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Abstract

The properties of alkali-activated slag concrete (AASC) are generally determined on small-scale laboratory-produced prisms or cylinders.
This investigation reports the in situ strength and in situ strain results from measurements on an 800 X 800 X 1200-mm column composed
of AASC produced at a concrete plant. The results are contrasted with those of columns made with ordinary portland cement (OPC) and
blended cement (50% OPC + 50% slag) designated as GB50/50. For this type of AASC, the workability improved from the time of produc-
tion to the time of concrete placement and minimal slump loss occurred over 2 hours (in contrast with OPC). The rate of in situ temperature
development was similar to GB50/50, and slower than OPC; however, the maximum temperature difference between the interior and the ex-
terior was considerably less than OPC and GB50/50. The in situ strength was identical to OPC and superior to GB50/50 at 28 and 91 days.
Embedded strain gauges show small initial in situ expansion within the centre of the column followed by a rapid rate of tensile strain growth
up to 14 days. At 91 days the differential strain between the centre of the column and the corner was sufficient to crack OPC concrete; how-
ever, the AASC column remained uncracked. Possible explanations for this behaviour could be due to a greater tensile strain capacity of
AASC than OPC concrete caused by greater creep and lower elastic modulus and higher tensile strength of AASC.  © 1999 Elsevier Sci-

ence Ltd. All rights reserved.
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1. Introduction

During construction, structural concrete typicaly re-
ceives minimal curing following removal of formwork. Al-
though the literature [1-11] reports the significant influence
of curing on the strength development and drying shrinkage
of alkali-activated slag concrete (AASC), the investigations
generaly involve testing of laboratory-size specimens.
Whether lack of curing trandatesinto a problem with larger
scale structural concrete members is seldom reported. This
paper reports the results of strength of cores and in situ
measurements of shrinkage strains within an 800 X 800 X
1200-mm column, which are contrasted with measurements
conducted on laboratory-size specimens.

The strength of concrete containing AASC is sensitive to
the curing environment. Talling and Brandstetr [1] report
that loss of moisture during dry air storage reduces strength
between 7 and 28 days. Kutti and colleagues [2] report 35%
strength difference at 36 months age between prisms cured
at 94% relative humidity (RH) compared with 33% RH.

* Corresponding author. Tel.: 61-3-990-54959; Fax: 61-3-990-54944;
E-mail: frank.collins@eng.monash.edu.au.

Following air storage at 95 and 70% RH, Talling [3] reports
little difference in cylinder strength; however, when stored
at 50% RH the strength devel opment stops after 28 days and
the strength at 91 days is 86% that of the same cylinders
stored at 95% RH. Cylinders moist-cured for 7 days fol-
lowed by 40% RH were 10.5% lower in compressive
strength at 1 year compared with identical samples cured at
70% RH [4]. This is in contrast with Byfors [5], who re-
corded similar strength when comparing water-cured strength
vs. air-cured (50% RH) strength after initial 7 days wet cur-
ing. Hakkinen [6] reports the same strength at 6 months age
after 28 days of moist curing followed by exposure to 40%
RH, as compared to identical samples exposed to 100% RH.
After 1 day of curing at 40°C, cylinders subjected to 40%
RH showed the same 1-year strength as identical samples
subjected to 100% RH [7]. For aternating curing conditions
(7 days 40% RH followed by 7 days >95% RHfor 10 cy-
cles) Hakkinen [8] and Malaepszy and Deja[9] report sim-
ilar and enhanced strength compared to cylinders stored at
>95% RH. Sioulas [12] found that the in situ core strength
of blended cement concretes (up to 70% slag) in large-scale
columns is significantly less than that of ordinary portland
cement (OPC) control concrete and up to 35% less than
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Tablel
Properties of cementitious materials
Constituent/property Slag OPC
SO, (%) 35.04 19.9
Al,O; (%) 13.91 4.62
Fe,0; (%) 0.29 3.97
MgO (%) 6.13 173
Ca0 (%) 39.43 64.27
Na,0 (%) 0.34
TiO, (%) 0.42
K50 (%) 0.39 0.57
P,O5 (%) <0.1
MnO (%) 0.43
Tota sulphur as SO; (%) 243 2.56
Sulphide Sulphur as $?~ 0.44
Cl (p.p.m.) 80
Fineness (m%kg) 460 342
Loss on ignition (%) 1.45 29
Timetoinitia set (hours) N/A 2.0
Strength of 70 X 70 X 70 mm
mortarcubes(MPa)
3 Days N/A 32.7
7 Days 42.0
28 Days 54.1

bath-cured cylinder strength. Hakkinen [8] showed that dry
exposed AASC displays a size effect, whereby the strength
of larger samples (up to 150-mm diameter cylinders) is less
affected than smaller samples by surface microcracks devel-
oped during drying. Thein situ strength variations of alarge
structure member following exposed curing is unreported.
Drying shrinkage strain of AASC is sensitive to the ex-
posure environment, although there are differences in the
reported magnitude. Kutti [2] found that for RH > 70% the
drying shrinkage for AASC was similar to OPC. However,
at RH 33% and RH 50% the drying shrinkage was 3.0 and
2.3 times the drying shrinkage of OPC. During bath curing
AASC swells compared with OPC [4,10,11], whereas under
exposure condition of 70% RH, AASC has 32% greater dry-
ing shrinkage than OPC [4]. There are conflicting views on
the reported long-term drying shrinkage. Douglas, Bilo-
deau, and Mahotra [11] report higher drying shrinkage at
224 days (50% RH) for AASC than OPC concrete, whereas
Hakkinen [6] and Kukko and Mannonen [7] found no sig-
nificant difference after 500 days exposure at 40% RH be-
tween AASC and OPC concrete for which the proportioning

Table2

Summary of concrete mixture proportions (per kg m?)

Congtituents OPC!0 GB50/50%° AASC
OPC 360 180

Slag 180 360
Free water 180 180 180
w/b 05 05 05
Fine aggregate 830 830 830
Coarse aggregate, 14 mm 1130 1130 1130
Air content % 0.5 12 12

of constituents by weight was the same. The shrinkage be-
haviour of AASC larger in size than laboratory prismsisun-
reported.

2. Experimental programme

1 cubic meter of AASC mixture was made at a concrete
plant and mixed in a 2-m?® agitator truck. A column 800 X
800 mm in cross section and 1200 mm high was made, to-
gether with samples for laboratory testing of strength and
shrinkage under different curing conditions. In situ monitor-
ing of the column has been conducted for temperature and
ongoing strain using embedded thermocouples and vibrat-
ing wire strain gauges. Strength has been monitored using
extracted cores.

The chemical composition and properties of the cementi-
tious binders are summarised in Table 1. The binders used
are ground granulated blast furnace dlag (slag) and OPC.
The term water/binder (w/b) ratio is used instead of water/
cement ratio to include all the binders mentioned above.
The dag is supplied with gypsum (2% SO;), which is blended
with the dag. The activators and adjuncts utilised were pow-
dered sodium metasilicate and hydrated lime (L). The dry
powdered silicate activator was preblended with the dag in
the dry form prior to use for concrete manufacture. The hy-
drated lime was added to the mix (1% weight of dag) asa1:3
(hydrated lime:water) mixture to improve workability. The
optimisation of the activator is not discussed in this paper.

The coarse aggregate consisted of 14-mm maximum size
basalt that has a specific gravity of 2.95 and 24-hour water
absorption of 1.2%. The fine aggregate consisted of river
sand that has a specific gravity of 2.65, 24-hour water ab-

800
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[ Wall thickness

Fig. 1. Steel formwork used to cast the column.
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Fig. 2. Elevation of column.

sorption of 0.5%, and a fineness modulus of 2.19. Propor-
tioning was for saturated and surface dry conditions.

The concrete mixture proportions for AASC are sum-
marised in Table 2. Also shown are reference mix propor-
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tions for OPC and blended cement (50% OPC + 50% dlag,
GB50/50) mixes [12]. Allowance was made for moisture
content in the aggregates, powdered sodium silicate activator,
and hydrated lime durry to ensure correct free water content
in the mix. The development of activator optimisation and
concrete mix design are reported in unpublished work.

The batching sequence was as follows:

1. Aninitia 80-litre load of water was charged into the
agitator truck using a metered pump.

2. 50% of the sand and coarse aggregate was then added.

3. The preblended slag and activator was hand-loaded.

4. The remaining sand and coarse aggregate was then
loaded.

5. The hydrated lime slurry was then added, followed by
increments of water to obtain the desired workability
(100-mm design slump).

The total time taken for the above steps was approximately
20 minutes. The travel time from the concrete plant to the
concrete laboratory was 30 minutes.

The configuration of the column formwork is shown in
Fig. 1. The column was cast onto a 100-mm layer of poly-
styrene, over which was a sheet of polythene plastic. The
columnwas cast in three layers, as shownin Fig. 2. The pur-
pose of the three layers was to assist the handling and trans-
port of concrete for subsequent coring of each layer for
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Fig. 3. Layout of thermocouples (X) and VWG strain gauges within cross section.
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strength testing. The layers were separated by wet corru-
gated cardboard placed on either side of a masonite board.
A 100-mm sacrificia layer, designed to negate the influ-
ences of boundary bleed and temperature transfer, was al-
lowed at each boundary separator. The lower sacrificial
layer also served to accommodate instrumentation, as dis-
cussed below. The formwork was removed 24 hours after
concrete placement, and the column was stored at 22-25° C
and 65-70% RH.

A set of thermocouples and vibrating wire strain gauges
(VWG) were installed within the lower sacrificial layer, as
shown in Fig. 3. Type T copper/nickel thermocouples were
installed along radial arms from the centre of the column,
oriented at 90, 60, and 45° to the direction of the side face of
the column. The spacing of thermocouples to the side face
of acolumn were 0, 25, 50, 100, 200, and 400 mm. Another
thermocouple was located immediately outside the column
to ascertain ambient temperature variations. Readings were
discontinued at 72 hours when the temperatures had equili-
brated.

In situ strain was measured by purpose-built embeddable
VWG. The gauge length was 150 mm. The gauges were lo-
cated at 25, 200, and 400 mm from the column face as well
as at a corner, as shown in Fig. 3. The coring schedule is
shown in Fig. 4. The core strengths at 28 and 91 days from
the date of concrete placement are reported.

Samples were also made for subsequent laboratory test-
ing asfollows:

e Standard cylinders (100-mm diameter and 200-mm
height) for compressive strength testing in triplicate at
1, 3,7, 28, 56, 91 days, and 1 year (following demoul-
ding, “bath” curing in Ca(OH), saturated water at 23°C,
“exposed” curing at 23°C and 50% RH, and “sedled’
curing involving storage in two polythene bags and a
sealed container at 23°C). The sedled and exposed cur-
ing environments were chosen to smulate curing ex-
tremes within alarge column.

 Standard shrinkage prisms (75 X 75 X 285 mm) were
made. The exposure conditions following demoulding
for a triplicate set of samples were exposed, sealed,
and followed AS1012, Part 13 (i.e., 7 days bath cured
followed by exposed curing at 23°C and 50% RH).

* Properties of fresh concrete such as slump and air con-
tent were also determined.

2. Results
2.1. Fresh concrete properties

The workability of the concrete improved from the time
of first mixing at the concrete plant (100-mm slump) to the
time of delivery (150-mm slump). Thiswas also observed in
the case of the laboratory mixes where the slump at 30 min-
utes was better than the slump at the time of mixing. The
slump loss over 2 hours was minimal. This can be explained
by the slow dissolution of solid sodium silicate into the mix-

91

800

Fig. 4. Coring schedule (coring ages shown in days).
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Fig. 5. Temperature development within AASC column along ARM 45.
Numbers in parentheses refer to thermocouple numbers shown in Fig. 3.

ing water and that the sodium silicate acts as a water re-
ducer. Thisisin contrast with other types of AASC whereby
certain activator types can cause significant loss of work-
ability. The air content of 1.2% was identical to the labora-
tory prepared AASC.

2.2. In situ temperature devel opment due to heat
of hydration

Fig. 5 shows the temperature development along ARM
45 (Fig. 3). Only ARM 45 is reported since it shows the
greatest thermal gradient due to the biaxial cooling at the
column corner. Fig. 5 shows lower rate of temperature rise
and lower peak temperature at the centre of the column
compared with an OPC column, as summarised in Table 3.
AASC reached peak temperature at 18 hours, which was
identical to GB50/50, although the temperature gradient
was less. The dissolution of solid sodium silicate activator is
a slow and endothermic process and this has contributed to
the lower heat development of this activator type. This con-
trasts with other types of activators that show more rapid re-
action with slag [13].

2.3. Compressive strength—standard cylinders

The exposed and sealed curing conditions, as described
above, were chosen to ssimulate the likely curing environ-
ment at the outside and at the centre of the columns. The test
results for AASC up to 91 days are summarised in Fig. 6.
The 1-day strength was 17.5 MPa. There isasignificant dif-
ference in strength between samples subjected to exposed
curing and sealed/bath curing. Beyond 28 days, the exposed
concrete strength levels off whereas the sealed and bath
cured cylinders show continued strength gain.

At 28 days, AASC had 20 and 24% greater strength than
GB50/50 concrete under bath and sealed curing, respec-
tively. However, it was 9 and 3% lower in strength than

Table3
Temperature differences between the three column types

Time after ~ Maximum centre
Peak casting to surface temperature
Concretetype  temperature (°C)  (hours) difference (°C)
AASC 415 18 10.5
OPC0 46.5 135 20.0
GB50/50% 36.5 18 15.0

OPC concrete. At 91 days, the compressive strength of
AASC surpasses both OPC and GB50/50 concretes.

2.4. Compressive strength—extracted cores

Figs. 7 and 8 show core strength vs. depth into the col-
umn along ARM 45 at 28 and 91 days. The results are com-
pared with those of OPC and GB50/50 concrete cores ob-
tained from identical columns[12].

At 28 days AASC shows significantly higher in situ
strength than GB50/50 concrete and almost identical in situ
strength to the OPC column at the corner and at the centre.
The trend is towards higher in situ strength near the centre
of the column where the effects of drying are minimal.

At 91 days the AASC shows a very small increase in the
in situ strength (from 28 days) and shows the same trend as
at 28 days, where the strength increases with depth into the
concrete. The strength is very similar to OPC at all depths,
with adlightly higher in situ strength at the centre of the col-
umn. Both OPC and AASC show higher in situ strength
than GB50/50 at 91 days, although the difference in strength
is not as pronounced as at 28 days.

The effects of drying at the corners, as opposed to at a
single face, cause little difference in strength (4% lower at
28 days and 1% lower at 91 days).

Horizontal cores (i.e., perpendicular to the direction of
concrete placement) were drilled in the AASC column at 91
days. The core locations are shown in Fig. 4. The mean core
strength was 39.0 MPa. The strengths are lower than the
core strengths of samples drilled vertically at the corners,
and this is most likely due to the fact that the strength of
horizontally drilled cores is lower than that of cores drilled
vertically with respect to the direction of casting [14-16].

The difference in strength between cores located at the
corner and the centre of the column is shown in Table 4. De-
spite no curing of the column exterior from day 1 on, the
strength difference between the interior and the exterior of
the column is not as pronounced as for the |aboratory-exposed
curing versus sealed curing. The laboratory-exposed curing
environment for cylinders (23°C and 50% relative humid-
ity) is more onerous than the in situ curing conditions expe-
rienced by the column (22-25°C and 65-70% RH), as evi-
denced by the strength results. The core strength at the
centre of the column has identical strength at 28 days and
89% at 91 days to the sealed cured standard cylinders. The
core strength at the centre of the column is 92 and 80% of
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Fig. 6. Effect of curing on compressive strength of standard cylinders composed of AASC.

standard bath cured cylinders at 28 and 91 days, respec-
tively.

2.5. Drying shrinkage

Fig. 9 summarises the drying shrinkage results obtained
according to AS1012, Part 13 (i.e., 7 days bath curing fol-
lowed by exposed curing at 23°C and 50% RH), shrinkage
following sealed curing, and aso drying shrinkage following
exposure from day 1. AASC shows minor expansions during
the first 7 days, when bath and sealed cured, followed by a
considerably higher rate of drying shrinkage when exposed.
When exposed from day 1, the overall shrinkage strains are
higher than the prisms tested to AS1012, Part 13, most likely
due to the greater moisture loss during thefirst 7 days.

2.6. In situ strain devel opment

The VWG gauges located within the interior of the column
show small expansions within the first few days (Fig. 10), as
was al o observed with measurements on laboratory prismsun-
der sedled curing conditions (Fig. 9). Beyond 3 days, tensile
strain develops rapidly and the differential shrinkage between
the interior and the corner gaugesis 71 microstrain at 12 days

a0 1

35
GB50/50
30
25 z : : +

0 100 200 300 400 500
Diagonal distance from corner of column to centre (mm)

Compressive Strength (MPa)

Fig. 7. Summary of core strengths at 28 days.

and 149 microdrain at 91 days. The total gtrains are less than
the prisms, athough this can be explained as a volume-to-area
ratio effect. For OPC concrete this could lead to cracking be-
cause concrete has a tensile strain capacity in the order of 70—
90 microstrain depending on the type of aggregate [17]. How-
ever, apart from minor surface cracking, no major shrinkage-
related cracking was visible. A possible explanation as to why
cracking was not observed may be that the greater tensile strain
capacity of AASC than OPC concrete caused by greater creep
and lower eastic modulus, which is reported in a publication
under review [18]. Another possible explanation isthat the ten-
sle strength of AASC may be higher than OPC, as evidenced
by higher flexural strength than OPC concrete [18]. The com-
bined effects of restraint, drying shrinkage, and creep are cur-
rently under investigation.

3. Conclusions
The results of thisinvestigation indicate that:

1. For this type of AASC, which was based on a solid
sodium silicate activator and produced at a concrete

50
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Fig. 8. Summary of core strengths at 91 days.
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Table4
Comparison of core strengths at the column corner and center with cylinder strengths
Core strength (MPa) Cylinder strength (Mpa)
Age Location AASC OPC GB50/50 Curing type AASC OPC GB50/50
28 days Corner (exterior) 40.5 395 275 Exposed 36.0 Not conducted
Centre (interior) 445 465 35.0 Sealed 445 46.0 36.0
External face 42,0 46.0 325 Bath 485 53.0 405
91 days Corner (exterior) 405 44.0 34.0 Exposed 35.0 Not conducted
Centre (interior) 45.0 435 415 Sealed 50.5 50.0 435
External face 425 44.0 38.0 Bath 56.0 54.0 52.5
plant, workability improved from the time of produc- ential strain between the centre of the column and the
tion to the time of concrete placement (30 minutes) corner location was 149 microstrain. This would be
and showed minimal slump loss over 2 hours. sufficient to crack OPC concrete, whereas the AASC
2. A column made with AASC based on solid sodium column remained uncracked. One possible explana-
silicate activator reached the peak in situ temperature tion is that AASC has higher tensile strain capacity
at 18 hours after casting. This was identical to GB50/ and also greater tensile strength than OPC concrete
50, whereas OPC concrete reached its peak tempera- [18]. The combined effects of restraint, drying shrink-
ture at 13.5 hours. The maximum temperature differ- age, and creep are currently under investigation.
ence between the centre and exterior of the column
was 10.5°C for AASC, whereas OPC and GB50/50
were 20°C and 15°C, respectively. Acknowledgments
3. Laboratory-exposed (23°C and 50% RH) cylinders The financial support for this project is jointly provided
show considerable strength difference to sealed cured by Independent Cement and Lime Pty Ltd., Blue Circle
cylinders (31% at 91 days) and the strength develop-  goythern Cement Ltd., and Australian Steel Mill Services.
ment at ages beyond 28 days. o The authors thank the sponsors, especially Alan Dow, Tom
4. Thein situ strength of AASC &t 28 and 91 daysissim- Wauer, John Ashby, Kathryn Turner, Paul Ratcliff, and Dr.
ilar to those of OPC, with strength increasing towards Ihor Hinczak for guidance and support. The efforts and as-
the centre of the column where the effects of drying are sistance with the laboratory work provided by Jeff Doddrell
minimal. The in situ strength is superior to that of and Peter Dunbar are also gratefully acknowledged.
GB50/50. The strength difference between the interior
of the column and the exterior is 10%, which is consid-
erably better than the laboratory-simulated conditions.
5. Measurements from embedded strain gauges showed References

small in situ expansions within the centre of the col-
umn, which was also measured on laboratory prisms
under sealed curing conditions. At 91 days the differ-
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