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The use of alkaline activator in alkali-activated materials (AAMs) may pose risk of alkali-silica reaction (ASR),
and the variations in the mixture design could have great influence on the performance of AAMs system. In this
case, this paper investigated the effects of slag fineness (3000-8000 cm?/g) and water-to-binder (w/b) ratio
(0.5-0.8) on ASR behavior of alkali-activated slag (AAS) mortars under accelerated mortar testing conditions as
specified in ASTM C1260. The length change, mass gain, microstructure and formation of ASR products were
examined to evaluate the degradation caused by ASR. It was found for the first time that slag fineness induces a
“pessimum effect” in the ASR expansion of AAS mortars. On the other hand, there is a “pessimum effect” in the
influence of w/b ratio on ASR expansion in the early-stage (<14d), and the induced expansion increased with an
increase in w/b ratio in the late-stage (>14d). The mechanism governing the effect of slag fineness and w/b ratio
is complicated and cannot be explained solely by the properties of ASR products. This work contributes to the

understanding of ASR in AAMs system and could provide a basis for the mixture optimization of AAMs.

1. Introduction

Alkali-activated materials (AAMs) as a promising alternative to
Portland cement have been widely studied in these years in particular
due to its lower energy consumption and carbon footprint [1-4].
Although the reaction products in AAMs are different from those formed
after cement hydration, it has been considered by many researchers that
AAMs have better mechanical properties [5,6], fire resistance [7] and so
on [8,9]. However, the use of high-pH alkaline activator for AAMs may
pose the risk of alkali-silica reaction (ASR) when mixed with reactive
aggregate [10-14].

ASR is a chemical reaction between the amorphous or poorly crys-
tallized silica in aggregates and hydroxide ions in the pore solution of a
concrete [15]. The occurrence and damage caused by ASR can be
influenced by many factors, including aggregate, binder, mixture
design, exposure conditions and so on [16-22]. Up till now, some studies
have investigated the risk of ASR in AAMs system [10-14,23-34].

However, due to the variations in testing methods, alkali-reactivity of
aggregate and mixture design of AAMs, the results are far from
conclusive and sometimes even contradictory [35,36]. Some studies
reported that the ASR-induced expansion of AAMs system increased
with alkali dosage [28,37], and others reported that the expansion
decreased with alkali dosage [26]. Nonetheless, Shi et al. [12] con-
ducted a comprehensive study on the influence of alkali dosage and
silicate modulus on ASR in alkali-activated slag (AAS) mortars and
found that the effect of alkali dosage on ASR expansion was affected by
the silicate modulus. From these studies, it can be seen that the variation
in mixture design could have great impact on the ASR performance of
AAMs system. Therefore, it is important to further investigate the effect
of internal factors of mixture on the ASR behavior in AAMs system.
Compared with ordinary Portland cement (OPC) system, AAMs have
many parameters that need to be taken into account in mixture design
[38,39]. Apart from the chemical composition of precursors and acti-
vators, the particle size of precursors and water-to-binder (w/b) ratio are
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also important factors which can largely influence the reaction and
microstructural development of AAMs, especially in the early-age re-
action [40,41]. Meanwhile, w/b ratio and particle size are parameters
that can be easily changed in the mixture design. For OPC system, it has
been reported that the particle size of supplementary cementitious
materials (SCMs) has a significant influence in mitigating ASR [42-44],
and w/b ratio is also an important factor affecting the ASR performance
[17]. However, so far, no data is available in the literature for the effect
of precursor fineness and w/b ratio on the ASR behavior of AAMs sys-
tem. Furthermore, compared with OPC system, water plays a different
role in AAMs system. Based on the hydration mechanism of OPC system,
water is a main reactant and is critical for the hydration process of OPC
system. For AAMs system, the variations of w/b ratio not only change
the water content of the mixture but also change the concentration of
alkali activator solution, which could influence the dissolution and
precipitation stage of the activation, and thereby further alter the types
and structures of the reaction products, as well as the reaction rate in the
early-age [3,4]. In a recent study, Wang et al. [13] reported that the
early-age reaction is important for the ASR in AAMs system. Therefore,
considering the potential influence of precursor fineness and w/b ratio
on early-age reaction of AAMs, it is essential to investigate the effect of
fineness of binder and w/b ratio on the ASR performance in AAMs
system to bridge the knowledge gap and further clarify the mechanism
of ASR in AAMs system.

In this work, the main objective is to evaluate the effects of slag
fineness and w/b ratio on ASR performance in AAMs system. To better
understand the mechanism, the mechanical properties, length change,
mass gain, microstructure and formation of ASR products were inves-
tigated and discussed.

2. Materials and methods
2.1. Materials

The solid precursor in this study is a commercial ground granulated
blast-furnace slag (GGBFS), which conforms to Japanese industrial
standard (JIS A6206) [45]. Four types of GGBFS with different fineness
were used, which were labelled according to JIS A6206 and their spe-
cific surface area (3100 cm?/g, 4040 cm?/g, 5860 cm?/g and 8020
cm?/g) as $3000, S4000, S6000 and S8000, respectively. Their chemical
compositions are shown in Table 1. The particle size distribution of
different types of GGBFS are shown in Fig. 1. The median particle size
(dsp) of the GGBFSs is 26.88 pym, 14.93 pm, 8.16 pm and 4.99 pm,
respectively.

The activator used was water-glass with a silicate modulus of 1.5 (Ms
= SiOy/Nay0O by mass), which was prepared by modifying the com-
mercial sodium silicate solution (Ms = 3, water content = 60 + 1 %)
with extra NaOH pellets (purity>98.5 %) and deionized water. In order
to eliminate the influence of heat release during dilution on the exper-
iment, the activator solutions were prepared one day prior to the mortar
preparation to allow the cooling down of the solution.

Aggregate from Toyama prefecture in Japan was used as a reactive
aggregate (RA) in this study, which was proved highly reactive in real
OPC structures. Its chemical compositions are presented in Table 1, and
mineral compositions are shown in Fig. 2. RA is composed of feldspar,
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Fig. 2. XRD pattern of RA [14].

cristobalite, biotite, clinochlore, richterite, and quartz with an amor-
phous content of approximately 34.7 wt% acquired by Rietveld refine-
ment method. The size of aggregate was sieved to meet the requirements
in standard ASTM C1260.

2.2. Mortar preparation

The mortar specimens (40mm x 40mm x 160 mm) with measuring
pins embedded in both face sides were prepared as the mixtures shown
in Table 2. The high water/binder ratio used in this study was designed
to decrease the alkalinity to reduce the cost and causticity of AAMs with
acceptable properties. After cured for 24 h within moulds in a climate
chamber (T = 20 °C, RH = 95 %), the specimens were demoulded and

Table 1

Chemical composition of GGBFS and RA (wt %) [14].
Ingredients CaO Si0, Al,O03 Fe,03 MgO Na,O K0 SO3 Na,Oeq LOI
S3000 43.63 31.07 12.40 0.32 5.45 0.25 0.34 1.85 0.47 0.37
S4000 42.91 31.42 13.54 0.33 6.04 0.30 0.32 1.52 0.51 0.33
S6000 43.16 31.43 12.92 0.26 5.85 0.29 0.29 1.23 0.48 0.41
S8000 43.51 31.23 12.94 0.28 5.74 0.27 0.31 1.44 0.47 0.40
RA 4.87 58.97 17.28 12.02 2.02 0.71 1.79 - 1.89 0.89

Note: Na,Oeq = %Na;0+0.658%K;0.
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Table 2
Mixture proportions of mortars.
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Sample ID Binder Alkali dosage Silicate modulus Aggregate/binder Water/binder
AAS3000 S3000 6 % Na,O by weight of binder 1.5 2.25 0.5
AAS4000 S4000 0.5
AAS6000 $6000 0.5
AAS8000/AAS8000-0.5 S8000 0.5
AAS8000-0.6 S8000 0.6
AAS8000-0.7 $8000 0.7
AAS8000-0.8 $8000 0.8

Note: AAS8000-0.6 represents the AAS mortar prepared with GGBFS8000 at a water-to-binder ratio of 0.6.

then transferred into a steam chamber (T = 80 °C) for 22 h initial curing.
Afterwards, the specimens were immersed into 1 mol/L NaOH solution
at the same steam chamber for 2 h [12,46], which is conformed to ASTM
C1260.

2.3. Testing methods

2.3.1. Compressive strength and elastic modulus

The compressive strength and elastic modulus test were performed
on sealed cured (20 °C) cylinder paste specimens (®50 x 100 mm) in
agreement with JIS R5201 [47] and JIS A1149 [48] at 1, 3, 7, and 28
days. Each reported value represents the mean of three replicate results.

2.3.2. Length and mass change measurement

After initial curing and immersion in 1 mol/L NaOH solution (80 °C)
for 2 h [12,27], the specimens were removed from the chamber. This
step was modified from ASTM C1260 to reduce alkali leaching [46]. The
initial length of the mortar bars, commonly referred to as the “zero
reading”, were then measured using a digital gauge meter with a pre-
cision of 0.001 mm. Then, the specimens were immersed into 1 mol/L
NaOH solution (80 °C) for 80 days. The average length of the mortar
bars was reported based on the results of three replicates on each
designated testing age.

To monitor the mass change of mortar specimens during the expo-
sure time, the mass of specimens (surface wiped with cloth) was
weighted by using an electronic balance after the length measurement.

2.3.3. QXRD analysis

XRD analysis was performed using a Rigaku-Mini Flex 600 X-ray
diffractometer on the paste and mortar samples after 80 days exposure.
The specimens were crushed into small pieces and submerged in iso-
propanol to stop hydration. The resultant dried samples were further
powdered using an agate mortar until passing through a 63 pm sieve.
The process of samples preparation followed the procedures in Ref. [49],
and the equipment’s operating conditions were CuKa X-rays with a step
size of 0.020° and a scanning rate of 2°/min, ranging from 5° to 70°. The
internal standard method was adopted, 10 mass% of alpha-corundum
was mixed with 90 mass% of mortars powder and the samples were
manually mixed further for 10 min to get homogeneous samples.

2.3.4. MIP analysis

MIP analysis was performed on pastes sealed cured for 28 days (dried
using the solvent exchange method [49]) using a Micromeritics Auto-
Pore V 9600. The range of intruding pressure of this machine is from
1.379 kPa to 227.53 MPa, the surface tension of mercury is 0.485 N/m
and the contact angle is 130°, respectively. According to the Washburn
equation [50], the pore radius can be detected ranges from 0.005 pm to
800 pm.

2.3.5. SEM/EDS observation

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) analysis were conducted using a JEOL JSM-7800F
microscope on specific mortar samples. The acceleration voltage
applied in the experiment was 15 kV, and the operational distance was

10.0 mm. The EDS counting procedure was conducted using a highly
accurate automated model, with the duration of the acquisition being
determined by the count quantity of 250,000. After an 80-day period of
exposure and mass measurement, the mortar specimens underwent
slicing via a low-speed saw, with isopropanol serving as a lubricant.
Then, the sliced samples were impregnated with a low-viscosity epoxy
resin of low viscosity, and the polishing methodology was executed in
accordance with the guidelines outlined in literature [49]. Before
testing, all samples were Osmium coated to increase the electrical
conductivity.

3. Results and discussion
3.1. Effect of slag fineness on ASR in AAS mortars

3.1.1. Mechanical properties of pastes

The compressive strength and elastic modulus development of AAS
pastes with different GGBES fineness is given in Fig. 3. It can be seen that
the fineness of GGBFS has significant influence on the compressive
strength and elastic modulus development. At the early age (1d and 7d),
the strength of specimens increased with the increasing of fineness,
while the strength of AAS8000 is lower than that of AAS6000 pastes at
28d.

In addition, it is interesting to find that the slag fineness has limited
effect on the elastic modulus at 7d and 28d. When the slag fineness
increased from 3000 to 8000 cm?/g, the elastic modulus of AAS at 7d
increased from 17.1 GPa to 18.5 GPa (an 8.0 % increase). This might be
due to the development of shrinkage induced microcracking, and the
shrinkage would increase with the increase of slag fineness [51,52].
Moreover, elastic modulus is known to be more sensitive to the influence
of microcracking than compressive strength [51-54]. As shown in
Fig. A1 (Appendix A), obvious shrinkage-induced cracks were observed
on the surface of AAS8000 specimens, which is in agreement with the
previous studies [40,55-57]. While there are arguments that MIP may
not accurately represent the true pore size distribution of a material due
to variations in pore shape and the "ink-bottle" effect, it can still provide
insights into the differences in pore structure between equally prepared
samples [58-60]. The pore structures of AAS pastes with different slag
fineness after 28d is given in Fig. 4, where the volume of large size pores
(>200 pm) could be as a result of gaps, the shrinkage-induced cracks or
voids. Although it is not the traditional pore structure of AAMs, such
kind of microstructure might be important for the development of
ASR-induced expansion. The porosity and fraction of pores larger than
200 nm of AAS8000 pastes were higher than that of AAS6000 pastes,
and the compressive strength is strongly dependent on the capillary
porosity in AAM [61]. In this case, it suggests that there was an optimum
fineness of slag in terms of strength. Meanwhile, these phenomena
illustrate that the higher fineness of slag can accelerate the early-age
reaction of AAS. Fast hydration could lead to quick consumption of
water and lack of water for filling pores [62]. Due to high water demand
of fast early-age reaction, the resulting shrinkage may decrease the
mechanical properties of AAS in the long-term, which should be taken
into account when choosing the fineness of GGBFS in practical use.
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3.1.2. Mortar bar expansion

The expansion evolution of AAS mortar bars with different slag
fineness is shown in Fig. 5. The expansion of AAS mortars increased with
time. With an increase in slag fineness, the expansion of AAS mortars
increased first and then decreased, and this trend maintained
throughout the exposure time (80 days). Moreover, the expansion of
AAS4000 mortars still has a large potential to increase. It seems that
there is a “pessimum effect” of slag fineness on the expansion develop-
ment, which is similar with the classic pessimum effect of aggregate size
on ASR in OPC system [63-67]. Currently, there is no data available on
this subject in AAM so far. These performances are different from that of
OPC system. Generally, in the OPC system, the finer supplementary
cementitious materials (SCMs) could have a higher effectiveness in
suppressing the ASR, as it can increase the reactivity and fasten the
pozzolanic reaction of SCMs, and thereby decrease the pH and alkalis in
the pore solution, which is critical for the ASR [42,44]. In AAMs system,
the mechanism behind these phenomena becomes more complicated.
The “pessimum effect” arises from a delicate balance of multiple pa-
rameters. On one hand, the higher strength and shrinkage of AAS6000
and AAS8000 could restrict the stress and diminish the expansion partly.
Moreover, there is a competition between the reaction of slag and
reactive silica in reactive aggregate. Slag with higher fineness react
faster with the activator at the early age, which is confirmed by the more
rapid strength development in section 3.1. The fast dissolution of slag at
the early age decreased the pH and increase the dissolved Al and Si

species from slag into the pore solutions, which could inhibit the
dissolution of reactive silica from reactive aggregates [68-73]. In that
case, both the amount of early-stage ASR gel and the osmotic pressure
between the ASR gel and pore solution reduced. This reduction leads to a
decrease in water uptake of ASR gel, and thereby reduced the long-term
expansion. On the other hand, the consumption of reactive silica in
reactive aggregates in the early-age reaction of AAMs, according to our
previous study, could have a strong effect on the long-term ASR behavior
of AAMs [13]. The finer slag accelerated the alkali-activation and reduce
the dissolution and consumption of reactive silica in the RA at the
early-age, and more reactive silica at the surface of RA is preserved,
which could be supplied for ASR rather than consumed early-age alka-
li-activation. Previous studies have suggested that feldspar in RA con-
tributes most to the ASR [13,19], and as shown in Fig. 6, with an
increase in slag fineness, the feldspar content in AAS mortars increased.
Consequently, the “pessimum effect” of slag fineness on the
ASR-induced expansion of AAS mortars was due to a combination of
reaction rate of slag, porosity, shrinkage, strength, amount of dissolved
reactive silica from aggregates, and the competition between the reac-
tion of slag and reactive silica as well as the amount of ASR gel and
alkalis bound in the ASR gel. Further discussions will be given in Section
3.3.

3.1.3. Mass change
The mass change of AAS mortars with different slag fineness is shown
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in Fig. 7. The results show that the mass of mortars increased with
increasing slag fineness, and all curves trend gradually to plateau. This
may suggest that the continuous growth of expansion is a result of initial
cracks development instead of continuous formation of more ASR
products. The mass increase of mortars is mainly due to the binding of
alkalis and water in the 1 mol/L NaOH solution in the generation of ASR
products and further reaction of unreacted slag. Compared with the
trend shown in Fig. 5, the similar trend could be found in the mass in-
crease of AAS3000, AAS6000 and AAS8000 mortars, while the moderate
mass gain of AAS4000 mortars exhibited the highest expansion. Mean-
while, with an increase in slag fineness, the feldspar content in AAS
mortars increased (Fig. 6), which might mean the ASR products
decreased (Feldspar is the main phase of the used reactive aggregate,
which could be easily measured and judged. Therefore, it was used as an
indicator of ASR.). This indicates that the mass gain of the mortars is not
only controlled by formation of ASR products but also affected by the
activation of unreacted slag. In the same concentration of extra alkalis,
the finer of the particle size of slag, the easier and faster of alkali-
activation of unreacted slag. In that case, the contribution of
continued activation of unreacted slag for the mass gain is higher in AAS
mortars using finer slag, and thereby the mass gain of AAS6000 and
AAS8000 mortars are higher than that of AAS4000 mortars. This might
also suggest that the amount of ASR products is much less, but the little
ASR products could result in big expansion, which agrees with previous
studies [27].

3.1.4. Microstructure and chemical composition
Representative backscatter electron (BSE) micrographs of polished
samples after 80 days exposure is given in Fig. 8. ASR products could be
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easily observed in all samples. The difference is that there are many
pores were left behind in the ASR products vein of AAS6000 and
AAS8000 mortars. This phenomenon may suggest that the ASR products
in AAS6000 and AAS8000 mortars are lower in the viscosity and easy to
flow out. Previous studies [74,75] found that the viscosity of ASR
products was largely dependent on its chemical composition. The lower
calcium content and higher alkali content within an ASR product, the
lower is its viscosity. To further confirm this hypothesis, the EDS anal-
ysis was conducted, and the results are shown in Fig. 9. As indicated, the
calcium content of ASR products in AAS4000 mortars was relatively
higher than that of other samples, while the sodium content was higher
in AAS6000 and AAS8000 mortars, which explained that why the ASR
products in the two mortars were easily flowed out and left the pores
behind as well as the macro-expansion was lower than that of AAS4000
mortars. Therefore, the difference in the calcium and alkali content of
ASR products in the corresponding samples might be affected not only
by the initial ASR before cracking but also the interacting with the
matrix after cracking. After cracking, the ASR products formed on the
surface of aggregates are extruded into the matrix and filled the cracks
or pores, increasing its Ca/Si by taking up calcium [76]. As discussed in
section 3.1.2, the fast reaction of AAS6000 and AAS8000 might consume
rapidly thus also more OH™ and Ca2" ions in the pore solution and result
in the low calcium concentration remained for the following increase of
Ca/Si of ASR products. In that case, the crystallinity of ASR products in
AAS6000 and AAS8000 is thereby low. Nevertheless, the crystallization
pressure might be an additional mechanism of the stress generation and
resultant expansion [76,77].

Besides, it should be mentioned that it is easier to find the ASR
products in AAS4000 mortars, which implied a higher amount of ASR
products was formed and consistent with the big expansion of AAS4000
in Fig. 5. The EDS elemental mapping of AAS4000 shown in Fig. 10 also
suggests that the ASR products have higher Na, Si and K content, while
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lower Ca and Al content than that of the matrix, which is consistent with
the previous studies on ASR in OPC system [17,19]. Such kind of dif-
ferences could favor the osmotic pressure and ion exchange of ASR
products.

3.2. Effect of water-to-binder ratio on the ASR in AAS mortars

3.2.1. Mechanical properties of pastes

The compressive strength and elastic modulus development of AAS
pastes with different w/b ratio is given in Fig. 11. It can be seen that w/b
ratio has significant influence on both the compressive strength and
elastic modulus of specimens. With increasing w/b ratio, both the
compressive strength and elastic modulus of AAS pastes decreased
significantly at 1, 3 and 28 days. When the w/b ratio increased from 0.5
to 0.8, the compressive strength at 28 days decreased from 120.2 MPa to
60.1 MPa (a 50.0 % reduction), and the elastic modulus declined from
20.7 GPa to 13.5 GPa (a 34.9 % reduction). This reduction might be
attributed to the dilution of activator with increasing of w/b ratio. In this
way, both the alkalinity and the concentration of activator decreased,
and thereby slow down the alkaline activation and as well as the for-
mation of reaction products. Furthermore, the increase of w/b ratio also
decreased the binder-to-volume ratio of the specimens, which is the
binder content in the fixed volume of specimens, and thereby decreased
binder content in the specimens and increased the porosity. Therefore,
the mechanical properties were greatly sensitive to the variations of w/b
ratio. As shown in Fig. 12, the porosity of specimens increased with w/b
ratio, and it is noted that the nano-porosity (within the range of 5-20 nm
pore size) of AAS8000-0.8 pastes is very high. Based on the relationship
between pore structure and shrinkage [78-80], it implies that the
shrinkage of AAS pastes decreased with increasing w/b ratio.

3.2.2. Mortar bar expansion

Fig. 13 shows the expansion evolution of AAS mortar bars with
different w/b ratio. It can be seen that the expansion of AAS mortars
increased with time. Furthermore, with an increase in w/b ratio, the
expansion of AAS mortars increased first and then decreased in the early
age (<28 days). In the later age (>80 days), the expansion of AAS
mortars increased with the increasing of w/b ratio. Moreover, the
expansion rate of AAS8000-0.7 and AAS8000-0.8 mortars was higher
than that of AAS8000-0.5 and AAS8000-0.6 mortars in the later-age.
These phenomena may be attributed to the balance between the rate
and amount of gel formation, the viscosity of the gel, the porosity of the
mortars and the confinement pressure, which will be further discussed in
section 3.3.2.

In the early-age, the damage caused by the ASR-induced expansion
was limited and the ASR products was well restrained, therefore, the
expansion rate was mainly dependent on the reaction kinetics of ASR
product formation. On the one hand, the lower alkaline activator with
higher w/b ratio leads to lower pH of the pore solution and thereby
reduced the reaction kinetics of not only the alkali activation of the
binder but also the ASR. Furthermore, the compatibility between the
formation of C-A-S-H and N-A-S-H gel also largely depends on the pH
[81]. In that case, the decreased pH may favor the formation of ASR
products. On the other hand, high w/b ratio increased the porosity of
mortars and thus provide accommodation for part of ASR products. This
help to alleviate the internal stress building up due to the formation of
ASR products. Therefore, the induced expansion in the early-age is
dependent on the balance between the rate of ASR products formation
and the accommodations for ASR products provided by the porosity of
the mortars, as well as the development of visco-elastic properties of the
matrix. Besides, the shrinkage of the matrix may also play a vital role in
compensating the expansion in the early stage, although it falls already
outside the scope of this study.

In the later-age (after 7 days), as the reaction continued, the pH of
AAS mortars decreased rapidly and the difference in alkalis concentra-
tion of mortars with different w/b ratio should be weakened [68,70-72].
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Fig. 8. Representative BSE images of mortar specimens with different slag fineness after 80 days of AMBT.
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Fig. 9. Chemical composition (atomic ratio) of ASR products and matrix of AAS mortars.

Meanwhile, in this stage, the damage is expected to extend also into the
matrix of the mortars. In this case, the expansion rate mainly depended
on the amount of reactive silica in aggregates, confinement pressure
provided by the matrix and the properties of the ASR products, as well as
the development of the initial cracks. Regarding the formation rate of
ASR products, due to the reduced difference in alkalis content [12,26],
the rate is mainly influenced by the amount of reactive silica. According
to our previous study [13], the reactive silica dissolved and consumed in

the early-age reaction of corresponding AAS mortars is critical for the
ASR behavior in AAMs system. With an increase in w/b ratio, the con-
centration of OH™ and alkalis decreased, hence, the dissolution and
consumption of reactive silica in the early-age reaction of AAS mortars
was retarded, leaving more silica for the later ASR products formation as
given in Fig. 14. Besides, since the pastes with higher w/b ratio have in
general lower mechanical properties, the confinement pressure provided
by the matrix was also lower. Therefore, the initial cracking and further
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Fig. 10. EDS elemental mapping of ASR products in the AAS4000 mortars.

crack propagation in the matrix due to the ASR products can happen
more easily. As a result, the AAS mortars with high w/b ratio showed a
larger expansion due to ASR.

3.2.3. Mass change

The mass gain of AAS mortars with different w/b ratio is shown in
Fig. 15. Similar to discussion made in Section 3.1.3, the mass gain of
mortars could be attributed to the water uptake and alkalis binding of
further reaction of unreacted binder and formation of ASR products.
Different from the trend of expansion given in Fig. 13, the mass gain of
AAS8000-0.5 mortars was higher than that of AAS8000-0.6 and
AAS8000-0.7 mortars. This might be due to the early age shrinkage-
induced micro-cracks, which provides access for the alkaline activator
to the unreacted slag and thereby promoted the further alkali activation
and reaction product formation in the mortars. Moreover, due to the
lower w/b ratio, the reaction degree of AAS8000-0.5 mortars was lower
compared to that of other mixtures, which could contribute more mass
gain after exposed to alkaline solution. As the alkaline content of mor-
tars with different w/b ratio is same, if the reaction degree of aggregate
is higher, then the reaction degree of binder is lower. For AAS8000-0.8
mortars, the combination of continued activation of unreacted slag and

formation and water uptake of ASR gel led to the biggest mass gain in all
samples.

3.2.4. Microstructure and chemical composition

Representative backscatter electron micrographs (BSE) of polished
samples with different w/b ratios after 80 days exposure is given in
Fig. 16. ASR products have formed in all samples and also extruded into
the matrix and filled up the cracks in AAS8000-0.6, AAS8000-0.7 and
AAS8000-0.8 mortars. Nevertheless, there is an obvious gap in the ASR
products vein of AAS8000-0.5 mortars, which is most probable due to
the viscosity of ASR products in AAS8000-0.5 is relatively lower
compared to those in other mortars. As discussed in Section 3.1.4, the
viscosity of ASR products is largely dependent on its chemical compo-
sition, and the viscosity of ASR products with low calcium and higher
alkali content is low [74,75,82,83]. The EDS results shown in Fig. 17
indicates that AAS8000-0.5 has relatively higher Na and lower Ca
content than that of other samples, whereas the calcium content of ASR
products in AAS8000-0.8 mortars is higher and Na content lowers. In
that case, the viscosity of ASR products in AAS8000-0.8 mortars is
generally higher, and more products contribute to the development of
expansion rather than flow out, which might partly explain that why the
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Fig. 12. Pore structure of the AAS8000 pastes with different w/b ratios.

macro-expansion of AAS8000-0.8 mortars is highest.

In additions, it is worth noting that it is easy to find the crystallize
ASR products with well-defined texture in AAS8000-0.8 mortars as
shown in Fig. 18, indicating a higher crystallinity of ASR products in
AAS8000-0.8 mortars. This is consistent with the EDS analysis results
and the previous study [77], which reported that crystalline ASR
products had a lower Na/K ratio than amorphous one. Since the crys-
tallization pressure favors the stress generation and expansion devel-
opment [76,77], such high crystallinity could also play a partial role in
the larger expansion of AAS8000-0.8 given in Fig. 13.

3.3. Further discussion

Based on the above-mentioned results and analysis, we know the
variations of slag fineness and w/b ratio could have a significant influ-
ence on the ASR and development of ASR-induced expansion. According
to the expansion hypothesis for ASR gel in previous studies [13,19,84,

85], the development of ASR-induced expansion could be separated into
three distinct stages: early-age reaction, early-stage expansion, and
late-stage expansion. Therefore, the emphasis is made here to under-
stand the influence of slag fineness and w/b ratio on the ASR-induced
expansion in the above three stages with the support of the experi-
mental evidences found in this study. The discussions are also made in
comparison to those in AAMs and OPC system in the following sections.

3.3.1. Mechanism of the influence of slag fineness on ASR in AAS mortars

In OPC system, reducing the particle size of SCMs, such as slag and
fly ash, can effectively mitigate ASR expansion due to the enhanced
pozzolanic effect. However, compared with OPC system, the role of slag
fineness in ASR of AAS mortars is more complex, and it seems that there
is a “pessimum effect” in the influence of slag fineness on the ASR in AAS
mortars. The slag fineness could influence the rate of hydration,
porosity, shrinkage, strength, amount of reactive silica in aggregates and
chemical composition of ASR products, and a conceptual model is used
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to interpret the phenomenon (Fig. 19).

In the early-age reaction stage, the reaction is governed by the alkali
activation of AAS. As mentioned in Section 3.1, with an increase in slag
fineness, the porosity of AAS decreased (see Fig. 4), the strength of
specimens increased (see Fig. 3) and more reactive silica was kept for
ASR (see Fig. 6).

In the early-stage expansion, the difference in the expansion devel-
opment might be mainly attributed to the reaction kinetics of ASR and
microstructures of corresponding specimens. As the alkali content of
ASR gel in AAS mortars is relatively high (Fig. 9), the gel formed is easily
extruded into the adjacent pores, and the porosity could have great
impact on the development of expansion. On one hand, the porosity of
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Fig. 15. Effect of w/b ratio on the mass gain of AAS mortars.
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Fig. 17. Chemical composition (atomic ratio) of ASR products and matrix of AAS mortars with different w/b ratio.

AAS specimens decreased with an increase in fineness, and the dense
microstructure could not provide the stress-free spaces for the ASR gels.
In this case, more ASR gels were restricted in the local area rather than
accommodated by pores, which contributed to the development of
expansion. Moreover, more reactive silica remained for ASR with
increasing slag fineness, which also increase the reaction rate of ASR. In
this case, the expansion development of AAS increased with increasing
slag fineness. On the other hand, the shrinkage of specimens increased
with slag fineness [55,56,86], and the shrinkage could partly offset the

11

expansion and hinder the development of absolute expansion. Further-
more, the shrinkage-induced cracks could provide accommodations for
the ASR gels, and even providing paths for the ASR gels to flow out
without causing expansion pressure. Besides, due to dense microstruc-
ture of AAS, the external alkaline ions in 1 mol/L NaOH solution might
need to take time to diffusion front to reach reactive aggregates.
Therefore, in the early-expansion stage, the OH™ concentration for ASR
might depend on the pore solution of corresponding specimens, and the
OH™ concentration would decrease more rapidly with increasing slag
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fineness due to the consumption of OH™ ions in the alkali-activation of
AAS. In this case, the rate of ASR in AAS specimens decreased with
increasing slag fineness. Consequently, a combination of the
above-mentioned reasons results in a “pessimum effect” in the role of
slag fineness in ASR-induced development of AAS mortars.

In the late-stage expansion, the difference in the expansion behavior
should be dependent on the combination of the development of ASR-
induced initial cracks and mechanical properties of matrix. In this
stage, the ASR-induced microcracks have extended from the aggregate
to matrix. The superior mechanical properties could confine the devel-
opment of cracks and resultant expansion. New cracks may initiate and
propagate when the internal tensile stress caused by ASR gels exceeds
the tensile stress of a specimen. Previous studies [53] have suggested
that compared with compressive strength, elastic modulus is more
important for the development of ASR-induced expansion. As shown in
Fig. 3, although the elastic modulus of AAS specimens increased with
increasing slag fineness, the increment after 7 days is limited. In this
case, the effect of mechanical properties of matrix on the development of
expansion in AAS specimens with different slag fineness is also limited.
The difference in expansion in this stage is thereby mainly dependent on
the development of ASR-induced initial cracks in early-stage expansion.
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Therefore, the “pessimum effect” of slag fineness runs through the
development of ASR-induced expansion in AAS specimens. During the
mixture design, this “pessimum effect” should be taken care of and
avoided.

3.3.2. Mechanism of the influence of w/b ratio on ASR in AAS mortars

Water plays a different role in AAMs compared with that in cemen-
titious materials. Due to the use of alkaline activator, the role of w/b
ratio in ASR in AAS mortars becomes more complex. As mentioned
above, increasing w/b ratio leads to higher porosity of AAS and thus
lower strength of specimens (see Figs. 11 and 12), with increasing
amount of reactive silica remained for ASR (see Fig. 14). In this section,
amodified conceptual model given in Fig. 20 is used to further interpret
the mechanism behind the influence of w/b ratio on the ASR in AAS
mortars.

In the early-stage expansion, as the temperature is same in this study,
the kinetics is controlled by the alkalinity and amount of reactive silica.
With an increase in w/b ratio, the alkalinity of pore solution would
decrease, and thereby the reaction kinetics could be decelerated.
Moreover, the high porosity could provide more accommodations for
the ASR gels without causing expansion pressure, and thereby hinder the
development of ASR-induced expansion in AAS specimens with higher
w/b ratio. In this case, the development of ASR-induced expansion
decreased with increasing w/b ratio. On the other hand, the amount of
remained reactive silica increased with increasing w/b ratio, and
thereby the reaction kinetic of ASR could be accelerated in the presence
of much reactive silica. Furthermore, increasing w/b ratio could result in
a lower shrinkage [51,52,87], and the compensation effect in expansion
by shrinkage decreased. In this case, the ASR-induced expansion
increased with an increase in w/b ratio. Consequently, a combination of
the above-mentioned reasons leads to the pessimum effect in the influ-
ence of w/b ratio on early-stage ASR expansion in AAS mortars.

In the late-stage expansion, unlike the effect of slag fineness, the
elastic modulus of AAS mortars remarkably decreased with increasing
w/b ratio (Fig. 11). In that case, the confinement pressure provided by
the matrix significantly decreased, and the expansion pressure results
from ASR gels could be easily higher than the strength of the matrix and
cracks would propagate into the matrix. After matrix cracking, more
external alkalis will diffusion into the local area of reactive aggregates,
and thereby further accelerate the formation of ASR gels. Moreover, as
less reactive silica was dissolved in mortars with higher w/b ratio in the
early-age alkali-activation, more reactive silica was kept for ASR rather
than participating in the alkali-activation of AAS. Consequently, the
ASR-induced expansion increased with increasing w/b ratio in the late-

AAS8000

Late-stage expansion

Fig. 19. Schematic representation of ASR in AAS with different slag fineness (w/b = 0.5).
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Fig. 20. Schematic representation of ASR in AAS with different w/b ratio.

Fig. 21. Degraded reactive aggregate in AAS8000-0.8 mortars.

stage. As shown in Fig. 21, after 80 days exposure to 1 mol/L NaOH
solution, the reactive aggregate in AAS8000-0.8 specimen was severely
damaged by the ASR, and there are many ASR gels could be observed in
the internal part of aggregates.

3.4. Final remarks

In this work, the influence of slag fineness and w/b ratio was
respectively investigated at one alkali dosage and silicate modulus, and
further studies are needed to clarify the combined or synergistic influ-
ence of slag fineness and w/b ratio at different alkali dosage and silicate
modulus. Moreover, state-of-the-art methods are desirable to improve
the understanding of this phenomenon in a field study. In addition,
owing to the variations in chemical composition of precursors from
different sources, which might lead to different consequences, it is rec-
ommended to further clarify the influence of chemical compositions of
precursors on ASR in AAM systems, and thereby further improving the
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understanding on the mechanism of ASR in AAM systems and providing
a suggestion for the following mitigation study as well as designing the
mixture for AAMs in practical application.

4. Conclusions and recommendations

This research mainly investigated the effect of slag fineness and
water-to-binder ratio on the ASR performance of AAS mortars. Based on
the experimental results and discussion, the following conclusions can
be drawn.

(1) With an increase in slag fineness, the elastic modulus of AAS
pastes slightly increased, while the compressive strength
increased in the early-age, and has an optimum range of fineness
for the long-term strength. With an increase in w/b ratio, both the
compressive strength and elastic modulus significantly decreased

(2) The expansion of mortars increased first and then decreased with
increasing slag fineness, and the AAS4000 mortars exhibited
highest expansion. The expansion of AAS mortars increased first
and then decreased in the early-age (<14 days), while the
expansion of AAS mortars increased with the increasing of w/b
ratio in the later-age (>14 days).

(3) The mass gain of AAS mortars increased with increasing slag

fineness. The mass gain of AAS8000 mortars was higher than that

of AAS8000-0.6 and AAS8000-0.7 mortars, and the mass gain of

AAS8000-0.8 mortars were highest in all samples in the later-

stage.

The cracks could be observed on the surface on all samples, while

AAS6000 and AAS8000 exhibited more visible cracking than

samples with different slag fineness. However, the crack width of

AAS8000 mortars were the biggest, while AAS8000-0.8 mortars

exhibited the lowest crack width due to high self-healing effect in

samples with different w/b ratio.

(5) The SEM/EDS analysis illustrated that ASR products could be
easily observed in all samples, and it is easy to find the ASR
products in all samples. The calcium content of ASR products in
AAS4000 mortars was higher than that of samples with different
slag fineness, while the sodium content was higher in AAS6000
and AAS8000 mortars. The sodium content in AAS8000 is rela-
tively higher than that of samples with different w/b ratio, while

4
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the calcium content of ASR products in AAS8000-0.8 mortars is
higher. Besides, the crystallinity of ASR products in AAS8000-0.8
mortars is high.

(6) For the first time, the influence of slag fineness and w/b ratio on
ASR performance were investigate and interpreted, which could
further bridge the knowledge gap and further clarify the ASR
mechanism in AAMs system.

Based on the data obtained from this study, some recommendations
could also be given for the mixture design of AAMs and directions of
future studies. Due to the specific mechanism of ASR in AAMs system, if
the workability can satisfy the requirements and there is no particular
requirement on the mechanical properties or reaction speed, it is rec-
ommended to decrease the w/b ratio of mixture, and use the coarser
precursors. Because the finer precursor could increase the risk of ASR,
shrinkage and cost.

Furthermore, it recommended to further clarify the influence of
chemical compositions of precursors on ASR in AAM systems at different
alkali dosage and silicate modulus, and providing suggestions for the
following mitigation study as well as optimizing the mixture for AAMs in
practical application.
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As shown in Fig. A1, there are many map-cracks on the surface of AAS8000 specimens after 28 days sealed curing, which should be caused by the

shrinkage of AAS.

Fig. Al. Appearance of the AAS8000 paste specimen after 28d sealed curing.

Appendix B. Visual inspection of mortar bar specimens subjected to 1N NaOH solution

As shown in Fig. A2, the appearance of the specimens after immersed in 1N NaOH for 21 days at 80 °C were taken and compared. It can be seen that
the AAS3000 mortar specimens exhibited minor cracks on the surface, while the AAS4000, AAS6000 and AAS8000 displayed more visible cracking. In
addition, there are some white substances precipitated on the cracks, which suggested these specimens suffered from the ASR-induced expansion.
Furthermore, the width and number of cracks in AAS6000 and AAS8000 are bigger than that of AAS4000 and AAS3000, which is inconsistent with the
expansion results in Section 3.1.2. On the one hand, this phenomenon might be a result of the differences of the properties of ASR gel generated in the
corresponding specimens, which is further discussed in Section 3.1.4. On the other hand, the noticeable cracks of AAS6000 and AAS8000 may be
owing to a combination of ASR and shrinkage. The high shrinkage of AAS6000 and AAS8000 lead to the micro-cracks in the specimens and provide the
convenience for the flow out of ASR products. In that case, some portion of the ASR products could flow out along the shrinkage-induced cracks
without further causing expansion pressure, and thereby the expansion rate decreases and plateaued quickly. Therefore, there is a “pessimum effect”

of slag fineness on the development of ASR-induced expansion.
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(c) AAS6000 (d) AAS8000
Fig. A2. Visual inspection of AAS mortars with different GGBFS particle size after immersion in 1N NaOH for 21 days.

As shown in Fig. A3, the appearance of the specimens after immersed in 1N NaOH for 21 days at 80 °C were taken and compared. The images show
that many cracks could be observed in the surface of all samples. However, it is interesting to find that crack width of AAS8000-0.5 mortars is the
biggest, while AAS8000-0.8 mortars exhibited the lowest crack width, which is conserve with the expansion results given in Fig. 12. This phenomenon
could be as a result of the higher shrinkage of AAS8000-0.5 mortars. During the compressive strength test, compared with AAS6000, the decreased
strength of AAS8000 also suggested this point, and obvious shrinkage cracks could be observed on the surfaces of the corresponding pastes. Therefore,
the cracks on the surface of AAS8000-0.5 mortars may be a combination results of shrinkage and expansion. For AAS8000-0.8 mortars, the lowest
crack width might be attributed to the self-healing effect caused by the further activation of unreacted binder in alkaline solution. Therefore, the crack
width should not be a sole parameter for evaluating the damage degree of the ASR, it needs to be used in conjunction with other methods.
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Fig. A3. Visual inspection of AAS mortars after immersion in 1N NaOH for 21 days.

Data availability

Data will be made available on request.
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