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Abstract: To mitigate autogenous shrinkage that may cause early-age cracking of alkali-activated fly ash-slag 

(AAFS) concrete, internal curing using superabsorbent polymers (SAP) is employed in this study. AAFS 

pastes with different SAP dosages (0-0.5%) and slag replacement ratios to fly ash (15-30%) are investigated. 

Experimental results indicate that with the addition of SAP workability of fresh paste is improved while 

compressive strength is comparatively reduced. As SAP dosage increases from 0.2% to 0.5%, chemical 

shrinkage and autogenous shrinkage of AAFS pastes are reduced by around 18% to 45% and 76% to 85%, 

respectively. Internal curing of SAP is found to lower the heat peak and shift the peak to the right. This 

indicates the slower hydration rate corresponding to the lower chemo-mechanical deformation (chemical 

shrinkage), which contributes to the mitigation of autogenous shrinkage. Therefore, internal curing by means 

of SAP is an efficient method for mitigating autogenous shrinkage in AAFS pastes. 

Keywords: Alkali activated concrete (D); Shrinkage (C); Workability (C); Compressive strength (C); Pore 
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1 Introduction 

Ordinary Portland cement (OPC) concrete is the most widely used construction material due to its high 

performance in terms of workability, compressive strength and cost [1]. However, the growing demand of 

OPC poses great challenges to concrete industry because of its large carbon emissions [2]. This motivates 

researchers for seeking suitable alternatives to OPC, and alkali-activated concrete is considered as a potential 

alternative by utilising industry by-products such as fly ash (FA) and ground granulated blast-furnace slag 

(GGBS) [3-5]. Although alkali-activated concrete shows comparable engineering properties as OPC concrete, 

critical concerns have been raised that the alkali-activated fly ash (AAF) concrete requires elevated 

temperature curing to improve early-age strength [1]. Whereas the alkali-activated slag (AAS) system has 

rapid setting time and relatively lower workability than OPC [6]. In order to conquer these limitations, alkali-

activated fly ash-slag (AAFS) blended system has recently attracted increasing attention due to its potential 

ability to achieve superior engineering properties under ambient curing condition [7-9]. 

Up to now, most of previous studies of AAFS mixtures have focused on the mechanical properties and 

microstructure [10-12] while the shrinkage behaviour has not been extensively studied. Shrinkage is an 

important property as it can induce cracks and reduce concrete durability. Shrinkage occurs as a reduction in 

volume of the concrete due to either drying or the chemical reaction taken place in the system. The common 

types of shrinkage consist of chemical and autogenous shrinkage in early age and drying shrinkage in the long 

term. Chemical shrinkage results from the negative balance between the total volume of initial products and 

the volume of reactants during hydration [13]. Autogenous shrinkage is defined as the unrestrained 
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deformation at constant temperatures, with no water exchange to the external environment after the fresh paste 

has set and a rigid skeleton begins to develop [14]. In contrast, drying shrinkage is a long-term shrinkage 

associated with the deformation due to the loss of capillary water [13]. Regarding AAS system, Thomas et al. 

[15] observed AAS concrete activated by sodium silicate solution has nearly a doubled chemical shrinkage 

than OPC concrete, which is consistent with the finding by Ye et al. [16] that AAS system has a significantly 

higher drying shrinkage compared to OPC system. Regarding AAFS system, latest study by Lee et al. [17] 

demonstrated that the chemical shrinkage of AAFS paste is lower than that of OPC paste, whereas the 

autogenous and drying shrinkage are higher. To avoid early-age and long-term cracking, taking curing methods 

to mitigate various types of shrinkage of AAFS pastes, where there is still a lack of systematic studies, is in 

urgent need. 

In general, various curing methods including external and internal curing are applied to reduce shrinkage 

of concrete by maintaining the relative humidity. The internal curing method has better effects by adding 

materials with a high water absorption capacity, which can gradually release water during concrete hardening, 

such that additional water is supplied to the surrounding matrix once self-desiccation occurs, which can then 

eliminate shrinkage and stimulate further reaction [18-21]. Lightweight aggregate and superabsorbent polymer 

(SAP) have been commonly used as internal curing agents in previous research on internal curing of concrete. 

Among them, SAP shows superior absorption and desorption capacity, allowableness of free design of form 

and size of concrete composite, resistance of concrete to chloride penetration and lower cost [18,22-24]. 

SAP proposed by Jensen in 2001 [25] has a cross-linked structure, which absorbs water up to 500 times of 

its own weight [26]. After the addition of water into dry SAP particles, a swollen hydrogel is formed [13]. 

During the swelling process, the volume of SAP increases with formation of cavities filled with water. The 

additional water stored in SAP is released to the surroundings during concrete hardening while leaving those 

cavities as empty pores at later stages of hydration [27]. Consequently, the strength development of mixtures 

containing SAP is affected due to those macro voids [28]. Liu et al. [18] explored the effect of SAP on 

mitigation of shrinkages in high strength OPC concrete and found that SAP significantly reduced autogenous 

shrinkage and drying shrinkage with the dosage around 0.3% to 0.9%. It was also reported that the addition of 

SAP in high performance OPC concrete leads to a reduced shrinkage [16,26,27,29]. Fernando et al. [30] 

partially replaced OPC with slag in mortars and found that mortars with SAP have reduced autogenous 

shrinkage, especially when slag content is high. Oh and Choi [20] and Song et al. [21] estimated the effect of 

internal curing by SAP in AAS mortars and both reached a conclusion that SAP is an effective internal curing 

agent resulting in large reduction of shrinkages with comparative decrease in compressive strength. Up to now, 

however, the potential mitigation of shrinkages in AAFS system with SAP and corresponding mechanisms 

have not been explored, which would hinder a wider application of AAFS concrete in industry. 

This study therefore aims to investigate the performance of SAP as an internal curing agent in terms of 

reducing the chemical and autogenous shrinkage of AAFS pastes at 48 h, while maximally maintaining the 

fresh and mechanical properties of AAFS pastes cured at ambient temperature. The effects of SAP dosages 

ranging from 0% to 0.5% of binder mass with 25% slag content are of interest and the optimum SAP dosage 

is then to be applied with different slag contents, i.e., 15%, 20% and 30% of binder mass. Firstly, workability, 
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setting time and compressive strength of AAFS pastes are tested to investigate the effect of SAP on basic 

properties of AAFS pastes. Then, the effect of SAP on mitigation of shrinkages including chemical shrinkage 

and autogenous shrinkage in AAFS pastes is estimated in the first 48 h after casting. In addition, the reaction 

process and microstructure of AAFS with and without SAP is further characterised with the help of isothermal 

conduction calorimetry (ICC) and mercury intrusion porosimetry (MIP) tests, respectively. Finally, the internal 

relative humidity (RH) test is carried out to further analyse the internal curing effect of SAP on AAFS pastes. 

2 Experimental program  

2.1 Raw materials 

Class F FA, GGBS, alkaline activator solution, superplasticisers (SPs) and SAP were used in this study. The 

FA (average particle size = 26.81 µm) and slag (average particle size = 14.77 µm) were combined as binder, 

the chemical compositions and particle size distribution of which are listed in Table 1 and Fig. 1, respectively. 

10 M of sodium hydroxide (SH) and sodium silicate (SS) with 31.1 wt% SiO2 and 12.5 wt% Na2O were used 

as alkali-activators. The molecular ratio of SiO2 to Na2O of SS is 2.58. The SPs with density of 1.08 kg/l and 

pH value ranging from 4 to 5 supplied by Sika group was used. The specific gravity of each ingredient is 

shown in Table 2. 

The SAP (AQUASORBTM 3005 S) used in this study is supplied by SNF, UK. It is a cross-linked 

copolymer or acrylamide and potassium acrylate with irregular particle shape (particle size < 300 µm). Typical 

characteristics of this SAP product are shown in Table 3. There is an indication that the absorption potential 

of SAP in synthetic pore fluids is much lower than that in water due to high alkaline environment. The SEM 

image of SAP particles is illustrated in Fig. 2. It is noticeable that SAP particles are irregular and mostly 

elongated with a large size variation.  

2.2 Determination of SAP absorption 

The absorption capacity of SAP in the pore solution was generally determined by the ‘tea bag’ method from 

previous studies. Schröfl et al. [31] demonstrated the procedure by adding different amounts of water to the 

solution. The portion of mixed solution absorbed by 1 g SAP was determined from measurements of mass 

disparity between dry and wetted SAP in the solution after 2, 4, 6, 8, 10, 15, 20 min and then finished at 70 

min with 10 min interval, as shown in Fig. 3 [32]. According to the development of SAP sorption in pore 

solution in time, the maximum sorption is reached within 10 min, which is about 14 g/g SAP. This is a 

theoretical SAP sorption capacity in the static solution, with possible discrepancies compared to the required 

internal curing water [33], which included the dispersion of SAP particles, formation of agglomerate and 

crushing of swollen SAP particles [27,34,35]. Mechtcherine et al. also revealed that the sorption process in tea 

bags was faster than that in fresh matrix [36]. 

Considering the SAP absorption in a mixing condition, workability test was adopted by many researchers 

[27,33]. To maintain the same flow of SAP mixtures in contrast to the control mixture without SAP addition, 

Mönnig [27] introduced an approach to compare flowability of mixtures with varying internal curing water. 

Based on previous studies on the amount of additional water, the suggested range is from 10 g/g SAP to 15 

g/g SAP [20,26,37,38]. The measured flowability of AAFS pastes with different water content in time is shown 

in Fig. 4. The mixtures with more additional water have greater flow values immediately after mixing. 
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Regarding the mixture with 10 g/g SAP, the workability drops rapidly after 10 min, resulting in a lower value 

than the control mixture after 20 min, which can be attributed to the absorption of SAP from alkali-activated 

solution, due to limited internal curing water supply. The mixture with 12.5 g/g SAP has the similar trend with 

that of the plain mixture, in which the flow values are at a similar level in comparison with others at 40 min. 

When adding 15 g/g SAP internal curing water to the matrix, the flow values are much higher than those of 

the control mixture in time. Therefore, in this study, the optimum amount of additional water of 12.5 g/g SAP 

was determined by examining the flow as a function of time, which is the most similar to that of the plain 

mixture without SAP. 

2.3 Mix proportions 

A series of AAFS pastes with mix proportions suggested by our previous research [9] were studied here, i.e., 

slag content of 25% of binder mass, alkali-activator/binder ratio of 0.4 and 1% by binder mass addition of 

superplasticiser for mixtures 1 (S0.0) to 5 (S0.5). The internal curing water of 12.5 g/g SAP was used in the 

mix design. S0.0 to S0.5 contain different SAP dosages, from 0% to 0.5% by binder mass. GGBS contents of 

15%, 20% and 30% were applied to mixture 6 (G15), 7 (G20) and 8 (G30), respectively, with replication of 

other compositions of mixture 3 (S0.3/G25) for comparative purposes. All mixture proportions are shown in 

Table 4. Fig. 5 shows the used mixing procedures in this study for mixtures with a low SAP fraction (<0.6% 

by binder mass) [27]. Dry SAP powder was added after the first 30 s to improve dispersibility. 

2.4 Test methods 

2.4.1 Workability 

The workability of AAFS pastes was tested by conducting flow table test following ASTM C1437-01 [39]. 

The flow value was measured by means of a flow mould with 50 mm height, 70 mm top opening and 100 mm 

bottom opening, placed on the flow table. After filling the mould with paste, the mould was lifted away, and 

the table was immediately dropped 25 times in 15 s at a constant frequency. The two perpendicular 

measurements of spread diameter were taken and recorded. Flow was reported to the nearest 1%.  

2.4.2 Setting time 

The initial and final setting time of all paste mixtures was measured by Vicat needle according to ASTM C191-

13 [40]. The setting time measurement started once alkaline activator was added into the binder and 

measurements were taken every 10 min.  

2.4.3 Compressive strength 

The compressive strength tests were carried out using a multifunctional computerised control console machine 

in accordance to BS EN 12390-3:2009 [41]. Each cube sample with the dimension of 50 × 50 × 50 mm was 

exposed to compression with a loading rate of 1800 N/s and peak sensitivity of 10 N until failure. The test was 

performed with regards to all mix samples cured at 1, 3, 7, 14 and 28 d under constant 20 °C and 50 ± 1% 

relative humidity. For each compression test, three cubes were crushed. The strength was recorded to the 

nearest 0.1 MPa and reported by taking the average of three cubes. 

2.4.4 Chemical shrinkage 

Chemical shrinkage tests were performed using dilatometry method suggested by ASTM C1608-12 [42]. After 

mixing, each paste sample of approximately 20 g binder (excluding SAP) was placed in a container. The 
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container was immediately filled with de-ionised water and a measuring pipette was inserted tightly into the 

container. The chemical shrinkage, regarded as the volume change of water in pipette is continuously recorded 

for a period of 48 h. 

2.4.5 Autogenous shrinkage  

Autogenous shrinkage tests were conducted using linear measurements by monitoring the dimension change 

of the paste samples cast in the rigid mould. It is more preferable compared to volumetric measurements, in 

which the volume change is determined, because the factors such as thermal dilation and setting time are 

included in the slab test for a more realistic material behaviour [43]. Fang et al. [44] compared the contact and 

non-contact methods of linear measurements and concluded that the non-contact method using laser sensors is 

more suitable as it enables the determination of autogenous shrinkage from the initiation status with a stable 

and accurate result. An autogenous measuring apparatus consisting of a 70 × 70 × 70 mm inner size PVC 

mould with sealed cover and a plastic envelope with two reflecting plates. The AAFS paste was immediately 

placed into the envelope that was oiled and placed into the PVC mould beforehand. It was then sealed and 

placed in the chamber with steady environment (20 ºC and 40% RH). Once the autogenous shrinkage takes 

place in paste samples, a force could be induced, which drags the reflecting plates in the horizontal direction 

[44]. The autogenous shrinkage corresponding to the horizontal movement of reflection plates was then 

measured using laser sensors. The data were automatically logged on a computer for 48 h with a time interval 

of 0.2 s. For each mixture, three duplicated autogenous shrinkage tests were carried out and an averaged value 

was taken to reduce random errors [44]. 

2.4.6 Isothermal conduction calorimetry 

The reaction process was characterised through ICC by measuring the heat of reaction continued for 48 h in a 

TAM Air heat conduction calorimeter. The calorimeter contains 8 measuring channels in a maintained constant 

temperature. Each channel consists of a chamber of reference and a chamber available for the sample to be 

tested. The pastes were made from 600 g binder and appropriate quantity of alkaline activator, superplasticiser 

and SAP according to relative mix proportions. Each paste specimen was mixed following the specified mixing 

procedure to ensure a homogeneous distribution of SAP particles. Samples of 5 g for each individual mixture 

were then taken out and transferred into calorimeter sample bottles. The bottles were immediately sealed and 

placed into the chamber. Measurements of heat difference between samples and the reference were taken and 

the hydration heat evolution rate was continuously monitored respect to time. 

2.4.7 Mercury intrusion porosimetry 

The pore structure of paste samples at 48 h after casting were characterised by MIP. The specimens were 

crushed into granular forms, submerged in organic solvent Acetone for 2 d and then vacuum dried for 3 d in 

order to stop chemical reaction. 

2.4.8 Internal relative humidity 

The internal RH of AAFS pastes at 48 h after casting was measured by humidity data logger (Onset HOBO 

UX100-003, MicroDAQ.com. Ltd, USA). The data logger was placed inside the sealed paste mould, which 

was protected by a hollow cylindrical plastic tube. The internal RH of AAFS pastes was measured and logged 

every 1 min for 48 h. 
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3 Results 

3.1 Workability 

Fig. 6 shows the changes in workability of all mixtures in terms of flow values (i.e. spread diameter) with time. 

It can be observed that the flowability varies from S0.0 to S0.5 immediately after mixing. The initial flow 

value increases with increasing SAP amount in the mixture since SAP dose not reach its maximum absorption 

capacity during that period of time after mixing. The evolution of flow values in time is similar for all five 

mixtures and the flow values finally decrease to around 70 mm. However, the time taken to reach the lowest 

flowability is different from S0.0 to S0.5. This can be ascribed to the incorporation of more SAP and water 

content, which forms a less cohesive tissue in the matrix and thus contributes to the variation of flow values 

for different mixtures. 

3.2 Setting time 

Fig. 7 shows the initial and final setting times of AAFS pastes. In general, the plain mixture (S0.0) has a shorter 

setting time in contrast with others (see Fig. 7a). There is a conspicuous trend that both initial and final setting 

times are delayed when incorporating SAP to AAFS pastes. S0.5 achieves the highest initial and final setting 

time of 147 min and 180 min, respectively. The addition of internal curing water could delay the chemical 

reaction in pastes due to the formation of swollen SAP hydrogel and further hydration reaction [26]. The 

postulation implies that there could be a potential change of AL/B ratio caused by available water inside SAP 

particles for involvement in the chemical reaction [20].  

The relationship between setting time and slag content is illustrated in Fig. 7b. Generally, both initial and 

final setting times decrease when slag content increases. The highest initial and final setting times are from 

G15, i.e. 257 min and 310 min respectively. It is shown that the change of setting time is more significant at 

lower levels of slag content, since the initial setting time decreases dramatically to 130 min (G20). This reveals 

that the inclusion of slag can speed up the rate of chemical reaction. Fly ash as a pozzolanic material has a 

slower reaction rate at ambient temperature compared to slag in particular during the early age [45]. Therefore, 

the mixtures containing more slag content can achieve shorter setting times. 

3.3 Compressive strength 

Compressive strength is one of the most essential mechanical properties of concrete, which can directly 

indicate if there is any concomitant loss of physical properties of mixtures with an addition of SAP in AAFS 

pastes. The compressive strength development from 1 d to 28 d is demonstrated in Fig. 8. Regarding basic 

construction purposes and corrosion protection of concrete reinforcement, the compressive strength of concrete 

at 28 d should exceed 28 MPa and 35 MPa respectively according to ACI 318M-05 [44,46].  

As seen in Fig. 8a, a lower compressive strength is generated with SAP addition. S0.2 to S0.4 can achieve 

compressive strength of more than 35 MPa at 28 d, therefore are acceptable regarding to the above-mentioned 

criteria. Generally, water inside the swollen SAP is involved in further chemical reaction, which could result 

in the development of air voids that influences the strength evolution and reduces the stiffness of matrix [20,21]. 

The strength loss from S0.0 to S0.2 is approximately 20%, which is much smaller than that of around 50% for 

AAS mortars reported in [21]. However, the loss disparity of compressive strength with an increase of SAP 

dosage seems relatively inconsequential regarding S0.2 to S0.4, whereas it becomes more pronounced with 
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0.5% SAP inclusion. This implies that there may be a combined effect between strength lost and gained, as 

SAP particles could arguably play the role as crack arrestors to improve compressive strength. 

Fig. 8b shows that the 28 d compressive strengths of G25 and G30 exceed 35 MPa. For every 5% increment 

of slag content, the compressive strength increases about 7 MPa at 28 d. The inclusion of slag can speed up 

the rate of chemical reaction, which can be attributed to the presence of calcium bearing compound in slag. 

The calcium alumino-silicate hydrate (C-A-S-H) gel may be constituted in AAFS system, which attributes to 

the growth of compressive strength [45]. In addition, as slag content increases, fly ash and slag particles would 

be packed better in terms of densification and permeability because of small particle size of slag [37]. Therefore, 

the chemical reaction inside paste matrix could be more efficient for strength development. 

3.4 Chemical shrinkage 

Chemical shrinkage is recognised as one of the main causes of early-age autogenous shrinkage resulting from 

volumetric difference between chemical reactants and products in matrix. The previous studies of chemical 

shrinkage in OPC system reported that the inclusion of SAP increased chemical shrinkage since the additional 

water promoted further hydration [18]. Thus, more capillary voids were formed, which contributed to a greater 

shrinkage. However, the AAFS system is activated by strong alkaline, which is different from the hydration 

process of OPC. The results of chemical shrinkage with SAP addition are shown in Fig. 9.  

Fig. 9a demonstrates the effect of SAP dosage on chemical shrinkage. It can be seen that the chemical 

shrinkage is obviously reduced when SAP dosage increases, which is contradicted with the results obtained in 

OPC system [18]. The trend shows a rapid increase of chemical shrinkage during the first 10 h, followed by a 

dormant period with slower growth rate until 30 h. Then it enters an acceleration period until 48 h. When SAP 

dosage increases from 0.2% to 0.5%, the chemical shrinkage is reduced by around 18% to 45% as compared 

with the plain mixture. The mitigation of chemical shrinkage in AAFS system could be ascribed to the internal 

curing effect of SAP, since the additional water released from swollen SAP particles can impede the early-age 

chemical reaction and refine the pore structure [47].   

The effect of slag content on the first 48 h chemical shrinkage is shown in Fig. 9b. For AAFS pastes with 

the same SAP dosage, the chemical shrinkage increases with increasing slag content. The lowest and highest 

chemical shrinkage at 48 h after mixing is 0.023 mL/g and 0.04 mL/g, respectively. It can be noted that the 

chemical shrinkage of G20 slightly exceeds that of G25 at the beginning, which shows an instability of reaction 

rate inside the AAFS matrix with SAP during the first few hours. 

3.5 Autogenous shrinkage 

Fig. 10a shows the autogenous shrinkage development with different SAP dosages within 48 h. Generally, the 

autogenous shrinkage increases rapidly during the first few hours, after which the shrinkage slows down and 

maintains a dormant period. The results reveal a substantial autogenous shrinkage reduction of 76-85% with 

0.2-0.5% SAP addition compared to S0.0, which is in good agreement with the previous research [21]. This 

could be ascribed to the decrease of self-desiccation caused by a lower level of induced capillary pressure 

during the internal curing process [37]. Moreover, the increase of SAP dosage could result in a greater zone 

inside matrix that is benefited from the internal curing [21].  
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It can be noted that there are dramatic mitigations of autogenous shrinkage in S0.2 and S0.3, whereas the 

shrinkage mitigation is less significance when SAP dosage is more than 0.3%. This indicates that an optimum 

SAP dosage is 0.3% in terms of shrinkage mitigation efficiency. The addition of SAP as an internal curing 

agent in AAFS system can mitigate autogenous shrinkage effectively, since the moisture loss can be 

supplemented and thus the deformation caused by self-desiccation and volume reduction of chemical reactants 

can be restrained by SAP. 

According to Fig. 10b, the trend of shrinkage development is comparatively consistent with that shown in 

Fig. 10a. With 0.3% SAP addition, the increase of slag content from 15% to 30% leads to a greater shrinkage 

at 48 h, which is in good agreement with the previous research of AAFS pastes [44]. The maximum shrinkage 

discrepancy between G15 and G30 is about 1500  (see Fig. 10b). This is due to a more rapid chemical 

reaction of slag as a latent hydraulic material compared with fly ash at the early stage. Therefore, the 

incorporation of slag can result in the formation of a denser matrix providing with a more violent capillary 

action, that leads to an increase of autogenous shrinkage [21,37]. However, the fluctuation of shrinkage during 

the first few hours shown in Fig. 10b represents the potential unstable skeleton of matrix in AAFS system with 

SAP addition, which can be further corroborated with the ICC results. 

3.6 Isothermal reaction 

  As is shown in Fig. 11, the first peak appeared in heat flow curves at the beginning is inconsequential to the 

actual chemical reaction since it shows a physical phenomenon, whereas the second peak indicated the main 

reaction of the formation of aluminosilicate gels [44,48,49]. 

Fig. 11a shows the heat flow of S0.0 to S0.5 as a function of time. S0.0 generates the maximum second-

peak heat flow (around 7.8 mW/g) compared with mixtures with SAP (S0.2 to S0.5). As the SAP dosage 

increases from 0.2% to 0.5%, the ultimate heat flow of second peak decreases significantly from 6.04 mW/g 

to 1.08 mW/g. It is indicated that the inclusion of SAP could impede the early-age chemical reaction of the 

AAFS pastes by the amount of entrained water. In addition, the acceleration period is retarded from about 1 to 

4 h and shifted to the right, which indicates the deceleration of initial alkali-reaction. This could be attributed 

to the absorption characteristics of SAP. It was found that besides water, some alkali ions could be absorbed 

by SAP as well during the first few hours after mixing [50]. The implication is that the concentration of alkali-

activator could be affected by absorption behaviour of SAP, thus leading to delay of the main peak. This 

testifies with the results of setting time that a longer setting time occurs when SAP dosage increases (see Fig. 

7a). However, this is inconsistent with the previous study of AAS system, which stated a discrete relationship 

between the magnitude of generated heat flow and SAP addition [20]. The could be ascribed to the difference 

in the early-age chemical reaction of alkali-activated systems with and without the incorporation of fly ash. 

This can be further investigated through microstructure analysis of the formation of C-N-A-S-H gel regarding 

the participation of early-age dissolution of fly ash (Si and Al) and hydration of slag (Ca) [51]. Furthermore, 

it is observed that when SAP dosage increases to 0.4-0.5%, a third peak occurs at approximately 7 h (see Fig. 

11a). The maximum heat flow of S0.5 exceeds that of S0.4. This could be explained by the excess internal 

curing water, which may result in a further hydration with slag. 
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Fig. 11b shows ICC results with different slag content from 20% to 30%. The second peak can be detected 

at about 2 h for all three mixtures. The maximum heat flow of second peak increases correspondingly with the 

increase of slag content from 2.2 mW/g to 3 mW/g. Moreover, a retardation of the main peak can be observed 

with a decrease of slag content. As mentioned previously, a higher slag content can boost up the reaction rate 

in AAFS system, since the additional calcium content in the matrix participates in the formation of more 

amorphous gel [51]. The heat flow, as a presentation of chemical reaction process, can consequently reflect a 

more violent acceleration period with more slag content. The abnormal phenomenon can also be found in 

autogenous and chemical shrinkage shown in Figs. 9b and 10b. 

3.7 Pore structure 

The pore size distribution of AAFS pastes at 48 h is shown in Fig. 12. The volume fractions of both small and 

large pores become greater with an increase of SAP dosage (see Fig. 12a). The formation of large pores 

(ranging from 1000-60,000 nm) due to the addition of SAP can result in a coarsening of the pore structure and 

reduced surface tension, which contribute to the mitigation of drying shrinkage [52,53]. This study also focuses 

on the variation of small pores ranging from 3-50nm [54], since small pores play a critical role in capillary 

pressure that causes shrinkage stress [44,55]. The volume fraction of small pores increases from 15.97% to 

31.92% with SAP inclusion of 0-0.5%, which implies that self-desiccation tends to be more pronounced with 

increasing SAP dosage, as the capillary force per unit water loss is highly associated with small pores [52]. As 

seen in Fig. 12b, the volume fraction of small pores decreases from 23.09% (G30) to 21.12% (G15) with an 

increase of slag content, which agrees well with the previous study of AAFS pastes [44]. Fig. 13 shows the 

porosity of AAFS with various SAP dosages and slag content. There is no conspicuous change of porosity 

with different SAP dosages, whereas the porosity decreases significantly from 33.68% to 25.18% with the 

increase of slag content from 15% to 30%. 

3.8 Internal relative humidity 

Fig. 14 shows the evolution of internal RH of AAFS pastes at 48 h. As seen in Fig. 14a, the internal RH of 

AAFS pastes is improved comparatively from 86.9% (S0.0) to 90.2% (S0.5) at 48 h, which reflects the internal 

curing effect of SAP inside the paste matrix directly since the evolution of self-desiccation is impeded. When 

increasing SAP dosage to above 0.4%, there is no significant improvement of internal RH, which remains at 

the level of around 90%. Fig. 14b illustrates the results of AAFS pastes with different slag content. It can be 

observed that all mixtures follow a similar trend that the internal RH increases rapidly at first followed by a 

steady period until 48 h, which is higher than 88%. 

4 Discussion 

In order to discuss the general effect of SAP addition on autogenous shrinkage of AAFS, the compensation 

ratio (CR) is introduced, which is defined as follows [21]: 

𝐶𝑅 =
𝜀0−𝜀1

𝜀0
 × 100%                       (1) 

where 𝜀0 is the autogenous shrinkage of samples without SAP and 𝜀1 is the autogenous shrinkage of samples 

with SAP. 

By calculating CR of autogenous shrinkage at 24 h and 48 h, the early-age internal curing effect as a 

function of SAP dosage can be obtained (see Fig. 15). There is a positive nonlinear correlation between CR of 
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autogenous shrinkage and SAP dosage, which is in good agreement with the results for AAS system [21]. It 

can be concluded that an increase of SAP dosage leads to a higher CR. For AAFS with 0.5% SAP, the CR 

value reaches 90%, which means that the shrinkage is almost compensated. It is noted that the CR increases 

rapidly when SAP dosage is up to 0.3%, which indicates that the internal curing effect is more crucial when 

SAP dosage is increased to 0.3%. The sensitivity of CR to SAP inclusion (i.e. the change of CR per unit SAP 

dosage) is less significant when the dosage exceeds 0.3% suggesting that S0.3 is more efficient regarding 

internal curing effect in this study. However, this relationship is not linearly proportional, which implies that 

different SAP dosages may be used for internal curing purposes in different mix proportions.   

In the first 48 h, the autogenous shrinkage is a physicochemical phenomenon, which combines the chemo-

mechanical deformation recognised as chemical shrinkage (0 h - initial setting time) and the hygro-mechanical 

deformation due to self-desiccation (final setting time - 48 h) [51]. In order to further investigate the effect of 

SAP in the development of autogenous shrinkage, the mechanisms of internal curing of SAP are discussed 

below based on chemo-mechanical and hygro-mechanical deformation stages. 

The early-age internal curing effect on the manifestation of autogenous shrinkage is explored through the 

change of chemical shrinkage (see Fig. 16). It is clearly shown that the chemical shrinkage dominates the 

early-age autogenous shrinkage when the sample is at liquid stage. There is a prominent increase of autogenous 

shrinkage before initial setting, whereas it reaches a plateau with minor changes as the chemical shrinkage 

increases after final setting. This is consistent with the prior research on autogenous shrinkage of AAFS system 

that the chemo-mechanical deformation becomes a minor component of autogenous shrinkage at hardened 

stage [51]. This trend is obvious for S0.0 and S0.2 (with 0.2% SAP) but becomes flatter with a less conspicuous 

acceleration period at the beginning of chemical shrinkage development as SAP dosage increases. This implies 

that with the addition of SAP the contribution of chemical shrinkage on early-age autogenous shrinkage is 

impeded by internal curing, and hygro-mechanical deformation may take place particularly at liquid stage. 

This is consistent with the ICC results shown in Fig. 11a. Regarding the incorporation of slag, Fig. 17 presents 

the relationship between chemical and autogenous shrinkage for AAFS with varying slag content from 15% 

to 30%. The autogenous shrinkage shows a relatively more rapid increase with chemical shrinkage (chemo-

mechanical deformation) for all specimens at liquid stage before initial setting. The increase of autogenous 

shrinkage is more significant when slag content is higher. This can be mainly attributed to the participation of 

slag particles at the early-age formation of reaction products as mentioned before. 

The cumulative heat is another important parameter related to chemical reaction since it is proportional to 

the degree of hydration [56]. Hence, the relationship between autogenous shrinkage and heat reaction is 

investigated considering specimens with and without SAP. In general, the autogenous shrinkage increases 

substantially with the increase of cumulative heat released due to the internal chemical reaction of AAFS (see 

Fig. 18). Both results demonstrate an acceleration period at liquid stage, which is followed by a dormant period 

at transition stage between initial and final setting. However, the sensitivity of autogenous shrinkage to 

cumulative heat increases again after final setting within the specimen S0.3. This could be ascribed to the 

mitigation of further hygro-mechanical deformation on autogenous shrinkage, since the internal curing water 

starts to be released from the swollen SAP at hardened stage. 
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The pore structure of studied AAFS pastes at hardened stage shows that the volume fraction of both large and 

small pores increases significantly with the addition of SAP (see Fig. 12a). The occurrence of large pores 

indicates a smaller self-desiccation localised by drying, which is consistent with the above discussion. 

Conversely, the increase of small pores suggests a greater hygro-mechanical deformation. Thus, a higher 

autogenous shrinkage should be observed in specimens with SAP. However, as seen in Fig. 10a, the plain 

mixture (S0.0) exhibits the greatest autogenous shrinkage, which reveals that the capillary force induced by 

small pores may not be the main contributor of autogenous shrinkage at hardened stage in AAFS pastes due 

to the internal curing effect by SAP. Moreover, the internal RH results shown in Fig. 14a imply that the self-

desiccation inside paste matrix due to water loss is mitigated since there is an improvement of internal RH by 

about 3% with incorporation of SAP. Therefore, the postulation is further corroborated that hygro-mechanical 

deformation gives minor contribution to overall autogenous shrinkage of AAFS pastes with SAP. The alkaline 

activation in AAFS could also affect the mechanisms of autogenous shrinkage. In accordance to our previous 

study on AAFS pastes, the formation of aluminosilicate gel is unstable, so that this gel may experience a 

packing process causing a denser and steadier state of C-A-S-H gel [44,57]. The addition of SAP could 

influence this rearrangement by releasing internal curing water and thus lead to the refinement of pore structure. 

The increase of SAP dosage implies a relatively richer water environment at hardened stage as well as more 

tightly bonded water in the gel and more smaller pores that are formed during the evolution of reaction products 

[58–60]. Therefore, it can be concluded that the internal curing effect of SAP on mitigating autogenous 

shrinkage is a combination of different mechanisms in AAFS system. 

Overall, the contribution of each stage to the total autogenous shrinkage of AAFS with different SAP 

dosages at 48 h is shown in Fig. 19. 77.5% of autogenous shrinkage in the control mixture (S0.0) is generated 

before initial setting indicating the importance of chemo-mechanical deformation at liquid stage, which is 

consistent with the results shown in Fig. 16. As SAP dosage increases, the fraction of autogenous shrinkage at 

hardened stage is increased up to 72.2% (S0.4), which is much higher than that for S0.0, i.e., 19.4%. This 

implies that the hygro-mechanical deformation at hardened stage contributes the most to autogenous shrinkage 

of AAFS pastes with increasing dose of SAP. Therefore, it can be concluded that the addition of SAP has a 

significant effect on mitigating early-age chemo-mechanical deformation and thus resulting in a mitigation of 

early-age autogenous shrinkage. 

5 Conclusions 

In this study, the feasibility of using SAP as internal curing agents to mitigate the autogenous shrinkage in 

AAFS pastes with various slag content cured at ambient temperature while maintaining the acceptable 

engineering properties including workability, setting time and compressive strength is investigated. Based on 

the experimental results, the main conclusions can be drawn as follows: 

• Setting time of AAFS pastes increases with the addition of SAP, while the compressive strength is reduced 

with increasing SAP dosage due to the additional water incorporated in the mixtures with SAP. The 

compressive strength is decreased by 20% when 0.2% SAP (by binder mass) is added into the mixture 

and tends to be stable when the SAP dosage is in the range between 0.2% and 0.4%. 
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• Chemical shrinkage and autogenous shrinkage of AAFS pastes are significantly reduced by the addition 

of SAP, while internal relative humidity is improved. As SAP dosage increases from 0.2% to 0.5% the 

chemical shrinkage is reduced by around 18% to 45%, while the autogenous shrinkage is decreased by 

approximately 76% to 85%. 

• The addition of SAP lowers the heat peak of the AAFS pastes and leads to a shift of the peak to the right, 

which corresponds to the slower hydration rate and lower chemical shrinkage resulting in a reduction in 

autogenous shrinkage. 

• The optimum dosage of SAP is found to be 0.3% for AAFS pastes considering autogenous shrinkage as 

well as other engineering properties such as workability, setting time and compressive strength. 

• Internal curing by means of SAP is an effective strategy to mitigate the autogenous shrinkage in AAFS 

pastes. From the relationship between autogenous shrinkage and chemical shrinkage, cumulative heat and 

setting time it can be found that the addition of SAP impedes chemo-mechanical deformation while 

releasing internal curing water to compensate the losses due to self-desiccation of AAFS pastes at the 

early age and thus contributes substantially to mitigation of early-age autogenous shrinkage. 
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Fig. 1. Particle size distribution of FA, GGBS and SAP. 

 

 

 

 

 

 

 

Fig. 2. SEM image of SAP sample in 300 x magnification. 
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Fig. 3. Development of SAP sorption in solution in time. 
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Fig. 4. Flowability of AAFS pastes with different water content against mixing time. 
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Fig. 5. Mixing procedure for AAFS pastes. 
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Fig. 6. Flowability of AAFS pastes with different SAP dosages against mixing time. 
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Fig. 7. Setting time of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 8. Compressive strength of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 9. Chemical shrinkage of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 10. Autogenous shrinkage of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 11. Heat flow of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 12. Pore size distribution of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 13. Porosity of AAFS pastes with different SAP dosages and slag content. 
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Fig. 14. Internal relative humidity of AAFS pastes with (a) different SAP dosages; (b) different slag content. 
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Fig. 15. Compensation ratio of autogenous shrinkage of AAFS pastes with different SAP dosages. 
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Fig. 16. Autogenous shrinkage against chemical shrinkage of AAFS pastes with different SAP dosages. 
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Fig. 17. Autogenous shrinkage against chemical shrinkage of AAFS pastes with different slag content. 
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Fig. 18. Autogenous shrinkage against cumulative heat of AAFS pastes with and without SAP. 
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Fig. 19. Autogenous shrinkage fractions of AAFS pastes with different SAP dosages. 
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Table 1 Chemical compositions (wt.%) of FA and GGBS 

Oxide SiO2 Al2O3 CaO MgO K2O Fe2O3 TiO2 Na2O SO3 MnO 

FA 53.24 26.42 3.65 9.55 2.57 1.65 0.86 0.76 0.56 - 

GGBS 34.30 15 39.40 8 0.38 0.40 0.70 0.45 - 0.50 

 

 

 

 
Table 2 Specific gravity of each ingredient 

 

 

 

Table 3 Typical characteristics of selected SAP product 

 

 

 

Table 4 Mix proportions of AAFS pastes 

Mix No. Designation Binder 

(kg/m3) 

FA 

(kg/m3) 

GGBS 

(kg/m3) 

SS 

(kg/m3) 

SH 

(kg/m3) 

SPs 

(kg/m3) 

SAP 

(kg/m3) 

Water 

(kg/m3)   

0 S0.0 400 300 100 106.5 53.5 4 0 0 

1 S0.2 400 300 100 106.5 53.5 4 0.8 10 

2 S0.3/ G25 400 300 100 106.5 53.5 4 1.2 15 

3 S0.4 400 300 100 106.5 53.5 4 1.6 20 

4 S0.5 400 300 100 106.5 53.5 4 2 25 

5 G15 400 340 60 106.5 53.5 4 1.2 15 

6 G20 400 320 80 106.5 53.5 4 1.2 15 

7 G30 400 280 120 106.5 53.5 4 1.2 15 

 
 

 FA GGBS SS SH SPs 

Specific gravity 2.25 2.9 1.309 1.45 1.08 

Product characteristics  Maximal absorption 

Appearance 
Very fine white 

powder 
m/m de-ionised water (pH 6.5) 400 g/g SAP 

Moisture content 10% m/m tap water (pH 6.8) 200 g/g SAP 

Approximate bulk 

density 
900 kg/m3 

m/m modelled reaction environment (pH 

13) 
14 g/g SAP 

Solubility Insoluble in water m/m during AAFS paste mixing (pH 13) 12.5 g/g SAP 


