and 380. ,1\ leaching index value of
350 is considered non- to mildly aggressive while a
value of 1000 is considered very highly aggressive. The
values obtained placed the water in the non- to mildly
aggressive category and could therefore present a
slight leaching problem when in contact with concrete.

7.2.1 concrete ~atails
The tender documents for the project called for the use
of a 70%/30% blend, of OPC/FA as the binder for the
concrete. Ho·..teverp for economic reasons I the contractor
proposed to use rapid hardening portland cement (RHPC)

in the following mix:

cement content:
Water/Cement ratio:
Admixtures:
Aggregate:

stone:
Sand:

280 kg/m3
0.68

Retarding/plasticising

crushed dolomite
Blend of crushed dolomite
and natural sands

Measured
7-day strength: 39.0 MFa ..

A question was raised regarding the durability
performance of the proposed concrete relative to the

requested OPC/FA concrete. After some discussion



between the contractor and the client, it was felt
that, provided the concrete was adequately cured, the
durability performance of the proposed mix in the given
environment would be at least equivalent to that of an
OPC/FA concrete.

It then became necessary to gauge the effectiveness of
the contractor's proposed method of curing, which
involved the use of a resin based cUrJ,.th;Jcompound. The
proposed curing compound was reported to be
approximately 5 times better than the minimum
requirement of ASTM C309-81m, currently the only test
method used in South Africa for assessing the quality
of curing compounds.

The curing method was assessed by testing laboratory
samples of the proposed concrete for oxygen
permeability and water sorptivity. Details of the test
programme are given below.

7.2.2 Laboratory procedure

Sample and curing details
N,ine 100 mm cubes were cast by the Portland Cement
Institute (Pcr) and de-moulded appro~{imately 24 hours
after casting. After de-moulding, these cubes were
cured in the following manner:
i) three cubes placed in a standard water curing tank

for a further 27 days;
ii) three cubes exposed to drying in the laboratory at

pcr having had all six faces of each cube coated
with the recommended amount (6 m2/ R.) of a
pigmented, resin-based curing compound.

iii) three cubes exposed to drying in the laboratory at
pcr, coated with the same curing compound as above
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but using twice the manufacturer's recommended
dosage rate (ie. 3 m2tQ.

The coated samples were placed in a room where the
temperature was controlled at ±23 °C. These were
arranged so that free air movement was allowed around
all faces of the cubes. All the samples were
transported to our laboratories 28 days after they were
cast.

Sample pr~~treatment and testing
upon receipt of the samples, a ±2 mm thick layer was
removed from a vertical (as cast) surface of each cube.
This was necessary to remove the effect oj:the curing
compound on the test results. For each cube, a 68 mm
diameter core was drilled from this surface and a 20 mm
thick disk was cut from the core representing a depth
of 2 to 22 mm from the surface of the sample. These
disks were then pre-treated and tested for oxygen
permeability and water absorption as described in
Chapter 5.

7.2.3 Results and discussion
Table 7.1 presents the average of three results
obtained of the oxygen permeability and water
absorption tests. This table shows that the durability
properties of concretes cured using the curing compound
are considerably lower than that of the concretes cured
for 28 days under water. However, the 28-day water
cured values should be seen as llidealll, control test
values which would not normally be obtainable in-situ.

It was expected that the 28-day water cured strength of
this concrete would be approximately 45 MPa. These
results were therefore compared to those obtained for
the P2 concretes at 28 days. By setting the 28-day
index values to 100% and linearly interpolating where
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necessary, it was possible to obtain estimates of the
equivalent duration of water curing for the curing
compound coated samples.

Table 7.1 Results of Oxygen permeability and water
sorptivity tests

Average Average
Coeff. of w~ter

curing Permeability Sorptivity
Method (X10-IO m/s) (rom/hr'll)

Water cured
for 28 days 0.38 8.85

Double coat of
curing ~ompound 1.36 1.2.94

single coat of
curing compound 1.96 1.4.75

These estimates are presented in Table 7.2 below. The
estimated periods of water curing provides a measure of
the efficiency of the curing compound treatments.
Figure 7.1, presented by Ballim et a1(3)J shows how the
estimates were obtained.

Table 7.2 shows that the single coating of curing
compound provides the same development of concrete
surface properties as approximately 3 days of water
curing while a double coating is equival~nt to 5 days
of water curing. Given that the concrete intended for
use on the project will contain RHPC, it is reaso:r\able
to expect the equivalent of three days of water curing
on site. The high rate of initial hydration of ·the RJ:IPC
means that it can tolerate shorter curing periods than
plain ope or OPC/fly ash blends, for which a minimum of
5 days of water cur Lnq is recommended(4).
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Table 7.2 Equivalent water curing period of the curing
compound treated samples.

IICuringmethod

Single coat
of curing

I compound

Estimated equivalent
water curing period
(days) based on~

3.6

Average
equIva'Lerrt,
water

Double coat;
"(

..~~ curinIT
( _/''compound.

Permeability
results

curingSorptivity period
(days)

2.a-t
results

5.2 5.2

3.2

5.2

RELATIVE PIERMEABILITY (0/0) RELATIVE SORPTIVITY (%)
1nOOOr-----~ ----~------------------~

(LOGSCALE) (LINEArtscALEil250
t rasr MI2THOD 1

- PERMEABILITY --+- sc.. n·))ITY

1000

2~0

. " ••------- •••- -.. ,._••.•• _•••.. -..••.. _..•.. _.• -•••. 150

~

100LI -L~~--L_L_~.~-L-L~~~~~~J 100
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

DAYS OF WATER CURING

Figure 1.1 Method of estimating the equivalent water
curing duration of the curing compound
coated samples (after Ballim et al(3»)
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To give an indioation of the durability implications of
the results in Tcfble.7.1, e.stima,tesof the carbonation
rates for the single and double coated concretes using
Figures El.23 and 6.24 in Chapter 6. For comparison, an
estimate af the carbonation rate of an OPC/fly ash
concrete of the same surface. permeability as the single
coated concrete is also presented. These estimates are
shown in Table 7.3, where the value D is the
carbonation coefficient used in the square root
equation relating depth of carbonation to time of
exposure_

The results shown in Chapter 5 indicate that, for equal
strengths, a 70/30 OPC/FA mix gives lower permeability
than a plain OPC mix. However, if the plain OPC is
replaced with RHPC, it can be expected that the
increased f.ineness of the binder will result in
permeabiltty values similar to the OPC/FA mix. Hence,
the comparison with the OPC/FA concrete in Tabl,e 7.3 is
based on equal permeability values.

The reason for the higher rate of carbonation of the
Ope/FA concrete is that it has a lower ccncentrrat-Lon of
calcium hydroxide in the fore structure and the
carbonation front can t}~d:efore move at a greater rate.
This lower calcium hydroxide concentration derives from
the lower OPC content and the fact that calcium
hydroxide is ..;onsUmedby,'the poz:z;olanicreaction of the
fly ash.

'l'heestimates presented in Table 7.3 were intend.ed to
give an indication of relative durability performance
and Were not meant to imply that an equivalent rate of
carbonation should be expected in situ. The actual
carbonation rate would strongly be affected by the
environmental exposure conditions.
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Table 7.a Estimated rata of carbonati.' on for the curin'df
compound treated concretes and an equivalent
OPC/£ly ash concrete.

D

Time to
Carbon~te to 15

concrete Det.ails mm/ (month) '/: rom Depth (years)

Double coat; of curing
compound

1.771 54

single coat of curing
compound

.:

1.992 42

ope/FA concrete with
same 28-day
permeability single
coated concrete

2.214 34

7.2.4 Summary of find:Lngs

The following Lmpor-t ant;points were raised by this
investigation:
a. With the application of the resin-based curing

compound, the propoaed RHPC concrete can be
expected to provide a similat degree of resistqnce
to deterioration as the OPC/FA concrete.

b. The ASTM C309(2)tlast does not appear to be a
reliable measure of the effectiveness of curing
compounds. The curing efficiency of the compound
tested is consid.:::r:;,-!J.iY:lower ::..l~;m would be
expected, given t.he performance of the material in
the ASTM test.

c. Durability index testing of concrete, in the form
of surface permea.bility and sorptivity, gives ~
direct measure of the effectiveness of a curing
compound in developing the surface properties of
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concr~te. The good agreement in the. predictions of
the effective duratri.cn of moist curing is
en80uraging from the point of view of the
usefulness. of thlaf:;etests.

d. Some of the compaxLsons made in this study may
reqUire further clarification since lUtPC was used
as the binder in. the samples. However, there is.
sUffioient evidelrlCe to warrant further research

... .'
i.nto characterising the effectiveness of curing
compounds.

Mzim.!tulU Ri,\Tsr Illlorementally Lau.nched Bridge on
the Natal N2

.. ~l.'heMzimkulu river bridge at Port sheps'ccne farms part
(::Ifthe extension and upgrading of the N2 freeway on the
Natal south coast. 'rhla proximity of this structure to
the ocean gave rise t,;:>some concern an the part of the.,
design engineers rega:rding the long term durability of
'the in situ concrete. The concern derived mainly as a
:cesult of the relativ'~ly short periods over which some
(;rf the concrete sectil:ms were held .Ln the shutters -
reported to be. betweel:12 and 5 days.

The bridge deck ~ias c()rtstructed using the incrementally
launched technique and Figure 7.2 shows an early st?',ge
in the launching of one side of t:he deck. FigurE:"7.3
shows the roW of pierI!. looking northwards across the
river.

In order to quantify ·the extent of the problem, it was
decided to undertake .a series of tests measuring the
potential durability of the concrete. T.hese tests would
inform a decision on whether or not it w'as necesff)acy to
apply a. prott?,ctive cdating to the conorete in order to
improve the long term durability.
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Figure. 7.2: Early s,tages of the hrlc1ge 10..

Fiql1rfJl 7.3: Viewof the piers looking Northwards
across the river

SamplEtsretrieved from the structure were tested for
strengrth and surface oxygenpermeahility, water
abso:rption and carbonation. At the time of testing,.
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F:lgure 7.2; Early s,tages of the bridge deck launch

Figure 7.3: View of the pierH looking Northwa,rds
across the river

Samplesretrieved from, the stl;ucture were tested t.Jl:

strength and surface oxygen pormeability I wate:t·
absorption and carbonation. At the time of testing,
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concrete samples from the piers were between 6 and 24
weeks old while those from the deck Were 18 days old.

7.3.1 Description o~ tbe samples

Test samples consisted of 100 nun diameter cores drilled
from the structure. The lengths of the cores varied
between 260 nun and 300 nun.All the cores were kept
moist dur'Lr..transport by being wrapped in wet geo-
fabric and placed in plastic bags. Tahle 7.4 gives
physical details of the cores as received. The areas of
concrete to be cored were selected by the resident
engineers on site. Three cores were taken from each of
the piers and 4 cores. Were taken .from the web .ofthe
deck.

The concrete appeared to be of a fair q~ality with only
a few compaction voids visible on the surface.. All the
cores were obtained from the p\er walls and side web of
the deck and therefore had off~$hutter top surfaces.
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Table 7 Q 4: Physical ¢~ondition of the cores =s Receivedrr==='======r==="===:~' ========F===========~========'~
Core
Group

Lo('.:ation Observations/Comments

AS 1/2/3I~'----------~------'--~--------~------------'----~------~I

BN 1/2/3

CS

3 cor-as , 1st Good corapact.Lon]

pier, South side reinf. bC-',x·in AS3;
cOVer depth = 47 rom.

3 (tares; 2nd concrete well
pi~r; North side compacted; few small

pores evenly
distributed; no
reinforcement present.
Larger stone size than
AS, aN and ES cores;
many ±1 111m pores
visible on the
surface; no
reinforcement
encountered.--·--~-'-~-+-------------------+----------~------·------~I

I

1/4/;43 ;ores; 3rd •

Ipier; South side

3 cores; 3rd As for CS samples with
pier; North side less surface porosity;

reinforcement bars
through each core;
cover depths as
follows: CNl = 43 nun,
CN2 and CN3 = 37 mm

ES 1/2/3 3 cores; 5th As; for AS concrete; no
pier; South side steel reinforcement

encountered.
Few compaction voids
ranging from small to
10 'lllm. Approx. 2.5
days in formwork.

I~-----------r--------~--------~'-----------------------------*IW1!2/3!4 4 cores; inland
side; web of
deck



7.3.2 sample preparation

The cores received were cut into three segment~: (i) 0
to 60 mm, (ii) 60 to 170 mm and (iii) 170 to 210 rom
measured from the exposed surface. Where a
reinforcement bar was encountered in the core, the
first segment was reduced to 0 to 35 mm.

The 0 to 60 mm and 170 to 210 mm segments were cored to
obtain 68 mm diameter cores. 20 mm thick test slices
were then cut from these cores to represent depths of 0
to 20 mm, 20 to 40 mm and 170 to 190 mm into the
concrete measured from an exposed surface. Some of the
samples had to be abandoned because of the presence of
reinforcement.

The two ends of the 60 to 170 mm segments were planed
on a high speed facing machine to ensure that they were
parallel to each other. These segments were then stored
in a standard curing tank for three days before being
tested for compressive strength.

7.3.9 Test methods and procedure

The three 20 mm slices obtained from each core were
dried for 7 days in a ventilated oven controlled at 50
°C. These samples were then tested for oxygen
permeability and water absorption as described earlier.

After the water absorption test, the 0 to 20 romsl.Lces
were broken along a diameter and the depth of
carbonation was determined by spraying a 1%
phenolphthalein in alcohol solution onto the broken
surface.

The approximately 110 mm high core segmenJcs were tested
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for compressive strength in an Amsler compre):,'sion
testing machine with a 2000 kN capacity. A sheet of
soft board was interposed between the loading platens
and the ends of the<test cylinders. This was done to
eliminate any eccentricity which may nave been
introduced by the ends of the cylinders not being'
perfectly parallel to each other.

7.3.4 Results and Discussion

compressive strength: Table 7.5 shows the results of
the compressive strength tests carried out on the
cores. The density values shown in this Table are
"apparent" densities, calculated on the basis of
saturated surface dry weight, measured to an accuracy
of 5 g. It should be,riot.edthat no correction factors
have been applied to the strength results presented in
Table 7.5.

The results show that all the strengths were greater
than 30 MPa. For the pLer-s, the average strength of the
concretes is 35.1 MPa with individual in the range 30.6
MPa to 39.2 MPa. The apparent density results are also
fairly uniform for all the samples.
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Ta.ble 1.S; ,iverage Resu~ts of Sample density and
Compressi'~restrength Tests

sample Density strength lgroup (kg/:m3) (MPa)
AS 2357 33-.9
BN 2393 36.5
CS 2411 34.1
CN 2392 38.1

II ~: I
2382 32.8
24.03 44.5

Permeability, sorptivity and carbonation tests: Results
of the oxygen permeability and water sorptivity for the
various slices tested are shown in Table 7.6. 'I'b.e
measured depths of carbonation are also shown in this
table.

The results presented in Table 7.6 show that sections
or the bridge have sUffered reduced long term
durability potentials as a result of inadequate curing.
This is indicated by the higher durability index values
at the surface of the samples than on the inside
samples. Of particular concern are the sections
represented by the AS, CS, ES and IW samples.

As an indication of the durability effect of the
reduced surface quality, sample group AS showed 7.5 rom
of carbonation 6 months after casting. Using thellt
relationship for the rate of carbonation and assuming
that the specified 40 romof cover depth has been
satisfied, the steel in this area will be de-passivated
after 14 ypars. This illustration assumes that
carbonation will be the only action leading to de-
passivati.on of the steel.
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Table 7.6: Average Results of Oxygen Permeability Coefficier f Water Sorptivity and
Carbonation Depth Tests

Oxygen Permea~ility water sorptivity. !Depth of I
(XIO-10 m/s) at (mm/hr~) at depths: carbonation

Age at depths: (mm)

Core test
o to 20 to 180 o to 20 to 180Group (months) 20 mm 40 mm 20 mm 40 mmmm mm

AS 6 11.3 4.6 0.8 17.6 8.4 7.4. 7.5
BN 4 4.3 1.9 3..3 8.3 9.2 1 8.3 2.1
CS 2 8.4 4.5 4.2 15.0 8.8 7.7 3.5
CN 2 1.9 2.1 2.9 9.4 6.2 6.1 3.0
ES 6 -18.4 S.C 1.3 6.9 10.7 8.1 3.0
IW 0.6 4.0 1.9 0.3 10.9 7.2 6.8 -

!
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It is interesting to note the lack of relationship
between the compressive strength of the internal
concz et;e and the durability properties of t.he c\')Ver
conc-.:ete.Thi.s again points to the retarded devel.opment
of properties of the cover concrete resulting from
inadequate curing.

An in-situ carbonation illv8stigation showed that it was
mainly the first lifts of some of the piers which were
of particularly low quality. This was accompanied by
pomcus surface areas at the interfaces between casting
lifts. The porous areas were caused by loss of grout
from the shutters.

While the surface index 'value for the deck web samples
is not unduly hi.gh, the values obtained for the
internal slices show that an increased duration of
curing would improve the potential durability of the
surface concrete. However, the duration of early-age
curing was dictated by the deck jacking cycle, which
was appro}(';imately2.5 days. Hence, the formed surfaces
of the deck y/ere expoaad to air drying 2 f 5 days after
casting.

7.305 Recommendations

The following reco:m:mendationswere made for improving
the potential durability of the structure:

Bridge Piers
It was proposed that t:he first lifts of piers AS, CS,
ES and be eoated with a proprietary sealant which would
reduce the access of gases and dissolved ions into the
cover concrete. If partial coating presented a probl~
with regard to the aesthe·tics of the structure,
consi'leration would have to be given to "concrete
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coloured" coatings or colourless S\lrface penetrant
materials. Technical aspects were t\~be discussed with
the manufacturers of these product.:3fo

~,>'It was stressed that the poro\.],$,zones noted on some of
the piers and in particular, fat the joints between
successive lift::swet~ co brisealed and made good. It
was recommended that an €ipoxy based mortar be used for
tnis purpose. Again, the choica of the most appropriate
sealant was to be made after consultation with the
suppliers of these materials,

The depth of carbonation of the concrete was to be
monitored continuously, especially, on.,the piers cast
during the investigation. The site personnel had
sufficient experience with the phenolphthalein test to
conduct the carbonation monitoring tests. A decision
could then be made as to the need for coating on other
sections of the piers on the basis of the measured rate
of carbonation. It was possible that a final decision
could have been taken on this aspect by the middle of
1992.

Bridge c.'~.:.k

o

It was :I::ecommendedthat, as a section of the deck is
jackl"l forward, the newly exposed concrete be coated
with a curing compound. This would e.nsure that the
first 20 ~m of the cover concrete develops a sUfficient
degree of impermeability to obviate the need for
subsequent protective coating to be applied to the
underside of the deck.

I
l
'~ (J
r

The application of the curing compound would possibly
interfere with the dressing operation carried out by
the contractor. However, where it was necessa: .....• to
carry out minor repairs or when rubbing down was
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req:uired, the a,ffected azea of concrete could be re-
coated wH~hcu:ring compound after the dressing
o};,leration. It 'lias also pointed out that cementitious
c(,J.::d:ingsand repairs do not adhere to most cU:l:'ing
compounds, If such coatings were to be applied, the
:r'eqllirem~mts of the curing compound would have to be
di::;cussed, with tbe supp Ld.ez ,

7 • 4 I::ASE :3 r. SLIP l'ORW.!lO CONCRETE:: EFFECT OF VERY

m,RLY l~.xPOSURE OF CONCRETE TO DRY.IN'G

ENVIROrmENTS

7.4.1 rntrodudtion
This i~lvestigation was aimed at comparing the
effect;Lvene::.,s of a wa:>"based curing compound on plain
ope oonozetie and concrete made with blends of OPC and
GGBS. 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 Lnvesrt.Lqati i.on was therefore aimed at
informing a decision on the use of GOBS in 'the concrete
for this project.

o

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

exposed to air drying 5 hours after casting and
coated with cUring compound;
exposed ,to air drying 5 hours after casting -
uncoated;
water cured for entire period.

The mass change of the air dr i\so. san'lples was regularly
monitored up to 28 days after casting. At 28 days after
cas,ting, surface segments of the COl'lCretes were tested
for oxygen pel:meability and water sorptivity in at'der
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to dE:!terminethe effectiveness of the cur.ing compound
on the different concrete types.

1~4.:2 Mixos and materials

Table 7.7 below shows tbe mix proportions of the 5
concretes te~;ted. Mix 1 was the plain ()PC control mix
and mixes ~~I t.o 5 consisted of blends of OPC and GG13S. A
50% blend pzoporrt.Lonwas used for mixes 2 f 3 and 5
while Mix 4 contained 40% GGBS. Table 1 also shows the
measured slu:mp of each mix. All the solid materials,
the water reducing admixture and the white pigmented,
wax based curing compound used, were the materials
jntended to be used in the structure.

Tabl.e 7.7: Mix proport.ions (kgjm3) and slump
measurements of the concretes tested

Material Mix 1 Mix 2 Mix 3 Mix 4 Mix 5

water 170 170 170 160 165
Slagment - 160 170 128 160
ope 320 160 170 192 160
Vaal river sand 525 525 509 527 525
12 nun- dust Dolomite 525 525 525 525 525
19 nun Dolomit.e stone 975 975 975 975 975
Admixture (ml/m3) 800 800 800 800 400
Measured slum},;(mm) 50 145 95 35 55

7.4.3 Laporatory procedure

,s'amplepreparation and moisture loss .measureme.nts
Nine 100 nun cubes were cast using each of the mixes
shown in Table 1. These cubes were de-moulded and
exposed to thei:t'respective curing regimes in thf:l
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following manner:
(a) three cubes were de-moulded at 5 hour's after

casting and exposed to air drying in ·the
laboratory;

(b) three cubes were de-moulded 5 hours after
casting, coated with curing compound and
exposed to air drying in the laboratory;

(c) three cubes were de-moulded after approximately
I, .•

18 hours and placed an a standard wat.er curing
bath up to 28 days after casting.

The following procedure was used for the cubes exposed
under conditions (a) and (b):

At 5 hours after casting, carefully remove the
side faces of the cube mould so as not; to
damage the surface"" the concrete. ~~his w-as
best achieved by s.;.idingthe individual mould
plates upward against the concrete surface.
lveigh the cube on its base plate to the nearest
0.1 g.
Immediately coat; the 5 exposed surfaces of the
cube with curing compound by splashing the
curing compound from a standard 50 mm paint
brush.
Wipe off any excess cu.ring compound from the
baSe plate of the mould and weigh the cube and
base plate to determine the mass of curing
compound applied.
Place the cube on the North window ledge in the
laboratory exposed to sunlight during the
morning only.
Weigh the cube and »ase plate approximately 15
hours atter casting, then remove and \'1eighthe
base plate.
coat the underside of the cube with curing
compound and re-weigh the cube. Place the cube
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back on the window ledge.
Weigh the cube at regular intervals and, while
keeping the cube in the as-cast orientation,
rotate the cube with respect to the direction
of sunlight at each weight determination.
Coat a sheet of glass of known surface area
with the stated amount of curing compound and
expose this alongside the cubes. Weigh the
glass regularly to determine the mass loss of
the curing compound.

The manufacturer's specification required that the
curing compound be applied at a rate of 5 m2/t. It was
found that, at S"hours after casting, the .side faces of
the cubes were not able to ho~d this amount of compound
and a second coat of compound was applied after the
base plate was removed on the day after casting.

As stated above, the cubes were exposed irdoors to
morning sunlight only. At approximately 1.2h30 each day,
a black plastic sheet was placed over the windows so as
to eliminate direct sunlight onto the cubes.

oxygen permeebi.l i: ty and water sorpti vi ty tests:
At 28 days after casting t a 68 rom diameter x 25 rom
thick disk was obtained from a. side face of 8 of the
cubes of each mix tested (3 coated, 3 uncoated and 2
water c'.J.red).These disks, representing the 0 to 25 nun
surface section, were tested ~or o~yqen permeability
and water abs()rption as d.escri.:Uadin earlier chapters.
These tes'ts were conducned in orde:r'to monitor the
effect of the different curing re~im~s on the
developll.\entof.the surface qUalit.y of the concretes.
The outside face of the samples which had been coated
with the curing compound was lightly rUbbed with sand
paper to remove approximately 1 mnl of the surface.
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compressive Strengtb:
For each mix, one of the water cured cubes was used to
obtain an indication of the 28-day compre$sive stren~th
of the concrete.

Sample moisture loss
Using the curing compound on the glass slide, it was
determined that the curing compound lost approximately
90% of its mass after 6 hours of exposure in the
laboratory. The mass of the compound remained stable
thereaft.er 0 This correet.Lon was applted to the maas
loss measurements obtained for the coate.d samples ..
Figures 7 ..4 and 7.5 show the average masS loss of the
coated and uncoated samples respectively.

AVERAGE MASS. LOSS (g)140r-----~----------~---------------- ~
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l\gure 7.4: Average mass loss of 'the curing compound
coated samples
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Figure 7.5: Average maas loss of the uncoated
samples

These results show that:
The effect of the curing compound is a
combination of a reduction in the initial rate
of moisture los$ together with a reduction in
the total amount of moisture lost.
For the air dried samples, the ope mix (Mix 1)
generally showed the lowest mass loss in both
the coated and uncoated conditions.
Mixes 2 and 3 showed the highest mass loss for
the coated and uncoated oondf.t.Lons 1,ut this :may
be .a reflection of high slump values obtained
with these mixes. There n.'.ayt:.hereforehave been
more moisture available to be dried off from
the samples.
GGBS mixes 4 and 5 ';'laveshown the greatest
response to the curLnq compound than any of the
other mixes. For these mixes coated with curing
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compound, the initial rate of moisture 108S is
lower than that for the ope concrete.
Thereafter, the rate of moisture loss is
similar to that of the ope concr~,te. Also, the

<

curing compound reduced the 28-daycuntu1ative
masS loss of the ope concrete by 11.5% while
the corresponding reductions for mixes 4 and 5
were 18.6% and 20.9% respectively.

Oxygen permeability and water sorptivity
The results of the oxygen permeability and water
absorption measurements for the three exposure
conditions are shown in Figures 7.6 and 7.7
respectively.

OXYGEN PERMEABILITY (m/e)
1.0e"07=r----~---~-~-------~.~-----_,

1.0E-08

1.0E-09
MIX No.

PERMEABILITY P.UlA.$URED
28 DAYS AFTER CASTING

...........1

+ 2

:.::~][+. I
UN- -~-----~---C-O~AT-E~O------~-------w-~-r~ER
COATED CURED

Figure 7.6: oxygen permeability of the various
concretes for the three exposure conditions
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-*- 5

$¢RPTIVITY MEASURED
~a bAYS AFTl:R CASTING

5

COATED WATER
CUBED

FigUre 7~.7: Water sorptivity of the various concretes
for the three e:)fJl;';:lsureconditions

From these results, it is noted that:
The curing compound has had a greater effect in
reducing the water sorptivity of the surface
concrete thav..it has had in reducing the oxygen
permeability. For the GGBS concretes, the water
sorptivities of the curing compound coated
sample are equivalent to those of the 28-day
water cured samples.
The water sorptivity result obtained for the
coated ope samples (Mix 1) is considered to be
anomalous and requires further testing.
The coated and ~'ater cured results for Mix 4
are similaL to those of the plain ope concrete
(Mix 1). It must be noted however, that Mix 4
had a higher binder/Water ratio than Mix 1.
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Compressive strength
'rable 7.B shows the results of the compressive strength
tests. It should be noted that ea.ch result was obta:ned
using a single cube sample.

Irable 7.8: Results of compressive strength tests

sample Mass compressive strength
Mix Number (g) (MPa)
1. 2680 48.1.
2 2670 30.1
3 2615 36.2
4 2645 43.8
5 2590 37.4

The trend of these strength results generally reflects
that obtained in the results discussed above. The
highest strength concretes (Mixes 1 and 4) also showed
thf\ better performance from the point of view of
mo.i.s+ure loss and development of surface properties.

7.4.5 Conclusions
a, Upon exposure to drying conditions at very

early ages, untreated GGBS concretes lose more
moisture than plain ope concretes.

b. The wax-based curing compound was more
effective in reducing the moisture loss of
Mixes 4 and .5 (GGBS mixes) than reducing the
moisture loss of the opc mix. This meant that
these GGBS concretas had similar moisture
retenti.:m character istics as the ope concrete
under conditions where the concretes were
coated with the curing compound.

c. Considering the effect of the curing compound
in developing the concrete surface quality, Mix
4 showed similar properties to that obtained
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for the ope mix on the basis of o~ygen
permeability and water sorptivity -test results.

7 • 5 CASE .iz:: READY MIXED CONCR:ETES: DURABILITY

EFFECTS OF A PRO~OSED ALTERNATIVE MIXING
PROCEDURE.

7.5.1 Introduotion

A local ready mixed concrete supplier had identified a
possible strength advantage in altering the mixing
procedure of their concretes. Before implementing any
changes to the production process, it was necessary to
understand the effects of this new procedure on other
aspects of the performance of concretes. This project
was undertaken in order to quantify the effects of the
new mixing procedure on the durability performance of
concrete.

This concrete supplier was also considering the
addition of finely ground silica "floUl:'"to the
concrete as a possible cost-saving action while
maintaining the engineering pe'''form~nceof the
concrete. A series of concretes with the silica flour
additions was included for testing in the programme.
These concret.es w,ere also prepared using the new mixing
procedure.

In the test progranune, oxygen permeability and water
sorptivity were used as indexes to indicate potential
durability. Both surface and internal sections.of the
concrete samples were tested.
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7.5.2 Mixes and Sample :preparation

Table 7.9 shows the material propor~'~ionsfor the
various mixes tested. This information was provided by
the concrete supplier and the admixture r~ferred to was
denoted "p509". For each mix, six 150 mm cubes were
manufactured at the factory laboratory and were
delivered to our laboratories 28 days after casting.
All the cube samples W'ere water cured and were
transported in a moist condition.

series 1 concretes were mixed in the conventional
manner; series 2 concretes were prepared using the
proposed new procedure; Series 3 concretes were mixed
as for Seri£s 2 and had finely ground si~ica flour
added to the mix. slump values for all the concretes
ranged between 75 and 85 mm.

Table 7.9: Mix proportions (kg/m'l)for the various
mixes tested.

Mix series 1 2 3- --
Mix Number 548 549 550 551 552 553 554 S55 556

Strength
Grade (MPa) 20 30 40 20 30 40 20 30 40

! Ii

OPC 230 300 360 215 285 340 195 255 305
water 18.15 185 185 175 175 175 175 175 175
!June Sand 299 241 190 338 279 233 337 279 233
19 mm stone 1120 1120 1120 1120 1120 1120 i ..120 1120 1120
Coarse Sand 520 520 520 520 520 520 520 520 520
Admix. (m.e) 460 600 720 430 570 680 1190 510 610
si Flour - - - - - - i\O 30 35, \\
w/c Ratio 0.80 0.62 0.51 0.81 0.61 a.~l O'r~:lO I 0.67 n~57

\~

~""__ .....J--....--
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concrete strengths were determined at the factory
laboratory and reported as shown in Table 7.10 for both
7- a.nd 28-day strengths. These results were obtained

\ing 150 nun. cubes as well.

Table 7.10:
'1\ .

7- and 2S-day compressive strength
results

Mix Number At 7 days At 28 Days
:>

548 25.0 35.0
549 34.0 39.0
550 43.0 48.0
551 26.0 30.0
552 35.0 41. 5
553 45.0 51. 0
554 21.0 23.5
555 30.0 36.5
556 36.0 43.0

compressive strength
(MPa)

Upon receipt of the cube samples, a 68 nun. diameter core
was drilled into a cast faCe of thre~ cuhes of each

\ '

mix. From each of the cores, two disc samples were cut
representing depths of 0 to 20 rom and 40 to 60 rom into
the concrete. These discs were cut using a high speed,
continuous rim diamond grit blade. Hence, for each mixj
three 20 nun. thick surface samples and three 20 rom. thick
internal samples were obtained. The samples were then
'tested for oxygen permeabilH:.y and water absorption 0



1.5.3 Results 'and Discussion

Table 7. 11 shows the results of oxyge~lpermeabi') ity and
water s()rpti vH:y tet! cs carried Otlt \.111 t'.he 'disk aamp.Les ,

The table shows,the individual and average results
obtained for the two parameters on t}:xesurface slices
(0-20 mm) and internal slices (40-60 mm). In this
Table, an asterisk (*) indicates that the result<was
discarded. In order to p~ovide a basis for comparing

If

the res\.llts, Figures 7.:8 and 7.9 show the permeability
and scrptivi'ty results for the surface and internal
slices respectj.vely I as percentages of that obtained
r:Jith the corresponding conventionally mixed samples.

% OF STANDARD MIXING200 . r------------------~

GRADE 40
CONORETeS

100

,.........._..--_.
r+
I> I Dperrne••••

I i L.,..._

1-- I ...... SURFACE SLICE.. ,

GRADE 20
CONCRETES

~ ) GRADE So
..... CONCRETES

• •••••••

~ ~.

> .. r-e-
....... . ...

, -
.... ............

• ••••
II

.....
\ .. ,

"
.: ."

. ,
- ~- __.:.

ability _ Sorptlvlty 'I

150 S

o
Std New Flour Std New Flour

MIXING METHOD'
std New Flour

Figure 1.8 Relati'-:r(!;'values of permeability and
sorptivity for the surface slices
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Table 7.11; pel;-rueabi.lity and sorptivity results for
all the concretes tested!b-

str.
Grade

Mix
No.

551

Ave

0-20 rom 40-60 nun
Slice. Slice

Permblty
10-11 m/s

srptvty
nm\/hr,""

Fermblty srptvty
10.11m/s nun/hrlll

~ 554

F"ve

30 MFa 549

Ave

552

555

Ave

6.66 9.87
4.56 9.56
4.64 9.47
4.07 9.07

40 MPa 550

6.16 10.31
4.60 9.215.37 a.7~__

~~=====_=~=.~~=v=e~====~5=.=3=B~==~1=1=.=1=2~.~==~.=~=.2=6==,~~==9g~.=4_3~

553

Ave

556

9.155.98
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iNTERNAL SLICES [c:::J Permeability

Std New Flour Std New Flour
MIXING METHOD

Std New Flour

Figure 7.9: Relative values of permeability and
sorptivity for the internal slices

permeability
These results show that surface slices were generally
slightly less permeable than internal sliceso This is a
reflection of the fact that the concretes were well
cured and the surface concrete was al.lowed to develop a
similar state of hydration to that of the internal
concrete. since the surface concrete contains a layer
of high cement content, this has caused Slightly
improved air permeability properties.

The addition of silica flour to the mix caused
increased permeability only at the G~ .de 20 concrete
level. However/as shown in Table 7.10 above, this
concrete had a considerably lower compressive strength
than the concretes mixed using the conventional (Std.)
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 decreCJ,s:i.ng
permeability with increasing compressive strength h.~
appanerrt , being more sensitive for the lower strength
concretes. part of the observed increased permeability
for the Grade 20 si flour mix could be explained by th£
reduced strength of this concrete.

PERMEASILITY (x 10"(-11) m/s)

DEPTH INTO CONCRETE l
* 0.20.... 0 40'60 mm _]

*

o

o 0

* *..~ o 0

* *o

2~--'--~----~------~--20 25 SO 35 40 45 50 55
COMPRESSIVE STRENGTH (MPa)

Fiqure 7.10: Relationship between strength and oxygen
permeabilit:y for the concretes tested

considering that the difference b_~ween good and poor
qt1ality concrete, as measured by permeability I can be
of the order of 103 to 104 times, it oan be said that
the concretes tested showed similar permeability values
(ignoring the Grade 20, Si flour mix). This means that
the new mi:x:i.l'lgmethod has had little effect on the
oxygen permeability of the concretes under good curing
conditions.
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Water sorptivity
Tn comparison with oxygen permeability, water
$orptivity measures a different mode of fluid transport
through conczwce , The difference between the
performance of the surface and interhal slices is
therefore not as clearly defined as in the case of the
permeability results.

As with the permeability results, the Grade 20 8i Flour
mix shows considerably higher sorptivity than the
corresponding conventional and nr;~w""methodmixes.
However, the results are generally similar for the for
the different mix processes.

7.5.4 General discussion

Given the Qtrength levelsr the concretes tested have
shown good performarlce from the point of view of
permeability and sor,:ptivity.An inlportant factor
cont:r.'ibutingto this observation is the good curing
condition to which these concretes had been subjected.
The extent of curing was sufficient to ensure that the
surface concrete developed to a siltd.larqua.lity to that
of the internal concrete. Also, as noted in Chapter 6,
after an extended pe.riod at ir.itial water curi11g, the
durability index values of surface concrete becomes
insensitive to changes in compressive strength.

As noted above, the results show that the new mixing
procedures gives the same and often improved
per.meability and sorptivity performance as the
conventional mixing procedure, However, since the new
mixing method and Si flour cOllcretes have lower cement
contents than the corre.sponding conventionally mixed
concretes, equivalent permeability and sorptivity
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values cou Id mean Lower durability performance. 'l'he
concretes with the lower cement; contents would produce
proportionately less calcium hydroxide upon hydration
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 contents generally show higher rates of
carbonation rates.

Although no test results are available, a similar
effect would be encountered in a marine environment
where chloride penetration presents the main durability
problem. Given ttN'Oconcretes w;1.ththe same
a,-;cessibility for chlorides, the concrete with the
lower cement content will have a lower ability to bind
chlorides. The lower cement content concrete would
therefore have a greater amount of free chlorides for
the same amount of total chlorides diffused into both
concretes. Hence r the de-passivation of reinfol:'cement
would occur earlier in the lower cement content
concrete.

7.~.5conclusions

The following conclusions are drawn on the basis of the
resultS and discussion presented above:
a. All the concretes Were well cured as evidenced

by the similar oxygen permeability and water
sorptivity results obtained for the surface and
internal segments tested.

b. Altering the mixing procedure has had a
negligible effect on the oxygen permeability
and water sorptivity of well. cured concretes
relative 'co the conventional mixing procedure.
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c. Replacing a portion of the cement with "silica
flour" and mixing using the new method, has
also had a negligible effect on the measured
durabilit.y index values. It is believed that
the high index results obtained with the Grade
20 silica flour concrete is a reflection of the
high porosity of this concrete resulting from
its high w/b ratio. It is unlikely that the
addition of silica flour to the mix wou1d, on
its own, result in an inferior pore structure.

d. The lower cement content of the concretes made
with the l1ew mixing method and the silica flour
concrete.s may mean that these concretes will he
les~ durable in service than the conventionally
mixed concretes. Further testing will be
necessary to establish this influence.
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CHAPTER 8
GENERAL CONCLUSIONS

8.1 Introduction

In this Chapter, an attempt is made to draw toge';;..her
the important observations, conclusions and trends
noted in Chapters 1 to 7. Possible ar~as for future
research in the field of concrete cur, ;tg and durability
are also identified and, where possible, suggestions
are made as to the form that such '.;.ea.roh may take.

The conclusions presented below are divided into those
relating to the test methods and those relating to the
performance of the concretes tested. Finally, a section
is presented on the future research needs.

B.2 Test Methods

a. !n relation to many of the >;iurability index test
apparatuses developed, the falli11g head
permeanteter and tvater sorptivity tests developed
in this project have the advantages of low cost,
simple construction and ease of use. These
consideratic...nssatisfy an important objective in
the development of the tests;', namely that the
test methods be suitable for use in an on+s Ltre
laboratory.

b. Good correlations have be-,:;nobta ......ed between the
actual results of these tests and the results
predicted by the theoretical equations.
The oxygen 1. ::rmeability and wat.er sorptivity test
methods are SUfficiently sensitive to detect the
effects of vaz-Lat.Lonsin moist curing on the pore

...."""' .
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structure of surface concrete, at various depths
into the concrete. This means that the tests could
be used to.monitar the quality of in sit.u surface
concrete.

d. The test methods are sensitive to.the mo.isture
conditio.n of the samples at tIle time of testing.
Care is required in standardising the method of
pre-conditioning the samples before testing.
contrary to.ather repo.rted results, it was fo.und
that oxyqen permeability measurements are not
sensitive to variatians in the aggregate size to.
sample thickness ratio. far as cast samples. For
samples cut from larger specimens, varia.tions in
oxygen permeability with sample thickness appear
to.depend on the bleeding characteristics of the
concrete.

8.3 The Perfo.rmance of Concretes Tested

a. Increasing the duratian of curing has a
significant effect in reducing the durability
index values of the surface zane af concrete made
with each af the three binder types used. The
decrease in index values is mast significant far
curing periods from 1 to.7 days. Thereafter, anly
small decreases in these parameters are abserved
wlth increasing dur atid ons of curing.

b. The ...:ffectaf drying in limiting the develapment
af law durability index values, was noted at
depths af up to.45 mm.

c" For a given curing canditian and b/w ratio, OPC
concretes generally give lower permeability and
sarptivity values than the OPC/FA and OFC/GGBS
concretes. Also., far curing periods lo.nger than 3
dayB, the so.rptivlty o.fthe caver co.ncrete becomes
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insensitive to the binder type.
d. For equal compreasLve strength, the Ope/FA

concretes showed the lowest surface permeability
for all the early curing conditions tested. For
curing periods longer than 3 days, increases in
compressive strength have a small effect in
decreasing the surface sorptivity of the
concretes.

e. The results show th<:"',:,a particular durability
index level can be achieved either by extending
the duration of curing of a low strength concrete
or decreasing the wjb ratio of a poorly cured
concrete. In choosing one of these options to
improve the surface quality of the concrete,
economic pal:.ametersrelated to particular projects
must be considered.

f. Tbe oxygen permeability and water sorptivity of
the 0 to 15 mm surface segment of conc:r.etecan be
predicted from the following equations:

Di ::: A, (Tc) B

In (A) '" ~a' (b/w) + ~b

B =: ~c' (b/w) + ~c

Where Di is the durability index (permeability or
sorptivity), Tc is the duration of moist curing
(days) and \. to Au are factors which depend on the
binder type. These equations allow the durability
index values ,tobe determined on the basis of
controllable concret.e parameters: b/w ratio and
the duration of early-age moist curing.

g. The depth of carbonation (x) is related to the
durability index values (Oi) as follows:
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•
Di = Ln (k) for permeabili ty.

Di = S for sorptivit"y

Ae and Ar are constants.
h. For equal surface permeability or sorptivity, OPC

concretes carbonate slower than OPC/FA and
OPC/GGBS concretes.

i. There appears to be a linear relationship between
the sorptivity and logarithm of permeability
measured for the samples tested. However, the
scatter of the data points is too large and the
correlation coefficients too low for this
relationship to be established with confidence.

8.4 Future Research Directions

a. FUrther research is required in order to establish
the effect of drying history on durability index
measurements of samples made using a wide range of
concrete types. This may invol ve more fundament.al
studies of concrete microstructure, volume and
distribution of porosity and microscopic
examinations of the extent of damage caused by
different drying methods. such studies will be
necessary before firm l'ecommendations can be made
as to the "standardlO pre-conditioning method to be
adopted.

b. Research should be focused at quantifying the
effect of curing conditions and environments which
are different from those used in this
inVestigation. In particular, the effects of in
situ outdoor environments, as well as the
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different curing methods commonly used in Southern
Africa, should be quantified with a view to
facilitating specification and. control of concrete

c S:llring.
c. ~he relationship between the early age durability

index value of a particular concrete and its
resistance to deter.ioration in various aggressive
environments must be studied further. The present
investigation has considered the rate of
carbonation as a durability process. Future
studies should consider deterioration processes
such as sulphate attack, chloride ingress and soft
water attack to cover the main mechanisms of
concrete deterioration.
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APPENDIX

Table Al: Compressive strength of.OPC concretes ;at28
\\

deys \

Failure
" ~

(MP~) ISample sample Average
Mix No. No. I-iass(g) stress (MPa) strength

1 2530 39.0
Pl 2 2545 39.6 39.6

3 2550 40.4
_,

1 2510 46.9
P2 2 2510 48.9 47.7

3 2500 47.4

1 2535 58.4

I JI
P3 2 2520 60.9 59.4

3 2520 59.0

Table A2: compressive strength of ope concretes at 10
months

-
sample Sample Fa.ilure Averag~

Mix No. No. Mass (g) stress (MPa) strength (MPa)
-

1 2540 53.2
P1 2 2520 52.4 52.7

3 2515 52.5
-

1 2515 64.4
P2 2 2520 70.5 67.3

3 2520 67.0

1 2560 79.6

1
79

•
6P3 2 2550 79.1

3 2560 80.0 I.. ,

A1



Table A3: compr-easi.vestrength of FA concretes at 28
days

Sample Sample Failure Average
Mix No. No. Mass (g) Stress (MPa) strength (MPa)

1 2510 30.2
PI 2 I 2515 31.4 31.3

3 2540 32.3

1 2500 44~1
F2 2 2500 45~2 45.3

3 2520 45.9 ---.~
I

1 2530 58.8
F1 2 ~~5i30 59.1 58.6

I3 ,'560 57.9

Table A4~ compressive strength of FA concretes at 10
mcrrche

I Sample Sample Failure Average
Mix No. No. l1ass (g) Stress (MPa) stren(Jth (l"Ipa)

1

F1 2 No results available
3

,

1 2520 71.3
F2 2 2540 74.0 73.3

3 2535 74.6 -
1 2525 87.5 !

t

F3 2 2530 38.5 89.5 II
3 2550 92.5 JI

A2



Table AS: compressive strength of GGB8 concretes at 28
..days
\ ---"Sample Sample Failul:."'e Average

Mix No. No. Mass (g) Stress (FlPa) Strength (MPa)
" II 1 2530 37.4

2 2560 37.3 37.1
3 2510 36.6

1 2500 39.4
82 2 251fi 39.6 39.4

3 2505 39.0

1 2510 51. 7

t3 2 2520 53.2 53.2
3 2540 54.8

'l'a}:JleA6: compressive strength of GGBS concretes at 10
months

- .. -it

(~a) I
, Sample Sample Failure Average
Mix NO. No. Mass (g) Stress (MPa) strength

1 2460 53.4
81 2 2540 49.7 52.1

3 2490 53.2 ____ .,-
1 2540 63.5

S2 2 2530 65.9 63.7
3 2540 61. 9

1 2550 83.7 I83 2 2550 74.8 80.0 j

I
3 2540 81.6 I.....i·i

A3



Table A1(a): 28-day oxygen permeability (x10-10m/s)
for the Pf. (Ope) concrete

DUration of Depth from Surface (mrn)

moist curing
(days) 0 to 15 15 to 30 30 tic 45

1 28 23 38
36 31 9

Average 32 27 23

3 4.4 2.2 2.4
2.9 2.9 4.8

(( "---Average 3.7 2.6 3.6

7 5.8 2.1 2.0
3.0 2.2 3.8

Average 4.4 2.1 2.9

28 0.85 0.74 3.3
0.55 * 3.1

Average 0.7 0.74 3.2

* = result discarded

A4



Table A7(n) : za-iday oxygen permeability (Xl0·10 m/s)
for the P2 (Ope) 'Concrete

Duration of
moL$t curing
(days)

D$pth from Surface (rom)

o to 15 15 to 30 30 to 45

7.8 10
7.6 11

7.7 11

1.8 1.7
1.9 1.9

...

1.9 1:.8

0.90 1.0
0.86 1.1

0.88 1.1

0.57 0.54
0.88 0.48

0.73 I 0.51

1

Average 13

2.3
2.8

Average 2.5

0.70
0.94

Average 0.82

0.36
0.52

Average 0.44

3

11
15

7

28

II

AS



Table 'A1(a): 2S"'day oxygen permeability (xiO·lo m/s)
for the P3 (ope) concrete

~ 6uration C)·f

moist curing
(days)

=
Oepth from Surface (mm)

o to 15 15 to 30 30 to 45

2.3 2.9
3 .0 3.6

2.7 3.3

1.2 1. 6

* 1..1

1.2 1.4

0.59 *
0.47 O. 62

O. 53 0.62

* 0.32
O.6 *
0.6 0.32

1

Averag~ 3.7

1.5
1.4-

Average 1.4

1.2
0.76

Average 0.96

0.36
0.36

Average 0.36

3

3.0
4.4

7

28

" , * ~ result discarded



Table A8(a)=

IJ

zs-day oxygen permeability (XIO·10 m/s)
for the Fi (Ope/FA) concrete

Duration of Depth from Surface (rom)

moist curing
(days) i;~O to 15 15 to 30 30 to 4.5

1

39

16
, 15

31
17

.. 9

,Average 23

9.1
5.8
14

Avera,ge 9.8

3.9
3.5
2.3

Average 3.3

1.0
2.8

3

19

19
:G6

7

40

9

*
24

19
8.2
3.7

10

7

2.8

18\

5.7
3.5

6.6
4.9

2.4 2.1

3.9 ..•.4.5

1.5
7.4

2.2
7.6

Average 1.9 4.94.5

A7



Tablf.:l AS(b): 28-d~y oxygen permeability (X10·10 mjs)
for 1t.heF2 (Ope/FA) concrete

Duration of
moist curing
(days)

Depth from Surface (nun)

1

o to 15

Average 7.9

3 7.2

ilr- -+~3_.-4~ ~~--------~~~~------~1
i

7.4
8.3

Average 5.3

15 to 30 30 to 45

9.7 7.3
5.8 5.S

7.7 6.4

.9 3 .4
1/ .5 1.6

1- 7 2 .5

O. 81 0.55
O. 62 *~;.Ooioli

'.

0,1. 72 \; 0.55
\
\\ Cc, l0'::35 .- "':
\\

oJD 0.41

O. 39 O. 41

7 0.77
0.75

Average 0.76

Average I:::~===================:!I
I

II:

*

AS



Table A8(C): 2S-day oxygen permeability (X10c10 m/s)
for the F3 (Ope/FA) concret~

Duration of
moist curing
(days)

Depth from Surfac.e (1!1Ill)
-"-:,

o to 15
,.,
1:

15 to 30 36 to 45

'":2.9 2.9
3.6 3.0

3.3 3.0

0.93 0.84
1.2 0.81

.~
1.0 0.82

O. 6'() 0.47
0.38 0.43

0.49 0.45

0.31 0.31
0.26 0.30

0.29 0.31 ,

1
"

II---------','\_ ---+-------+--------+------,,-11
Av,erage 3.8

3 1.2
0.94

Average 1.1
7 17~1

0.£":2

Average 0.84

3.6
3.9

28
-- .,:;.'-----1-------..4-------

Average 0 •25

0.21
0.29

A9



Table A9(a):

Immt ::r~:g
(days)

zs+day oxygen permeability (xl0-tO m/s)

for the Sl (Ope/sqBS) concrete

Depth from Surface (mm)

o to 15 15 to 30 30 to 45

27 25
26 -I:

26 25

13 -I:

10 11.5

12 11.5

13 11
12 10

12 . 10
it

4.3 4.1
2.9 3,0

3.6 3.6

1 44
40

Average 42

18
13

Average 16

15
10

Average 13

3.7
3 • 6

Average I 3.7
==

3

7

28

II

AlD



Table A9(b): 28-day oxygen permeability (x10·tQ m/s)
for the S2 (OPC/GGBS) concrete~==========~================================n

Duration of ,;
/

moist curil1X I------~-r__-~---r__------...n

(days) a to

Depth from Surface (rom)

15 15 to 30 30 to 45

14 15
10 10

12 12

4.6 4.3
3.9 6.3

4.2 5.3

4.9 4.3
7.1 3.0

6.0 3.7

0.70 1.1
0.48 1.2

0.69 1.2

1 :1.5

8.9

Average 12

5.3
3.9

Average 4.6:1.

1.9
2.6

Average 2.3

:1." 0

0.69

Average 0.85

3

7

28

All



Table A9(e) : 28-day oxygen permeability (X10,10 m/s)
for the 83 (OPC/GGBS) concrete

Duration of Depth from Surface (mtn)

moist curing
(days)
1.

0 to 15 15 to 30 30 to 45

1.0 I 7.1 6.9
8.6 6.7 9.3 --Average 9.4 6.9

,
8.1.

2.2 2.7 1.7
2.7 2.0 2.0

Average 2.4 2.4 1.9

1.2 0.96 1.0
1.2 1.7 1.4

Average 1.2 1.3 1.2

1.9 2,.6 2.1
2 I 1.8 r·g

?

~

...
Average 2 2.2 1.5

~'" "I,,;

3

7"

28

.:.< .••
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Table A10 (~J': 10';":n1,onthoxygen permeability (xl0'w m/s)
for the P1 (Ope) concrete

(f
Ouration o~, Depth from Surface (rom)

moist curing
(days) o to 15 15 to 30 30 to 45

22 20
17 17
13 15

18 17

4.7 4.7
6.3 6.4
5.0 4.1

5.3 5.1

2.4 3.5
3.4 2.8
3.5 2.8

3.1 3.0

1.1 1.1 il

1.8 *
0.96 0.92

1.3 0.99

41
21

5.0
6.0
5.7

3.7

*
3.0

1.3
1.7
1.1

Average 5.5

Average 3.4

1.4

1

Average

3

7

28

1"':'-< . '.1~~~'~'--------~--+"------~~--24 \..

II
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'l'able Al,O(b):
<:>

r.c-morrch oxygen permeability pdO-IO rnls)
for the P2 (Ope) concrete

A14



Table A10(e) : 1.0"'month oxygen permeability (xl0-l0 m/s)

for the p~ (Ope) concreterDuration 6f Depth from Surface (nun)

Imoist curingI (days) 0 to 15
,.)

15 to 30 30 to 45-9.1 10
9.3 9.7
7.8 12

8.7 10.8

6.5 *
3.3 3.9
2.6 .3.5

<:

4.2 .:3. 7

1.1 1.2
1.1 2.1
2.3 1.6

1.5 1.6

0.93 0.69
0.54 0.84
0.77 0.68

0.75 0.74

1

9. :3

7.4
8.2

Average 8.3

5.
3.0
1.1

Average 3. 1:
2.2
1.6
1 ~,'4

,i

Average 1.7

O.56
0.68

*
Average I O. 62

=

3

7

28

.1\15



Table All (a) : lO-month oxyqen permeability (>::10.10m/s)
for the Fl (Ope/FA) concrete

Duration of Depth from S¥rface (mm)
moist curing th~\----------~------------r-------------~I

110 to 15 15 to 30 30 to 45
--25 18

20 22
15 17

20 :1,$

14 14
15 16
16 20
15., " 17

8.0 8.7
5.7 5.4
* 4.4

6.8 6.2

7.0 8.0
11 8.8
12 12'

9.9 9.5

(days)

*
*
21

Average 21

14
13
18

Average 15

6.5
5.4
11

Average 7.7

4.9
8.3
8.8

Averalge 7.3

1

3

7

28

A16



'l'ab'l,eAll (b) ; la-month oxygen permeability (XiO·tO m/s)
for the 1"2 (Ope/FA) concrete

Duration of
moist curing
(days)

Depth from Surface (mm)

a to 15

3.3
2.6
3.5

1

12
10
11

15 to 30 30 to 45

Average 11

3.1
3 3.4

2.7

14
11
9.2

14
1.0
8.4

Average

\;I~ A_v_e_r_ag_e+-3_._0 ~_1_._5~ -+_1_._7_~.. -I
0.49 0.44 0.45 ~
0.54 0.61 0.82
0.41 0.50 0.40

7

28

IL

3.1

2.4
1.5
5.2

12

2.6
2.8
3.4

I 3.12.9

1.6
1.9
1.5

1.9
1.3
1.3

Averagelo.48 1!~·52 0.56

A17



Table Al.l (c) t 10-month oxygen permeability (xl0-l0 m/s)
~ for the I~3 (Ope/FA) concrete

DUration of
moist curing
(days)

==
Depth from Surface (rom)

o to 15
,

15 td')30 30 to 45

4.5 4 .8

4.9 5.5
4.1 4 • 4

4,5 4 •.9 ,

1.5 1.5
1.5 1.2
1.8 1.8

1.6 1.5

0.,$1 0.76
0.63 0.57
O. 58 0.71

O. 61 O. 68

0.27 O. 29

O. 26 0.34
O.~G 0.,35

---
I 0.30 O. 33

Averac;;re 4.9

Average 1.7

0.81
7 0.91

0.73

1

3

4.4
5.7
4.8

2.3
1.6
1.3

Average 0 . 82

.l\verage 0.38

28
0.38.

0.37
0.38

Ala

;: [



~able' 1.12(a): 10-month oxygen permeability (XI0·1O m/s)

tor'the 81 (OPC/GGBS) concrete

Duration of
moist cur Inq
(days)

6.3

15 to 30 30 to 45

63 65
31 30

36 39

43 44
ill1 11
26 50
9.6 14:

15 25

4.1 8.9
3.6 5 ..8

7.1 7.4

4.9 7.4

4~3 3.4
5.8 3.8
3.8 6.3

j 4.7 4.5

1

85

*
57

,

Averag'e 71

44
16
8.7

Average 23

6.2
5.2
7.2

Average 6.2

3

7

7.6

~------;-:-:-:-·-------+------~--~-+------------~II Average
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Table A12(b) : la-month oxygen permeability (xl0·(')m/s)

fo~ the 82 (OPC/GGBS) concrete
H

;.;,;.:-

Duration of Depth from surface (rom)

moist curing
(days) 0 to 15 15 to 30 30 to 45

.
21 13.9 21

1 13 12.4 12
11 8.7 7.3

Average 15 11.7 13

5.a 3.0 5.8
3 4.9 4.6 4.8

4 6.3 7.2

Average 4.7 4.6 5.7
--- 2.5 6.5 9.6

7 2.1 3.3 6.1
2.4 2.1 2.8

Average 2.3 3.9 6.2

4.5 1.3 2.4
28 1.2 4.6 4.9

3.0 1.4 2.2

Average 2.9 2.4 3.2

A20



Table A12(0) :
I;

lo-month b~Ygen permeability (x10-10i'\n/s)
i'lfor t:ge S3 (OPC/GGBS) concrete

Duration of --I bepth from Surface (mm)
moist curing
(days) 0 to 15 15 to 30 30 to 45

8.1 9,10 8.4 <

h}
1 11 8.1 6.6

11 9.8 7.5

Average 9.9 8.9 7.5
."

2.3 2.4 2.4
3 2.6 3.0 1.6

< 1.9 2.2 2.7
\ Average 2.3 2.5 2.2

1.7 * 2.2
7 1.3 1.4 2.2

1.4 1.3 ]",.1

Average 1.5 1.4 1.8

1.0 1.0 *
28 1.5 1.5 0.78

2.9 1.8 1.2

Average 1.8 1.4 0.98
'.
j
i

A21



Table A13.(a) 28-day water sorptivity (mm/hrJh) of the
PI (Ope) concrete

31.9
32.1

Duration of bepth from Surface (mm}
moist curing
(days) ( o to 15

1

3

AVe.rage 32.0
.,
2.3.9
20.9

Average 22.4

15.9
14.3

Average 15.1

10.8
10.3

Average 10.6

7

28

15 to 30 30 to 45

25.2 25.2
24.4 19.6

24.8 ~2.4

11.9 13.5
14.1 15.2

13,.0 14.4

10.8 10.0
11.3 11.1

11.1 10.5

9.8 11.2
10.3 9.2

10.1 10.2

A22



Table A14(b) : 28-day water sorptivity (mm/hr'!.)of the
P2 (ope) cencrete

Duration of Depth from Surface (mm)
moist curing

24.5
24.0

o to 15(days)
"

15 to 30 30 to 45

16.1 11.4
14.4 16.9

15.2 14.1
.' ','C

10.4 8.8
10.4 9.9

10.4 9.4

9.4 9.2
9.3 9.0

91.4 9 .1
8.9 .9. 0
9.7 9.1

9.3 9.1

1

3

Average 24.2

17.5
15.4

Average 1605

13.0
13.2

Average 13.1

9.9
10.0

Average 10.0

7

28
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Table A13 (0) : 28-day water sorptivity (mm/hr1h)of the
P3 (ope) concrete

Duration of
moist cu,ring
(days)

Oepth from Surface (rom)

o to 15

21.5
21.6

15 to 30 30 to 45

12.4 12.1
12.1 13 .0

12.2 121.5

7.4 9.5

..~
11.2 9.4

9.3 9.5

7.8 9.4
8.9 8.7

8 .4 9.1

8.3 9.9
8.6 9.4

8.5 9 .6

1

3

7

28

A24



Ta.ble A14 (a) . 28-day water sorptivity (nun/hrfh)of the.
FI (Ope/FA) concrete

Duration of bepth from surface (nun)
moist curing
(days) 0 to 15 15 to 30 30 to 45

~Z:7,c~{f" 24.2 20.1
1, 24.7 18.8 15.3

27.6 16.6 *
Average 26.4 19.9 18.0

22.0 14.5 14.6
3 22.2 16.5 14.1

25.3 18.3 13.9
'. Average 23.2 16.4 14.2

..,

II 18.4 12.4 15.0
7 19.8 11.2 13.3

18.6 11. 2 12.2

Average 18.9 11. 6 13.5

28 1:1..9 10.6 10.7
17.0 12.7 11. 8

.. I Average 14.5 11.7 11.2
"~r"··'

A25 '



Table A14 (b) : 28-day water sorptivity (mm/hr'h)of the
F2 (Ope/FA) concrete

Duration of Daptn from Surface (mm)
moist curing
(days)

o to 15 1.5 to 30 30 to 45

19.7 18.7
17.3 15.9

18.5 17.3

10.4 10.9
10.9 9.2

10.6 10.0

8.8 7.9
8.7 7.8

8.8 7.9

7.4 8.8
8.3 8.1

7.9 8.5

1 25.6
26.1

Average 25 •.9
.,

3 18.7
16.3

Average 17.5

7 11.8

13.6

Average 12.7

28 8.8

7.5
..;.

Average 8.2

A26



Table A14(c): 28-day water sorptivity (nun/hr'!;).,of the
F3 (Ope/FA) concrete

Duration of
moist curi;1g
(days)

Depth from Surface (rom)

o to 15 15 to 30 30 to 45

15.9 14.3
13.5 12.9

14.7 13.6

10.8 8.3
10.6 9.2

10.7 8.8

9.7 9.9
9.0 6.0,

.----1. -
(:),'.-9

...
9.4

7.7 8.7
7.0 7.6

7.4 8.1

1 21.1
20.0

Average 2\0.6
:.-oj;

14.3
14.3

Average 14.3

13.6
12.0

Average J.2.8

9.6
9.3

Average 9.5

3

7

28

A27



( "

Table A1S(a) : 28-day water sorptivity (m:rnlhr'h)of the
Sl (OPC/GGBS) concrete "

Oepth from Surface (rom)

43.9
43.4

Duration 9f
mois'l:cur tno

" o to 13(days)

1

15 to 30

29.8
38.6

34.2

18.7
14.4

16.7

12.7
10.5

11.6

8.4
7.0

7.7

!~-------------~----------4-~--------~------------

3

Average 43.6

22.9
22.0

Average 22.4

19.6
16.5

Average 18.1

14.8
14.6

Aver-age 14.7-

7

A28

30 to 45

*
31.5

31.5

18.5
13.6

16.0

13.1
10.4

11.7



z:

Table A1S('b) :: 2$-day water Slorptivity (nun/hr'h) of 1;11e
S2 (OPC/GGBS) concrete

Du:racion of
moist curing
(days)

Depth from Surface (rom)

o to 15

1 29.8
26.8

Average 2$.3

3 18.2
20.5

I
r
'-7---~--+-1--2-.-9---~--+-·-----+-~---------I1

15.0

Average 19.3

AVl9rage. 14.0

28 15.2
9.9

II
AVI~rage 12.6

A29



Table 1\15 (c::)! z.s-day wat ..;r sorptivit.y (lllltl/hr'h) of t.he
S3 (Oi?C/GGBS) concrete

Duration of Depth.from surface (rom)

moist. curing
(days) o to 15

26.3
24.5

1

3

Average 25.4

12.3
13.5

Average 12.9

12.2
12.0

;\ ...

Average 12.1

14.5
13.8

Average 14.2

7

28

A30
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Table A16 (b) :

f::ation of
II ::lst cur ing
(days)

10.-monthwater sorptivity (rom/hr';') of
the P2 (ope) concrete

Depth from Surface (rom)
10-
30 to 45o to 15 15 to 30

1

24.5
21. 6

18.0

21. 3

15. S

',3. "
1<1'

14,
I ,
1""'-

12. :3
13 "• l
13.0

12 .8
11- :3

11. 9

10.8

11.3

26.8
27.6
18.5

19.2
19.9
18.0

119•1Average 24 •3

3

16.1
20.1
14.7

, '115.5
'13.2

.:)~' • .5

AVerage 17. a

7

fl4.4 ;j

--·~--+---"--·---Il
1.£0 • 812.2

11. 5
12.6

12.6
14.5

13.3Average 12. 1

28
9.5 9.5

10.7
10.5

1!0.5

12.0

Average 10.7 10.3
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Table AllS(c) ~ la-month water sorptivity (mm/hr'h) of
the P3 (Ope) concrete

t' /Duration of Depth from sur'fade (rom)

moist curing
(days) a to 15 15 to 30 30 to 45

-

21.1 19.2 17.9
1 20.9 20.6 17.3

22.7 16.4 17.1

Average 21.6 18.7 17.4

15.5 15.0 13.7
3 13.8 13.8 13.3

15.0 12.1 12.4

Average 14.8 13.6 13.1

14.0 12.8 11.5
7 9.9 11. 2 11.4

12.1 12.8 12.6--Average 12.0 12.3 11. 8

9.0 10.2 9.5
28 10.2 8.7 9.8

11. 7 9. J. 10.3

Average 10.3 9.3 9.9
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Table 1\17(a) : lo-month water sorptivity (mnt/hrll:)elf
the F1 (Ope/FA) concrete

Duration of
moist curing
(days)

~ D_e_P_t~hr-f_r_o_m__s_u_r_f_a~C~e__{~mm.__) ~ __J
{ 15 to 30 130 to 45o to 15

1

'k

*
29.7

Average 29.7

27.0
26.0
29.8

Average 27.6

20.0
18.9
24.0

Average 20.9

16.2
20.3
20.7

Average 19.1

3

7

28

25.9
24.8
25.0

24.6
24.3
24.8

25.2 24.6

22.5 20.5
23.0 16.2
24.9 26.9

23.5 21.2

16.7 16.0
15.1 15.5
* 16.8

15.9 16.1

15.9 14.8
16.9 14.6
15.5 15.7

16.1 15.0
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'l'a.ble A17 (b) : lO-month wate\r sorptivity (n~/hr'h) of

the F2 (OFe/FA) concretew============r======================-'=~===="==9

1

o to 15

Depth fX'om Surface {nun)Duration of
:moist curing
(days)

3

7

28

~-------------+-----------+-----.-.----+------
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Table A17(c) : lo-month water sorptivity (rom/hr'!.,of
the F3 (Ope/FA) concrete

,-,

Duration of Depth from Surface (rom) '-~
moist cU:t:"ing
(days) 0 to 15 15 to 30 30 to 45-

.:

19.6 16.3 15.6
1 20.7 18.2 17.6

21.3 15.3 14.4

AVerage 20.5 16.6 15.9
,',

11.5 11. 7 10 •.1
3 10.0 10.4 9.7

11.5 10.8 9.8

Average 11.0 lc1.0 9.9
---1-

10.4 9.3 8.9
7 10.3 9.4 7.4

8.3 9.9 8.8

Average 9.7 9.5 8.4·

8.2 7.0 5.6
., 28 8.9 6.3 6.4
~i, 7.1 7.5 5.8

Average 8.1 6.9 5.9 //
j

,~
I
i

'"
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Table Ala (a\) : 10-m<',lnth "'I'ate::r:' sorptivity (mm/hr',,,,) of
the gt (Ol?CjGGBS) concrete

DUration of Depth from Surface (lnln)

moist curing
o to 1.5

7

28

(days)

1

32.9
31.9
30.9

Average 31.9

24.4
28.5
16.2

Average 19.7

16.8
13.6
14.8

Average 15.0

15.0
14.7
11.0

Average 13.6

15 to 30 :';:0 to 45

25.6 ~I0.8

26.2 ~t6.7
27.1 ~!6.2

26.3 27.9

16.2 l4.1
16.9 18.5
10.8 13.8

14.6 15.5

8.9 7.5
7.3 8.5
11.2 9.0

9.1 8.3

8.2 7.9
7.1 7.0
6.8 I 8.4

7.4 7.8

3

A37



r' ;f..;'J.e AlB (b) : 10-month water sorpti vi ty (mm/hr';') of
the 82 (OPC1GGBS)concrete

o to 15 ·15 to 30

Duration of Depth from Surface (rom)

moist cu:r:ing
(days)

24avex~~~:'~-r_:_~_~_l~ ~1

ll.~ 7.8
15.0 8.9

1

3

26.8 15.4
18.5
14.5

30 to 45

13.9
16.2
14.2

14.8

10.0
9.2
10.2

9.8

9.7
8.1
8.5

8.8

7.4
6.7
6.6

6.9

24.5

Average 15.7 8.5

11. 7

11.0

13.7

9.1
8.3
8.1

7

Average 12..2 8.5

14.4
28 11.6

13.8

Average 13.3

7.9
7.2
5.9

7.0
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Table A18(c): 10-month water sorptivity (rom/hr~) of
the S3 (OPC/GGBS} concrete

'j

!

Duration of Depth from Surface (mm)
moist curing
(days) 0 to 15 15 to 30 30 to 45

19.7 15.7 15.6
1 23.3 16.4 14.0

22.3 1.7..8 15.1
~

Average 21.7 16.6 14.9

12.5 7.7 7.7
3 13.3 8.9 {8.0

11. 4 8.1 7.0

Average 12.4 8.2 7.6

9.9 6,3 6.6
7 8.9 5.7 6.4 I

9.2 6.7 5.9

Average 9.3 6.3 6.3

9.5 5.4 6.1
28 10.3 6.1 4.6

1.0.8 5.9 5.9
-

Avera(Je 10.2 5.8 5.5
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