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Abstract: Concrete is the most commonly used construction material because of its various advan-
tages, such as versatility, familiarity, strength, and durability, and it will continue to be in demand
far into the future. However, with today’s sensitivity to environmental protection, this material
faces unprecedented challenges because of its high greenhouse gas emissions, mainly during cement
production. This paper investigates one of the promising cement replacement materials, alkali-
activated cement (AAC) concrete. Being produced mainly from byproduct materials and having
a comparable structural performance to conventional concrete, AAC concrete can transform the
construction industry. Mechanical properties such as compressive and flexural strength and the
relationship between them are studied. Different source materials such as fly ash (FA), ground
granulated blast furnace slag (GGBS), silica fume (SF), and Metakaolin (MK) are used. The effect of
the source materials and the activator solutions on the concrete performance is studied. Furthermore,
the freeze-thaw resistance of the concrete is studied. The study results showed that the behavior of
AAC depends highly on the source material combinations and type used. The effect of the alkaline
solution is also dependent on the source material used. Mixes with higher GGBS content showed the
highest strength, while mixes with MK showed the highest flexural strength. The freeze-thaw test
results showed that proper design of AAC concrete with lower water content is critical to achieving a
good resistance.

Keywords: alkali activated; fly ash; blast furnace slag; silica fume; metakaolin; ambient curing;
strength development; flexural strength; freeze-thaw resistance

1. Introduction

Concrete is the most commonly used construction material, and because of its versatil-
ity, familiarity, strength, durability, and more, it will continue to be in demand far into the
future. However, with today’s sensitivity to environmental issues, this material is facing
unprecedented challenges. This is primarily related to its main binder, cement. Global
cement production has increased more than 30-fold since 1950 and almost four-fold since
1990 [1]. The production of cement requires the combustion of limestone, which releases
CO2 into the atmosphere. Despite the various progress made to improve the cement pro-
duction efficiency, about a ton of CO2 is released for every ton of cement production [2].
The cement industry, therefore, contributes about 8% of the global CO2 emission [1]. This
has led the scientific community to look for a binder with less environmental footprint.

Alkali-activated cement (AAC) concrete is finding momentum in the construction
industry because of its environmental advantages and comparable structural performance
to conventional concrete. AAC concrete is a concrete produced from industry byprod-
uct materials such as fly ash and slag. It has highly desirable characteristics such as
high strength, excellent fire resistance, and acid resistance [3–6]. Most importantly, AAC
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is much more environmentally friendly than conventional concrete because of its zero
cement consumption.

The behavior of AAC concrete depends on various parameters of the concrete mixture.
One such parameter is the aluminosilicate source material used. Fly ash (FA), ground
granulated blast furnace slag (GGBS), metakaolin (MK), silica fume (SF), rice husk ash
(RHA), and other similar alumina and silica-rich materials have been successfully used for
AAC [7–10]. Because of the different chemical composition, fineness, particle shape, and
other material specific behaviors, AAC’s performance vary with the source material used.
Despite the various studies on AAC’s behavior and performance containing the individual
source materials [11–15], there is only limited research on AAC ’with blended binder
systems. Moreover, most of the available literature is in the area of heat-cured AAC concrete
systems with limited research in ambient-cured AAC systems with a blended binder.

Hadi et al. [16] observed that the inclusion of FA, MK, and SF as partial replacement
of GGBS reduced the compressive strength while increasing the setting time and work-
ability of ambient-cured AAC concrete. Similarly, Fang et al. [17] reported a decrease
in workability and setting time with the increase of GGBS content in FA-GGBS-based
AAC concrete. Rajamma et al. [18] found adding MK to FA-based mortar increased the
compressive strength of the heat-cured AAC concrete. Samson et al. [19] performed a
detailed investigation on the setting time, mass loss, shrinkage, and compressive strength
of ambient-cured AACs with blended binder systems. Their results showed that MK-
GGBS-blended source materials result in high early strength, and the association of MK
and GGBS in the right proportion enables to reduce shrinkage significantly. These studies
reveal that optimum design of concrete mixture is possible by mixing two or more source
materials. However, more information on the mechanical behavior, specifically flexural
strength and durability, such as frost resistance of such blended binder systems at ambient
temperature, are still required.

For understanding the potential of blended binder systems cured at ambient temper-
ature, a research program was initiated at the Structural Concrete Institute to study the
effect of combinations of FA, GGBS, MK, SF, and RHA. Both mechanical performance and
durability aspects of the AAC concrete are studied. The effect of mix proportion parameters
on compressive and flexural strength and the relationship between them are studied. In
terms of durability, the freeze-thaw resistance is studied.

2. Experimental Program
2.1. Materials

Fly ash (FA), ground granulated blast furnace slag (GGBS), silica fume (SF), metakaolin
(MK), and rice husk ash (RHA) were used as the source materials. Two types of SF, SF1 and
SF2 and two MK, MK1 and MK2 were used. The chemical compositions of these source
materials are summarized in Table 1. The activator solution used is a mixture of sodium
silicate and sodium hydroxide. The sodium silicate solution included 26.82% silicate, 8.2%
sodium oxide, and 64.98% water. The sodium hydroxide was a 50% by weight solution.
Furthermore, a fine aggregate with a maximum size of 2 mm and a coarse aggregate with
a maximum size of 8 mm was used. A 16 mm coarse aggregate was also used for the
freeze-thaw resistance specimens. In the case of 8 mm maximum aggregate size, 40% fine
and 60% coarse aggregate proportion was used, while in the case of 16 mm, 40% fine, 30%
2/8 gravel, and 30% 8/16 gravel was used. The aggregate grading curve for each of the
aggregate is as shown in Figure 1.
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Table 1. Chemical compositions of source materials.

Component
(%) SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O SO3

Average
Particle Size (µm)

FA 49.79 26.71 8.57 2.47 4.34 3.36 1.28 1.49 -
GGBS 34.48 11.48 - 7.08 42.43 0.66 0.56 2.17 -

MK1 [20] 54.4 27.1 1 0.7 4.5 2.3 7.9 0.3 14.9
MK2 53.16 44.51 0.54 - - - - - 1.3 *
SF1 * 93.81 0.48 1.49 0.46 0.3 0.77 0.42 0.2 -
SF2 96.05 1.11 - 0.46 0.72 1.2 0.46 - 0.15 *

RHA * 92 1 1 1 1 1 2 1 51.1

* Manufacturer specification.
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Figure 2 shows the scanning electron microscope (SEM) image of some of the
source materials.
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2.2. Specimen Preparations and Test Methods

The sodium silicate and sodium hydroxide solutions were mixed in the required
proportion at least 24 h before mixing to bring the solution to room temperature. During
mixing, care was taken to keep the temperature below 40 ◦C to prevent precipitation of
solids, which was observed when the temperature was higher. AAC specimens were pre-
pared by first mixing the dry materials (sand and binder) in a mixer for about two minutes.
Afterward, the prepared alkaline solution was mixed with the additional water, added
slowly to the dry mixture, and mixed for about four minutes. The freshly mixed concrete
with a maximum aggregate size of 8 mm was then placed into 40 mm × 40 mm × 160 mm
prisms or 150 mm cubes in case of 16 mm aggregates for compressive and flexural or
splitting tensile strength tests. Three specimens were prepared for each of the mixes.
These specimens were cast in two layers, and each layer was vibrated. After casting, the
specimens were left in the lab covered with plastic for the first 24 h. After demolding,
the specimens were placed in water at room temperature until the test day. The flexural
strengths of the prisms were measured according to DIN EN 196-1 [21]. The compressive
strength was then measured on the six fractured portions of the prisms as per the same
standard. The tests were carried out on the 7th and 28th day. Freeze-thaw resistance was
tested according to DIN EN 12390-9 [22] using the capillary suction of deionized water and
the freeze-thaw test (CIF) method. Two different mixes were investigated, and for each
mix, five samples were tested. The scaled mass was measured at 14, 28, 42, and 56 cycles
for each sample.

2.3. Mix Proportions

To understand the influence of the mix proportion, different AAC concrete mixtures
were designed and tested. These mixes are divided into three main groups based on the
main source material used, i.e., FA, GGBS, and MK. In addition to the source material, the
amount of the activator, the water content, and the type of the source material (different
type of MK and SF) were also varied to understand their effect. The total source material
content was kept at 400 kg/m3, while the ratio of the sodium silicate and sodium hydroxide
solutions was kept at 2.5. Tables 2–4 summarize the mix proportions for FA-, GGBS-, and
MK-based concretes. In these tables, AS/B means the ratio of the total alkaline solid to
the total source materials, and TW/TS means the ratio of the total water (water from the
alkaline solutions and the free water) to the total solids in the binder system (solids from
the alkaline solution plus the source materials). All the mixes have a maximum aggregate
size of 8 mm, with the exceptions shown in Tables 2 and 3.

Table 2. Details of mix proportions and results for FA-based concretes.

Mix ID AS/B TW/TS
Flexural (N/mm2) Compressive (N/mm2)

7-Day 28-Day 7-Day 28-Day

F63G37-1 0.21 0.43 4.69 6.64 34.65 54.74
F63G37-2 0.26 0.43 4.62 6.52 34.48 52.90
F63G37-3 0.21 0.50 4.51 - 23.43 31.61
F63G37-4 0.21 0.44 4.51 - 36.82 -

F63G37-5 * 0.21 0.26 3.21d 3.74d 46.19 64.32
F80G20-6 0.21 0.35 3.72 6.64 20.54 39.19
F80G20-7 0.25 0.35 4.40 6.25 25.04 43.03
F80G20-8 0.28 0.35 5.32 6.95 35.70 51.81

F37G37M26-9 0.26 0.46 4.09 5.59 26.66 42.46
F35G35M30-10 0.26 0.46 4.76 7.10 27.86 51.32

F35G35M25S5-11 0.25 0.42 4.63 6.03 30.57 45.35
F—FA, G—GGBS, M—MK1, S—SF1, d—splitting tensile strength, * 16 mm aggregate Size, F63G37—63% FA and 37% GGBS, total binder
400 kg/m3.
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Table 3. Details of mix proportions and results for GGBS-based concretes.

Mix ID AS/B TW/TS
Flexural (N/mm2) Compressive (N/mm2)

7-Day 28-Day 7-Day 28-Day

G52M30S18-1 0.33 0.39 4.29 7.08 37.46 41.96
G52M30S18-2 0.29 0.39 5.66 6.80 41.14 56.84
G52M30S18-3 0.25 0.39 4.92 6.75 25.41 40.80

G52M30S18-4 a 0.33 0.39 5.71 - 47.64 -
G52M30S18-5 b 0.33 0.39 5.83 7.03 58.52 60.96
G52M30S18-6 b 0.26 0.43 5.83 7.41 36.86 50.99
G52M30R18-7 0.32 0.47 6.55 8.29 45.26 63.48
G52M30R18-8 0.26 0.49 5.68 8.88 41.46 64.14
G52M30R18-9 0.26 0.64 6.27 - 33.82 -

G52M30R18-10 0.19 0.54 - - 15.07 -
G50M33R17-11 * 0.21 0.39 2.25 d 3.51 d 34.21 54.11

M—MK2, S—SF2, * 16 mm aggregate size and MK1, d—splitting tensile strength, a: SF1 and MK1, b: SF1 and MK2, G52M30S18—52%
GGBS, 30% MK and 18% SF, total binder 400 kg/m3.

Table 4. Details of mix proportions and results for MK-based concretes.

Mix ID AS/B TW/TS
Flexural (N/mm2) Compressive (N/mm2)

7-Day 28-Day 7-Day 28-Day

M75S25-1 0.39 0.43 4.82 6.38 29.53 35.04
M75S25-2 0.34 0.43 4.92 6.81 27.35 34.30
M75S25-3 0.31 0.47 4.33 5.70 25.47 29.30

M75S25-4 b 0.39 0.43 6.55 6.92 39.91 50.30
M75S25-5 a 0.39 0.43 - - 2.60 6.31

M49G30R13S8-6 a 0.28 0.53 4.31 5.93 23.92 36.83
M44G44S12-7 a 0.28 0.48 4.56 5.74 28.22 40.79
M63G25S12-8 a 0.28 0.48 4.22 6.42 21.86 30.26

M—MK2, S—SF2, a: SF1 and MK1, b: SF1 and MK2, M75S25—75% MK and 25% SF, total binder 400 kg/m3.

As concrete’s workability is of high importance for application, the mixes were tar-
geted at getting good workability in the range of F4 and F5 according to DIN EN 206 [23].
Figure 3 shows G50M33R17-11 mix during the workability assessment.
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3. Results and Discussions

The experimental program results for 7-day and 28-day compressive strength and
flexural strength are summarized in the mix design tables, Tables 2–4. The following
sections present the analysis and discussion on the results.

3.1. Effect of Parameters

The water content and the alkaline to binder ratios were varied in addition to the
source materials and the type of source materials. The water content, investigated by
TW/TS ratio, has a negative effect on the strength of the concrete. This is due to the
porous structure the water leaves after evaporation. The effect of the alkaline content,
which was investigated by AS/B ratio, was dependent on the type of source material
used. The influence of source material and alkaline content is investigated in detail in the
following section.

3.1.1. Effect of Source Material

Out of the FA-, GGBS-, and MK-based mixes, the GGBS-based mixes resulted in
the highest strength. G52M30R18-8 with 0.26 AS/B and 0.49 TW/TS resulted in a 7 and
28-day strength of 41.46 and 64.14 MPa, respectively. F63G37-2 with the same AS/B and
0.43 TW/TS resulted in a 7 and 28-day strength of 34.48 and 52.90 MPa, respectively. The
higher strength of G52M30R18-8, despite its higher water content, shows the influence
of GGBS on the strength. The effect of GGBS can also be observed by comparing mix
F63G37-1 and F80G20-6. Mix F63G37-1 showed higher strength than mix F80G20-6 despite
its higher TW/TS ratio, the main cause being its higher GGBS content. This is due to
the high CaO content of GGBS. An increase in CaO content leads to mixed phases of
aluminosilicate polymer networks and hydrate phases such as calcium silicate hydrates
(C–S–H)-phases [24,25]. Depending on the CaO content, the reaction products can be
dominated by either aluminosilicate network or C–S–H. A CaO content between 20–40%
leads to a mixed system, and over 40% leads to C–S–H dominated reaction products [26].
Higher CaO content results in improved mechanical properties such as high early strength
and final strength which is observed in the mixes with GGBS in this study [24]. The
incorporation of MK is another reason for the higher strength of the mixes with GGBS and
MK as in G52M30S18 mixes. MK is rich in Al2O3, which in general has a positive effect on
the strength [27,28].

Two types of MK, MK1, and MK2 were used. Mixes with MK2 resulted in higher
strength. This can be observed by comparing mix M75S25-4 and 5. Here mix M75S25-5 with
MK1 had low compressive strength. The mix was still in the plastic state after 24 h showing
the slow development of compressive strength. Mix M75S25-4 with MK2, on the other hand,
resulted in a much higher compressive strength. The effect of MK2 can also be observed
by comparing G52M30S18-4 and 5, where the use of MK2 in G52M30S18-5 resulted in
higher strength. MK2 has a considerably smaller average particle size, as shown in Table 1,
resulting in an enhanced reactivity, hence a better strength. Furthermore, MK2 also has a
high amount of Al2O3 compared to MK1. Higher Al2O3 content increases the compressive
strength of the MK-based geopolymer concrete, as reported by Kuoamo [27]. Hence, higher
Al2O3 could also be another reason for the higher strength of mixes with MK2.

Two types of SF were used, SF1 and SF2. As can be observed from G52M30S18-1 and
G52M30S18-5 mixes, SF1 resulted in a higher strength than SF2. The combination of SF1
and MK2 (G52M30S18-5) resulted in the highest strength of all the mixes investigated in
this study. In terms of chemical composition, SF1 and SF2 show no significant difference.
The higher performance of SF1 could be from other factors such as fineness, morphology,
or reactivity.

Source materials have a critical effect on the performance of the AAC concrete. In ad-
dition to the proportion of the source materials, the source materials’ type also significantly
affects the concrete’s behavior. This is so because different types of the same class of source
materials can have different physical and chemical behaviors.
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3.1.2. Effect of Alkaline Solution

The binder content and the silicate to hydroxide solutions ratio are kept constant at
400 kg/m3 and 2.5, respectively. The only variables in addition to the type and proportion
of the source materials are the AS/B and the TW/TS ratios. The TW/TS ratio increase
has a negative effect on the strength because of the increase in pore volume with water in
the hardened concrete [29]. The AS/B ratio, on the other hand, did not show a consistent
trend. This is because this ratio’s effect depends on the type of source material used and
the value of the ratio. Different source materials are known to consume different amounts
of alkali [19]. At lower AS/B ratios, the strength increases with the increase of the ratio;
however, after an optimum level for that specific source material is attained, strength
decreases with the increase of the ratio [30,31]. In G52M30S18-1 to 3 mixes, the compressive
strength first increased when the AS/B increased from 0.25 to 0.29 and then decreased as
AS/B further increased to 0.33. In the case of F63G37 mixes, the increase of the AS/B ratio
from 0.21 to 0.26 resulted in a slight decrease in the strength of the concrete. However,
for F80G20-6 to 8 mixes, the increase in the AS/B ratio from 0.21 to 0.25 and further to
0.28 increased both the 7 and 28-day strengths showing that the AS/B required varies
depending on the source material. Such behaviors were also observed by Samson et al. [19].

3.2. Strength Development

Strengths were measured at 7 and 28 days. The strength development over this period,
i.e., the 28-day strength ratio to the 7-day strength, has been found to vary with the type of
source materials used. In the case of mixes with GGBS, this ratio increased as the percent
of GGBS decreased. For instance, in the case of FA and GGBS mixes, a 20% GGBS as in
F80G20 resulted in an average ratio of 1.69, while a 37% GGBS as in F63G37 resulted in
a lower ratio of 1.49. In G52M30S18 mixes, a higher GGBS percentage was used, which
resulted in an even lower ratio of 1.31, meaning a higher early strength, as can be observed
from Table 3. A high early strength was also observed by Samson et al. [19] in the case of
MK-GGBS mixes. In the case of M75S25 mixes, a ratio of 1.22 was found.

GGBS has the highest CaO content than all the other source materials, as shown in
Table 1. The high CaO content increases the early formation of calcium silicate hydrate
(C–S–H) in addition to aluminosilicate polymer networks resulting in mixed phase hydrates
and aluminosilicates [24,25]. This, in turn, results in a higher early age strength. Hence the
concrete, in the case of high GGBS, attains its strength early, resulting in a lower 28-day to
7-day strength ratio. The high Al2O3 content of MK can also facilitate the early reaction
between the source materials and the alkaline solution resulting in a higher early strength
hence a lower strength ratio similar to GGBS.

The AS/B ratio also affected the strength development. The increase of AS/B, as
can be observed in mixes G52M30S18-1 to 3, significantly reduced the 28-day to 7-day
strength ratio. Similar trends can be observed for F80G20-6 to 8 and M75S25-1 and 2 mixes.
This is because a high activator content facilitates early dissolution of the source materials
resulting in high early strength. Higher water content can also facilitate the dissolution of
the source materials resulting in a higher relative early age strength and a lower ratio of
28-day to 7-day strength. This can be observed by comparing F63G37-1 and 3 as well as
G52M30-3 and 8. In the case of F63G37, for instance, at the same AS/B ratio, the TW/TS
ratio increased from 0.43 to 0.50, and the respective strength ratio decreased from 1.58
to 1.35.

3.3. Flexural Strength

The flexural strength of concrete is another important mechanical property represent-
ing the material’s ability to resist bending. It is highly related to the compressive strength
of the concrete. Various standards give recommendations on the relationship between the
flexural strength and compressive strength for ordinary Portland cement (OPC) concrete.
In this study, the ACI 318, AS 3600, and EC 2 are used to predict the flexural strength of
ambient-cured AAC concrete [32–34].
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ACI 318 recommends Equation (1) as the relationship between flexural strength (fct,f)
and characteristic cylinder compressive strength (f′c). The relationship between the charac-
teristic strength and the mean compressive strength (fcm) are given by Equations (2)–(4).
In all the following equations, Equations (1)–(12), stress is in MPa and length in mm.

fct,f = 0.62
√

f′c (1)

f′c = fcm − 7 (MPa) for f′c < 21 MPa (2)

f′c = fcm − 8.3 (MPa) for 21 < f′c ≤ 35 MPa (3)

f′c = (fcm − 5.0 (MPa))/1.1 for f′c > 35 MPa (4)

AS 3600 uses Equation (5) to calculate the characteristic flexural strength (f′ct,f) of
concrete. The mean value of the flexural strength as per this standard is determined by
multiplying the characteristic value by 1.4. The relationship between the mean compressive
strength and the characteristic strength is given by Equation (6) for a concrete grade in the
range of 25 to 65 MPa.

f′ct,f = 0.6
√

f′c (5)

f′c = 0.9fcm − 3 (MPa) (6)

For characteristic cylinder strength less than 50 MPa, EC 2 recommends Equation (7)
to calculate the flexural strength from the mean axial tensile strength (fctm), where h is the
total depth of the flexural specimen in mm (40 mm) and fctm as per the same standard
is given by Equation (8). For characteristic strengths greater than 50 MPa, the standard
recommends Equation (9). The relationship between the mean compressive strength and
the characteristic strength is given by Equation (10).

fct,f = max
{(

1.6− h
1000

)
fctm; fctm

}
(7)

fctm = 0.3f′c
2/3 (8)

fctm = 2.12× ln
(

1 +
(

fcm

10

))
(9)

f′c = fcm − 8 (10)

Researchers have also developed empirical equations to estimate the flexural strength
from compressive strength by calibrating experimental results. Diaz-Loya [35] and Gomaa
et al. [36] developed an equation for heat-cured AAC, while Nath and Sarker [37] developed
the same for ambient-cured AAC. For comparative purposes, Equations (11) and (12),
developed respectively for heat-cured AAC by Diaz-Loya [35] and for ambient-cured AAC
by Nath and Sarker [37], are used in the current study.

fct,f = 0.69
√

fcm (11)

fct,f = 0.93
√

fcm (12)

As the specimens’ size and shape in the above studies and standards are different
from the current study, all the equations were first converted to flexural strength as a
function of cube strength based on the current study’s specimen size. A conversion factor
of 0.76 from cube (40 mm) to cylinder (100 mm diameter by 200 mm height) based on Yi
et al. [38] study was used. The resulting relationship for cube compressive strength vs.
flexural strength is shown in Figure 4 (additional results from trial mixes are also used in
developing these relationships).
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As can be observed in Figure 4, the flexural strength’s experimental values are higher
than the predicted values for all the standards investigated. From the standards, AS
3600 resulted in a better prediction of the flexural strength. The equation developed for
heat-cured concrete underpredicted the flexural strength of the ambient-cured AAC of this
study. It showed a better performance compared to the ACI 318 standard, but the AS 3600
performed better. Equation (12) was found to be the best performing one.

A least-square optimization was also performed on the experimental results for each
of the MK-, GGBS-, and FA-based mix and for all the mixes together. As shown in Figure 4,
a variation was observed on the calibration coefficient between the different mix types.
MK-based mixes resulted in the highest flexural strength, which is approximately the
square root of the cube compressive strength. On the other hand, the FA-based mixes
resulted in the lowest flexural strength, which is about 0.88 times the square root of the cube
compressive strength. This could be due to the particle shape of the source materials. MK
as can be seen in Figure 2 has a plate-like morphology while FA has a spherical morphology.
Equation (12), when converted to cube strength, has a coefficient of 0.81. This is close to
the FA-based mixes than the other mixes. This is because Nath and Sarker’s [37] mixes are
FA-based concretes, with a minimum of 85% FA and a maximum of 15% GGBS.

3.4. Freeze-Thaw Resistance

The durability problems of concrete in cold weather can generally be internal cracking
due to freezing and thawing cycles and surface scaling due to freezing in the presence of
de-icing salts [39]. These problems depend on the porous network of the materials. The
porous nature of AAC, like OPC, makes them susceptible to frost attack. Because of the
limited researches available on the topic and the different types of AAC, it is challenging to
make a conclusive remark on the frost resistance of AAC. Bilek et al. [40] reported that the
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frost resistance of AAC can, in general, be considered as good. Gomaa et al. [41] found that
high calcium fly ash-based AAC concrete has a higher freeze-thaw resistance than OPC
concrete. Fu et al. [42] reported the excellent freeze-thaw resistance of alkali-activated slag
concrete. On the other hand, Coppola et al. [43] reported the lower freeze-thaw resistance
of one-part alkali-activated slag-based mortars compared to Portland cement mortars.

The frost resistance of AAC concrete, like OPC concrete, depends on the type of binder
used and the concrete’s various mix proportion parameters [44]. Sodium silicate is reported
to have a better frost resistance than other activators such as sodium carbonate [39,45].
Cai et al. [46], in their study on freeze-thaw resistance of alkali-slag concrete, found that
activator to slag ratio and slag content are the most prominent factors affecting the freeze-
thaw resistance. The addition of nanoparticles such as silica, alumina, and clay has been
reported to improve the freeze-thaw resistance of AAC [47,48]. Gomaa et al. [41] reported
that addition rubber can significantly improve the freeze-thaw resistance of high calcium
FA-based AAC.

In this study, freeze-thaw resistance was tested according to DIN EN 12390-9 using
the capillary suction of deionized water and freeze-thaw test (CIF) method. Two mixes,
i.e., F63G37-5 and G50M33R17-11 were tested. For each mix, five samples were tested.
The scaled mass was measured at 14, 28, 42, and 56 cycles for each sample. Table 5
shows the average total scaled mass for each of the specimens at different cycles. Figure 5
shows some of the specimens at the 14 and 56 freeze-thaw cycles for both F63G37-5 and
G50M33R17-11 mixes.
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Table 5. Freeze-thaw resistance.

Mixture Cycles Average (kg/m2) Standard Deviation

F63G37-5

14 0.476 0.119
28 0.726 0.104
42 0.892 0.089
56 0.999 0.073

G50M33R17-11

14 0.839 0.368
28 2.145 0.467
42 3.715 0.166
56 4.618 0.262

Figure 6 shows the weight loss as a function of the freeze-thaw cycle. As can be
observed in this figure, Mix F63G37-5 performed much better at any of the cycles. F63G37-5
mix uses only FA and GGBS as the source material and has a 28-day compressive strength
of 64 MPa. G50M33R17-11, on the other hand, uses GGBS, FA, MK, and RHA and has a
higher water content than F63G37-5, resulting in a lower 28-day compressive strength of
54 MPa. The higher water content of G50M33R17-11 is believed to be the main cause of its
lower performance. Mix F63G37-5 has a TW/TS ratio of 0.26, while G50M33R17-11 has 0.39.
For non-air-entrained concretes, water to binder ratio of less than 0.3 is usually needed
to reach an acceptable durability level [39]. This explains the difference in freeze-thaw
resistance between the two mixes. Winnefeld et al. [49], in their study with GGBS-based and
FA-based AACs, reported that higher strength mixes offer a better freeze-thaw resistance
for both types of AACs.
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Setzer and Auberg [50], in their scaling test study, found that all concrete meeting
strictly all the design specifications of standards have a mean scaling below 1.5 kg/m2 at
28 cycles. Hence they recommended this value to classify a high freeze-thaw resistance
concrete. Mix F63G37-5 met this requirement with a scaling of 0.7 kg/m2 at 28 freeze-thaw
cycles and even at 56 cycles with about 1.0 kg/m2 scaling. Mix G50M33R17-11, on the
contrary, has a scaling factor of 2.1 kg/m2 at 28 cycles hence did not meet the requirement.

As observed from the freeze-thaw results in this study, with proper designing of
AAC mixtures with lower TW/TS, AAC concrete with good freeze-thaw resistance can be
prepared. Hence, as in OPC concrete, the mix design of AAC concrete is also critical on their
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freeze-thaw resistance. Furthermore, AAC concretes’ freeze-thaw resistance performance
can be improved using air-entraining agents [39,41,43]. These admixtures improve the
freeze-thaw resistance by enhancing the air-void networks. EN 206-1 [23] recommends
4.0 vol.% air content for XF2 to XF4 exposure classes.

4. Conclusions

Based on the experimental results presented in this study, the following conclusions
are drawn:

• The performance of AAC concrete depends on both the relative proportion of the
source materials and the type of source material used. Mixes with high CaO and
Al2O3 content result in higher strength.

• The effect of the alkaline solid to binder ratio depends on the source material used
and the value of the ratio. Strength increases until an optimum ratio is reached, and
then it decreases.

• Mixes with high GGBS and MK levels resulted in high early-age strength, while mixes
with high FA developed their strength slower.

• The flexural strength of AAC concrete showed a good correlation with the square
root of the compressive strength. MK-based mixes showed the highest flexural to
compressive strength ratio.

• The freeze-thaw test results showed that it is possible to design a frost resistance AAC
concrete mixture.
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