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Tests on Cementless Alkali-Activated Slag Concrete Using
Lightweight Aggregates
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Abstract: Five all-lightweight alkali-activated (AA) slag concrete mixes were tested according to the variation of water content
to examine the significance and limitation on the development of cementless structural concrete using lightweight aggregates. The
compressive strength development rate and shrinkage strain measured from the concrete specimens were compared with empirical
models proposed by ACI 209 and EC 2 for portland cement normal weight concrete. Splitting tensile strength, and moduli of elas-
ticity and rupture were recorded and compared with design equations specified in ACI 318-08 or EC 2, and a database compiled
from the present study for ordinary portland cement (OPC) lightweight concrete, wherever possible. Test results showed that the
slump loss of lightweight AA slag concrete decreased with the increase of water content. In addition, the compressive strength
development and different mechanical properties of lightweight AA slag concrete were comparable with those of OPC lightweight
concrete and conservative comparing with predictions obtained from code provisions. Therefore, it can be proposed that the light-
weight AA slag concrete is practically applicable as an environmental-friendly structural concrete.
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1. Introduction

A large portion of the concrete industry has growing interest in
minimizing the use of ordinary Portland cement (OPC), because it
is generally estimated that the amount of greenhouse gas (GHS)
emitted from the worldwide production of OPC corresponds to
approximately 7% of the total GHS emissions into the Earth’s
atmospherel'3. As a result, various investigations‘t'6 have been
conducted in several fields to develop a cementless alkali-acti-
vated (AA) ground granulated blast-furnace slag binder together
with a fly ash-based geopolymer binder. It is also generally esti-
mated that the amount of carbon dioxide (CO,) emitted from the
consumption of fossil fuels for commercial and residential heating
accounts for approximately 12% of the total CO, emissions into
the earth’s atmosphere. In addition, the non-negligible amounts of
CO, are emitted from buildings and/or factory cooling7. As a
result, the development of energy saving systems and new and
renewable energy sources has become one of the hottest issues in
building structures. The use of lightweight concrete as a building
material is highly effective for saving energy due to the enhanced
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thermal insulation capacity through the lower thermal conductivity
of lightweight aggreg,ates.7'9 In addition, the application of light-
weight concrete as a building material has several advantages in
structural and environmental terms, as pointed out by Kayali. 10

Synergy effects are expected when AA slag binder and light-
weight aggregates are combined to produce environmentally-
friendly concrete because of the various advantages of both mate-
rials. One of the most significant effects is the highly reduced CO,
emission from concrete building structures by the use of AA slag
binder with a lower CO, emission and an energy saving effect
owing to the use of lightweight aggregates. In addition, precast
concrete can be produced with good quality and economical effi-
ciency from an early higher-strength development capacity of AA
slag paste and a lower density of aggregates. However, the avail-
able experimental data'"" needed to determine a reliable mixing
design and the mechanical properties of lightweight AA slag con-
crete are very rare.

In the present study, five all-lightweight AA slag concrete mixes
were tested in order to evaluate the effect of the water content on
the workability, mechanical properties, and shrinkage strain of the
concrete. The rate of compressive strength development and the
shrinkage strain were measured and compared with the empirical
models proposed by ACI 209" for normal-weight portland
cement concrete. To examine the practical applicability of the
lightweight AA slag concrete, the splitting tensile strength and the
moduli of elasticity and rupture recorded from the concrete speci-
mens were compared with the values predicted through various
sources for lightweight OPC concrete, whenever possible. These
sources included design equations specified in ACI 318-08" or
EC 2", empirical equations proposed by Slate et al.'’, and a data-
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base compiled by Sim et al.”.

2. Experimental details

2.1 Materials

Ground granulated blast-furnace slag (GGBS) was activated by
sodium silicate (Na,O-Si0,) and calcium hydroxide (Ca(OH),)
powders and used as a cementitious binder. Alkali hydroxide
(ROH), non-silicic salts of weak acids (R,CO3, R,S, RF), and/or
silicic salts of R,0O-(n)SiO, type are used as effective activators,
where R indicates an alkali metal ion such as Na, K or Li, because
the reaction of a solid aluminosilicate with a highly concentrated
aqueous alkali hydroxide or silicate solution can produce a syn-
thetic alkali aluminosilicate material. However, it has also been
pointed out’ that several practical problems are associated with
pastes that are activated by alkali solutions, including over-rapid
setting, the risk of handling the material outside the laboratory
environment, and the occurrence of efflorescence. In addition, AA
pastes activated by sodium silicate or potassium silicate show a
reduced strength and poor durability in water environments,
because hydration products have a number of dissolution charac-
teristics in water. In particular, Na,O involving K,O content in
cementitious materials should be below 0.8% in order to control
the possibility of an alkali-aggregate reaction. For practical appli-
cation of alkali-activated (AA) GGBS concrete, the present study
selected Ca(OH), as a main activator due to its low cost and good
durability."® The Ca(OH),-activated GGBS binder generally has
an advantage in regard to a relatively relieved workability loss,
while intermittently shows an unsoundness due to lime depending
on to the curing condition and the dosage of Ca(OH)z.18

The GGBS used for the source material had a high CaO content
and SiO,-t0-Al,O; ratio by mass of 2.29, as given in Table 1. The
specific gravity and specific surface area measured from the
GGBS were 2.2 and 4,200 cmz/g, respectively. The sodium sili-
cate powder used was a compound of 50.2% sodium oxide
(Na,0O) and 45% silicon oxide (Si0,), producing a molar ratio
(Si0,/Na,0) of 0.9. The purity of the Ca(OH), powder used was
95.8%.

Yang et al."® also recommended that the ratios by weight of
Ca(OH), to the binder including the GGBS and alkali activators,
and of Na,O in sodium silicate to GGBS were above 7.5% and

Table 1 Chemical composition of GGBS used.
8102 A1203 F6203 Ca0O MgO Kzo Na20 T102 SO3 LOI*
31.55|13.79| 0.53 |44.38| 52 | 04 [0.18 [ 098 [ 2.79 | 0.2

* Loss on ignition.
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Fig. 1 XRD patterns of lightweight aggregates used.

3%, respectively, to facilitate the chemical reaction by ion exchange
between the silicate anions of the GGBS and the cations of the
alkaline activators. Therefore, the Ca(OH),-to-binder ratio was
selected to be 7.5% and sodium silicate was added so that the
Na,O-to-GGBS ratio would be 3% in order to produce a cement-
less alkali-activated slag binder.

Attificially expanded clay granules with maximum sizes of
19mm and 5mm were used for lightweight coarse and fine
aggregates, respectively. From X-ray diffraction measurements
shown in Fig. 1, the main composition of the lightweight aggre-
gates was quartz and calcium aluminum silicate. Fig. 2 shows that
the lightweight aggregates were spherical in the shape and had a
closed surface with a slightly rough texture. The core of the parti-
cle had a uniformly fine and porous structure, which led to high
thermal and acoustic insulation but induced high water absorption
and low strength. In particular, the rate of water absorption of
lightweight aggregates was extremely fast for the lightweight

Water absorption (%)

—A— Lightweight coarse aggregates (maximum size of 19 mm)
—O— Lightweight fine aggregates (maximum size of 5 mm)
—B— Natural sand
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0
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Fig. 3 Water absorption rates of the aggregates used.
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Fig. 2 Shape and scanning electron microscope (SEM) images of the lightweight coarse aggregate used.
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Table 2 Properties of the lightweight aggregates used.

Maximum size [mm] Specific gravity Water absorption [%] Fineness modulus Unit volume weight (kg/m3)
19 1.04 21.95 6.68 729
5 1.65 28.0 2.43 800

aggregates during the first three hours and then the absorption rate
slowed down, as shown in Fig. 3. The physical properties of the
aggregates used are shown in Table 2. The specific gravity of the
lightweight aggregates used was low, whereas water absorption of
that was very high.

2.2 Mix proportions

Five all-lightweight AA slag concrete mixes were prepared by
varying the water content per unit volume of concrete, as given in
Table 3. The compressive strength of lightweight AA slag con-
crete targeted in the present study was above 24 MPa for applica-
tion to structural concrete members. From various preliminary
tests, the water-binder ratio by weight and fine aggregate-to-total
aggregate ratio by volume were fixed at 30% and 40%, respec-
tively, in all concrete mixes. The mixture proportions of all the
concrete specimens were determined based on the weight method
proposed by ACI 211 "

2.3 Casting, curing, and testing

Lightweight aggregates were dampened for 24 hours and then
air-dried for another 24 hours to simulate the saturated surface
dried-state which is commonly employed in ready-mixed concrete
plants. The alkaline binder and aggregates were dry-mixed in a
pan mixer for 1 minute. Then water was added and mixed for
another 1 minute. For all the concrete mixes, a polycarbonate-
based water-reducing admixture with an air entraining agent was
added by 0.5% relative to the amount of binder used. After the ini-
tial slump was tested, each mix was poured into various steel
moulds to measure the compressive strengths and other mechani-
cal properties. Inmediately after casting, all specimens were cured
at a constant temperature and relative humidity of 21 + 2°C and 60
+ 2%, respectively.

For fresh concrete, the initial slump was recorded immediately
after mixing and the variation of slump was measured at 30, 60,

Table 3 Details of lightweight AA slag concrete mixes

Unit weight [kg/m"]
Specimen| W/B B

w — Sww | Giw

GGBS | Ca(OH), | Na,SiO;
W150 150 | 413 38 49 421 | 398
W165 165 | 454 41 54 399 | 378
WI80 | 0.3 | 180 | 496 45 59 377 | 357
WI195 195 537 59 64 356 | 336
W210 210 | 578 53 69 338 | 315

Note : W, B, S; and Gy refer to water, binder organized by the
GGBS and alkali activators, lightweight aggregate with a maximum
size of 5mm, and lightweight coarse aggregate with a maximum
size of 19 mm, respectively.

In all concrete mixes, a polycarbonate-based water-reducing admix-
ture with an air-entraining agent was added by 0.5% relative to the
amount of binder.

90 and 120 minutes after mixing. On the other hand, the compres-
sive strength, splitting tensile strength, moduli of elasticity and
rupture, and unrestrained shrinkage strain were measured for the
hardened concrete. The compressive strength of the concrete spec-
imens was tested using 100 x 200 mm cylinders at ages of 1, 3, 7,
28, 56 and 91 days to investigate the strength gain over time,
while the other mechanical properties were only recorded at an
age of 28 days. The modulus of elasticity of concrete specimens
was determined from the slope between a zero stress and 45%
stress of the compressive strength”. The testing procedures for the
above experiments were conducted in accordance with the KS
speciﬁcations20 for testing OPC concrete. The unrestrained shrink-
age strains of different concrete specimens were monitored by
using 100 mm waterproof electrical resistance strain (ERS) gages
attached longitudinally at the centers of the 150 x 150 x 450 mm
steel moulds before the concrete was cast. All the shrinkage strain
readings after de-molding at age one day were recorded and saved
automatically using a data logger for the first 50 days.

3. Test results and discussions

3.1 Initial slump and slump loss

The initial slump of the lightweight AA slag concrete increased
with the increase of water content, which is generally observed in
the lightweight OPC concrete as well*. The relatively round and
smooth surface texture of the lightweight aggregates led to the
improved initial workability of concrete. On the other hand, the
slump, S, of the concrete tested sharply decreased over the elapsed
time, as shown in Fig. 4. The high rate of water absorption of
lightweight aggregates as shown in Fig. 3 and the rapid reaction of
sodium silicate resulted in the quick setting of concrete, showing
that no slump could be measured after 60 minutes in all-light-
weight concrete mixes with a water content under 165 kg/m3.
However, the increase of water content alleviated the slump loss
of the concrete specimens. This maybe attributed to the fact that
the increased water content results in a decrease in the volume of

18 —o— W=150 kg/m’®
—B— =165 kg/m’
—A— =180 kg/m’
—o— W=195 kg/m’
—%— W=210 kg/m’
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Time, ¢ (minutes)

Fig. 4 Relative slump against the elapsed time.
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lightweight aggregates mixed in the concrete and an increase of
the free water between hydrated gels.

3.2 Compressive strength at 28 days and strength
development

The 28-day compressive strength, f.', of lightweight AA slag
concrete slightly increased with the increase of the water content,
as listed in Table 4. The failure planes of lightweight concrete gen-
erally pass through the lightweight aggregates and the number of
interfacial cracks between lightweight aggregates and pastes
increases with the increase of the amount of lightweight aggregateslz.
As a result, the reduced volume of lightweight aggregates mixed
in the concrete due to the increased water content can lead to a
slightly higher compressive strength of concrete. On the other hand,
the compressive strength of lightweight concrete increased with
the increase of its dry density, showing a similar increasing rate in
both lightweight AA slag and OPC concretes, as presented in Fig. 5.
At the same dry density, a higher strength was observed in light-
weight AA slag concrete than in lightweight OPC concrete. It is
generally known® that the sodium-containing hydrated gels formed
in AA slag pastes have low crystallinity and tighter intensities than
those generally observed in OPC pastes. This more elaborated gel
product reduces interfacial cracks between lightweight aggregates
and pastes, which can lead to an increase of compressive strength
of concrete.

In general, the development of the compressive strength of OPC
concrete is simulated as a parabolic function, as the increasing rate
of compressive strength development decreases with the increase
of age. The ACI 209" proposed the compressive strength devel-
opment of cement concrete with age in the following form:

t
' 1
A1+Bltfc M

f' () =

where, £.'(f) is the compressive strength at age 7 (in days). The
constants A4; and B; in Eq. 1 generally relate to the development
of strength at an early age and a long-term age, respectively. In
particular, lower values of 4, and B, indicate higher rates of com-
pressive strength development at the early and long-term ages,
respectively. The compressive strength development of concrete
tested occurred in a parabolic shape, as shown in Fig. 6. From the
test results given in Table 4, the constants 4; and B, in Eq. 1 were
determined from non-linear regression analysis using the SPSS
software, whereby a correlation coefficient above 0.96 was
obtained for all the concrete specimens.

The constants 4; and B, determined from the concrete tested
are plotted in Fig. 7. In the same figure, both constants specified in

70
¢ All-lightweight AA slag concrete

60 x All-lightweight OPC concrete x X

50 x Sand- lightweight OPC concrete X
Best fit curve for
40| fightweight AA slag
concrete;

30 | y=55Ln(x)-370.7
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. X % X lightweight OPC
10 XX X concrete;
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Fig. 5 Dry density versus 28-day compressive strength.
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Fig. 6 Typical compressive strength development of all-ightweight
AA slag concrete.
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Fig. 7 Comparisons of both constants in Eq. 1 determined
from concrete specimens and specified in ACI 209.

Table 4 Summary of the workability and compressive strength.

) Dry density Slump [mm] against elapsed time [minutes] /.'(t) [MPa]
Specimen 3
pe [kg/m’] 0 30 60 90 120 lday | 3days | 7days | 28days | 56days | 91days
W150 1,550 163 78.7 31 - - 259 274 29.0 312 324 335
W165 1,570 216 118 52 - - 27.2 30.0 32.0 35.0 352 36.4
W180 1,589 238 134 82.5 31.5 - 27.7 30.9 33.8 353 353 349
W195 1,609 248 144.5 105 52 31 28.3 334 35.1 37.5 383 39.9
W210 1,629 255 175 122 108 62.4 31.7 32.8 36.1 37.8 38.0 38.6

128 | International Journal of Concrete Structures and Materials (Vol.5 No.2, December 2011)



ACI 209 for cement concrete are also given for comparisons. The
compressive strength gain rate of lightweight AA slag concrete
was independent of the water content. The strength gain of light-
weight AA slag concrete at an early age was highly rapid, indicat-
ing that the compressive strength at one day reached as high as
above 75 % of the 28-day compressive strength. As a result, the
constant 4, for lightweight AA slag concrete was lower than that
for OPC concrete and even that for high early strength portland
cement concrete cured under steam, as shown in Fig. 7. The high
rate of water absorption of the lightweight aggregates and the
quick formation of hydrated gels can lead to a higher strength
development at an early age. On the other hand, the constant B,
for lightweight AA slag concrete was close to 1.0, which was sim-
ilar to the values for high early strength portland cement concrete
cured under steam, regardless of the water content. Overall, the
compressive strength development rate of lightweight AA slag
concrete cured under room temperature was comparable to that of
steam-cured early strength portland cement concrete, as shown in
Fig. 6. The lightweight aggregates in a damp state have a benefi-
cial effect on the strength development at a long-term age due to
the continuous hydration by the moisture released from the satu-
rated aggregates, which is commonly called as autogenous curing
effect'. Although, no notable autogenous curing effect was
observed in the lightweight AA slag concrete specimens, a stable
strength gain was obtained at the long-term age, as shown in Fig, 6
and Table 4.

3.3 Splitting tensile strength

In Table 5, the splitting tensile strength, £, of concrete speci-
mens is given and compared with the empirical equations pro-
posed by EC 2" and Slate et al.'® for lightweight OPC concrete.

Slate et al. recommended f;, as 0.41 A/]TL,' based on the empirical
regression analysis of lightweight OPC concrete, regardless of p,.
EC 2 expresses fq, as a function of f,' and o, while no details on
Jsp are specified in ACI 318-08'"*. The normalized splitting tensile
strength slightly increased with the increase of the water content,
as listed in Table 5. This indicates that the increase of p,. due to the
increased water content and the use of normal-weight fine aggre-
gates can lead to an increase of f, / J]? . The splitting tensile
strength of concrete tested is commonly higher than that predicted
from the empirical equation recommended by Slate et al., but
slightly lower than the predictions obtained from EC 2 equation,
regardless of p..

3.4 Modulus of rupture

Slate et al. recommended the modulus of rupture, f, of dry-
cured lightweight OPC concrete to be optimally fitted as
0.35 Jf . ACI 318-08 specifies f. to be 0.465 Jf for all-light-
weight concrete and 0.527 JE for sand-lightweight concrete.
There are no provisions for £. in EC 2. Table 6 provides a compari-
son between the measured and predicted £ of lightweight AA con-
crete. The effect of the water content on f. was similar to that
observed in fg,. The reduced interfacial cracks between aggregates
and pastes due to the increased water content can enhance the ten-
sile resistance of concrete. On the other hand, £. of lightweight AA
slag concrete is higher than that predicted from the empirical equa-
tion recommended by Slate et al., but agrees with the prediction of
ACI 318-08, as listed in Table 6.

3.5 Modulus of elasticity
The modulus of elasticity, ., of concrete can be commonly
expressed as a function of the compressive strength and dry den-

Table 5 Splitting tensile strength.

Specimen Jsp! «/f Sy ] Vol Ui
Exp. EC 2% Slate et al.¥* EC2 Slate et al.
W150 0.455 2.54 2.73 2.29 0.930 1.110
W165 0.470 2.78 2.95 242 0.942 1.147
W180 0.471 2.80 2.97 244 0.942 1.149
W195 0.485 297 329 2.51 0.902 1.183
W210 0.486 2.99 331 2.52 0.903 1.186
*(fop)pea = 033477 (0.4+0.6p,/2200);
**USP)SIme etal. 0.41 «/]?
Table 6 Splitting tensile strength.
Specimen VAN SR (ﬂ)Em/(ﬂp)Pm
Exp. ACI 318-08* Slate et al.** ACI 318-08 Slate et al.
WI150 0.453 2.53 2.60 1.95 0.973 1.293
W165 0.483 2.85 2.75 2.07 1.038 1.379
W180 0.506 3.01 2.76 2.08 1.089 1.447
W195 0.506 3.10 2.85 2.14 1.089 1.447
W210 0.512 3.15 2.86 2.15 1.102 1.464

*
O(;‘)A CI318-08

sk
(fr)Slate et al.

= 0.465 Jf for all-lightweight concrete and 0.527 Jf for sand-lightweight concrete;

= 0.35,ff.".
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Table 7 Modulus of elasticity.

. EC [MPa] (EC)Exp./(EC)Pre.
Specimen E.JJL!
Exp. ACI 318-08* EC 2%* Slate et al.*** | ACI 318-08 EC2 Slate et al.
W150 2,742.8 15,317 14,649 16,368 13,886 1.046 0.936 1.103
W165 2,753.2 16,278 15,809 16,939 14,760 1.030 0.961 1.103
W180 2,771.8 16,477 16,198 16,993 15,102 1.017 0.970 1.091
W195 2,721.6 16,662 16,997 19,526 15,728 0.980 0.853 1.059
W210 2,850.1 17,527 17,391 19,579 16,074 1.008 0.895 1.090

- s
(B ycrms—os ~ 0'043*«/]?(%)
*(E,) p oy = 22,000(7,/10)(p,/2,200)°

B8 (E) g = (3,320, [ +6,895)(p,/2,320) .

sity as pointed out by Slate et al., ACI 318-08 and EC 2. The com-
parison between the measured and predicted E,. of concrete tested
is given in Table 7. The modulus of elasticity of lightweight AA
slag concrete increased with the increase of p, which resulted
from an increase of the water content. The modulus of elasticity of
concrete is significantly affected by the strength and elasticity of
the aggregates used, and the quality of cohesion between aggre-
gates and pastes. Therefore, the reduced volume of mixed light-
weight aggregates can contribute to an increase of E,.. The modulus
of elasticity of concrete tested agrees with that predicted from the
equations recommended by Slate et al. and ACI 318-08. On the
other hand, E,. predicted from the equation of EC 2 is much higher
than the test result and other predictions, because EC 2 overesti-
mates o, owing to the use of the upper limit of the density for the
relevant class.

3.6 Shrinkage strain

The unrestrained shrinkage strain of lightweight AA slag con-
crete against age is plotted in Fig. 8. The first exposure time of
specimens is set to be 0 time in the figure. For comparisons, the
predictions obtained from the ACI 209 model based on extensive
test results on the normal-weight OPC concrete are also presented
on the same figure. No data are saved for specimens A-165, A-
210 and S-195. Yang et al>' showed that most shrinkage strains in
normal-weight slag mortars activated by sodium silicate occur in
the first 14 days and then its increasing rate slows down. However,

Time (days)

50 o

2= w150

S~ W180 Experimental results
700 | —a—yi9s

Shrinkage strain (x10%)
&
S

800 | ™ Wis0
T WI80 % predictions by ACI 209 model
2900 | ---a- W195

-1000

Fig. 8 Shrinkage strain of lightweight AA slag concrete against

age.

@

the shrinkage strains of lightweight AA slag concrete linearly
increased until the age of 14 days, remained nearly constant until
28 days, and, thereafter, sharply increased again. Overall, the
amount of shrinkage strain measured from the lightweight AA
slag concrete specimens was larger than that predicted from the
empirical model specified in ACI 209 at the early age and after 40
days, as shown in Fig. 8. This may be attributed to a lower stiff-
ness of lightweight aggregates and a gradual release of water
absorbed in the lightweight aggregates.

4. Conclusions

Based on the tests of 5 all-lightweight alkali-activated (AA) slag
concrete specimens and the comparison of the experimental results
with the predictions obtained from empirical equations and a data-
base for lightweight ordinary portland cement (OPC) concrete, the
following conclusions may be drawn:

1. The slump of concrete tested sharply decreased over the
elapsed time, but the increase of the water content alleviated the
stump loss of lightweight AA slag concrete.

2. The compressive strength of lightweight AA slag concrete
slightly increased with the increase of water content. In addition,
the increasing rate of compressive strength against the dry density
in lightweight AA slag concrete is similar to that observed in light-
weight OPC concrete.

3. The splitting tensile strength, and the moduli of rupture and
elasticity of lightweight AA slag concrete were comparatively bet-
ter than those of lightweight OPC concrete, as a result, they can be
conservatively evaluated using the empirical models of Slate et al.
or ACI 318-08 proposed for lightweight OPC concrete.

4. The unrestrained shrinkage strain of lightweight AA slag
concrete linearly increased until the age of 14 days, remained
nearly constant until 28 days, and, thereafter, sharply increased
again. Overall, the shrinkage strain measured from the lightweight
AA slag concrete specimens was larger than that predicted from
the empirical model specified in ACI 209 at an early age and after
40 days, regardless of the water content.
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