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A B S T R A C T   

While alkali-activated slag (AAS) has emerged as a promising alternative binder in construction engineering, a 
consensus on the optimal curing condition for this material has not been reached yet. It is well known that AAS 
can harden at ambient temperatures, but the influence of humidity on its properties remains poorly understood. 
Herein, we considered five curing conditions with different relative humidities (RH), including ambient/dry 
condition (RH=55 %), sealed condition (RH=80–95 %), fog condition (RH>95 %), water immersion condition 
(RH=100 %), and saturated limewater immersion condition (RH=100 %). Various properties have been 
examined, including flexural and compressive strengths, elastic modulus, shrinkage, pore structure, carbonation 
resistance, and freeze-thaw resistance of AAS mortars (AASM). Two types of activators, sodium hydroxide and 
sodium silicate (modulus at 1) solutions were used. The experimental results indicate that drying at early ages is 
detrimental to almost all the properties investigated. Sealed curing can deliver desirable mechanical properties 
and durability, but considerable shrinkage. Fog and water curings are highly effective at mitigating early 
shrinkage in AASM, but the problem of leaching adversely affects its long-term properties. Generally, limewater 
curing offers limited benefits compared to other high-humidity curing methods.   

1. Introduction 

As sustainable alternatives to traditional Portland cement, alkali- 
activated materials (AAMs) have attracted considerable attention from 
both academia and industry sectors in recent decades. Slag, derived from 
the byproducts of the metallurgy industry, stands out as one of the most 
commonly used precursors in AAMs. Due to its desirable hydraulic and 
pozzolanic reactivities, alkali-activated slag concrete (AASC) has 
demonstrated equivalent or even superior performance in areas such as 
strength development, chemical resistance and thermal stability when 
compared to traditional concrete [1–3]. Nevertheless, this innovative 
cement substitute comes with certain drawbacks, including notable is-
sues related to shrinkage [4], low carbonation resistance [5,6], and a 
heightened risk of leaching [7] and efflorescence [8]. Numerous re-
searchers are dedicated to elucidating the mechanisms behind these 
limitations and exploring effective mitigating strategies [9–11]. How-
ever, the critical importance of early-age curing regimes in affecting the 
material’s long-term performance has not gained enough attention [12, 

13]. An inappropriate curing regime may lead to heightened perme-
ability, extensive shrinkage and reduced mechanical properties [14,15]. 
Furthermore, due to the absence of standardized curing protocols for 
AAMs, researchers and end users tend to apply curing methods designed 
for ordinary Portland cement (PC) systems. However, the chemistry of 
PC and AAS systems varies significantly. A customized and specifically 
tailored curing regime is imperative for AAS materials. Historically, 
attempts have been made to address these challenges through various 
approaches. 

In earlier publications, water curing was initially conducted in AAS 
materials. Collins et al. [15] conducted a study comparing the 1-year 
compressive strength of AASC cured under ambient (23◦C, 50 % RH), 
bath (23◦C, saturated limewater), and sealed (23◦C) conditions. The 
results showed that immersion in limewater resulted in the highest 
compressive strength, followed by sealed curing, while samples exposed 
to a relatively dry environment exhibited the lowest compressive 
strength. Rostami et al. [16] studied the impact of water curing and 
plastic cover curing on the compressive strength and water absorption of 
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AASC blended with silica fume. Their findings were similar to [15] and 
further demonstrated that external water supply contributed to a higher 
compressive strength, lower permeability, and higher durability. Several 
other studies reported that high temperatures combined with high hu-
midity are advantageous for achieving increased strength, reduced 
drying shrinkage, and enhanced thermal and sulfate resistance [17–21], 
probably because extra water supply can effectively mitigate the large 
shrinkage of AAS materials at early stages and reduce the cracking 
potential. 

However, an increasing number of researchers claimed that high- 
humidity conditions, e.g. fog or soak curing, were seemingly not 
appropriate for AAS materials. The compressive strength and pore so-
lution alkalinity of AAS binders after water immersion were lower than 
those in sealed condition [22,23]. In a recent publication [7], a more 
comprehensive overview was provided on the potential degradation of 
AAS pastes exposed to tap water. The study elucidated the underlying 
mechanisms responsible for the leaching-induced degradation, such as 
the reduced formation of reaction products, decomposition of gel, and 
carbonation. El-Hassan et al. [24] applied a so-called “intermittent 
water curing” (7 days in water + 21 days in open air) to AASC, and found 
that the samples cured in this regime exhibited superior performance in 
terms of compressive strength and elastic modulus compared to those 
solely exposed to air or immersed in water. 

Thus far, the knowledge on how different curing regimes impact the 
performance of AAS is insufficient to establish a standardized curing 
protocol for AAS materials. To fill this gap, five curing regimes including 
ambient/dry condition (RH=55 %), sealed condition (RH=90–95 %, as 
illustrated in Fig. A1), fog condition (RH>95 %), water condition 
(RH=100 %), and limewater condition (RH=100 %, saturated Ca(OH)2 
solution) were adopted to cure sodium hydroxide- and/or sodium 
silicate-activated slag mortars. Mechanical properties (compressive 
strength, flexural strength and elastic modulus), shrinkage, pore struc-
ture, water sorptivity, carbonation and freeze-thaw resistance of AASM 
cured under these conditions were investigated. The results of this work 
contribute to the understanding of the influence of moisture on the AAS 
materials at curing periods. Hopefully, it is valuable for academic 
research and engineering practice to identify suitable curing protocols 
for AAS materials. 

2. Materials and methods 

2.1. Raw materials and mixture design 

The chemical composition of slag was determined using X-ray fluo-
rescence (XRF), as presented in Table 1. The particle size distribution of 
the slag was measured using a laser diffraction analyzer, which indi-
cated a d50 value (medium particle size) of 17.88 μm. The particle size of 
sand ranged from 0 mm to 4 mm. 

LOI: loss on ignition 
Slag was activated by sodium hydroxide (NH) and/or sodium silicate 

(NS) solutions. The NH activator was prepared by diluting 50 wt.% 
NaOH solution with water and the NS activator was prepared by 
combining commercial water glass solution (consisting of 8.25 g Na2O, 
27.5 g SiO2, and 64.25 g water per 100 g solution) with a 50 wt.% NaOH 
solution and additional water. The alkali dosage (Na2O) of the two ac-
tivators remained constant at a moderate dosage of 5 % according to [7]. 
The mixture design of AASM is shown in Table 2. The sand was first 
added in a mixer followed by slag, which was mixed for 1 min. After-
wards, the activator was poured into the mixing bowl. The slurry was 
blended for 1 min at a low-speed rate and another 1 min at a high-speed 

rate. The entire casting process was performed in an indoor environment 
at 20◦C and a RH of 55 %. Fresh mortars were cast into three types of 
moulds for different measurements: 40 mm × 40 mm × 160 mm 
(strength, elastic modulus, shrinkage, freeze-thaw and carbonation), φ 
100 mm × 200 mm (water sorptivity) and small polyethene cylinder 
bottles (pore structure characterization). The mortars were sealed for 
1 day before demolding. Afterwards, the specimens were cured in 5 
different conditions: ambient curing (a), sealed curing (s), fog curing (f), 
water curing (w), and saturated limewater curing (l) for designed days. 
For example, the mixture termed as “NH_a” means NH-activated slag 
cured in ambient condition after demoulding. 

2.2. Experiments 

2.2.1. Flexural strength 
The 40 mm × 40 mm × 160 mm samples at the ages of 7, 28 and 90 

d were used for the flexural strength test at a loading rate of 50 N/s. The 
detailed procedures were according to EN196–1 [25]. Three replicates 
were measured for each mixture under each condition. 

2.2.2. Compressive strength 
After completion of the flexural strength, six halves of specimens at 

7, 28 and 90 d were obtained for each mixture and subjected to the 
compressive strength test. The loading rate was 2.4 kN/s. The detailed 
procedures were followed by [25]. 

2.2.3. Elastic modulus 
The elastic modulus of AASM at 7, 28 and 90 d was performed on a 

servo-hydraulic testing machine (Instron® 8872) according to [26]. 
Four linear variable differential transformers (LVDTs) were attached to 
each side of the prismatic specimen (40 × 40 × 160 mm) with a span of 
10 cm. A load control at a rate of 0.1 kN/s was applied to measure the 
modulus of elasticity and 3 loading cycles were conducted after 
preloading. 

2.2.4. Shrinkage 
The volume change of AASM under different curing conditions was 

measured, according to ASTM C596 [27]. The samples after demolding 
(1 d) were cured under the five conditions. The change in length and 
weight of prisms was continuously measured at 1, 2, 3, 4, 6, 7, 9, 11, 14, 
17, 21, 24, 28, 36, 42, 56 and 91 d. After gauging, the samples would be 
restored to the place they belonged to. 

2.2.5. Pore structure characterization 
Mercury intrusion porosimetry (MIP) was conducted using a 

Micrometrics PoreSizer with a maximum intrusion pressure of 210 MPa 
to characterize the pore structure of AASM. The cylinder samples (pre-
pared in the small polyethene bottle as mentioned in Section 2.2) cured 
in different conditions for 28 days were crushed into small pieces 
(4–6 mm) and then immersed in isopropanol to stop the reaction. After 7 
days of reaction arresting, the samples were stored in a vacuum freeze 
dryer. Characterization was not conducted until they reached constant 

Table 1 
Chemical composition of slag (%).   

CaO Al2O3 SiO2 MgO Fe2O3 SO3 K2O TiO2 other LOI 

Slag  38.28  13.9  32.19  9.52  0.31  1.52  0.51  1.27  1.17  1.33  

Table 2 
Mixture design of AASM.   

slag (g) Na2SiO3 (g) NaOH (g) water (g) w/b sand (g) 

NH  1000  0  64  490.6  0.5  2500 
NS  1000  174.5  45.4  382.6  0.5  2500 

w/b refers to the water/slag ratio. 
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weights. 

2.2.6. Water sorptivity 
Capillary pores enable external water or vapour to infiltrate and 

migrate through interconnected pathways within the matrix. The water 
sorptivity test was performed to evaluate the open capillary pore content 
and pore connectivity of the material [28–30]. It also serves as a crucial 
criterion for assessing the resistance to harmful ions [31]. The water 
sorptivity of AASM was assessed according to ASTM C1585 [32]. The 
specimens were cured in five conditions for 28 days and were then 
moved to a climate chamber at a temperature of 50 ± 2◦C and a RH of 80 

± 3 % for 3 days. Then, the specimens were sealed in a container at 20 ±
1◦C for 14 days. After preconditioning (3 d + 14 d), all side and top 
surfaces were sealed using aluminium tapes. During the test, the speci-
mens were placed on a plastic mesh resting at the bottom of a container, 
with a water depth of 2 mm. The mass increment of samples was 
recorded at specific testing intervals: 60 s, 5 min, 10 min, 20 min, 
30 min, 60 min, 6 h, 1 d, 2 d, 3 d, 4 d, 5 d, 6 d, 7 d, and 9 d. Three 
replicates were measured for each mixture under each condition. The 
water sorptivity I (mm) of specimens was calculated using Eq. 1: 

I =
mt

S × ρ (1)  

Where mt (g) is the mass of samples at day t, S (mm2) is the exposed area 
of the cylinder sample, ρ (10− 3 g/mm3) is the density of water. 

2.2.7. Freeze and thaw resistance 
A modified capillary suction of deicing solution and freeze-thaw test 

(CDF) test in accordance with [33] was performed to assess the 
freeze-thaw resistance of AASM. The prismatic samples after 28 days of 
curing were placed in an ambient environment (T=20◦C and RH=55 %) 
for 7 days as pre-treatment. The weight change during this procedure 
was monitored and remained below 1 % until 7 days. After that, the side 
surfaces of the specimens were covered by aluminium foil glued with 
butyl rubber and a 7-day pre-saturation by capillary suction was con-
ducted prior to CDF test. Finally, six replicates of each mixture were 
stored in the CDF containers with bottom supports, and a 3 % (by mass) 
sodium chloride solution was poured into the container to a height of 10 
± 2 mm above the test surface. After 4, 6, 28 freeze-thaw cycles (cor-
responding to 2, 3 and 14 days, respectively), the container, along with 
samples and liquid, was immersed in an ultrasonic bath and subjected to 
ultrasonic cleaning for 3 minutes. Then, the scale-off debris was care-
fully collected with filter paper and then dried in an oven of 105 ◦C for 
24 h. The mass of debris was measured after cooling. Eventually, the 
appearance of the exposed surface after 28 CDF cycles was observed and 
documented. A 12 h freeze-thaw cycle was implemented. The temper-
ature started at +20 ◦C, and gradually decreased over 4 h with a con-
stant cooling rate of 10 ◦C /h. 

2.2.8. Carbonation 
An accelerated carbonation test was conducted in a CO2 chamber 

(1 % v/v at 60 % RH and 20 ◦C [34]) to evaluate the carbonation 
resistance of the AASM. The samples cured in five regimes for 28 d were 
placed in an ambient environment with 20 ◦C and 55 % RH for drying 
precondition for another 28 d. The carbonation depth of samples at 0, 3, 
7, and 28 days of accelerated carbonation was determined by spraying a 
phenolphthalein alcohol solution onto the freshly broken cross-sections. 
The value was averaged from 12 locations on each sample. Additionally, 
the compressive strength of AASM was measured before and after 28 
days of accelerated carbonation. 

3. Results and discussion 

3.1. Strength 

3.1.1. Flexural strength 
Fig. 1 shows the flexural strength of AASM under five curing regimes. 

It is evident that the flexural strength of NS mortars is higher than that of 
NH ones regardless of the curing conditions. This is attributed to the 
presence of soluble Si in the sodium silicate activator, which can pro-
mote the formation of reaction products and the densification of 
microstructure [35]. Interestingly, two types of mortars exhibit diver-
gent tendencies over time under different curing conditions. For the NH 
mortars, the samples subjected to ambient and sealed conditions exhibit 
lower flexural strength and show no significant change throughout 90 
days of curing. In contrast, the flexural strengths of NH_f, NH_w, and 
NH_l groups all increase over time. This indicates that a higher relative 
humidity benefits NH mortars in achieving a higher long-term flexural 
strength. With respect to NS-activated mortars, the flexural strength 
decreases over time under high-humidity and ambient conditions. 
Sealed curing appears to be a desirable regime for NS mixtures to deliver 
a high early-age flexural strength as well as considerable increments 
with time. 

Flexural strength is sensitive to microcracks and surface defects [10]. 
As shown in Fig. 1, ambient curing negatively impacts the development 
of flexural strength of both NH and NS mortars. This can be attributed to 
significant dry shrinkage commonly observed in AAS materials [36], 
which leads to the formation of micro to visible cracks (Fig. A2). These 
cracks tend to propagate under tensile stress, eventually resulting in an 
earlier failure of the sample. Extra water supply is normally considered 
efficient to mitigate shrinkage and cracking potential in cementitious 
materials, as it can compensate for the water loss caused by 
self-desiccation or drying. However, extra water supply seems to be only 
efficient in NH mortars. According to [7,37,38], the NS pastes show zero 
flexural strength after short-term immersion, and the cracking problems 
are more severe in the pastes with high silicate modulus. The potential 
mechanism is that water penetration can induce an uneven distribution 
of water content, which leads to an uneven distribution of internal stress 
[37]. The paste with a higher silicate modulus shows higher internal 
stress and more severe cracking problems. Fortunately, the presence of 
sand may help to stabilize the matrix and distribute stress more evenly, 
thereby mitigating the potential for cracking of NS mortars while still 
affecting flexural strength. 

3.1.2. Compressive strength 
Fig. 2 shows the compressive strength of NH and NS mortars under 

five curing conditions. By and large, the compressive strength of NS 
mortars is higher than that of NH ones. The compressive strength is 
predominantly reliant on the porosity of materials, and that of NS 
mortars is significantly lower than NH mortars (Fig. 7). Except for the NS 
mortar under ambient conditions, all other samples demonstrate posi-
tive correlations between compressive strength and curing duration. 
Additionally, both NH and NS mortars cured under sealed conditions 
exhibit higher compressive strength compared to those in high-humidity 
environments. In the case of cementitious materials, a sufficient water 
supply typically promotes further hydration of cement, resulting in a 
denser microstructure [30,39]. For AAS materials, however, alkalis are 
necessary for the reaction besides water. A humid atmosphere can give 
rise to the depletion of alkalis and hydroxyls [40], resulting in a lower 
reaction of slag and even the decomposition of reaction products [7]. 
Even though saturated limewater can provide additional calcium ions 
and relieve the ions loss under leaching conditions, it appears to be 
inefficient to increase the compressive strength. 

Moreover, the NH mortar exposed to ambient conditions shows the 
highest compressive strength among five NH mortars (Fig. 2A), whereas 
the compressive strength of NS mortars under ambient regime shows a 
reduction from 28 d to 90 d. It is plausible that the ambient condition has 
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varying impacts on AASM with different moduli. This is mainly due to 
the presence of CO2 in ambient conditions. Fig. 3 shows the fresh sec-
tions of samples with and without phenolphthalein spray. It can be seen 
that carbonation happens under ambient conditions. The NH and NS 
mortars after 90 days of ambient curing show similar CO2 penetration 
depths, indicated by the presence of white layers, measuring approxi-
mately 8 mm. 

Despite similar carbonation depths identified in both NH and NS 
mortars, the impact of carbonation on their microstructure is different. 
Shi et al. [41] also found that the NH mortar after carbonation shows a 
higher compressive strength than that before carbonation. They attrib-
uted this to a higher concentration of Ca in the pore solution of NH 
mortars, which facilitates the formation of calcium carbonation under 
ambient conditions [42]. The formation of calcium carbonate is a vol-
ume expansion reaction, which can densify the microstructure. How-
ever, in NS mortars, less Ca is available in the pore solution and the 
Ca/Si ratio of gels is also lower than in NH mortars [7]. As reported in 
[43], the gel with a lower Ca/Si ratio is more vulnerable to decalcifi-
cation under accelerated carbonation conditions. Consequently, this 

leads to deteriorated microstructure and reduced compressive strength 
of the NS mortar after carbonation. 

Interestingly, it is observed that the mortars show different extents of 
discolouration after exposure and the discoloured region appears not to 
be solely due to carbonation. According to [44], the “green effect” of 
AAS materials is due to the presence of sulfide-based compounds, which 
can be discoloured through oxidation [45]. This indicates that the 
diffusion coefficient of oxygen is higher than carbon dioxide in AASM. 
According to [46], when the pore diameter is lower than a critical value, 
the diffusion of gas is controlled by Knudsen diffusion. Due to a lower 
molecular mass of oxygen than carbon dioxide, the diffusion coefficient 
of oxygen is higher than that of carbon dioxide, resulting in a higher 
penetration depth of oxygen. Additionally, it can be seen that the 
oxidized region in NS mortars is larger than that in NH mortars. Knudsen 
diffusion occurs when the mean free path of gas molecules is comparable 
to or greater than the dimensions of the pores through which the mol-
ecules are diffusing. In NH mortars, the larger pores may reduce the 
effectiveness of Knudsen diffusion compared to NS mortars. This dif-
ference in pore structure can significantly affect the rate and extent of 

Fig. 1. Flexural strength of AASM cured under five conditions with time.  

Fig. 2. Compressive strength of AASM cured under five conditions with time.  
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oxidation within the material. 

3.2. Elastic modulus 

Elastic modulus is dependent on the inherent mechanical property of 
the paste as well as the type and content of fine and coarse aggregates 
[47]. Fig. 4 shows the elastic modulus of AASM cured under different 
conditions as a function of time. Generally, the elastic modulus of NS 
mortars is higher than NH ones, regardless of curing conditions. This 
agrees with the results of flexural and compressive strengths. 

As shown in Fig. 4A, the elastic modulus of NH-activated mortars 
increases with the increase of curing ages under all five conditions. At 90 
d, the fog-cured sample shows the highest elastic modulus among all five 
curing regimes, followed by sealed, water, and limewater curing, while 
the sample subjected to ambient curing yields the lowest value. These 
findings indicate that high humidity is conducive to the development of 
elastic modulus in NH mortars. As observed in Fig. 4B, the elastic 
modulus of NS mortars cured under high-humidity conditions consis-
tently increases with time. The sealed mortar reaches a plateau at 28 
d and maintains that level until 90 d. Notably, the NS mortar cured 
under ambient conditions decreases constantly over 90 days. This 
decline can be attributed to the significant cracks induced by dry 

shrinkage (Fig. A2). 
Fig. 5 shows the correlation between compressive strength and 

elastic modulus of AASM. Given a compressive load in elastic modulus 
tests, the results of the elastic modulus are correspondingly related to the 
compressive strength. Indeed, positive correlations between the elastic 
modulus and compressive strength can be observed in both NH- and NS- 
activated mortars. Due to the higher porosity of NH mortars (Fig. 7), the 
elastic modulus is much lower than that of NS mortars. Furthermore, it 
should be noted that both NH and NS mortars under ambient conditions 
show relatively lower elastic modulus than those with comparable 
compressive strength. The reduction can be ascribed to the significant 
drying or carbonation. However, the degradation mechanism behind NH 
mortars remains unclear because the compressive strength of NH mor-
tars under ambient conditions is higher than under the other four con-
ditions. A possible reason can lie in the decalcification of gels which 
leads to reduced elastic modulus. 

3.3. Shrinkage 

Intensive studies have reported that AAS pastes exhibit considerably 
higher shrinkage than Portland cement pastes [36]. Such substantial 
shrinkage has the potential to trigger cracking when the composites are 

Fig. 3. Cross-section of AASM (fresh surfaces after flexural strength tests) exposed to ambient curing conditions for 28 and 90 days. (A) and (C): before phenol-
phthalein spraying; (B) and (D): after phenolphthalein spraying. 

Fig. 4. Elastic modulus of AASM cured under five conditions with time.  
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restrained [48]. The shrinkage and mass change of AASM cured under 
five conditions are shown in Fig. 6. It is observed that NH mortars have 
substantially lower shrinkage than NS mortars in both ambient and 
sealed conditions. This difference is attributed to a smaller pore size 
diameter (Fig. 7) and lower RH in the NS mortar [4], which can induce 
higher capillary pressure than that in the NH one. Curing under 
high-humidity conditions leads to a significantly reduced shrinkage in 
both NH and NS mortars since external water can compensate for the 
shrinkage induced by chemical reactions. However, during the first 7 
days, there is still a small magnitude of shrinkage for all mixtures, which 
verifies the hypothesis that other shrinkage mechanisms exist besides 
desiccation and capillary pressure [4]. For both NH and NS mixtures, 
shrinkage under drying conditions is roughly twice as much as that 
under sealed conditions. Interestingly, there is a marginal expansion in 
the NH mortars at the early ages which might be attributed to the for-
mation of crystalline phases. Generally, the critical role of moist curing 
in mitigating the shrinkage of AASM is evident. 

Fig. 6C and D show the mass change of NH and NS mortars under the 
five regimes over 90 days. In high-humidity conditions, the mass of both 
two mortars increases with time due to the effect of capillary suction, 
and the increment of mass change in NS mortars appears to be higher 
than in NH mortars. Under moist or immersed conditions, AASM would 
be subjected to leaching issues [7,49]. Large amounts of Na can leach 
away from the materials, which probably results in the reduction of 
mass. Considering the porous structure of NH mortars, more Na from the 

Fig. 5. Correlation between compressive strength and elastic modulus 
of AASM. 

Fig. 6. Shrinkage and mass change of AASM cured under five conditions. All the mortars were sealed in the mould for 1 d and then constantly stored in five curing 
conditions for length and mass measurement. 
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pore solution and gels can leach than NS mortars. Therefore, the NS 
mortar obtains a higher mass increment although it has a dense micro-
structure. The samples kept in sealed condition maintain a constant 
weight over time, indicating effective sealing. Additionally, the weight 
loss of NH and NS mortars in the ambient condition is comparable, 
although the NS mortar shows larger porosity. This can be attributed to 
the development of microcracks in NS mortars, as shown in Fig. A2, 
which can provide moisture evaporation with additional pathways. 

3.4. Pore structure 

The cumulative intrusion and log differential intrusion of AASM 
ranging from 7 nm to 100 μm are illustrated in Fig. 7. Normally, pores in 
building materials can be classified by size into several types: gel pores 
(0–10 nm), small capillary pores (10–100 nm), large capillary pores 
(100–1000 nm) and air void or cracks (> 1000 nm). It is observed that 
the NS mortar exhibits a lower pore volume than the NH mortar. This 
can be attributed to the presence of soluble Si provided by the sodium 
silicate activator, which promotes the gelation process and compacts the 
microstructure. Besides, NH and NS mortars also show different pore 
size distributions. As shown in Fig. 7C and D, the NS mortar has a higher 
content of gel pores but a lower content of capillary pores than the NH 
mortar. 

As for NH mortars, the cumulative intrusion of pores between 7 nm 
and 100 μm is comparable under five conditions, approximately 
0.06 ml/g. The NH mortar cured under ambient conditions shows the 
lowest porosity, which is consistent with its highest compressive 
strength (Fig. 2A). As mentioned above, this is due to the formation of 

calcium carbonate under ambient conditions which can dense the 
porous microstructure of NH mortars [41]. Additionally, NH mortars 
cured under sealed and high-humidity environments show higher 
porosity than those under ambient conditions, especially in the pore 
diameter range of 10–100 nm. This indicates that the drop in pore vol-
ume of ambient-cured samples is due to the reduction in small capillary 
pores. As for NS mortars, the porosity of specimens under sealed and 
high-humidity conditions is comparable, which is lower than that under 
ambient conditions. This is primarily because the mortar with a high 
silicate modulus is more vulnerable to dry shrinkage under ambient 
conditions [43]. The coarsened microstructure of NS mortars upon 
natural carbonation is also detected in [41]. Generally, different curing 
conditions do not significantly influence the porosity of mortars within 
28 d. 

3.5. Sorptivity 

Fig. 8 shows the water sorptivity behaviour of 28 d AASM over 9 
days. Overall, the NS mortar has a lower water absorption rate than the 
NH mortar under the same curing condition, attributed to a lower 
porosity of NS mortars. The sorptivity of both two types of mortars cured 
under ambient conditions is significantly higher than under the 
remaining four conditions. It appears contradictory to the findings 
mentioned above, the NH mortar shows a higher compressive strength 
and a lower pore volume under ambient conditions. Given the variations 
in the water content of mortars subjected to different curing regimes, the 
high water sorptivity of mortars cured under ambient conditions is due 
to the low water content of the matrix, despite the preconditioning. 

Fig. 7. Cumulative intrusion and log differential intrusion of 28 d AASM cured under five conditions ranging from 7 nm to 100 μm.  
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Moreover, both the NH and NS samples under sealed and limewater 
curings show lower water absorption than those under fog and water 
curings. Under high-humidity conditions, the specimens are subjected to 
leaching, which can degrade the microstructure of AASM [7]. Therefore, 
the samples under high-humidity conditions show higher water sorp-
tivity than those under ambient conditions. However, it is plausible that 
the presence of calcium hydroxide can alleviate the adverse effects of 
leaching through the supply of additional Ca2+ and OH- ions. A possible 
reason is that the limewater can introduce additional Ca ions to the pore 
solution of mortars, which results in the formation of calcium carbon-
ation through the interaction with CO2 during preconditioning proced-
ures, thereby densifying the surface microstructure of mortars [50]. It is 
noteworthy that the positive effect of limewater curing is more pro-
nounced in the NS system, as the Ca concentration in the pore solution of 
NS systems is lower than in NH systems [7]. 

3.6. Freeze-thaw 

The cumulative weight loss of 28 d AASM subjected to freeze-thaw 

cycles is shown in Fig. 9. It is evident that the mass loss of NH mortars 
is much higher than that of NS mortars under the same curing age. This 
is primarily related to the pore structure. According to [51], the dete-
rioration process of freeze-thaw can be described as three stages, 
including water absorption, water freezing, and cracking generation and 
propagation. Since the NH mortar is more porous than the NS one, it 
tends to absorb more water during preconditioning. Then, a higher 
amount of absorbed water can lead to increased crystallization pressure 
upon freezing. The exposed surface of the sample undergoes tensile 
stress. If this stress exceeds the tensile strength of the material, cracks 
will initiate and propagate throughout subsequent freeze-thaw cycles. 
Consequently, the NH mortar shows a poorer resistance to freeze-thaw 
cycles. 

As shown in Fig. 9, the mass loss of AASM under ambient conditions 
after 28 cycles is significantly higher than that of the other four groups. 
The major reason is that the mortar under ambient conditions is sub-
jected to dry and carbonation, leading to significant cracks (Fig. A2). 
The mortars with these defects have been shown to absorb more water 
than those under other conditions, as indicated in the sorptivity results 

Fig. 8. Water sorptivity behaviour of 28 d AASM cured under five conditions within 9 days.  

Fig. 9. Cumulative mass loss of 28 d AASM subjected to freeze-thaw cycles.  
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(Fig. 8). Higher water uptake can induce increased internal stress from 
ice formation, thereby resulting in more severe structural damage. Be-
sides, the mortars under the remained four conditions show comparable 
mass loss upon 28 cycles, which is consistent with the water sorptivity 
results (Fig. 8). This indicates a positive relation between the water 
sorptivity and freeze-thaw tests. 

The appearance of the top and bottom (exposed) surfaces of AASM 
after 28 freeze-thaw cycles is shown in Fig. 10. Notably, the testing 
surface of the NH mortars exhibits severe degradation after 28 freeze- 
thaw cycles, with the cover layer of paste scaled off and aggregates 
exposed. The NH mortar cured under ambient conditions shows the most 
severe deterioration. The top surface is damaged as well, although not 
totally scaled off. This is likely attributed to the thorough penetration of 
water into the prism, especially along the side. Actually, the standard 
CDF test [52] is designed for concrete cubes, with a thickness of 
150 mm, while the mortar samples used in this study are 40 mm ×
40 mm in width and thickness. Hence, deeper penetration of salt solu-
tion is expected. In the case of NS prisms, only the one cured under 
sealed conditions shows minimal damage on the bottom and top, 
whereas those cured under ambient and high-humidity conditions 
exhibit different extents of deterioration. These observations are in 
agreement with the results in Fig. 9. 

In general, the AASM cured under sealed conditions exhibited a 
relatively high resistance to freeze-thaw cycles. This is likely due to the 
sealed samples showing fewer cracks after preconditioning (7 d drying) 
than the samples under ambient and high-humidity conditions. For 
samples under ambient curing, a continuous drying process can lead to 
large shrinkage and significant cracking problems. However, the sam-
ples cured under high-humidity conditions may encounter the problem 
of cracking during both the curing period (for NS mortars) and the 
preconditioning process. When the samples are exposed to ambient 
conditions, AASF initially with a high internal humidity will experience 
a more severe volume contraction due to a larger gradient of humidity. 
Therefore, the result of freeze-thaw is not only affected by curing 
methods but also the preconditioning period. In cementitious materials, 
7 d of drying aims to enhance the absorption of sodium chloride 

solutions, seemingly without significant effects on the surface property. 
However, for AAMs, particularly slag-based AAMs, it is plausible that 
the traditionally used precondition regime for freeze-thaw tests in con-
ventional cement and concrete requires modification in the future. 

3.7. Carbonation 

The carbonation depth of AASM exposed to 1 % CO2 concentration 
as a function of the square root of time is shown in Fig. 11. Given that the 
mortars were stored in a room atmosphere with T=20 ◦C and RH=50 % 
for 28 days for preconditioning, the carbonation depth before the test 
was measured as well. It is observed that the mortar cured under 
ambient conditions already exhibits a carbonation depth of around 
4 mm before being exposed to an accelerated CO2 atmosphere. The 
mortars under sealed conditions show the lowest penetration depth, 
followed by those under high-humidity and ambient conditions. This is 
because the mortars under ambient conditions are subjected to cracking 
problems (Fig. A2). The diffusion of CO2 can be promoted by the pres-
ence of cracks, thereby resulting in a higher penetration depth. In 
contrast, the mortars under sealed conditions show fewer cracks and less 
gradient of RH between the matrix and environment during pre-
conditioning, which contributes to a lower CO2 penetration depth before 
accelerated carbonation tests. 

As shown in Fig. 11, the carbonation depth of mortars increases with 
exposure time. In spite of a much lower porosity of NS mortars than NH 
mortars (Fig. 7), the penetration depth of CO2 of NS mortars is narrowly 
higher than that of NH mortars. There are two main reasons. On one 
hand, the alkalinity of the pore solution decreases with the increase of 
silicate modulus at the same Na2O dosage [7]. A relatively lower pH in 
the NS system is unfavourable to the carbonation resistance in terms of 
the pore solution alkalinity. On the other hand, compared with Portland 
cement mortars [53,54], AASM is more susceptible to carbonation 
despite having a higher pore solution alkalinity. An essential reason lies 
in the absence of a buffering phase like Ca(OH)2 in the pore solution [6]. 
It acts as a principal carbonatable phase, promoting the formation of 
calcium carbonate that provides a protective barrier against 

Fig. 10. Appearance of the top and bottom (exposed) surfaces of 28 d AASM after 28 freeze-thaw cycles. (A) top surfaces of NH mortars; (B) top surfaces of NS 
mortars; (C) exposed surface of NH mortars; (D) exposed surface of NS mortars. 
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carbonation. Despite the absence of calcium hydroxide in both NH and 
NS systems [7,41], the Ca concentration in the pore solution of the NH 
system is higher than that of the NS system [7]. These free Ca2+ ions can 
also contribute to the formation of calcium carbonate [41], hindering 
the diffusion of CO2. In addition to the ambient curing, the carbonation 
depth in both NH and NS pastes under the remaining four curing con-
ditions is comparable, respectively. Therefore, to achieve relatively 
good resistance to carbonation, it is recommended to avoid curing 
samples under ambient conditions during early periods. 

Due to the initial large penetration depth before accelerated 
carbonation tests, the mortars under ambient conditions finally show the 
highest penetration depth after 28 days of exposure. However, the 
carbonation rates (the slope of lines) of NS_a and NH_a are not higher 
than those cured under other conditions, as indicated by the comparable 
increment of carbonation depth during the accelerated carbonation 
tests. This indicates that 28 days of curing and 28 days of pre-
conditioning affect more on the pore structure at the external part of 
AASM. 

The compressive strength of AASM before and after 28 days of 

accelerated carbonation is shown in Fig. 12. Generally, accelerated 
carbonation results in a reduction in compressive strength of NS mor-
tars, whereas an increase in NH mortars. The former is due to the lower 
Ca/Si ratio of gels in NS systems, which is more susceptible to decalci-
fication than the gels in NH systems [43]. The latter is due to the pres-
ence of a higher concentration of Ca in the pore solution [7], which 
contributes to the formation of calcium carbonate and the densification 
of microstructure [6,41]. Additionally, as shown in Fig. 12A, the in-
crements in compressive strength of NH mortars upon carbonation are 
comparable under different conditions. As shown in Fig. 12B, the 
reduction in compressive strength of NS mortars under fog and water 
conditions is larger than the others, which is probably due to the 
problem of leaching. 

3.8. Summary 

Based on the experimental results of this study, a summary of the 
performances of AASM under different curing conditions is shown in  
Fig. 13, considering both the magnitudes and trends. It should be noted 

Fig. 11. Carbonation depth of 28 d AASM upon 28 d of accelerated carbonation.  

Fig. 12. Compressive strength of 28 d AASM before and after 28 days of accelerated carbonation.  
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that the NH and NS mortars are assessed individually. 
The mechanical properties, volume stability and durability of both 

NH and NS AASM are unsatisfactory under ambient conditions, except 
for the compressive strength of NH mortar. Compared with sealed and 
high-humidity conditions, their impacts on the properties of AASM are 
different due to the use of different activators. High-humidity conditions 
are detrimental to the flexural strength of NS samples but are advanta-
geous for that of NH samples. Due to the problem of leaching, both NH 
and NS mortars show lower compressive strength than those under 
sealed conditions. Therefore, a long-term high-humidity curing is un-
desirable. The result of elastic modulus is more related to compressive 
strength. The elastic moduli of AASM under sealed and high-humidity 
conditions are comparable, which are much higher than those under 
ambient conditions. High-humidity conditions can efficiently mitigate 
the shrinkage of both NH and NS mortars, while sealed mortars show 
relatively large magnitudes, especially for NS ones. As for the sorptivity, 
freeze-thaw and carbonation, the results of these measurements are 
generally dependent on the surface properties. The samples under 
ambient and high-humidity conditions might be more vulnerable to 
cracking than those under sealed conditions due to the constantly dry 
conditions and the large humidity gradient between samples and envi-
ronments during preconditioning. Limewater curing shows limited ad-
vantages in the enhancement of mechanical properties and durability of 
AASM. 

To sum up, ambient conditions result in undesirable mechanical 
properties and durability of AASM. Hence, it is crucial to strictly avoid 
drying during the curing period. Overall, sealed curing can deliver 
satisfactory long-term performances to AASM, but it does induce rela-
tively large autogenous shrinkage. This substantial shrinkage can be 
effectively suppressed by high-humidity curings, but prolonged expo-
sure to such circumstances may result in leaching problems and unde-
sirable reductions in long-term mechanical properties and durabilities. 
Therefore, we recommend maintaining high-humidity conditions for 
AAS materials during initial periods, for instance by using wet cloth 
covering, which can not only provide high humidity conditions but also 
prevent leaching problems at early ages. Then, if possible, sealing the 
products before service is advisable. This protocol can not only 

effectively reduce the large early-age shrinkage of AAS materials 
without significant leaching but also contribute to delivering a good 
development of long-term mechanical properties and durability. 

4. Conclusions 

In this study, the effects of curing regimes on the mechanical prop-
erties, volume stability and durability of AASM are investigated and the 
mechanisms behind them are revealed. The conclusions can be sum-
marized as follows: 

1. Generally, sealed curing is beneficial for the development of me-
chanical properties of AASM, while ambient curing shows the most 
undesirable properties, especially concerning the decreasing trends 
of flexural strength and elastic modulus. High-humidity curings are 
favourable for enhancing the flexural strength of NH mortars but are 
detrimental to the NS ones. NH mortars show the highest compres-
sive strength under ambient conditions, under which the NS mortars 
show the lowest. Both NH and NS mortars under high-humidity 
conditions show lower long-term compressive strength than those 
under sealed conditions.  

2. The NS mortar has low porosity, accompanied by considerably larger 
shrinkage than that of the NH one. This shrinkage is further exac-
erbated by drying and carbonation under ambient conditions, lead-
ing to the formation and propagation of surface cracks. The AASM 
shows large shrinkage under sealed conditions, which can be effec-
tively suppressed by high-humidity curings.  

3. AASM cured under ambient conditions has higher water sorptivity 
than that under other curing regimes. Compared with the sealed 
regime, high-humidity curings result in the problem of leaching, 
which can deteriorate the pore structure and increase the sorptivity 
of the mortar. Saturated limewater curing is conducive to the 
reduction in water sorptivity, particularly for NS-activated mortars.  

4. The sorptivity results are correlated with the freeze-thaw and 
carbonation tests, as they are all dependent on the surface properties 
of AASM. The mortars exposed to ambient conditions show the 
highest water sorptivity, and thereby exhibit the poorest resistance 

Fig. 13. A comparative analysis of mechanical properties, volume stability, and durability of AASM cured under various conditions. “FS”, “CS”, “Em”, “Sh”, “So”, 
“FT” and “C” refer to flexural strength, compressive strength, elastic modulus, shrinkage, sorptivity, freeze-thaw and carbonation tests, respectively. The NH and NS 
mortars are evaluated individually. 
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to freeze-thaw cycles and carbonation. Both the exposed and upper 
sides of the NH mortars show significant damage following freeze- 
thaw cycles. The carbonation depth of AASM depends on the pro-
cess of preconditioning. The carbonation rates of AASM during 
accelerated carbonation are comparable, which indicates that 
different curing conditions can only affect the external part of the 
mortars.  

5. Based on the experimental results, an optimal curing protocol for 
AASM might be a high-humidity condition (e.g. wet cloth covering) 
at early ages, followed by sealed curing. This approach can not only 
reduce the significant early shrinkage but also contribute to desirable 
long-term mechanical properties and durability without leaching. 
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Appendix 

Fig. A1 shows the relative humidity (RH) of NS mortars. This test aims to monitor the change of RH in the sample under sealed conditions. The 
experiment was measured by a Rotronic hygroscopic DT station equipped with HC2-AW measuring cells. The sensors were calibrated by four over- 
saturated chemical solutions (NaCl, KCl, KNO3 and K2SO4) before measurement, with a RH range from 75 % to 98 % at 20 ◦C. Two replicates were 
carried out for each sample. It is observed that the RH of NS mortars under sealed conditions decreases from 95 % to 78 %.

Fig. A1. Relative humidity of NS mortars under sealed conditions.  

Fig. A2 shows the appearance of NS mortars exposed to ambient conditions for 7 d. The microcracks can be observed on the surface of samples, 
attributed to the dry shrinkage.

Fig. A2. Appearance of the surface cracks of NS mortars exposed to ambient conditions for 7 d.  
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