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A B S T R A C T   

This paper presents a comprehensive investigation on the positive potential of steel slag (SS) to mitigate the 
autogenous shrinkage of alkali-activated slag (AAS) while maintaining a reasonably high strength. Changes of 
the physicochemical properties of AAS with the addition of SS were examined in terms of hydration heat, 
autogenous shrinkage, chemical shrinkage, internal relative humidity (RH) and mechanical behaviors. The 
microstructure of AAS-SS systems was characterized using X-ray diffraction, thermogravimetric analysis and 
nitrogen adsorption techniques. The shrinkage mechanism and quantification approach of the AAS-SS systems 
were discussed, in addition to a sustainability assessment. The results indicate that the 7-day autogenous 
shrinkage of AAS paste was decreased by 16 %, 35 % and 42 % when SS was incorporated by 15 %, 30 % and 
45 % respectively, owing to the obviously slower hydration and higher internal RH at the early age. Meanwhile, 
the inclusion of SS substantially mitigates the chemical shrinkage and reduces the pores below 50 nm, thereby 
significantly decreasing the capillary pressure associated with smaller water-filled pore sizes. Substitutions of 
blast furnace slag by up to 45 % SS enable to reduce CO2 emissions by 18.4 kg/m3 and decrease autogenous 
shrinkage by 42 % without obvious compromise in the loss of elastic modulus and compressive strength.   

1. Introduction 

The construction sector serves as a pivotal driver of the global 
economy and environment. With the ongoing acceleration of urbani-
zation, the demand for construction materials is steadily increasing [1, 
2]. Nonetheless, the construction sector remains a notable contributor to 
greenhouse gas emissions, primarily owing to the substantial CO2 foot-
print stemming from ordinary Portland cement (OPC) production and 
concrete utilization [3–5]. Addressing the challenge of climate change 
necessitates the urgent quest within the construction industry for envi-
ronmentally friendly and sustainable building materials. 
Alkali-activated slag (AAS), which serves as a clinker-free substitute for 
conventional cement, is produced through mixing the blast furnace slag 
(BFS) with an alkaline activator [6,7]. This helps to reduce the con-
struction industry’s dependence on limited natural resources and alle-
viate ecological stress, while also lowering the carbon footprint of the 

industry [8–10]. In addition, the AAS excels in mechanical properties 
and chemical resistance, which makes AAS concrete structures more 
stable and durable [11–13]. These characteristics provide more design 
freedom for construction projects and are expected to reduce mainte-
nance costs. 

AAS poses some challenges as well. One of them is its fast-setting 
property [14], which may cause inconvenience in construction work. 
Another thorny issue is the high autogenous shrinkage, which tends to 
cause cracking in concrete [15]. Earlier investigations have demon-
strated that AAS exhibits 5–7 times greater shrinkage compared to OPC 
when cured under sealed conditions [16,17]. Over recent decades, re-
searchers have extensively investigated the autogenous shrinkage of 
AAS. Nonetheless, consensus regarding the mechanism underpinning 
this significant autogenous shrinkage remains elusive. Surface tension, 
disjoining pressure and tension in capillary water are recognized to be 
the driving forces for autogenous shrinkage [18]. Notably, capillary 
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pressure is particularly favored due to its foundation in robust me-
chanical and thermodynamic considerations [16,19]. Throughout the 
hydration process, free water within the matrix gradually diminishes, 
inducing self-desiccation within the cement paste and subsequent 
reduction in internal relative humidity (RH). This process results in the 
decrement of water-filled capillary pores within the hardened cement 
paste, accompanied by a decrease in pore water saturation. When the 
capillaries shift from saturated to unsaturated, internal pressure is 
exerted on the concave surfaces of the pores. To maintain equilibrium of 
the concave surface, capillary tension increases and hence causing 
autogenous shrinkage. 

Collins and Sanjayan [20] found that OPC pastes comprised 36.4 % 
mesopores along with a substantial portion of macropores. In contrast, 
waterglass (WG) activated AAS pastes exhibited as much as 80 % mes-
opores, contributing to the elevated autogenous shrinkage of AAS. As 
reported in [21], the AAS exhibited greater autogenous shrinkage 
compared to OPC owing to the much finer capillary pores in AAS. 
Cartwright et al. [22] arrived at similar conclusions in their research. 
Additionally, RH was identified as a primary factor influencing autog-
enous shrinkage. On the basis of Song et al. [23], the higher autogenous 
shrinkage of AAS was typically a result of larger reductions in the RH, 
pointing to a RH-dependent autogenous shrinkage. 

Several strategies have been proposed to reduce the autogenous 
shrinkage of AAS system. As claimed in literature [24,25], the utilization 
of superabsorbent polymer (SAP) has effectively mitigated the autoge-
nous shrinkage of AAS. The SAP establishes a water reservoir layer in the 
AAS system, supplying additional water during hydration to counteract 
water depletion and retard self-desiccation [26]. However, this 
approach suffers from the major issue of reducing the compressive 
strength at early ages [27,28]. Except for SAP, the incorporation of 
shrinkage-reducing admixture can suppress the shrinkage stresses 
generated during capillary pore water loss through reducing the surface 
tension and interfacial energy of pore water [29]. As described else-
where [30], although gypsum incorporations alleviated the shrinkage at 
the initial stage, this early expansion was difficult to offset the subse-
quent long-term shrinkage due to the limited compensation of the 
expansion phase. Previous reports suggested that the deformation of 
C-A-S-H gels can be altered by increasing the curing temperature, 
thereby reducing autogenous shrinkage of AAS [30,31]. This approach, 
however, is not applicable in cast-in-place concrete. Furthermore, 
high-temperature curing can result in higher energy consumption and a 
larger carbon footprint, contradicting sustainable building principles. 

Introducing alternative precursors for concurrent activation with 
BFS is deemed an effective solution. Steel slag (SS), a by-product 
accompanying the steel smelting process, is produced in China at an 
annual rate surpassing 100 million tons. However, its utilization rate 
remains below 30 % [32,33]. A significant volume of discarded SS ac-
cumulates on land, resulting in resource wastage and environmental 
pollution [34,35]. Conventionally, SS undergoes natural cooling, lead-
ing to its low reactivity [36,37]. Research indicates that employing 
mineral admixtures with lower reactivity holds promise in controlling 
the autogenous shrinkage of AAS [38,39]. Meanwhile, the presence of SS 
could result in higher workability, longer setting time and lower chlo-
ride diffusion coefficient [38,40]. This paper aims to obtain basic in-
sights into the mechanisms of SS in reducing the autogenous shrinkage 
of AAS paste. The impacts of incorporating SS into AAS were investi-
gated in terms of setting time, hydration heat, hydration products, pore 
structure, RH, chemical shrinkage, autogenous shrinkage and mechan-
ical properties. Furthermore, the sustainability of the AAS-SS pastes was 
evaluated. The research findings provide a reasonable reference for 
promoting the exploitation of green construction materials utilizing 
composite BFS/SS materials. 

2. Experimental 

2.1. Materials 

BFS and SS served as the primary precursors for preparing the alkali- 
activated paste. Table 1 displays the chemical compositions of BFS and 
SS as determined through X-ray fluorescence (XRF) analysis. Fig. 1 
presents the XRD patterns of BFS and SS. Notably, the XRD pattern of 
BFS exhibits a broad peak spanning from 25◦ to 40◦, indicative of a 
substantial presence of amorphous phases. In contrast, SS predomi-
nantly consists of cementitious components like C3S and C2S, along with 
inert RO phases. Fig. 2 depicts the particle size distribution of BFS and 
SS. The alkaline activator was formulated by blending sodium hydroxide 
(with a purity of ≥99 %) with industrial sodium silicate solution (with 
an original modulus of 3.3, comprising 26.5 wt% SiO2 and 8.3 wt% 
Na2O), along with deionized water. 

2.2. Sample preparation 

Table 2 displays the mixture design of the pastes. The Na2O dosage 
was 6 % by mass of the precursor. The relative amounts of sodium hy-
droxide and sodium silicate were adjusted to achieve a molar ratio of 
SiO2/Na2O was 0.93. If the SiO2 and Na2O in the activator were regar-
ded as solids, the alkali-activated paste had a liquid-binder (l/b) ratio of 
0.5 and a water-solid (w/s) ratio of 0.35. Note that the activator was 
fabricated one day prior to casting to ensure a solution of ambient 
temperature. During the mixing process, the raw materials were initially 
pre-mixed for 60 s, then the alkaline activator was added with low speed 
for 90 s and high-speed for another 90 s. 

2.3. Test methods 

2.3.1. Setting time 
According to ASTM C191–21, the initial and final setting times of the 

paste were tested using a Vicat needle. 

2.3.2. Hydration heat 
The hydration heat of the paste was monitored using a TAM air 

isothermal calorimeter at 20 ◦C. Pre-mixed fresh paste (approximately 
10 g) was quickly injected into an ampoule using a syringe, which was 
then sealed and placed in the channel of the calorimeter. Calorimetric 
results were normalized according to the precursor weights. 

2.3.3. Autogenous shrinkage 
The autogenous shrinkage of the paste was tested by the corrugated 

tube method following ASTM C1698–19. Fresh paste was poured into 
corrugated tubes with 425 ± 0.5 mm in length and 29 ± 0.5 mm in 
diameter. A vibrating table was turned on throughout the pouring pro-
cedure to allow the paste to fulfill the tubes. Following that, the end plug 
was screwed on, any excess paste on the surface was cleaned with a 
damp cloth, and the specimens were positioned horizontally on a test 
stand. The autogenous shrinkage of the samples was recorded at 0.25 h 
intervals from final setting time to 168 h. Three replicate tests were 
carried out for each mixture. 

2.3.4. Chemical shrinkage 
The chemical shrinkage of the paste was tested by the volumetric 

method outlined in ASTM C1608–17. The fresh paste was poured into a 
300 ml Erlenmeyer flask for a thickness of about 5–10 mm. Next, the 
Erlenmeyer flask was filled with de-aerated water and a perforated 
rubber stopper was inserted afterwards. Then a glass pipette of 10 ml 
with a scale of 0.01 ml was placed into the rubber stopper. After 
adjusting the height of the liquid in the pipette, 1–2 drops of paraffin oil 
were injected above the liquid to prevent water loss. Finally, the entire 
setup was placed in a water bath at 23±1 ◦C and the water level readings 
on the pipette were recorded periodically. Chemical shrinkage CS(t) was 
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calculated using Eq. (1): 

CS(t) =
h(t) − h(0)

Mbinder
(1)  

where Mbinder (g) is the mass of binder, while h(0) (ml) and h(t) (ml) are 
the readings of the liquid height in the pipette at the time of 0 and t, 
respectively. 

2.3.5. Internal relative humidity 
The internal RH of the paste was monitored using a JWSL-6A hu-

midity sensor with a rod probe. The configuration of the RH measure-
ments is schematically illustrated in Fig. 3. Cubic paste samples 100 mm 

× 100 mm × 100 mm were prepared. During casting, a PVC pipe was 
pre-buried inside the specimen. The PVC pipe was pre-positioned with 
an aluminum bar in close contact with its inner wall, and the length of 
the aluminum bar extended 10 mm beyond the top and bottom of the 
PVC pipe. After the initial setting of the specimen, the aluminum bar was 
slowly withdrawn and then the sensor was immediately placed in the 
PVC pipe. Simultaneously, a 2 mm-thick O-ring was used to ensure 
tightly contact between the pipe and the sensor. A sealing film was 
applied to seal the gap between the top of the PVC pipe and the sensor 
for preventing water evaporation. It is worth noting that the humidity 
sensors need to be calibrated using different types of saturated salt so-
lutions before measurement. Three parallel measurements of each 
mixture were carried out. 

2.3.6. Mechanical properties 
The compressive strength of the paste, prepared in the mold 40 mm 

× 40 mm × 40 mm, was determined at 1, 7 and 28 days following the 
Chinese standard GB/T 17671–2021. Three parallel samples of each 

Table 1 
Chemical compositions of BFS and SS (wt%).  

Oxides SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O P2O5 Other LOI 

BFS  34.50  34.00  17.70  1.03  6.01  1.64  0.36 -  3.92  0.84 
SS  20.92  40.44  6.22  20.24  5.43  0.25  0.52 0.76  3.34  1.88 

LOI = Loss on ignition. 

Fig. 1. XRD patterns of (a) BFS and (b) SS.  

Fig. 2. Particle size distribution of BFS and SS.  

Table 2 
Mix design of the pastes.  

Mix ID BFS (g) SS (g) SiO2 (mol) Na2O (mol) H2O (g) 

100BFS  646 − 0.58  0.63  250.4 
85BFS15SS  549.1 96.9  0.58  0.63  250.4 
70BFS30SS  452.2 193.8  0.58  0.63  250.4 
55BFS45SS  355.3 290.7  0.58  0.63  250.4  

Fig. 3. Schematic diagram of internal relative humidity measurement.  
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mixture were tested. The elastic modulus of the paste was tested on the 
specimens at 1 day and 7 days according to GB/T50081–2019. Three 
specimens with dimensions of 40 mm × 40 mm × 160 mm were used for 
each mixture to measure the elastic modulus. 

2.3.7. Microstructure analysis 
The crystalline phases of the paste powder were analyzed utilizing X- 

ray diffraction (XRD). The scanning angle (2θ) ranged from 5◦ to 60◦ in 
steps of 0.02◦ with a voltage of 40 kV and a current of 40 mA. Solid- 
phase changes in the paste were determined by thermogravimetric 
analysis (TGA). The temperature range was 30–1000 ◦C at a heating rate 
of 10 ◦C/min. 

The pore structure of the paste was assessed using the nitrogen 
adsorption method. Paste specimens cured to a desired age were crushed 
into pieces and then soaked in isopropanol for 3 days to halt hydration. 
The pieces were placed in a vacuum drying oven at 50 ◦C until constant 
weight. Nitrogen adsorption tests were carried out on an ASAP 2460 
Porosimetry system (Micromeritics, USA), with relative pressures in the 
range of 0.05–0.998. Pore size distributions were deduced from the ni-
trogen adsorption data using the Barrett-Joyner-Halenda (BJH) model 
[41]. 

2.4. Sustainability assessment 

Developing environment-friendly construction materials is crucial to 
ensure long-term sustainability. The environmental and economic di-
mensions of mixtures were evaluated utilizing the life cycle assessment 
(LCA). The transportation distance of each material was included in the 
LCA. To reduce transportation costs, the raw materials are often sourced 
from the closest locations. For each material the emissions during mix-
ing and curing were considered equal, which were not involved in the 
calculation. Table 3 gives a list of the items for the sustainability 
assessment. The BFS was easier to grind than SS, and the electricity 
consumption for grinding BFS and SS was approximately 45 kW⋅h/t and 
60 kW⋅h/t, respectively. The total CO2 emissions and cost of each raw 
material were calculated based on the methodology reported in the 
literature [42]. 

3. Results 

3.1. Setting time 

Table 4 displays the results of setting time measurements for AAS 
paste. The control group (100BFS) exhibited the fastest initial setting 
time of 20 min, while the final setting time was recorded at 31 min. 
Increasing the replacement of BFS with SS increased the setting time. At 
a dosage of 45 % SS (55BFS45SS), the initial and final setting times were 
increased by 120 % and 170 %, respectively, compared to those of the 
control group. This was ascribed to the poor reactivity and slow disso-
lution of SS during the pre-reaction period [38]. In addition, the BFS had 
a total SiO2 to Al2O3 mass ratio of 1.95, compared to an obviously higher 
value of 3.36 in the SS. Previous research has indicated that reducing 
aluminum silicate content or increasing the mass ratio of SiO2 to Al2O3 

could result in a prolonged setting time in geopolymers [43]. 

3.2. Hydration heat 

Isothermal calorimetry was carried out to evaluate the reaction ki-
netics of AAS-SS pastes. The results are provided in Fig. 4. For a clear 
analysis, the heat flow curves are plotted for the first 24 h and the cu-
mulative heat for the entire measurement cycle of 72 h is given. Within 
the first few minutes, the first peak seen in Fig. 4(a) appears, which is 
caused by the wetting and early dissolution of the precursor. Afterwards, 
a second peak indicative of the accelerated hydration stage appears in all 
curves. This peak signifies the quick production of the primary hydrated 
gel C-A-S-H. It is noteworthy that substituting BFS by SS postpones the 
onset of the accelerated stage and diminishes the second peak, with this 
effect becoming more evident with increasing amounts of SS incorpo-
ration. Reducing the early hydration heat is an effective strategy for 
mitigating temperature-induced shrinkage stresses in concrete struc-
tures [18]. The decline in hydration rate following the second peak is 
commonly associated with the hindrance of precursor dissolution caused 
by the ongoing generation of C-A-S-H gels around unreacted particles as 
well as the gradual obstruction of pore space [16]. You et al. [38] found 
that the heat release of OPC pastes reached approximately 380 J/g 
within the first 72 h and continued to increase thereafter. In contrast, as 
depicted in Fig. 4(b), the heat release of AAS pastes over 72 h ranged 
from 200 to 250 J/g, which was much less than that of OPC pastes. 
However, in the first 12 h, the hydration heat of the AAS pastes grew 
rapidly, after which the change of the heat of hydration was slow. It is 
evident that the strong and rapid chemical reaction of the AAS system 
occurred in the early stage. 

3.3. Autogenous shrinkage 

Fig. 5 presents the results of the autogenous shrinkage of AAS-SS 
pastes. For 100BFS, significant autogenous shrinkage is observed, 
which is approximately 4900 μm/m after 1 d and reaching 6850 μm/m 
after 7 d. A clear increase of the autogenous shrinkage can still be 
observed in between, although the most significant autogenous 
shrinkage of AAS paste happens during the initial stages of alkali acti-
vated reactions. The findings are consistent with those of previous 
research [17,44]. Introducing 15 % SS as a replacement of BFS results in 
a reduction of 20 % in the autogenous shrinkage after 1 d and a 
reduction of 16 % after 7 d. Increasing the SS content to 30 % leads to a 
decrease of around 35 % in the autogenous shrinkage at both 1 d and 7 
d. Further increasing the SS content up to 45 % results in a substantial 
reduction in the autogenous shrinkage, which is decreased by 43 % after 
1 d and by 42 % after 7 d as compared to that of 100BFS at respective 
ages. It is worthwhile to note that the development of autogenous 
shrinkage becomes quite slow as elapse of time in the 55BFS45SS with a 
high amount of SS. 

3.4. Chemical shrinkage 

Chemical shrinkage refers to the reduction in volume of a paste 
during the hydration of cementitious materials in cases the volume of 
resultant hydration products is less than that of the original reactants 
[45]. Fig. 6 depicts the chemical shrinkage of AAS-SS pastes. Generally, 
all pastes started with a rapidly increasing trend of chemical shrinkage, 
especially within the first 24 h, followed by a gradually slow increase of 
chemical shrinkage. The evolution of chemical shrinkage appeared to 

Table 3 
Details of the sustainability assessment for the materials used.  

Items Amount 

Truck speed, km/h 80 
Truck load, ton 1.0 
Diesel consumption, liter/km 0.1 
Diesel price, $/liter 1.03 
Transport charge, $/km 0.24 
Unit power consumption for grinding machine, kW⋅h/ton 45–60 
Electricity price, $/kW⋅h 0.08 
CO2 emission for 1 liter diesel, ton 0.0026 
CO2 emission for 1 kW⋅h electricity, ton 0.0003  

Table 4 
Setting time of AAS-SS pastes.  

Mix ID 100BFS 85BFS15SS 70BFS30SS 55BFS45SS 

Initial setting (min)  20  22  29  44 
Final setting (min)  31  38  63  84  
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attain a plateau after 168 h. This was particularly the case for 100BFS, 
confirming the rapid hydration process of BFS at the early ages. In 
comparison, AAS pastes containing SS had significantly lower chemical 
shrinkage than 100BFS without SS at all ages. After 24 h, the chemical 
shrinkage of paste specimens exhibited a continuously decline trend of 
chemical shrinkage with increasing SS content. In the first 12 h, a 
slightly higher chemical shrinkage could be observed for 55BFS45SS. 
This was straightforwardly associated with the nucleation effect caused 
by high volume addition of SS and thereby accelerating the hydration 
progress of BFS at the very early stage. The results of chemical shrinkage 
agreed with the cumulative heat release data as presented in Fig. 4. The 
incorporation of SS into AAS reduced the chemical reactivity of entire 
system. As a result, the transformation of capillary free water into 
chemically bound water, a main reason leading to chemical shrinkage, 

was decreased. The poor reactivity of SS, as compared to BFS, along with 
its slower early hydration reaction, resulted in a low hydration degree. 
The chemical shrinkage occurs concurrently with the formation of extra 
voids in the AAS system. 

3.5. Internal relative humidity 

Fig. 7 shows the internal RH of the AAS-SS pastes. A general pattern 
of internal RH decreasing with age can be observed for all pastes. The 
most significant decrease of the internal RH took place within the first 
day. Afterwards, there was a gradual decline in the internal RH over 
time. This observation suggested that the self-desiccation process pri-
marily occurred in the early hydration stages within the AAS paste. The 
decrease in the internal RH directly resulted in the development of 
autogenous shrinkage (Fig. 5), suggesting that the self-desiccation is the 
primary mechanism of the autogenous shrinkage, as confirmed by pre-
vious studies [15]. The 7 d internal RH of 100BFS stabilized at 
approximately 58.3 %. In case the BFS was replaced by 15 % SS, a 
higher internal RH of 7 d AAS paste at 60.6 % was found. A further 
increase of the BFS substitution by 30 % SS, the 7 d internal RH of AAS 
paste reached around 61.5 %. When the replacement of BFS was 
increased up to a high level of 45 % SS, the AAS paste exhibited the 
highest 7 d internal RH at 67.3 %. The higher degree of hydration re-
action resulted in larger water consumption, leading to lower internal 
RH values in the AAS pastes. 

3.6. Compressive strength 

Fig. 8 displays the compressive strength of AAS-SS pastes at the ages 
from 1 d to 28 d. It is evident that the SS incorporation resulted in a 
decrease of the compressive strength of AAS pastes. Such decrease was 

Fig. 4. (a) Heat flow and (b) cumulative heat of AAS-SS pastes.  

Fig. 5. Autogenous shrinkage of AAS-SS pastes.  

Fig. 6. Chemical shrinkage of AAS-SS pastes.  

Fig. 7. Evolution of internal relative humidity inside the AAS-SS pastes.  
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relatively small for AAS pastes at 1 d while became particularly pro-
nounced after 28 d. The 7 d compressive strength was reduced by 
10.6 %, 17.8 % and 23.1 % for AAS pastes with the SS content of 15 %, 
30 % and 45 %, respectively. It is noteworthy that the variation in 
strength among these mixtures at 28 d is less than 22 %. It is recognized 
that the variation of compressive strength is closely linked with the 
fineness of pore structure. The introduction of SS resulted in a coarser 
pore size distribution and such dilution effect was more noticeable in the 
later stages compared to the earlier ones, as will be analyzed in the 
following sections. In addition, changes in the gel structure also affect 
compressive strength. Zhou et al. [46] pointed out that the 
calcium-silicon ratio of alkali-activated SS system was significantly 
increased with a higher SS content, or with a decrease in BFS content. 
This suggested that fewer and weaker Si-O-Si bonds were formed in the 
C-A-S-H gels, thereby reducing the compressive strength. It is important 
to highlight that the compressive strength of AAS including SS as high as 
45 % can still possess a reasonably high strength of 80 MPa after 28 
d hydration. 

3.7. Microstructure 

3.7.1. XRD analysis 
Fig. 9 presents the XRD patterns of AAS-SS pastes. For the 100BFS 

mixture, the peaks at 29.4◦ and 49.6◦ (indicated by dotted lines) suggest 
the production of C-A-S-H type gels [47]. However, the intensities of 
these peaks were lower in AAS pastes containing SS. Characteristic 
diffraction peaks of calcite (CaCO3, PDF# 05–0586) were also observed 
in all samples, probably resulting from carbonation. Additionally, the 
presence of C2S and RO phases is observed in the samples including SS 
and their contents are increased with a rise in the SS incorporations. The 
very slow hydration process of C2S, as well as the inert nature of RO 
phases, is therefore demonstrated. The main band (2θ=29.4◦) of 
C-A-S-H gel in 100BFS becomes denser as the curing age increases, 

suggesting that more amorphous hydration products are produced. 
Notably, for samples 85BFS15SS, 70BFS30SS and 55BFS45SS, the peak 
intensity representing the C-A-S-H gel was consistently lower compared 
to that of 100BFS at all ages. It is concluded that greater SS content may 
cause a reduction in the formation of C-A-S-H gel during the first 7 d. 

3.7.2. TG analysis 
The TG/DTG results for AAS-SS pastes are presented in Fig. 10. Three 

peaks of heat release are clearly noticed in the DTG curves. The main 
exothermic peak between 30 and 220 ◦C indicates the dehydration of C- 
A-S-H gels. The evaporation of physically bound water also contributes 
to the mass loss in such low temperature range. Another two small peaks 
associated with insignificant heat flow occurring in the temperature 
range 275–425 ◦C and 550–700 ◦C correspond to the decomposition of 
hydrotalcite-like phases and calcium carbonate, respectively [17]. The 
self-desiccation process of AAS pastes gradually consumes internal 
capillary free water, which is converted into chemically bound water 
within the primary hydration products. Following the mass loss within 
the respective temperature ranges, the amount of hydration products 
can be calculated, as shown in Table 5. The amount of the main hy-
dration product, C-A-S-H gel, is 3–4 times higher than that of the 
hydrotalcite-like phase. With an increase in SS content, the amount of 
C-A-S-H gel decreases. This finding aligns with the compressive strength 
results, as greater mass loss signifies more hydration products. 

3.7.3. Pore structure analysis 
The pore structure results of 100BFS and 55BFS45SS after 1 d and 7 

d, as representative, are presented in Fig. 11. The pore sizes as detected 
in the nitrogen adsorption tests ranged from 2 nm to 100 nm. The pore 
size distributions of both mixtures commonly show one main big bump, 
corresponding to the gel pore family. At 1 d, the critical pore size cor-
responding to the gel peak was 5 nm for 100BFS while it was reduced to 
a slightly smaller value of 3.5 nm after 7 d. However, as a comparison for 
55BFS45SS, the critical pore size exhibited a significant decrease from 
10 nm at 1 d to 4.5 nm at 7 d. These results are precisely consistent with 
the autogenous shrinkage measurements as given previously in Fig. 5. 
The AAS samples possessed very low-strength at the age of 1 d and 
meanwhile their resistance against capillary pressure was low. A coarse 
pore structure, especially the presence of large capillary pores, is a ne-
cessity to properly control autogenous shrinkage at the early age. 
Noteworthy, a substantial refinement of pore structure until the late age 
of 7 d would not induce a significant autogenous shrinkage, while 
ensuring a reasonable strength in the meantime. Accordingly, the 
introduction of SS into AAS enabled to produce a microstructure of low 
autogenous shrinkage but without a compromise in the mechanical 
behaviors. 

With the increase of age, the pore sizes of both mixtures shifted to-
wards smaller pores, a result of continuous hydration and 

Fig. 8. Compressive strength of AAS-SS pastes.  

Fig. 9. XRD patterns of AAS-SS pastes cured for (a) 1 d and (b) 7 d.  
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microstructure densification. Compared to the 100BFS, the 55BFS45SS 
exhibits a coarser pore size distribution. This was particularly the case in 
the early hydration age of 1 d when the gel pores predominantly occu-
pied the entire pore size distribution of 100BFS, but a considerable 
amount of capillary pores above 10 nm can be found in 55BFS45SS. The 
shortage of capillary pores and the dominant presence of small size gel 
pores jointly contributed to the pronounced development of autogenous 
shrinkage of 100BFS. In comparison, the presence of relatively large size 

capillary pores by introducing the poorly reactive SS significantly alle-
viated the autogenous shrinkage of 55BFS45SS at the early age. The 
increase of pore volume and associated coarse pore size distribution 
with the addition of SS were in line with heat release data and also with 
those reported in literature [40]. Finer pore structure tends to result in 
smaller meniscus radii and higher pore pressures that contribute to 
autogenous shrinkage, as will be described in Section 4.2. 

3.8. Environmental and cost assessment 

Table 6 displays the CO2 emissions and expenses related to the raw 
materials utilized in this study. The results were obtained based on the 
data of Table 3, in addition to literature studies and market surveys [48, 
49]. The CO₂ emissions of BFS (101.9 kg/ton) are higher than those of SS 
(36.2 kg/ton). Similarly, the cost of the mixtures using BFS tends to be 
higher than those with SS. It is therefore considered that using less BFS is 
crucial for AAS-SS to achieve sustainability with low CO₂ emissions and 
low total costs. 

Fig. 12 shows the calculated environmental and economic impacts of 

Fig. 10. TG/DTG curves of AAS-SS pastes cured for (a) 1 d and (b) 7 d.  

Table 5 
Mass loss of AAS-SS pastes at 30–220 ℃ (Δm1) and 275–425 ℃ (Δm2).  

Mix ID Samples cured for 1 d Samples cured for 7 d 

Δm1 

(%) 
Δm2 

(%) 
Δm1 +

Δm2 (%) 
Δm1 

(%) 
Δm2 

(%) 
Δm1 +

Δm2 (%) 

100BFS  10.66  2.80  13.46  10.38  2.56  12.94 
85BFS15SS  10.23  2.79  13.02  9.86  2.65  12.51 
70BFS30SS  9.82  2.94  12.76  9.69  2.48  12.17 
55BFS45SS  8.70  2.34  11.04  9.30  2.57  11.87  

Fig. 11. Pore volume and pore size distribution curves of 100BFS and 55BFS45SS pastes: (a) and (b) for samples at 1 d while (c) and (d) for samples at 7 d.  
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the AAS-SS mixtures. It is clear that substituting BFS by 45 % SS reduces 
CO2 emissions by 18.4 kg/m3 and meanwhile decreases the autogenous 
shrinkage by 42 % (Fig. 12a). Following previous reports [50], an in-
dicator associated with setting time is employed to further assess the 
economic benefits brought by the introduction of SS: 

Tp =
Cost
Tinitial

(9)  

where TP ($/m3⋅min) represents the cost per minute for materials, Cost 
($/m3) represents the total cost of 1 m3 mixture, and Tinitial (min) rep-
resents the initial setting time. 

Fig. 12b shows the results of Tp calculations for AAS samples con-
taining SS. As mentioned earlier, the introduction of SS significantly 
prolongs the setting time. The production cost per cubic meter of the 
AAS mixture decreases with increasing SS content. Notably, the Tp value 
of 55BFS45SS is reduced by 58.5 % compared to that of 100BFS. 
Extending the workability of AAS by the introduction of SS is therefore 
feasible in terms of both economic and environmental viewpoints. 

4. Discussion 

4.1. Shrinkage mechanism of AAS pastes 

Fig. 13 (a) and (b) show the correlation between heat flow and 
autogenous shrinkage in 100BFS and 55BFS45SS, respectively. The first- 
order derivatives of autogenous shrinkage are provided to reveal its 
variation over hydration period. The inflection point of the cumulative 
autogenous shrinkage curve, corresponding to the peak of shrinkage 
rate, aligns closely with the peak of heat release rate. The autogenous 
shrinkage process of AAS pastes is categorized into three periods: (a) 
dissolution, (b) acceleration and (c) steady. The dissolution period 
represents the wetting of the precursor in contact with the alkaline 
activator and initial particle dissolution. Native C-A-S-H and C-N-A-S-H 
gels were produced during this period of deceleration [51]. The autog-
enous shrinkage values of 100BFS and 55BFS45SS during this period 
were approximately 86 μm/m and 54 μm/m, respectively. Using the 
final setting time as the “time-zero” for autogenous shrinkage of AAS 
pastes may be controversial. As reported in the literature [52], the final 
setting time of AAS paste could be attributed to the loss of workability 
caused by hydration products forming in voids. The “time-zero” refers to 

the moment when the internal RH starts to decrease, and a rapid in-
crease in autogenous shrinkage is anticipated. Adopting the 
commencement of the acceleration period as the “time-zero” for 
autogenous shrinkage appears more convincing. During the acceleration 
period, the formation of C-A-S-H and C-N-A-S-H gels as the primary 
binding phase leads to a dramatic increase in heat flow in the pastes 
100BFS and 55BFS45SS. This results in the substantial water con-
sumption and hence the generation of capillary pores, along with 
decreasing internal RH and meniscus formation, known as the 
self-desiccation process. Consequently, autogenous shrinkage in 100BFS 
accelerates rapidly, exceeding 4100 μm/m by the end of this period. 

In view of the sharp decrease of autogenous shrinkage, as indicated 
by dashed lines, the heat flow of the 55BFS45SS starts to decrease at a 
moment later than that of the 100BFS. This suggests that SS addition 
decreases the free water consumption in the entire hydrating system, 
mitigating the self-desiccation and capillary pressure formation, a point 
to be confirmed in Section 4.2. The autogenous shrinkage of 55BFS45SS 
is approximately 2200 μm/m, representing a 46.3 % reduction 
compared to that of 100BFS during this period. Subsequently, the heat 
flow of 55BFS45SS decreases at a lower rate and gradually a steady 
period commences due to a diffusion-controlled slow reaction process. 
Autogenous shrinkage rate decelerates and stabilizes gradually for both 
pastes. Thereafter the internal RH continues to decrease as the capillary 
water is depleted (Fig. 7), thereby sustaining capillary pressure and 
driving the progression of autogenous shrinkage. However, the rela-
tively high solid skeleton stiffness limits the development of autogenous 
shrinkage during this period [29]. Noteworthy, the autogenous 
shrinkage remains significantly lower in 55BFS45SS than in 100BFS at 
the late stage. 

4.2. Shrinkage under capillary pressure 

The capillary pressure induced by the gas-liquid interface is recog-
nized as a key factor driving autogenous shrinkage [16]. The capillary 
pressure theory, extensively applied to explain the shrinkage phenom-
enon in cementitious materials exposed to RH exceeding 40 %, serves as 
a main origin responsible for autogenous shrinkage in the AAS. Under 
sealed conditions, the alkaline reaction within hardened AAS pastes 
gradually depletes free capillary pore solution. As a result, the decrease 
in the size of water-filled pores is expected, forming a gas-liquid 
meniscus. Meanwhile the capillary pore pressure is generated onto the 
matrix, resulting in shrinkage deformation. The capillary pressure σcap 
can be performed using Laplace’s and Kelvin’s equation (Eqs. 2 and 3), 
as detailed below: 

σcap = −
2γcosθ

r
(2)  

r =
2γVWcosθ
ln(RHK)RT

(3)  

Table 6 
Carbon emissions and cost of raw materials.  

Raw materials CO2 emission (kg/t) Cost ($/t) Note 

BFS  101.9  38.6 - 
SS  36.2  12.1 - 
Na2SiO3  430.0  295.0 * LMP 
NaOH  633.0  413.0 * LMP 
Water  0.9  0.3 * LMP  

* LMP: Local market prices. 

Fig. 12. The calculated (a) environmental and (b) economic impacts of the AAS-SS mixtures.  
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where γ (N/m) is the surface tension, θ (◦) is the contact angle, r (m) is 
the Kelvin radius, VW is the molar volume, R = 8.314 J/(mol⋅K) is the 
universal gas constant, T = 293.15 K is the absolute temperature and 
RHK is the internal RH caused by the meniscus curvature effect. 

Based on previous reports [51], the development of internal RH is 
influenced not only by the curvature of the fluid/vapor meniscus but 
also by the water activity of the pore solution. Ion dissolution in the pore 
solution results in a decrease in its water activity, thereby causing a 
reduction in internal RH. Therefore, RHK can be determined using Eq. 
(4): 

RHK =
RH
RHS

(4)  

where RH is the internal relative humidity in the pore structure and RHs 
is the relative humidity caused by dissolved salts and it is estimated by 
Raoul’s law in Eq. (5): 

RHS =
nH2O

nsolution
(5)  

where nH2O and nsolution are the number of moles of water and solution, 
respectively. It is important to note that RHs can be treated as a constant 
less than 1, as it undergoes minimal variation throughout the self- 
desiccation process [17]. As a result, the value of RHK is a propor-
tional amplification of the RH value. 

The capillary pore pressure as seen in Eq. (6) can be obtained by 
combining Eq. (2)~(5). Lura [53] highlighted that the impact of ions on 
Vw was minor. Consequently, Vw can then be set as the pure water, i.e., 
18.02 × 10− 6 m3/mol, for capillary pore pressure computation. Fig. 14 
gives the calculated results of the capillary pore pressure. As indicated, 
the pore pressure of AAS paste decreases with higher SS content, 
whereby the autogenous shrinkage of AAS paste is reduced. The capil-
lary pore pressures formed within 7 d for the mixture 100BFS are 
approximately 1.09, 1.13 and 1.46 times those of the mixtures 
85BFS15SS, 70BFS30SS and 55BFS45SS, respectively. This aligns well 

with the autogenous shrinkage measurements, where the 100BFS ex-
hibits approximately 1.19, 1.53 and 1.73 times higher autogenous 
shrinkage than the 85BFS15SS, 70BFS30SS and 55BFS45SS, respec-
tively. The autogenous shrinkage seems to be mainly a result of the 
capillary pore pressure generated by self-desiccation. Nevertheless, the 
autogenous shrinkage clearly varies in response to different SS sub-
stitutions in view of the relationship between capillary pore pressure 
and autogenous shrinkage, as established in Fig. 15. It is suggested that 
extra factors besides capillary pore pressure are involved in the autog-
enous shrinkage of AAS pastes. 

σcap = −
ln(RHK)RT

VW
(6) 

In reality, the desiccation potential of AAS systems depends partly on 
the evolution of chemical shrinkage [53]. As the reaction progresses, the 
volume of the overall system decreases and resulting in the formation of 

Fig. 13. Correlation between heat flow and autogenous shrinkage in (a) 100BFS and (b) 55BFS45SS.  

Fig. 14. The calculated capillary pore pressure of AAS-SS pastes.  
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extra voids that are filled with gases such as air and water vapor. 
Gradual depletion of pore liquid from larger to smaller pores reduces the 
curvature radius of the meniscus, thereby inducing the pronounced 
formation of capillary pore pressure. The addition of SS to AAS pastes 
reduces the chemical shrinkage (Fig. 6), consequently decreasing the 
volume occupied by the gases within the pastes. The lower chemical 
shrinkage, together with the coarser pore structure (Fig. 11), results in a 
larger meniscus radius in the AAS-SS pastes compared to the reference 
AAS pastes at the same age, leading to lower capillary pore pressures of 
AAS-SS pastes. The relatively larger internal RH of AAS-SS pastes has 
been confirmed as from the results shown in Fig. 7. The lower RHK 
values corresponding to smaller Kelvin radius are the main reason for 
lower internal RH values and hence for the larger capillary pore 
pressures. 

4.3. Calculation of autogenous shrinkage 

The Mackenzie-Bentz equation given in Eq. (7) was employed to 
calculate the autogenous shrinkage [54]. It was assumed that the 
deformation of AAS pastes under capillary pressure followed an elastic 
behavior. 

εelas =
Sσcap

3

(
1
K
−

1
KS

)

(7)  

where S is the saturation fraction of the paste calculated from the non- 
evaporated water content and chemical shrinkage [44] and the results 
are shown in Table 7, σcap (MPa) is the capillary pore pressure as 
depicted in Fig. 14, K (MPa) is the bulk modulus of the paste, and KS =

44,000 MPa is the bulk modulus of the solid material [16]. 
The bulk modulus K of the AAS-SS pastes was determined by Eq. (8): 

K =
E

3(1 − 2υ) (8)  

where E (MPa) is the elastic modulus of AAS-SS pastes and υ=0.15 is the 
Poisson’s ratio [44]. 

The elastic modulus of AAS-SS pastes is depicted in Fig. 16. A slight 
decrease in elastic modulus is observed as the SS content increases. This 
observation can be attributable to the dual effects induced by SS addi-
tion. On the one hand, the addition of SS reduces the reactivity of hy-
drating system and fewer hydration products are precipitated in the 

microstructure, leading to a coarser pore structure, known as dilution 
effect. On the other hand, the retarding of hydration in the alkali- 
activated system obviously lowers the possibility of microcracking 
initiation, a beneficial effect that promotes strength development. The 
microcracking, which is detrimental but hardly unavoidable for AAS 
systems owing to the very quick hydration process at the early age, could 
be increasingly reduced by using more SS. The various AAS-SS systems 
under study exhibit therefore very similar elastic modulus. 

Fig. 17 shows the autogenous shrinkage of AAS-SS pastes calculated 
using Eq. (7)~(8). It is evident that the simulated autogenous shrinkage 
at 7 d for 100BFS, 85BFS15SS, 70BFS30SS and 55BFS45SS are approx-
imately 1272, 1121, 1026 and 828 µm/m, respectively. Compared to the 
measured autogenous shrinkage, the calculated values for the four 
mixtures at 7 d are lower by factors of 5.4, 5.2, 4.3 and 4.8, respectively. 
This aligns with the findings reported in the literature for OPC paste 
[55], namely that the calculated autogenous shrinkage is reduced by a 
factor of about 5.5 compared to the measured value. A similar statement 
has been claimed as well by Sant et al. [56]. If only the elastic portion is 
considered in the calculations, the difference between the calculated and 
measured autogenous shrinkage values can be attributed to the visco-
elastic response of OPC to the pore pressure. In fact, the deformation of 
the paste under sustained internal stresses (such as capillary stresses) 
takes effect, which resembles the creep behavior under external stresses, 
resulting in different autogenous shrinkage between calculations and 
measurements. 

It is notable that while the calculated autogenous shrinkage does not 
align closely with the measured data, the calculated autogenous 
shrinkage exhibits significant differences among the four mixtures under 
study. Equally notable is that the calculated autogenous shrinkage of 
100BFS at 1 d accounts for 76.3 % of that at 7 d. This value is precisely 
consistent with the measurement of the same mixture about the pro-
portion of autogenous shrinkage (71.1 %). It is evident that the elastic 

Fig. 15. The relationship between capillary pore pressure and autogenous 
shrinkage for AAS-SS pastes. 

Table 7 
Saturation degree of AAS-SS pastes.  

Mix ID 100BFS 85BFS15SS 70BFS30SS 55BFS45SS 

1 d  0.919  0.946  0.964  0.968 
7 d  0.879  0.914  0.927  0.942  

Fig. 16. Elastic modulus of AAS-SS pastes.  

Fig. 17. Calculated autogenous shrinkage of AAS-SS pastes.  
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deformation of AAS paste also takes place at early stages. Apart from the 
capillary pressure theory, there might be other mechanisms contributing 
to autogenous shrinkage of AAS systems [26,57] and deserving further 
investigations. 

5. Conclusions 

This paper primarily investigates the mitigating effect of SS on the 
autogenous shrinkage of AAS pastes and provides new insights into the 
mitigation mechanism about the autogenous shrinkage. An assessment 
regarding the roles of adding SS in the AAS systems was conducted from 
the perspectives of hydration, microstructure, mechanical behavior and 
sustainability. A continuity of this work has been implemented to clarify 
the long-term performance of AAS-SS systems. Based on the results and 
discussion of this work, it is found that SS serves as a highly promising 
admixture for AAS systems. Besides, the following conclusions can be 
drawn.  

(1) A higher SS content leads to prolongations of the setting time of 
AAS pastes and meanwhile a decrease of the cumulative hydra-
tion heat, along with a delay in the main exothermic peak. The 
evolution of autogenous shrinkage is found to correlate well with 
the heat flow of hydration in the AAS-SS systems.  

(2) The addition of SS significantly reduces the autogenous shrinkage 
of AAS paste. The high-level substitution of BFS by 45 % SS re-
sults in the 7 d autogenous shrinkage of AAS paste to substantially 
decrease by 42 % while without a compromise in the elastic 
modulus and compressive strength.  

(3) The mitigation of autogenous shrinkage of AAS paste in the 
presence of SS largely lies in its inactive components of C2S and 
RO phases, which decelerate the very early hydration progress, 
and a compressive strength of around 80 MPa could be achieved 
at 28 d for the AAS paste with 45 % SS.  

(4) The incorporation of SS impedes the progress of chemical 
shrinkage and pore structure refinement in the paste, and there-
fore substantially retarding the self-desiccation and capillary 
pressure generation. Moreover, an increase of SS reduces the 
initiation of microcracking and hence beneficial to strength 
development.  

(5) The sustainability of AAS is improved with the addition of SS. The 
utilization of 45 % SS can reduce CO2 emissions by 18.4 kg/m3 

while reducing the material cost per minute ($/m3⋅min) by 
58.5 %. 
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