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Abstract 8 

This study aims to investigate the cracking potential of alkali-activated slag (AAS) and alkali-9 
activated slag-fly ash (AASF) concrete subjected to restrained autogenous shrinkage. 10 
Temperature Stress Testing Machine (TSTM) is utilized, for the first time, to monitor the stress 11 
evolution and to measure the cracking time of alkali-activated concrete (AAC) under restraint 12 
condition. The stresses in AAS and AASF concrete are calculated based on the experimental 13 
results while taking into consideration the influence brought by creep and relaxation. It is 14 
found that AAS and AASF concrete showed lower autogenous shrinkage-induced stress and 15 
later cracking compared to ordinary Portland cement (OPC) based concrete with similar 16 
compressive strength, despite the higher autogenous shrinkage of AAS and AASF concrete. 17 
The low autogenous shrinkage-induced stress in the AAC is mainly attributed to the 18 
pronounced stress relaxation. A good prediction of the stress evolution in AAC is obtained by 19 
taking into account the elastic part of the autogenous shrinkage and the stress relaxation. In 20 
contrast, calculations ignoring the creep and relaxation would lead to a significant 21 
overestimation of the stress in AAC.  22 
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 24 

1. Introduction 25 

Alkali-activated materials (AAMs) have emerged as eco-friendly alternatives to OPC as binder 26 
materials in engineering practice [1]. In comparison to OPC, AAMs can significantly reduce the 27 
environmental impacts of concrete products by lowering greenhouse gas emissions and the 28 
embodied energy [2]. Furthermore, using AAMs as binders could also contribute to the 29 
repurposing of industrial by-products [3,4].  30 

Currently, granulated blast-furnace slag (hereinafter termed slag) and powered coal fly ash 31 
(hereinafter termed fly ash) are the two most widely utilized precursors for AAMs. Among two 32 
types of fly ash, namely Class C and Class F fly ash according to ASTM C618 [5], Class F fly ash 33 
with reactive CaO ≤ 10% has been intensively studied worldwide due to its wide availability 34 
and high content of amorphous aluminosilicate phases [6]. Alkali activator is usually an alkali 35 
metal hydroxide and/or silicate [7]. Although Na2CO3 and Na2SO4 can also be used as 36 
activators [8,9], the majority of studies have shown that activation with Na2SiO3 and/or NaOH 37 
provides high mechanical properties for slag and fly ash-based AAMs [10]. NaOH activators 38 



are found to accelerate early-age activation but tend to present a barrier to advanced 39 
reactions, therefore limiting the later-age strength [11]. In contrast, the reaction of Na2SiO3-40 
activated slag is comparatively slow and results in the formation of very dense products with 41 
improved mechanical strength [12]. 42 

Despite the promising mechanical and eco-friendly performance, slag and fly ash-based AAMs 43 
have not received broad industry acceptance, primarily due to the uncertain long-term 44 
durability and volume stability [13–15]. As reported in [16–25], slag and fly ash-based AAMs, 45 
especially those activated by NaOH/Na2SiO3, can show higher autogenous shrinkage than OPC 46 
based systems. The high autogenous shrinkage of AAMs is concerned by both academia and 47 
industrial communities because it can potentially induce cracking of concrete [26,27]. In 48 
practice, concrete as building material is normally applied under restrained conditions. The 49 
restraint can be either external (e.g. caused by adjoining structure) or internal (e.g., caused by 50 
the reinforcement or the non-shrinking aggregates) to the concrete member [28–30]. The 51 
volume change of the concrete would be therefore limited to a certain extent and 52 
consequently internal tensile stress would develop. Cracking would occur when the tensile 53 
stress within concrete exceeds the tensile strength, which can lead to a series of problems 54 
regarding mechanical properties, durability and aesthetics of concrete structures [31]. 55 
Therefore, the cracking potential of activated slag and fly ash concrete has to be evaluated to 56 
provide a solid theoretical basis for safe and reliable application of these materials.  57 

From the high autogenous shrinkage of alkali-activated slag and fly ash systems, one may 58 
deduce that AAC will show higher cracking potential compared to OPC based concrete. 59 
However, the cracking potential of concrete is determined not only by autogenous shrinkage 60 
but also by elastic modulus, creep/relaxation and tensile strength of the material. However, 61 
very few studies on this topic can be found from the literature [32].  62 

The aim of this study, therefore, is to evaluate the autogenous shrinkage-induced cracking 63 
potential of AAS and AASF concrete. Temperature Stress Testing Machine (TSTM) is utilized to 64 
track the internal stress evolution and cracking initiation of the concrete under restraint 65 
condition. With the measured autogenous shrinkage and elastic modulus as inputs, the 66 
internal stresses in AAS and AASF concrete are calculated and compared with the 67 
experimental results. The roles of creep and relaxation in influencing the stress evolution and 68 
cracking potential of AAC are highlighted.  69 

2. Materials and methods  70 

2.1 Raw materials and mixtures 71 

The precursors used were slag supplied by Ecocem Benelux B.V and fly ash from Vliegasunie 72 
B.V. The chemical compositions of slag and fly ash were determined by X-ray fluorescence (XRF) 73 
and shown in Table 1. The fly ash complies with Class F (EN 450, ASTM C618) since it has low 74 
CaO content (< 10% reactive CaO) and content of “SiO2 + Al2O3 + Fe2O3” higher than 70%. The 75 
particle size of slag, as measured by laser diffraction, ranges from 0.1 to 50 μm, with a d50 of 76 
18.3 μm. The particle size of fly ash is between 0.14 and 138 μm, with a d50 of 48.1 μm.  77 

 78 

 79 



Table 1. Chemical propositions of slag and fly ash. 80 

Oxide 
(wt. %) 

SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O TiO2 Other LOI 

Slag 31.77 13.25 40.50 9.27 0.52 1.49 0.34 0.97 0.21 1.31 

Fly ash 56.8 23.8 4.8 1.5 7.2 0.3 1.6 1.2 1.6 1.2 

LOI= Loss on ignition 81 
 82 

The alkaline activator was prepared by mixing anhydrous pellets of sodium hydroxide with 83 
deionized water and commercial sodium silicate solution. For 1000 g of precursor, an activator 84 
containing 384 g of water, 1.146 mol of SiO2 and 0.76 mol of Na2O was applied. The water-to-85 
solid ratio is therefore 0.344 if the alkali in the activator is considered as solid. The activator 86 
was prepared at least one day before the casting of the concrete so that the solution was 87 
cooled down to ambient temperature. 88 

The concrete mixture designs are shown in Table 2. 89 

 90 

Table 2. Mixture design of AAS and AASF concrete (kg/m3). 91 

Mixtures AAS AASF 

Slag 400 200 

Fly ash 0 200 

Activator 200 200 

Aggregate [0-4 mm] 789 789 

Aggregate [4-8 mm] 440 440 

Aggregate [8-16 mm] 525 525 

Admixtures - - 

 92 

 93 

2.2 Experimental methods 94 

2.2.1 Mechanical properties 95 

Concrete cubes (150 × 150 × 150 mm3) for compressive and splitting strength tests and prisms 96 
(100 × 100 × 400 mm3) for elastic modulus test were cast and cured in sealed and temperature-97 
controlled steel moulds. The moulds were connected with cryostats by parallel circulation 98 
tubes and the upper surface was sealed by plastic film. The temperature of the concrete cubes 99 
was controlled at 20 °C.  100 

Compressive strength and splitting strength of the concrete were measured according to NEN-101 
EN 12390 [33]. The measurements were conducted at the age of 1, 3, 7, 28 days and the day 102 
when the beam in TSTM cracked. One cube was tested for compressive strength and two for 103 
splitting strength.  104 



The elastic modulus of the concrete was tested by a Tonibank hydraulic Instron (Figure 1). The 105 
strain during loading was measured by linear variable differential transducers (LVDTs) aligned 106 
vertically on the four sides of the concrete prism. The loading and unloading of each sample 107 
went through four cycles with the stress ranging from 5% to 30% of the compressive strength 108 
of the concrete. The results obtained from the latter three cycles were used in the calculation 109 
of the elastic modulus. The loading and unloading rates were 1 kN/s [34]. Two samples were 110 
tested for each mixture at each age. 111 

 112 

Figure 1. Testing set-up for elastic modulus measurement on AAC. 113 

 114 

2.2.2 Autogenous shrinkage 115 

The autogenous shrinkage of the concrete was measured with an Autogenous Deformation 116 
Testing Machine (ADTM) [35]. The prismatic mould for the concrete is made of thin steel 117 
plates and external insulating materials. The size of the mould is 1000 x 150 x 100 mm3, which 118 
is illustrated in Figure 2. The mould was connected with cryostats by a series of circulation 119 
tubes located between the plates and the insulating material (see Figure 2). The temperature 120 
of the beam was controlled at 20 °C. 121 

 122 

Figure 2. Front view (left) and cutaway view (right) of the mould of Autogenous Deformation Testing Machine 123 
(ADTM). 124 

 125 



The length change of the concrete was measured with two external quartz rods located next 126 
to the side mould. LVDTs were installed at both ends of the rods. The LVDTs measured the 127 
movement of the steel bars which were cast in the concrete. The distance between the two 128 
cast-in steel bars was 750 mm. The instalment of LVDTs was conducted only when the 129 
concrete had reached sufficient strength to support them (see Figure 3). The measurement of 130 
the deformation of AAS and AASF concrete starts at 8h and 11h, respectively. Attention was 131 
paid to the sealing of the moulds in order to avoid moisture loss to the environment.  132 

 133 

Figure 3. Installation of measuring bars and placeholders before casting (left) and installation of LVDTs when 134 
the concrete is stiff enough to support the bars (right), after [35]. 135 

 136 

2.2.3 Autogenous shrinkage-induced stress 137 

The internal tensile stress in the concrete induced by restrained autogenous shrinkage was 138 
monitored by TSTM. A sudden drop of the stress indicated the occurrence of cracking. The 139 
TSTM was equipped with a horizontal steel frame (Figure 4) in which the concrete specimen 140 
can be loaded in compression or in tension under various temperatures. The whole specimen 141 
is of a dog-bone shape and the testing area of interest is of prismatic shape (1000 × 150 × 100 142 
mm3). The middle part of the specimen is in a temperature-controlled mould, similar to the 143 
ADTM mould as described in Section 2.2.2. Two rigid steel claws were used to grip the 144 
concrete specimen. One of the claws was fixed to the steel frame while the other one lied on 145 
roller bearings and thereby can move with the hydraulic actuator to provide a compressive or 146 
tensile force onto the testing specimen. A short formwork was attached to the claws to 147 
provide a smooth and curved transition between the straight insulated mould and the slanting 148 
inner sides of the claws. The load was recorded with the load-cell with a loading capacity of 149 
100 kN and a resolution of 0.049 kN.  150 

During the first 8 hours after casting, LVDTs were used to control the deformation between 151 
the two claws because it was not yet possible to measure the deformations of the fresh 152 
concrete with the embedded steel bars. After that, the deformation control was switched to 153 
the LVDTs that measure the displacement between the embedded bars. The deformation of 154 



the concrete was kept at zero (nominally, in reality within 1 µm range) so that a full restraint 155 
condition was provided.  156 

 157 

Figure 4. Top view of the Temperature Stress Testing Machine (TSTM) [36]. 158 

2.3 Calculation of the autogenous shrinkage-induced stress 159 

While the autogenous shrinkage-induced stress in restrained concrete can be monitored by 160 
TSTM, the test is very time-consuming and labour-intensive. Besides, TSTM is currently not 161 
equipped widely enough to serve as a standard apparatus. Therefore, it would be meaningful 162 
if the stress evolution can be predicted based on the experimental results obtained in concrete 163 
under free conditions. 164 

2.3.1 Calculation of the stress based on autogenous shrinkage 165 

If the autogenous shrinkage is assumed to be purely elastic deformation [29], the stress (𝜎𝐴𝑆) 166 
generated in the concrete due to restrained shrinkage can be calculated using Equation 1. A 167 
schematic representation of the calculation process is shown in Figure 5. 168 

𝜎𝐴𝑆 = 𝜀𝐴𝑆 × 𝐸                                                                                                                                        (1) 169 

where 𝜀𝐴𝑆  is the measured autogenous shrinkage of the concrete and 𝐸  is the measured 170 
elastic modulus of the concrete. 171 

 172 

Figure 5. Schematic representation of stress calculated based on autogenous shrinkage. 173 



2.3.2 Calculation of the stress based on the elastic part of the autogenous shrinkage 174 

In fact, the concrete, either OPC based concrete or AAC, is not a purely elastic material [26,37]. 175 
Under external or internal load, the concrete tends to generate time-dependent deformation, 176 
or so-called creep, due to the viscoelasticity of the material. Therefore, a part of the 177 
autogenous shrinkage of the concrete measured under free condition actually belongs to 178 
creep deformation [38]. When the concrete is under externally restrained condition, the creep 179 
part of the autogenous shrinkage does not have the potential to develop due to the 180 
equilibrium between the internal driving force and the external restraint force. Therefore, the 181 
stress in the restrained concrete is predominantly caused by the elastic part of the autogenous 182 
shrinkage [39]. If we assume the stress in the concrete is solely induced by the elastic part of 183 
the autogenous shrinkage and do not consider the stress relaxation, the stress can be 184 
calculated using Equations 2 and 3. A schematic representation of the calculation process is 185 
shown in Figure 6. 186 

𝜀𝐴𝑆 = 𝜀𝐴𝑆,𝑒𝑙𝑎𝑠 + 𝜀𝐴𝑆,𝑐𝑟𝑒𝑒𝑝                                                                                                                     (2) 187 

where 𝜀𝐴𝑆 is the measured autogenous shrinkage of AAC. 𝜀𝐴𝑆,𝑒𝑙𝑎𝑠 and 𝜀𝐴𝑆,𝑐𝑟𝑒𝑒𝑝 are the elastic 188 

part and creep part of the autogenous shrinkage of AAC, respectively. 189 

𝜎𝐴𝑆,𝑒𝑙𝑎𝑠 = 𝜀𝐴𝑆,𝑒𝑙𝑎𝑠 × 𝐸                                                                                                                          (3) 190 

where 𝜎𝐴𝑆,𝑒𝑙𝑎𝑠 is the stress induced by the elastic part of the autogenous shrinkage (𝜀𝐴𝑆,𝑒𝑙𝑎𝑠). 191 

 192 

Figure 6. Schematic representation of stress calculated based on the elastic part of the autogenous shrinkage. 193 

 194 

The relationship between the creep deformation and the elastic deformation under a load can 195 
be expressed by Equation 4 [26,40]. 196 

𝜀𝐴𝑆,𝑐𝑟𝑒𝑒𝑝(𝑡, 𝜏) = 𝜀𝐴𝑆,𝑒𝑙𝑎𝑠(𝜏)𝜑(𝑡, 𝜏)                                                                                                     (4) 197 

where 𝜑(𝑡, 𝜏) is the creep coefficient. 𝜏 (days) is the time when the load is applied. 198 

According to [39,41], the creep coefficient of OPC based concrete can be calculated by 199 
Equation 5. For AAC systems, however, no models are available yet to account for the creep 200 



deformation. Therefore, Equation 5 is tentatively used in this study to calculate the creep 201 
coefficient of AAC. 202 

𝜑(𝑡, 𝜏) = (
𝛼(𝑡)

𝛼(𝜏)
− 1) + 1.34 ∗ 𝜔1.65𝜏−𝑑(𝑡 − 𝜏)𝑛 𝛼(𝑡)

𝛼(𝜏)
                                                                     (5)  203 

where α is the degree of reaction. ω is the water-to-solid ratio (0.344, see section 2.1). n is 204 
the relaxation factor whose value is empirically taken as 0.3 and 𝑑 is the constant whose value 205 
is empirically taken as 0.35 according to [41]. 206 

The reaction degree α of the concrete can be calculated with Equation 6 [42–44].  207 

𝛼(𝑡) =
𝑄(𝑡)

𝑄𝑚𝑎𝑥
                                                                                                                                            (6) 208 

where 𝑄(𝑡) is the reaction heat and 𝑄𝑚𝑎𝑥 is the ultimate total heat at the completion of the 209 
reaction.  𝑄(𝑡)  and 𝑄𝑚𝑎𝑥  of AAC are calculated according to the procedure described in 210 
Appendix A. 211 

With Equations 2 and 4– 6, the elastic part and creep part of the autogenous shrinkage of AAC 212 
can be calculated. 213 

2.3.3 Calculation of the stress by taking relaxation into account 214 

Like the creep of the concrete under free condition, stress relaxation in concrete under 215 
restrained condition is another result of the viscoelasticity of the material. Due to the 216 
relaxation, the stress generated in restrained concrete would be reduced with the elapse of 217 
time. According to van Breugel [39], the stress induced by restrained elastic deformation can 218 
be calculated with Equation 7 by taking into consideration of the relaxation. A schematic 219 
representation of the calculation process of the stress induced by restrained autogenous 220 
shrinkage is shown in Figure 7. 221 

𝜎𝑟𝑒𝑙𝑎𝑥𝑒𝑑(𝑡, 𝜏) = 𝜎𝑒𝑙𝑎𝑠(𝜏)𝜓(𝑡, 𝜏)                                                                                                         (7) 222 

where 𝜓(𝑡, 𝜏) is the relaxation factor. 𝜏 (days) is the time when the load is applied. 223 

 224 

Figure 7. Schematic representation of stress calculated based on the elastic part of the autogenous shrinkage by 225 
taking relaxation into account. 226 



The relaxation coefficient of concrete can be calculated from the creep coefficient 𝜑(𝑡, 𝜏) 227 
using Equation 8 [39,45].  228 

𝜓(𝑡, 𝜏) = 𝑒−𝜑(𝑡,𝜏)                                                                                                                                  (8) 229 

The stress generated in the concrete after a certain curing age can be considered as the 230 
accumulations of the stresses resulting from the elastic deformations that occurred at 231 
previous time intervals, e.g. from 𝜏1 to 𝜏𝑛−1, as shown in Equation 9. 232 

𝜎𝑟𝑒𝑙𝑎𝑥𝑒𝑑 = ∑ ∆𝜎𝑟𝑒𝑙𝑎𝑥𝑒𝑑( 𝜏𝑘)𝑛−1
𝑘=1                                                                                                      (9) 233 

where ∆𝜎𝑟𝑒𝑙𝑎𝑥𝑒𝑑(𝑡𝑘, 𝜏𝑘) is the increment of elastic shrinkage-induced stress after relaxation 234 
from 𝜏𝑘 to 𝜏𝑘+1.  235 

A schematic representation of the calculation process mentioned above is shown in Figure 8. 236 

 237 

Figure 8. Schematic representation of stress generated in concrete. 238 

 239 

3. Experimental results and discussion 240 

3.1 Mechanical properties 241 

3.1.1 Compressive and splitting tensile strength 242 

The strength development of the concrete is shown in Figure 9. It can be seen that AAC 243 
generally shows high strength.  At the age of 28 days, the compressive strength of AAS and 244 
AASF concretes is around 90 MPa and 75 MPa, respectively. According to EN 206 [46], the 245 
strength can be classified as C60 or higher. AAS concrete shows higher compressive and 246 
splitting strength than AASF concrete, which is consistent with the findings on the positive 247 
correlation between slag/fly ash ratio and the mechanical properties in the literature [47–49]. 248 
The lower strength of AASF concrete is due to the replacement of slag by fly ash, which has a 249 



low reactivity at ambient temperature [50]. The dissolution of fly ash particles is slow no 250 
matter in cementitious systems or in alkali-activated systems [50,51]. Nonetheless, with the 251 
elapse of time the amorphous phases in fly ash would eventually contribute to the strength 252 
growth [51], which can be reflected by the considerable increase of the compressive strength 253 
of AASF concrete from 7 days to 28 days.  254 

 255 

Figure 9. Compressive (a) and splitting strength (b) of AAC. For the splitting strength, the error bar is shown in 256 
the diagram, but it is too small to be clearly distinguished from the marker.  257 

 258 

Despite the high compressive strength of AAC mixtures, their splitting tensile strength is not 259 
remarkably high. This can be seen more clearly in Figure 10, in which the splitting tensile 260 
strength -to-compressive strength (ft,sp/fc) ratios of the concrete are plotted. The ft,sp/fc ratio 261 
is an important parameter that allows the estimation of ft,sp by knowing fc or vice versa [52]. 262 
The ratio also provides insight into the stress type (compression or tension) to which the 263 
concrete is more prone. It can be seen from Figure 10 that AAS and AASF concretes showed 264 
nearly identical ft,sp/fc except at the age 3 days.  265 

The ft,sp/fc ratio of AAC decreases from around 0.1 at the first day to only 0.055 at 28 days. This 266 
decrease might be due to the development of microcracking within the concrete resulting 267 
from the restrained autogenous shrinkage of the material [53,54]. Although the samples for 268 
strength test were not subject to external restraint, the aggregates can act as local restraints 269 
to the autogenous shrinkage of the surrounding paste [55]. Due to the large autogenous 270 
shrinkage of AAC (as will be discussed in the following section), microcracks may have 271 
developed within the concrete, although no visual cracks were observed on the surface of the 272 
sample. The development of microcracking can harm the increase of tensile strength. 273 
Although the absolute tensile strength of AAC increased with the curing age as shown in Figure 274 
9, the developing rate of the tensile strength became lower than that of the compressive 275 
strength as indicated by the decreasing ft,sp/fc. 276 

(a) (b) 



 277 

Figure 10. Splitting tensile strength-to-compressive strength (ft,sp/fc) ratios of AAC. 278 

 279 

3.1.2 Elastic modulus 280 

The elastic modulus of AAC is shown in Figure 11. AAS concrete showed higher elastic modulus 281 
than AASF concrete at the early age. After 7 days, however, the elastic modulus of AAS 282 
concrete started to decrease slightly while the one of AASF concrete kept increasing. At 28 283 
days, AAS and AASF concrete showed similar elastic modulus. 284 

The decline of elastic modulus of AAS concrete with curing age has also been reported by 285 
Prinsse et al. [54], in which both reduced elastic modulus and splitting tensile strength were 286 
observed in AAS concrete. In that study, the concrete was cured in a climate chamber with the 287 
temperature at 20°C and the relative humidity above 95%, after demoulded at 1 day. The 288 
reduction was attributed to the leaching of ions from the sample and the change of curing 289 
condition when the samples were taken out from the climate chamber to ambient condition 290 
for testing [54]. The loss of structural ions due to leaching and the severe drop of the 291 
environment relative humidity from above 95% to around 50% may induce substantial drying 292 
shrinkage and related microcracking, thus damaging the microstructure of the concrete [56]. 293 
This study, in contrast, applied sealed curing before the samples were tested in ambient 294 
relative humidity. Therefore, no leaching occurred. The change of the environment RH and 295 
the impact on the consequent drying shrinkage should be much less severe than that reported 296 
in [54]. However, the autogenous shrinkage, as will be discussed in the coming section, had 297 
already been developing before the exposure of the samples for strength tests, which can also 298 
induce microcracking. Therefore, the reduced elastic modulus of AAS concrete herein is 299 
believed to be due to the same reason for the reduced ft,sp/fc of the concrete, which is the 300 
development of microcracking caused by autogenous shrinkage.  301 



 302 

Figure 11. Elastic modulus of AAC.  303 

 304 

3.2 Autogenous shrinkage  305 

The autogenous shrinkage of the concrete is shown in Figure 12. AASF concrete showed lower 306 
autogenous shrinkage than AAS concrete in the whole period studied. This findings are 307 
consistent with the autogenous shrinkage results on corresponding AAS and AASF pastes [37]. 308 
The autogenous shrinkage of AAS and AASF concrete develops rapidly at the first day and 309 
second day, respectively, which are in line with the accelerated reaction stages of the mixtures 310 
(see Figure A.1). At the age of 21 days, the autogenous shrinkage of AAS and AASF concrete 311 
reaches 609 and 325 µm/m, respectively. 312 

 313 

Figure 12. Autogenous shrinkage of AAC obtained from ADTM measurements.  314 

 315 

3.3 Autogenous shrinkage-induced stress  316 

Figure 13 shows the stress development in AAS and AASF concrete tested by TSTM. The 317 
sudden drop in the stress to around zero indicates the occurrence of cracking in concrete. It 318 
can be seen that AAS concrete showed a rapid stress development due to the high autogenous 319 
shrinkage. The stress in AASF concrete remains low in the first 1.5 days due to low shrinkage 320 



(see Figure 12). The tensile stress generated in AASF concrete was substantially lower than in 321 
AAS concrete. The lower autogenous shrinkage and also the lower elastic modulus of AASF 322 
concrete contribute to the lower stress in AASF concrete than in AAS concrete. Nonetheless, 323 
the tensile strength (1.4 MPa) tested by TSTM of AASF concrete was also lower than that of 324 
AAS concrete (2.7 MPa). Eventually, AASF concrete cracked even earlier than AAS concrete.  325 

The classification of cracking potential according to ASTM C1581 [36] is shown in Table 3, 326 
where cracking time (in days) and average stress rate (in MPa/day) were considered. 327 
Accordingly, the cracking potential of the two concrete mixtures belongs to the category 328 
“moderate-low”. Compared with the results obtained by TSTM on OPC based concrete in the 329 
literature [31,57,58], it can be seen that AAC showed lower stress and later cracking than OPC 330 
based concrete with similar strength. The lower cracking potential of AAC than OPC based 331 
concrete with similar or even lower strength is very positive information for the application of 332 
AAC as a building material.  333 

The reason why AAC showed higher autogenous shrinkage but later cracking initiation than 334 
OPC based concrete is believed to be mainly due to the stress relaxation. The evident 335 
relaxation of AAC is in line with the large creep of AAM paste identified in [59,60]. These two 336 
phenomena, creep and relaxation, both originate from the viscoelasticity of the material [61]. 337 
In the next section, the creep part of the autogenous shrinkage will be quantified.  338 

 339 

Figure 13. Autogenous shrinkage-induced stress in AAC obtained by TSTM measurements.  340 

 341 

Table 3. Classification of cracking potential according to ASTM C1581 [36]. 342 

Cracking time tcr (days) Average stress rate S (MPa/day) Potential for cracking 

0 < tcr ≤ 7 S ≥ 0.34 High 

7 < tcr ≤ 14 0.17 ≤ S < 0.34 Moderate-High 

14 < tcr ≤ 28 0.10 ≤ S < 0.17 Moderate-Low 

tcr > 28 S < 0.10 Low 

 343 



4. Numerical results and discussion 344 

4.1 Calculated stress based on autogenous shrinkage 345 

The calculated stress with Equation 1, based on the autogenous shrinkage (see Figure 12) and 346 
the elastic modulus (see Figure 11) of the concrete, are presented and compared with 347 
measured stress in Figure 14. It can be seen that the calculated stress in AAC is around 7-8 348 
times higher than the experimentally measured one. These results confirm that the 349 
creep/relaxation plays an important role in the stress development in AAC. The stress is 350 
significantly overestimated when the creep part in the autogenous shrinkage and the stress 351 
relaxation are not considered. 352 

 353 

Figure 14. Calculated stress in AAS (a) and AASF (b) concrete from the autogenous shrinkage and the elastic 354 
modulus of the concrete. 355 

4.2 Calculated stress based on the elastic part of autogenous shrinkage  356 

According to Equations 2 and 4 – 6, the elastic part and creep part of the autogenous shrinkage 357 
of AAC can be calculated, as shown in Figure 15. 358 

 359 

Figure 15. Calculated elastic part and creep part of autogenous shrinkage of AAS (a) and AASF (b) concrete. The 360 
autogenous deformation curve for AASF concrete is modified during modelling in order to exclude the 361 

influence of expansion 362 

(a) (b) 

(a) (b) 



The calculated stress in AAC according to Equation 3 is shown in Figure 16. It can be seen that 363 
considering only the elastic part of autogenous shrinkage in calculation gives a much better 364 
prediction of the shrinkage-induced stress than the results shown in Figure 14, where the total 365 
autogenous shrinkage was used as input. Nonetheless, the calculated stress is still two times 366 
higher than the stress measured by TSTM, indicating that the relaxation of the stress has to 367 
be considered in order to estimate the time-dependent stress. 368 

 369 

Figure 16. Calculated stress in AAS (a) and AASF (b) concrete from the elastic part of the autogenous shrinkage 370 
and the elastic modulus of the concrete. 371 

 372 

4.3 Calculated stress by taking relaxation into account 373 

According to Equations 7-9, the stress in AAC by taking relaxation into account is calculated 374 
and shown in Figure 17. It can be seen that the calculation considering the elastic part of the 375 
autogenous shrinkage and the relaxation of the stress with time provides a fairly good 376 
agreement between calculated and measured stress evolutions in AAC. . For AAS concrete, 377 
the calculation underestimates the stress in the first 7 days while overestimates the stress at 378 
20 days. For AASF concrete, an opposite trend is observed. This discrepancy is probably 379 
because these two concrete mixtures have different creep compliances, but in the calculation, 380 
the same model was used. 381 

In Equations 4-6, the water-to-solid ratio and the reaction degree were considered for the 382 
creep calculation of the paste, however, the creep behaviour of concrete depends not only on 383 
the deformability of the paste but also on the restraining effect of the aggregates. The 384 
restraining effect of aggregates is determined not only by the size and volume fraction of the 385 
aggregates but also by the interface between paste and aggregates, viz. the interfacial 386 
transition zone (ITZ) [62,63]. In this study, the size and the volume fraction of aggregates for 387 
AAS and AASF concrete are the same (see Table 2), however, differences in the ITZ properties 388 
of AAS concrete and AASF concrete were found in previous studies [48,54] which investigated 389 
the same mixtures as this study. Generally, AASF concrete has more porous and weaker ITZ 390 
than AAS concrete [48,54]. Although the influence of ITZ on the deformation of concrete has 391 
not been clearly understood [64–66], it has been found that the creep of the ITZ is higher 392 
compared to the bulk matrix [67]. Therefore, the creep compliance of AASF concrete is 393 
supposed to be less restrained by the aggregates due to the weaker ITZ. As a result, using the 394 

(a) (b) 



same equations and empirical parameters in calculation may lead to slight overestimation and 395 
underestimation of the creep in AAS and AASF concrete, respectively.  396 

 397 

Figure 17. Calculated stress in AAS (a) and AASF (b) concrete from the elastic part of the autogenous shrinkage 398 
and the elastic modulus of the concrete, with the stress relaxation taken into account. 399 

 400 

Despite the reason for the small discrepancies exhibited in Figure 17, the calculations in this 401 
section have clearly shown the important roles played by relaxation in the stress evolution of 402 
restrained AAC. Neglecting the creep and relaxation behavious would lead to an 403 
overestimation of the self-induced stress in AAC. 404 

4.4 Estimation of the cracking initiation of AAC 405 

With the calculated stress and tensile strength, the cracking initiation of the concrete can be 406 
estimated. Due to the difficulty in conducting the uniaxial tensile test on concrete, the tensile 407 
strength measured by the splitting test on concrete cubes or cylinders is usually used to 408 
estimate the cracking potential [68]. However, it should be noted that the maximum stress of 409 
concrete at failure is normally lower than the splitting tensile strength. The first reason is that 410 
the tensile strength of concrete measured uniaxially is normally lower than the tensile 411 
strength measured by splitting tests [69]. The second reason is the reducing effect of 412 
relaxation on the tensile strength. While the relaxation can reduce the stress, it can also 413 
aggravate the development of microcracking, which is detrimental to the tensile strength 414 
[70,71]. Due to the local creep, viz. change of the internal geometric constitution of the paste, 415 
the internal stress is redistributed with time, causing a relief of stress in higher stressed zones 416 
but new stress concentration in other zones [35]. As a result, additional local failure within the 417 
concrete can be induced. This is probably the reason why the tensile strength of concrete 418 
which experiences creep/relaxation under restrained condition is normally lower than that of 419 
concrete which is free from loading [70,72]. Therefore, the influence of relaxation on the 420 
tensile strength needs also a consideration when estimating the cracking time of the concrete. 421 
The third reason is that the cube under splitting stress has to fail in the middle, while the beam 422 
under uniaxial tensile stress will fail at the weakest cross-section. Due to the larger size of the 423 
beam than the cube, the tensile strength of the weakest cross-section should be statistically 424 
lower than that of the middle cross-section of the cube. Hence, a reduced tensile strength is 425 
normally considered, as shown in Figure 18.  426 

(a) (b) 



 427 

Figure 18. A schematic diagram of the stress development and the resultant cracking of concrete due to 428 
restrained shrinkage.  429 

 430 

For OPC based concrete, the failure stress-to-splitting strength ratios were in the range of 0.7 431 
- 0.8 [35,73,74]. Based on experiments on a dozen specimens, Lokhorst [35] found OPC based 432 
concrete, on average, failed at 75% of the actual tensile splitting strength irrespective of the 433 
age. However, the failure stress-to-splitting strength ratios for AAS concrete and AASF 434 
concrete in this study were only 0.56 and 0.37, respectively. These ratios were lower than 435 
those for OPC concretes, possibly because of the more evident creep/relaxation in AAC. 436 
Besides, it should be noted that only a limited number of samples were tested in this study. 437 
To obtain a representative reduced factor of the tensile strength of AAC, intensive 438 
experimental work on numerous samples and mixtures is needed. 439 

5. Concluding remarks 440 

In this study, the cracking potential of AAS and AASF concrete subjected to restrained 441 
autogenous shrinkage is evaluated. Based on the experimental and numerical results, the 442 
following remarks can be made: 443 

1. AAC concrete shows generally high compressive strength. The ft,sp/fc and the elastic 444 
modulus of AAC decrease with the curing age, which may be due to the development 445 
of microcracking resulting from the continuous autogenous shrinkage. 446 

2. TSTM is utilized for the first time to track the stress evolution and cracking initiation of 447 
AAC. AAC is found to show moderate-low cracking potential, despite its high 448 
autogenous shrinkage. The low autogenous shrinkage-induced stress in AAC is mainly 449 
attributed to the pronounced relaxation of the concrete.  450 

3. With the elastic part of the autogenous shrinkage and the stress relaxation taken into 451 
account, a very good prediction of the stress evolution in AAC is obtained. In contrast, 452 
calculations without considering the creep and relaxation would lead to a significant 453 
overestimation of the stress in AAC. 454 



4. A reducing factor of the splitting tensile strength needs to be considered when 455 
estimating the cracking time of AAC, since the failure stress of the restrained concrete 456 
beam is lower than the splitting tensile strength of cubes that are free from load.  457 

 458 
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Appendix A 466 

In section 3.4, 𝑄(𝑡) and 𝑄𝑚𝑎𝑥 of AAC was used to calculate the reaction degree and the creep 467 
coefficient.  468 

In this study, a TAM Air isothermal calorimeter (Thermometric) was used to measure the 469 
reaction heat of the pastes. Before measurements, the calorimeter was calibrated at 20 °C. 470 
The temperature of the measuring channels of the calorimeter was controlled at 20 ± 0.01 °C. 471 
Approximately 5 g of paste were cast into each glass vial and were immediately loaded into 472 
the measuring channels. The internal diameter of the glass vial was 24.5 mm. The mixing and 473 
loading procedures lasted about 15min from the moment of adding activator. The data was 474 
recorded every 1 min to 7 days. The calorimetry results were normalized by the weight of the 475 
paste. The heat flow of the paste is shown in Figure A.1 (a) and the 𝑄(𝑡) of AAS and AASF 476 
pastes during the first week of reaction was shown in Figure A.1 (b). Due to the same curing 477 
condition (iso-thermal) of the paste and concrete samples, the reaction degrees of the paste 478 
and the concrete are assumed identical at all time.  479 

 480 

Figure A.1. Reaction heat of AAS and AASF pastes.  481 

 482 



For the 𝑄(𝑡) after the first week and the 𝑄𝑚𝑎𝑥 of the paste/concrete, the method of curve 483 
fitting is needed. According to [44,75,76], the exponential model shown in Equation A.1 can 484 
provide a good 𝑄𝑚𝑎𝑥 prediction for AAMs.  485 

𝑄(𝑡) = 𝑄𝑚𝑎𝑥 exp[− (
𝜏

𝑡
)

𝛽

]                                                                                                               (A.1) 486 

where 𝜏  and 𝛽  are the fitting parameters associated with the time and the shape of the 487 
exponential model. 488 

Due to the inability of Equation A.1 to fit multi-curvature evolutions, a piecewise 489 
approximation by two functions is needed for the fitting of the heat flow curves of AAMs 490 
paste. The fitted curves of the heat flow of AAS and AASF pastes are presented in Figure A.2, 491 
in comparison with the experimental data. The fitting parameters and the accuracy of the 492 
fitting (indicated by the adjusted R-square) are shown in Table A.1.  493 

 494 

Figure A.2. Fitted heat flow of AAS paste (a) and AASF paste (b), in comparison with the experimentally 495 
measured heat flow. 496 

 497 

Table A.1. Fitted parameters of the exponential model for the heat flow of AAS and AASF paste. 498 

Mixtures 𝑸𝒎𝒂𝒙  𝝉  𝜷  R-square 

AAS curve 1 - 1.98 0.33 0.998 

AAS curve 2 155.04 23.68 0.49 0.998 

AASF curve 1 - 44.02 0.22 0.999 

AASF curve 2 139.13 46.04 0.47 0.999 

 499 

Figure A.2 and Table A.1 indicate a very good fitting of the curves. It can be seen in Table A.1 500 
that AAS paste has a higher 𝑄𝑚𝑎𝑥  than AASF paste, which is reasonable. With the fitted 501 
parameters, the 𝑄(𝑡) and the reaction degree α of AAS and AASF concrete at different curing 502 
ages can be then calculated, as shown in Table A.2. The results were used to in section 3.4 to 503 
calculate the creep coefficient. 504 



Table A.2. 𝑄(𝑡) and α of AAS and AASF concrete at different ages. 505 

AAS concrete 8h 1d  2d  3d 7d 14d 20d 

𝑸(𝒕)  30.53 78.90 102.09 113.70 135.98 148.63 153.70 

𝛂  0.20 0.51 0.66 0.73 0.88 0.96 0.99 

AASF concrete 11h 1d  2d  3d 7d 16.6d - 

𝑸(𝒕)  29.77 53.67 77.03 88.11 110.65 127.00 - 

𝛂  0.19 0.39 0.55 0.63 0.80 0.91 - 

 506 
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