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A B S T R A C T   

This study aims to predict the autogenous shrinkage of alkali-activated concrete (AAC) based on slag and fly ash. 
A variety of analytical and numerical models are available for the prediction of autogenous shrinkage of ordinary 
Portland cement (OPC) concrete, but these models are found to show dramatic discrepancies when applied for 
AAC due to the different behaviours of these two systems. In this study, a new numerical approach is developed 
to predict the autogenous shrinkage of alkali-activated slag (AAS) and alkali-activated slag-fly ash (AASF) 
concrete from the experimental results on corresponding paste. In this approach, the creep of AAS and AASF and 
the restraining effect of the aggregate are particularly considered. By this approach, a fairly good prediction is 
obtained. Moreover, the microcracking in paste caused by restraining aggregates is evaluated. The results 
indicate that AAC is subjected to high tendency of development of microcracking.   

1. Introduction 

In the past decade, alkali-activated materials (AAMs) are gaining 
increasing academic and industrial attention [1]. A major motivation of 
studying the performances of AAMs comes from their promising po-
tential to replace ordinary Portland cement (OPC) in concrete. As the 
concern about global warming grows in recent years, people are trying 
to find alternative binders to OPC since the production of cement con-
tributes considerably to the CO2 emission worldwide [2,3]. With 
alkali-activation, many aluminosilicate precursors can show reactivity 
and binding property, thus can be used with aggregates to produce 
concrete, where OPC can be 100% substituted. Another benefit of using 
AAMs based concrete lies in the potential to repurpose industrial 
by-products and to reduce waste material deposition. Many industrial 
by-products and wastes, such as slag, fly/bottom ash, municipal solid 
waste incineration ash, glass powder, wastepaper sludge, etc., have been 
given opportunities to be reused through the technology of 
alkali-activation [4–7]. 

The two most reused raw materials to make alkali-activated concrete 
(AAC) are blast furnace slag from the production of steel and fly ash from 
the electricity plants firing coal. Alkali-activated slag (AAS) and alkali- 
activated slag-fly ash (AASF) can show comparable or even superior 

performances to those of OPC systems [8,9]. However, a wide applica-
tion of alkali-activated slag and fly ash materials in engineering is still 
not realized yet. One of the main reasons for that is the lack of standards 
of AAC. To lay the basis of standardization of AAC, it is essential to 
undertake research and development on mechanical property, dura-
bility, volume stability, etc., of this material [4]. On the former two 
properties, active research has been being conducted [10,11]. For 
example, two Rilem Technical Committees, TC-CAM and TC-DTA, have 
been doing their work on durability of AAMs. Rilem TC-MPA on me-
chanical properties of AAC is just started. Methodologies for testing the 
durability and mechanical properties of AAC are being validated [12, 
13]. By contrast, much less research effort has been put into the volume 
stability, especially the autogenous shrinkage of AAC [14–16]. 

Autogenous shrinkage is an important property since it develops fast 
at early age and can induce a series of problems in aspects of aesthetics, 
deflection, and cracking of concrete [17,18]. The cracks, in either macro 
scale or micro scale, can further induce secondary problems [19], for 
example, interfering the serviceability and durability of concrete. 
Although many studies have been conducted on the magnitudes 
[20–23], mechanisms [24–26] and mitigating strategies [27–29] of 
autogenous shrinkage of AAC, the research on the prediction of autog-
enous shrinkage of AAC is still rare. Identifying accurate models for the 
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prediction of autogenous shrinkage of AAC is vital not only for the 
establishment of relative standards on AAC but also for limiting the costs 
of laboratory tests [30]. 

The first objective of this study is to check whether the existing 
models to predict the autogenous shrinkage of OPC concrete can be used 
for AAC. For OPC concrete, various types of predicting models have been 
proposed. These models can be classified as analytical model [31,32], 
composite model (also called classic mechanical model) [33–35], finite 
element model [36] and lattice discrete model [37], etc. Analytical 
models based on phenomenological approach are handy for engineering 
practice and are available in standard codes, e.g. fib Model Code, 
Eurocode, ACI 209 code [38]. It is meaningful to check the accuracy of 
the analytical models for OPC concrete in predicting the autogenous 
shrinkage of AAC from the experimental parameters that are easier to 
obtain. With proper inputs, both finite element model and lattice 
discrete model can be used to predict the bulk (e.g. thermal and 
autogenous) deformation of the concrete [39,40]. In particular, lattic 
model can provide details on local strain distribution and microcracks 
under tensile stress [41]. However, these models normally require a 
relatively long time of calculation. Moreover, there is no sufficient in-
formation yet on the microstructure and micromechanical properties of 
AAMs to provide inputs for these models [42]. Therefore, finite element 
model and lattice discrete model may not be readily available to be used 
in shrinkage prediction of AAC. Composite models, including Pickett’s 
model, Hobbs’ model, Tazawa’s model, etc., are based on classic me-
chanics and are able to predict the autogenous shrinkage of concrete 
from the autogenous shrinkage of corresponding paste. For OPC con-
crete, the composite models have shown satisfactory predictions [43], 
but whether these models are applicable in AAC remains unanswered. 

According to the literature [14,24], AAC can show much more pro-
nounced viscoelasticity than OPC concrete, while the composite models 
are based on elastic mechanics. Therefore, an extension of the existing 
composite models to take into account of the viscoelastic deformation, 
viz. creep of AAC might be desired. Hence, the second objective of this 
paper is to develop a reliable model to predict the autogenous shrinkage 
of AAC, possibly by extending the current composite model. 

In this paper, the materials, mixtures and experimental results that 
are used as inputs of modelling are shown at first. Afterwards, the 
applicability of existing autogenous shrinkage models, i.e., analytical 
model based on fib Model Code 2010 and Pickett’s model for OPC 
concrete are examined. Based on analysing the discrepancies between 
the predicted and measured autogenous shrinkage, a new numerical 
approach (extended Pickett’s model) is developed, which shows a much 
better prediction by taking into account of the creep of AAC. In the last 
part of this study, the extended Pickett’s model is used to calculate the 
tangential tensile stress in the paste surrounding aggregates, based on 
which the tendency of microcracking induced by the restraining effect of 
aggregate in AAC is evaluated. 

2. Materials and mixtures 

2.1. Materials 

Slag and fly ash were used as precursors to synthesize AAS and AASF 
paste and concrete. The chemical compositions and physical properties 
of slag and fly ash are shown in Table 1. 

The alkaline activator was prepared by mixing deionized water, 

NaOH pellets and Na2SiO3 solution. The activator/binder ratio is 0.5. 
The Na2O content is 4.7% of the binder and the molar ratio (SiO2/Na2O) 
is 1.5. The water-to-solid ratio was therefore 0.344. The activator had a 
density of 1.23 g/ml. The activator/binder ratio and the composition of 
the activator was designed according to previous studies [23,44,45]. 
The activator was prepared at least one day before mixing so that the 
solution was cooled down to ambient temperature and the species in the 
activator equilibrated. 

2.2. Mixtures 

The mixture proportions of AAS and AASF paste and concrete are 
shown in Table 2. Because pure fly ash based AAMs does not set in a 
reasonable time in ambient temperature, it is not considered in this 
paper. The aggregate was river stone made from quartz and was in 
saturated surface-dry condition at the time of casting. The volume 
fractions of aggregate in AAS and AASF concrete are around 67%. All the 
mixtures in this study were cured in sealed condition at 20 ◦C. 

3. Experimental 

The experimentally measured autogenous shrinkage of AAC will be 
used to evaluate the accuracy of the models, which will be described in 
Section 4. The compressive strength of AAC and the autogenous 
shrinkage, elastic modulus, and reaction heat of alkali-activated paste 
will be used as inputs in the models. The tensile strength of AAC is 
needed in investigating the potential of microcracking. Hence, the 
experimental methods and results on these parameters are given first in 
this section before presenting the modelling methods and results. 

3.1. Autogenous shrinkage of concrete 

The autogenous shrinkage of AAC was measured by an Autogenous 
Deformation Testing Machine (ADTM) [46]. A detailed description of 
ADTM can be found in Ref. [47]. The prismatic concrete specimen had a 
size of 1000 × 150 × 100 mm3. The length change of the concrete was 
measured by LVDTs with an accuracy within ±1 μm. The instalment of 
LVDTs was conducted at 8 h after casting when the concrete had reached 
sufficient strength to support the embedded measuring bars that were 
connected with the LVDTs. The concrete specimen was sealed by plastic 
foil and tapes to avoid moisture loss to the environment. The tempera-
ture of the core of the concrete was controlled at 20 ◦C by a cryostat 
through circulating water within the mould. The measurement was 

Table 1 
Properties of slag and fly ash.   

Oxide (wt. %) Particle size (μm) Density (g/cm3)  

SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O TiO2 Other D10 D50 D90 

Slag 31.8 13.3 40.5 9.3 0.5 1.5 0.3 1.0 1.9 4.6 18.3 33.2 2.9 
Fly ash 56.8 23.8 4.8 1.5 7.2 0.3 1.6 1.2 2.8 10.6 48.1 83.4 2.4  

Table 2 
Mixture proportions of AAS and AASF paste and concrete (kg/m3).  

Mixtures AAS 
paste 

AASF 
paste 

AAS 
concrete 

AASF 
concrete 

Slag 400 200 400 200 
Fly ash 0 200 0 200 
Activator 200 200 200 200 
Aggregate [0 mm–4 

mm] 
– – 789 789 

Aggregate [4 mm–8 
mm] 

– – 440 440 

Aggregate [8 mm–16 
mm] 

– – 525 525 

Additives – – – –  
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stopped at the age of 21 days since the specimen in a parallel mea-
surement under fully restrained condition cracked at this age (the results 
and discussion on the cracking of AAC under restrained condition were 
published elsewhere [47]). 

The measured autogenous shrinkage of AAC is shown in Fig. 1. The 
development of autogenous shrinkage of AASF concrete is slower than 
that of AAS concrete. Comparing the results in Fig. 1 with the results in 
the literature, we can see that the autogenous shrinkages of AAS and 
AASF concrete are higher than the autogenous shrinkage or even the 
drying shrinkage of commonly used OPC based concrete with w/b 
ranging from 0.26 to 0.52 [15,48,49]. However, the autogenous 
shrinkage of AAS and AASF concrete is lower than the drying shrinkage 
of slag and high-calcium fly ash based concrete [15,50]. 

3.2. Strength of concrete 

The compressive strength and splitting tensile strength of the con-
crete were measured according to NEN-EN 12390 [51]. Concrete cubes 
(150 × 150 × 150 mm3) were cast and cured in temperature-controlled 
steel moulds. The moulds were connected with cryostats and the upper 
surface was sealed by plastic film. The temperature of the concrete cubes 
was controlled at 20 ◦C. The measurements were conducted at the ages 
of 1, 3, 7, 28 days. 

The compressive strength of AAS and AASF concrete is shown in 
Fig. 2 (a) [47]. AAS concrete shows higher compressive strength than 
AASF concrete. This is consistent with the positive correlation between 
mechanical properties and slag content in AAMs as identified in Refs. 
[44,52,53]. 

The splitting tensile strength of the concrete is shown in Fig. 2 (b). 
The splitting tensile strength of the two concrete mixtures express 
similar evolution trends as the compressive strength as shown in Fig. 2 
(b). Despite the high compressive strength of AAS and AASF concrete, 
their tensile strength seems not higher than the normal tensile strength 
of OPC based concrete [54]. 

3.3. Autogenous shrinkage of paste 

The autogenous shrinkage of AAS and AASF paste was measured 
according to ASTM C1968 [55]. The corrugated tubes had a diameter of 
28.5 mm and a length of 425 mm including the plugs. The freshly mixed 
paste was cast into the tubes while being vibrated. The length change of 
the tube was measured by LVDTs with an accuracy within ±1 μm. The 
tubes were stored in glycol whose temperature was controlled at 20 ±
0.1 ◦C by a cryostat. Three specimens were measured for each mixture. 

The automatic measurements show a low scatter for triplicate samples, 
with the relative standard error in the range of 1–2% after the Vicat 
setting [56] of the pastes. The tests last 21 days as consistent with the 
autogenous shrinkage measurement on concrete. 

The measured autogenous shrinkage of AAS and AASF paste is pre-
sented in Fig. 3. AAS paste shows larger autogenous shrinkage than 
AASF paste, which is consistent with the results on concrete (Fig. 1) and 
the findings of [57]. The discussion of the shrinkage mechanisms of AAS 
and AASF can be found in Ref. [14]. It is worth noting that even the 
autogenous shrinkage of AASF is already much higher than the common 
autogenous shrinkage of OPC based pastes, which is normally below 
2000 μm/m in the first month of curing [17,58–60]. The autogenous 
shrinkage results on AAS and AASF pastes will be used as inputs to 
predict the autogenous shrinkage of AAC. 

3.4. Elastic modulus of paste 

The elastic modulus of the paste was measured automatically 
through EMM-ARM (which stands for ‘Elasticity Modulus Monitoring 
through Ambient Response Method’ [60]) from casting to 21 days. This 
method monitored continuously the first vibration frequency of the 
cantilevered beam composed of an acrylic tube with paste cast inside. 
The beam had a span of 450 mm and an outer diameter of 20 mm. The 
inner diameter of the acrylic tube, which was also the outer diameter of 
the paste, was 16 mm. The elastic modulus of the paste was then ob-
tained from the vibration frequency, geometry and mass of the tube and 
the paste through the application of the dynamic equation of motion of 
the beam. Three samples were tested for each mixture. The measure-
ments last for 21 days. 

Fig. 4 shows the elastic modulus of the paste. The elastic modulus 
develops slowly in the first hours (8 h for AAS paste and 11 h for AASF 
paste), after which a rapid increase is observed for both pastes. From 7 
days until 21 days, the increase in elastic modulus of the mixtures is 
minor. The magnitude of the 21-days elastic moduli of the pastes agrees 
with the results from Ref. [62], where the elastic modulus of AASF paste 
was measured according to static loading method. In comparison, the 
elastic moduli of AAMs based concrete are relatively higher, reaching 
more than 20 GPa at 28 days [47,63], probably due to the incorporation 
of aggregates which are much stiffer than the paste. 

3.5. Reaction heat 

A TAM Air isothermal calorimeter was used to measure the reaction 
heat of the paste in the first 7 days. The detailed measuring procedure 
can be found in Ref. [14]. 

The heat release from 7 days until the completion of the reaction was 
obtained by extrapolation through exponential models as shown in 
Equation (1) [64–66]. 

Q(t)=Qmax exp
[
−
(μ

t

)α]
(1)  

where Q(t) is the heat release at time t, Qmax is the ultimate heat at the 
completion of the reaction obtained by curve fitting, μ and α are the 
fitting parameters associated with the time and the shape of the expo-
nential model. 

Due to the difficulty of using one equation to fit multi-curvature 
evolutions, the reaction heat curves were fitted by a piecewise approx-
imation with two functions. The measured and fitted reaction heat of the 
pastes is shown in Fig. 5. The parameters and the accuracy of the fitting 
are shown in Table 3. 

From the reaction heat results, the reaction degree α(t) of the paste at 
a certain curing age can be calculated by Equation (2) [67]. Due to the 
same curing condition of the paste and concrete samples, the reaction 
degrees of the concrete are assumed identical to those of the pastes. 

Fig. 1. Measured autogenous shrinkage of AAC. The measurements started at 8 
h and 11 h for AAS and AASF concrete, respectively, when the concrete is stiff 
enough to hold the measuring bars [47]. 
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α(t) = Q(t)
Qmax

(2)  

4. Evaluation of existing autogenous shrinkage models 

In this section, the analytical expression MC2010 and Pickett’s 
model are applied to predict autogenous shrinkage of AAC. The dis-
crepancies between the predicted and measured results are discussed. 
Based on discussion, an extended Pickett’s model is proposed to predict 
the autogenous shrinkage of AAC. 

4.1. MC2010 

According to MC2010, the autogenous shrinkage of concrete can be 
calculated according to Equation (3) [68]. 

εcas(t)= εcaso(fcm)⋅βas(t) (3)  

where εcas(t) is the autogenous shrinkage at time t. fcm is mean 
compressive strength of concrete cylinder at the age of 28 days. Note 
that the compressive strength shown in Fig. 2 was obtained on concrete 
cubes. To obtain cylinder compressive strength, a factor of 0.8 is needed 
according to Ref. [69]. εcaso(fcm) is expressed as shown in Equations (4) 
and (5) [68]. 

εcaso(fcm)= − αas

(
0.1 × fcm

6 + 0.1 × fcm

)2.5

⋅10− 6 (4)  

and 

βas(t)= 1 − exp
(
− 0.2 ⋅ t0.5) (5)  

where αas is a factor determined by the type of paste. αas = 800, 700 or 
600, for slowly hardening cements, normal or rapidly hardening ce-
ments, or rapidly hardening high strength cements, respectively. Since 
AAS and AASF show fast setting [23] and high strength [70], the coef-
ficient αas is chosen as 600 for both systems. 

According to Equations (3)–(5), the autogenous shrinkage of AAC is 
calculated and compared with experimental data as shown in Fig. 6. It is 
found that the calculated autogenous shrinkage is only 12% of the 
measured results for both AAS and AASF concrete. The huge discrepancy 
reveals that the analytical model for autogenous shrinkage calculation in 
MC2010 that was designed for OPC is not applicable for AAC. The 
empirical parameters involved in Equations (3)–(5) were obtained based 
on a vast amount of experimental results on the compressive strength 
and autogenous shrinkage of OPC based concrete. For AAMs, which 
have intrinsically different compositional and microstructural proper-
ties, the mechanism of the autogenous shrinkage is different [14]. Thus 

Fig. 2. Measured compressive (a) and splitting tensile (b) strength of AAS and AASF concrete.  

Fig. 3. Measured autogenous shrinkage of the paste. The measurements start at 
the Vicat setting times of the pastes determined by the Vicat method deter-
mined according to Ref. [61]. 

Fig. 4. Measured elastic modulus of alkali-activated paste.  
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the relationship between compressive strength and autogenous 
shrinkage ought to differ too. New expressions, at least new empirical 
parameters, are needed for the establishment of analytical models for 
AAC. To achieve this, dramatically experimental efforts on AAMs seem 
inevitable, especially considering the larger variety in the precursors 
and activators that can be used to synthesize AAMs. 

4.2. Pickett’s model 

4.2.1. Theory 
In this section, the theory background of Pickett’s model will be 

described, since the equation derivation will be the base of the extension 

in the next section. In Pickett’s model [33], concrete is considered as 
composed of two phases, i.e. aggregates and paste. The paste is treated 
as homogeneous and elastic material, while the aggregate is considered 
as elastic spherical particle which embeds in a large body of shrinking 
paste. The restraining effect of one aggregate on the shrinking paste shell 
is calculated first. The sum of the restraining effect of all aggregates 
together determines the reduction in overall shrinkage of the paste. In 
the derivation, the restraining effect of each particle on the shrinking 
paste is assumed to be the same for each particle and independent from 
each other. 

The shrinkage of the paste shell causes the following stresses as 
shown in Equations (6) and (7) [71,72]. A schematic diagram of the 
restraining effect is presented in Fig. 7. 

σr = −
pa3

r3
b3 − r3

b3 − a3 (6)  

σt =
pa3

2r3
b3 + 2r3

b3 − a3 (7)  

where σr is the normal stress in the radial direction. a is the radius of the 
inner aggregate particle. b is the radius of outer shell. σt is the normal 
stress perpendicular to the radius. p is the pressure between inner and 
outer spheres. r is the radial coordinate. 

The change of radius δr of the paste shell due to the presence of inner 
sphere can be calculated by Equation (8) [33] (a schematic diagram is 
shown in Fig. 8): 

δr =
r

Ep

[(
1 − ϑp

)
σt − ϑpσr

]
(8) 

The volume reduction of the total body is decreased by the amount: 

4πb2δr|r=b =
3pVa

Ep

(
1 − ϑp

2

)
3b3

b3 − a3 (9)  

where Va = 4πa3/3 is the volume of the inner particle, i.e. aggregate. 
If the inner restraint is not present, the outer sphere would have 

reduced by a volume of 3εV, where ε is the unit linear shrinkage and V is 
the total volume. The decrease in volume shrinkage due to the presence 
of aggregate can be expressed as − 3ΔεV, where Δε is the decrease in the 
linear shrinkage: 

− 3ΔεV = 4πb2δr |r=b =
3pVa

Ep

(
1 − ϑp

2

)
3b3

b3 − a3 (10) 

Another expression containing the pressure p can be found by 
considering the compressibility of the restraining particle. Reduction in 
volume of the inner aggregate caused by the pressure p on it can be 
calculated by: 

Fig. 5. Measured and fitted reaction heat of (a) AAS and (b) AASF pastes.  

Table 3 
Fitting parameters of the exponential models for the heat release of AAS and 
AASF pastes [47].   

Qmax  α  μ  R-square 

Fitted curve 1 for AAS – 0.33 1.98 0.998 
Fitted curve 2 for AAS 155.04 0.49 23.68 0.998 
Fitted curve 1 for AASF – 0.22 44.02 0.999 
Fitted curve 2 for AASF 139.13 0.47 46.04 0.999  

Fig. 6. Calculated autogenous shrinkage according to MC2010 (dashed lines) 
compared with the measured autogenous shrinkage (solid lines). 
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3(1 − 2ϑa)pVa

Ea
= 3εVa − 4πa2δr|r=a (11)  

where Ea and ϑa are is the elastic modulus and the Poisson ratio of the 
aggregate, respectively. 

Eliminating p in Equations (10) and (11) (according to Pickett, the b/
a is taken as ∞ [33]), we have: 

− ΔεV = βεVa (12)  

where 

β=
3
(
1 − ϑp

)

1 + ϑp + 2(1 − 2ϑa)Ep
/

Ea
(13) 

The elastic modulus (Ep) of AAS and AASF paste has been shown in 
Fig. 4. The elastic modulus of the aggregate is 76 GPa (a common value 
for quartz). The Poisson ratio of paste and aggregate can be taken as 0.2 
[74] and 0.25 [75], respectively. With these parameters, the factor β can 
be obtained by Equation (13). 

Now that the restraining effect of one aggregate on the shrinking 
paste has been described, the sum of the restraining effect of all aggre-
gates with a volume ratio of ΦA can be calculated. When one more 
aggregate particle with volume Va is added into the concrete, the change 
of the total volume ratio of aggregate ΦA can be calculated as Equation 
(14) [33]. 

ΔΦA =
ΦAV + Va

V + Va
− ΦA = (1 − ΦA)

Va

V + Va
(14) 

From Equations (12) and (14), we get: 

Δε
ε = −

βΔΦA

1 − ΦA

V + Va

V
(15)  

dε
ε = −

βdΦA

1 − ΦA
(16)  

εc = εp(1 − ΦA)
β (17)  

where εc is the autogenous shrinkage of concrete. εp is the autogenous 
shrinkage of paste. The autogenous shrinkage of AAS and AASF paste 
has been shown in Fig. 3. The volume ratio of the aggregate, ΦA, is 67% 
for the AAC studied in this paper. 

4.2.2. Calculated results and discussion 
According to Equation (17), the autogenous shrinkage of AAS and 

AASF concrete is calculate as shown in Fig. 9. The calculated autogenous 
shrinkage is much higher than the measured one in the whole period 
studied for both concrete mixtures. 

One important reason of these discrepancies is believed to be the 
ignorance of creep in Pickett’s model. As described in section 4.2.1, 
Pickett’s model is derived according to classic elastic mechanics, with 
the assumption that aggregate and paste both behave elastically. How-
ever, in reality, the paste made from either OPC or AAMs shows a certain 
extent of viscosity. A part of the autogenous shrinkage of the paste be-
longs to time-dependent deformation under internal driving forces, viz. 
creep. It has been found in a previous study [14] that the creep co-
efficients of AAS and AASF pastes can reach 3–4, which are much higher 

Fig. 7. Schematic representation of (left) restraining effect of aggregate on shrinking paste (after [73]) and (right) relationship between radius r and stress σt .  

Fig. 8. Schematic representation of change of the radius of the outer paste shell due to the restraining of the inner particle, i.e. aggregate (after [73]).  
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than those for OPC systems. Furthermore, with the increase of time, the 
role of creep will be increasingly important. Whereas, the restraining 
effects of aggregate on elastic deformation and creep of the paste might 
not be identical. According to Ref. [30], the embedding of stiff particles 
restrains more effectively the viscous deformation than the elastic 
deformation of the paste. Therefore, considering all the deformation of 
AAC as elastic would underestimate the restraining effect of the aggre-
gate. It has been found that the more aggregate contained in the con-
crete, the higher the discrepancy between the calculated and measured 
autogenous shrinkage will be generated by Pickett’s model [43]. 
Therefore, for a better prediction of the autogenous shrinkage of the 
concrete that contains a big amount of aggregate, the creep has to be 
considered. 

Lura and Wyrzykowski [30] suggested to use a reduced elastic 
modulus of the paste or an increased elastic modulus of the aggregates to 
practically consider the effect of creep. In either way, a smaller Ep/ Ea 
can be expected, which would result in a stronger restraining effect of 
aggregate on the shrinking paste as illustrated in Fig. 8. However, arti-
ficially choosing a reduced elastic modulus of the paste, for example 
using an effective modulus of 1/3 of the measured one as suggested by 
Ref. [76], can be somehow arbitrary. Besides, a constant value of elastic 
modulus, although reduced, cannot reflect the time-dependent charac-
teristics of creep. For a better estimation of the autogenous shrinkage of 
the concrete, the accumulative effect of creep needs to be considered, as 
will be shown in the next section.  

5. Prediction of autogenous shrinkage of AAC by Extended Pickett’s 
model 

4.3. Theory 

As discussed in the last section, creep plays an important role in the 
autogenous shrinkage of AAMs paste. Pickett’s model assumes the 
deformation of the paste as purely elastic, thus showing a large 
discrepancy in prediction. To better predict the autogenous shrinkage of 
AAC, the restraining effects of aggregate on both the elastic and creep 
deformations need to be considered. To do that, an extension of Pickett’s 
model can be made to integrate creep into the current equations. 

Firstly, the total autogenous shrinkage of paste is considered to 
include two parts, i.e. an elastic part and a creep part. 

εp = εp, el + εp,cr (18)  

where εp is the measured autogenous shrinkage of the paste. εp,el and εp,cr 
are the elastic and creep parts of the autogenous shrinkage, respectively. 

As found in a previous study [14], the creep coefficient proposed by 
van Breugel [77] provides a good prediction of the creep of AAS and 
AASF pastes, as shown in Equations (19) and (20). 

εcr(t, τ)= εel(τ)ϕ(t, τ) (19)  

ϕ(t, τ)=
(α(t)

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

α(τ) (20)  

where ϕ(t, τ) is the creep coefficient. τ (days) is the time when the load is 
applied. ω is the water-solid ratio, 0.344 in the case of this study (see 
section 2.1). α is the degree of reaction. n and d are constants which 
value is taken as 0.3 and 0.35, respectively [14,78]. 

In Equation (20), the ratio of reaction degree α(t)
α(τ) can be obtained by 

using the reaction heat Q(t) as: 

α(t)
α(τ)=

Q(t)
Q(τ) (21) 

The reaction heat results can be found in Fig. 5. 
The creep part at a certain time is the accumulation of increments of 

time-dependent deformations that formed at previous time, e.g. from τ1 
to τn− 1: 

εcr(t, τ)=
∑n− 1

k=1
Δεel (τk)

[(
α(t)
α(τk)

− 1
)

+ 1.34 * ω1.65τ− d
k (t − τk)

n α(t)
α(τk)

]

(22) 

According to Equations (18)–(22) and the measured autogenous 
shrinkage of the paste (see Fig. 3), the elastic part and creep part of the 
autogenous shrinkage of AAMs paste can be calculated. 

As mentioned in section 4.2.1, aggregate in concrete will restrain the 
shrinking paste. The change of the radius of outer shell δr also consists 
two parts: an elastic part and a time-dependent part. 

For the elastic part δr,el, it holds (the same as Equation (8)): 

δr,el =
r

Ep

[(
1 − ϑp

)
σt − ϑpσr

]
(23) 

For the creep part δr,cr, it holds: 

δr,cr =
r

Ep

[(
1 − ϑp

)
σt − ϑpσr

][(α(t)
α(τ) − 1

)
+ 1.34 * ω1.65τ− d(t − τ)n α(t)

α(τ)

]

(24) 

From Equations (6), (7), (23) and (24), the change of radius of the 
outer shell δr can be calculated by summing δr,el and δr,cr (a and b as in 
Fig. 7): 

δr =
pa3

Epr2

[
1 − ϑp

2
b3 + 2r3

b3 − a3 + ϑp
b3 − r3

b3 − a3

][
1+

(α(t)
α(τ) − 1

)

+ 1.34 * ω1.65τ− d(t − τ)n α(t)
α(τ)

] (25) 

The reduced volume shrinkage of the total body due to the restraint 
of aggregates is of the amount: 

4πb2δr|r=b=
3pVa

Ep

(
1− ϑp

2

)
3b3

b3 − a3

[
1+

(α(t)
α(τ)− 1

)
+1.34*ω1.65τ− d(t − τ)n α(t)

α(τ)

]

(26)  

where Va = 4/3πa3 is the volume of the aggregate. 
The decrease in volume shrinkage due to the presence of aggregate −

3ΔεV can be written as: 

− 3ΔεV=
3pVa

Ep

(
1 − ϑp

2

)
3b3

b3 − a3

[
1+

(α(t)
α(τ)− 1

)
+1.34*ω1.65τ− d(t − τ)n α(t)

α(τ)

]

(27) 

The volume reduction of the aggregate due to the force p has been 

Fig. 9. Calculated autogenous shrinkage according to Pickett’s model (dashed 
lines) in comparison with the measured autogenous shrinkage (solid lines). 

Z. Li et al.                                                                                                                                                                                                                                        



Cement and Concrete Composites 117 (2021) 103913

8

shown in Equation (10). Eliminating p in Equations (27) and (11): 

− ΔεV = β∅εVa (28)  

where 

β∅=
3
(
1 − ϑp

)

1+ϑp+2(1 − 2ϑa)
(
Ep

/
Ea

)/[
1+

(
α(t)
α(τ) − 1

)
+1.34*ω1.65τ− d(t − τ)n α(t)

α(τ)

]

(29) 

The relationship between the shrinkage of paste and corresponding 
concrete can be then calculated as: 

εc = εp(1 − ΦA)
β∅ (30)  

where εc is the autogenous shrinkage of concrete. εp is the autogenous 
shrinkage of paste (see Fig. 3). The factor β∅ evolves with time (see 
Equation (29)). 

4.4. Calculated results and discussion 

With the extended Pickett’s model, the autogenous shrinkage of AAS 
and AASF concrete is calculated and shown in Fig. 10. It is seen that the 
extended Pickett’s model with creep taken into account provides a much 
better prediction of the autogenous shrinkage of AAC than the original 
Pickett’s model. The mechanism behind lies in the separate consider-
ation of the elastic and creep deformations of the paste and on the latter 
one, aggregates have more significant restraining effects (see Equations 
(23) and (24)). 

In the first 7 days, the extended Pickett’s model overestimates the 
autogenous shrinkage of both AAS and AASF concrete. The main reason 
for this is believed to lie in the slightly different curing conditions of the 
paste and concrete samples. Nominally, isothermal curing conditions 
were applied on the measurements of both paste and concrete samples. 
In fact, however, the temperature controlling strategies in the two ex-
periments are different. As described in section 3.3, it is the temperature 
of the liquid where the paste samples were stored that is under control. 
Due to the hydration heat, the core part of the paste would be slightly 
hotter than the edge part of the corrugated tube that contacts the liquid. 
Therefore, the average temperature of the paste would be a bit higher 
than 20 ◦C, despite the small cross-section of the corrugated tube. By 
contrast, in the concrete measurement, it is the temperature of the core 
part of the concrete that is measured and controlled. The concrete 
sample has a large cross-section, 150 × 100 mm2. While the temperature 

of the core part of the concrete was accurately controlled at 20 ◦C, the 
temperature of the edge parts of concrete must be below 20 ◦C, since 
they are closer to the mould, which has cooling water circulating inside 
to remove the reaction heat. Hence, there was actually a temperature 
gradient within the cross-section of the concrete sample and the average 
temperature of the whole concrete is below 20 ◦C. A schematic diagram 
of the temperature gradient is presented in Fig. 11. This gradient is 
considerable mainly in the first day when the reaction was generating 
huge amounts of heat (see Fig. 5). In fact, the temperature of the 
circulating water was as low as 5–10 ◦C in the first hours in order to cool 
down the concrete. Due to the actually lower curing temperature of the 
concrete samples, the reactions would be retarded a bit at the very early 
age compared to those of the paste and there would be a longer dormant 
period. Therefore, the development of the autogenous shrinkage of the 
concrete would be slowed down in the first 1–2 days, thus becomes 
lower than the predicted autogenous shrinkage based on the results of 
the paste. 

Despite the effects discussed above, the discrepancy between the 
measured and calculated results is within 9% for AAS concrete in the 
period studied. For AASF concrete, the measured and calculated curves 
nearly overlap with each other after the first 3 days. These results reveal 
that it is necessary to consider creep in order to accurately predict the 
autogenous shrinkage of AAC. 

The small discrepancy shown in Fig. 10 indicates that the model 
proposed here can well estimate the creep of AAMs, which accounts for a 
significant part of the autogenous shrinkage. Regarding the mechanism 

Fig. 10. Calculated autogenous shrinkage of AAS concrete (a) and AASF concrete (b) according to the extended Pickett’s model (dashed lines) compared to the 
measured autogenous shrinkage (solid lines). 

Fig. 11. A schematic diagram of the temperature gradient within the concrete 
cured in ADTM. 
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behind the pronounced creep of AAMs, Ye and Radlińska [24] 
mentioned that it may originate from the viscosity of C-A-S-H gel due to 
the reduced stacking regularity by the incorporation of alkali cations, 
which makes the gel easier to collapse or redistribute. This might be 
true, but the results from this study suggest that the large creep defor-
mation of AAMs should be also related to the reaction kinetics of the 
materials, as shown in Equation (20). The key factor appears not the 
absolute reaction degree, but the α(t)/α(τ) ratio, which indicates the 
evolution of reaction degree from time τ to time t. For example, the 
reaction degree of OPC at 3 days normally can reach 70–80% of that at 
28 days [79,80]. For AAMs, by contrast, the reaction degree can double 
from 3 days to 28 days [81]. In that case, a higher α(t)/ α(τ) would be 
obtained for AAMs, thus a larger creep at 28 days under the load, which 
starts at 3 days, e.g. capillary tension, according to Equation (20). In 
other words, the large autogenous shrinkage of AAMs might be partially 
due to the relatively slow reaction in early age. The continuous incre-
ment of reaction degree afterwards objectively provides longer time for 
the material to deform. For OPC based system, a high reaction degree 
can be reached in the first days, which also ensures a fast gain of stiffness 
(see Ref. [82]) that can resist the development of creep. This inference 
might be useful for a better understanding towards the large creep and 
large autogenous shrinkage of AAC. 

The extended Pickett’s model proposed herein can act as a handy 
tool for industry and researchers to predict the autogenous shrinkage of 
AAC from the autogenous shrinkage of corresponding paste. Of course, 
this study only covers the currently commonly used AAMs based on 
slag/fly ash with NaOH and Na2SiO3 as the activator. The applicability 
of the model to AAMs made from other precursors and activators needs 
further research. 

5. Evaluation of microcracking surrounding the aggregates 

Since the shrinkage of paste is restrained by the aggregate, tensile 
stress would be generated in the paste. Consequently, microcracks that 
are perpendicular to the interface may form, as demonstrated in Fig. 12 
[83]. 

The development of microcracking has severe influences on the 
mechanical properties of the concrete. As reported in Refs. [47,70], the 
development of microcracking is hypothesized to be responsible for the 
decrease in elastic modulus and tensile strength-to-compressive strength 
ratios of AAC. Moreover, the large scatter in the measured flexural 
strength observed by Nedeljković et al. [23] was also attributed to the 
microcracking caused by locally restrained autogenous shrinkage. 
Despite the plausible reasoning in these studies, none of them gave 
direct or indirect evidence on the microcracking. 

Based on the Extended Pickett’s model developed in section 5, the 
interactive forces between the aggregate and the paste can be calculated, 
which makes it possible to evaluate the potential of microcracking. 

As shown in Fig. 7, the stresses perpendicular to the radius σt de-
creases with the increase of r. When r = a, i.e. at the surface of the 
aggregate, σt reaches the largest and can be calculated with equations 
(6) and (7) as: 

σt =
εpEp

(
b3 + 2a3

)

2
[(

1 − 2ϑp
)
a3 −

(
1 + ϑp

)
b3
] (31) 

According to Pickett, the b/a is taken as ∞ [33], hence we have: 

σt =
εpEp

− 2
(
1 + ϑp

) (32) 

Due to the pronounced viscoelasticity of the material, the tensile 
stress generated in restrained paste would be reduced with the elapse of 
time, i.e. relaxation, which has to be considered when predicting the 
stress evolution [85]. According to van Breugel [77], a relaxation factor 
can be introduced to consider the effect of relaxation. 

σt− relax(t, τ)= σt(τ)ψ(t, τ) (33)  

where ψ(t, τ) is the relaxation factor. τ (days) is the starting time of the 
loading. 

The relaxation coefficient of concrete can be calculated from the 
creep coefficient ϕ(t, τ), as shown in Equation (34) [77,86]. 

ψ(t, τ)= e− ϕ(t,τ) (34) 

Since the autogenous shrinkage of surrounding cement paste is 
increasing with time, the relaxation of stress caused by restraining 
particles σt(τ) can be expressed as: 

σt− relax(t) =
∑n− 1

k=1
Δσt− relax(τk)=

∑n− 1

k=1
Δσt( τk)ψ(t, τk) (35)  

where Δσt− relaxed(τk) is the increment of elastic shrinkage-induced stress 
after relaxation from τk− 1 to τk. 

Fig. 13 shows the predicted tensile stress at the surface of aggregate 
particle with and without consideration of relaxation in AAS and AASF 
concrete. It can be seen that the calculate stress in AAS concrete is higher 
than in AASF concrete, which is in line with the higher autogenous 
shrinkage of AAS concrete. The calculated tangential tensile stress is 
decreased by more than a half when relaxation is considered. 

When the tensile stress is bigger than the tensile strength of the paste, 
microcracking will occur. The occurrence of microcracking of AAS and 
AASF concrete is calculated and also shown in Fig. 13, where the tensile 

Fig. 12. Schematic representation of the microcracking generated on the interface of the shrinking paste and the inert particle (after [84]).  
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strength of the paste is assume to be identical to that of the concrete (see 
Fig. 2). It is found that the calculated stress in AAC exceeds the tensile 
strength in only 1 day. 

In reality, the development of microcracking may not be as early as 1 
day, especially for AASF concrete, since the autogenous shrinkage of 
AAC in the first days was overestimated (see Fig. 10). Afterwards, 
nonetheless, the calculated stress in AAS and AASF concrete keeps 
increasing and becomes much higher than the measured tensile 
strength. This indicates a high potential of microcracking development 
in these two concrete mixtures in this period. Besides, it needs to be 
noted that the calculation of the tangential stress described above does 
not consider the overlapping of stress. In concrete, the stress fields 
generated in the paste due to the presence of multiple aggregates will 
overlap. If we take the overlap into account, the calculated tensile stress 
in the paste will be even larger. Compared to the results in Ref. [43], the 
tendency of microcracking in AAC is higher than that in OPC based 
concrete/mortar. The microcracking development numerically identi-
fied in this study may help to explain the decreased elastic modulus and 
tensile/flexural strength of AAMs based paste and concrete observed in 
previous studies [23,47,70]. 

One may argue that the splitting tensile strength of concrete is 
improper to be used here for the evaluation since it is not identical to the 
tensile strength of the paste surrounding aggregates. This is probably 
true, but there is currently no standard way to measure the tensile 
strength of paste; moreover, none of the commonly used means to break 
the paste, including uniaxial tension, splitting tension and 3-point/4- 
point bending, can fully mimic the failure of the paste surrounding ag-
gregates due to tangential tensile stress. Lattice-type models might be 
useful to analyse the microcracking of paste under a complex loading 
conditions [87], but a challenge exists in giving viscoelastic constitution 
to the discrete beams of the mesh. Future studies to solve this problem 
are recommended. 

It is also worth noting that the restraining effect of aggregate is not 
the exclusive cause of microcracking. Unreacted particles in paste are 
also local restraints of the shrinkage and may aggravate the develop-
ment of microcracking, but that part is not considered in this study, 
where the paste is considered as a homogeneous material. Further 
research on the restraining effect of unreacted particles is needed, 
bearing in mind that a more complex situation is to be expected due to 
the much more irregular shape of the precursors than the aggregate, 
which may induce heterogeneous stress distribution, viz. stress con-
centration surrounding the particles. In addition, the influence of the 
particle size of the restraints including gravels, sand and unreacted 

models is not considered in the proposed model and can be an inter-
esting topic for future studies. 

6. Final remarks 

There is a good connection between this paper and two companion 
papers [14,47] published recently. The former one deals with the pre-
diction of the autogenous shrinkage of AAMs paste based on the internal 
relative humidity, elastic modulus, reaction degree, etc. of the paste. The 
latter one investigates the prediction of stress in restrain concrete based 
on the autogenous shrinkage of the concrete. By combining the ap-
proaches proposed in these three studies, it is theoretically possible to 
predict the cracking potential and stress of restrained AAC from the 
properties of corresponding paste, without even an autogenous 
shrinkage measurement. This will undoubtedly contribute to the 
establishment of model code for AAC. Of course, the more models and 
the less experimental evidence get involved, the larger prediction error 
might be expected. Future study is needed on integrating the models on 
different scales of the materials and improving the accuracy. 

7. Conclusions 

In this study, the autogenous shrinkage of AAC is predicted explicitly 
by considering the creep effect. The potential of microcracking sur-
rounding aggregates is evaluated. According to the results and discus-
sion, the following conclusions can be drawn:  

1. While various models are available for OPC concrete, these models 
are likely not applicable for AAC. The model from MC2010 signifi-
cantly underestimates the autogenous shrinkage of AAC. The 
empirical parameters designed for OPC concrete are not suitable for 
AAC. Pickett’s model tends to overestimate the autogenous 
shrinkage of AAC and the discrepancy increases with the increase of 
slag content. One main reason of the discrepancy is attributed to the 
ignorance of the creep involved in the autogenous shrinkage of AAC.  

2. To better predict the autogenous shrinkage of AAC, a new numerical 
model is developed by extending Pickett’s model to consider the 
pronounced viscoelasticity of AAM paste. By this model, the 
restraining effects of aggregate on the elastic and creep deformations 
of the paste can be investigated separately. The modelling results by 
the extended Pickett model agree well with the measured results. 
Although the model is developed for AAC, it can be used for any 
other concrete whose creep cannot be ignored. 

Fig. 13. Calculated tangential tensile stress with (dashed lines) and without (solid lines) consideration of relaxation in AAS concrete (a) and AASF concrete (b). The 
stress is compared with the measured tensile strength of AAS and AASF concrete strength (solid black lines, see Fig. 2 (b)). The calculated tensile stress appears higher 
than the tensile strength at 1 day of curing, as marked by the arrow. 
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3. The microcracking in AAC due to the restraining effect of aggregate 
on the shrinkage of paste is evaluated. The calculated results indicate 
that AAC undergoes high potential of microcracking. This finding 
may help to explain the unexpected deterioration of the mechanical 
properties of AAC observed in previous studies.  

4. The results in this study indicate that the role of aggregate in AAC is 
both positive and negative. From the autogenous shrinkage point of 
view, the aggregate restrains effectively the deformation of the paste 
especially the creep part of the autogenous shrinkage, thus resulting 
in a relatively low autogenous shrinkage of the concrete; on the other 
hand, the restraining effect induces a high tangential tensile stress in 
paste surrounding aggregates. Although the stress is reduced thanks 
to the pronounced relaxation, the tendency of microcracking in AAC 
is still high. The root reason originates from the very large autoge-
nous shrinkage of AAMs pastes. Future study should be devoted to 
mitigating the autogenous shrinkage of AAMs pastes, in order to 
produce AAC with lower potential of microcracking. 
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[39] H. Zhang, B. Šavija, S.C. Figueiredo, M. Lukovic, E. Schlangen, Microscale testing 
and modelling of cement paste as basis for multi-scale modelling, Materials (Basel) 
9 (2016), https://doi.org/10.3390/ma9110907. 

Z. Li et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.cemconres.2011.03.016
https://doi.org/10.1016/j.cemconres.2011.03.016
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref2
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref2
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref3
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref3
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref3
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref3
https://doi.org/10.1016/j.cemconres.2017.02.009
https://doi.org/10.1016/j.cemconres.2017.08.012
https://doi.org/10.1016/j.jenvman.2012.07.008
https://doi.org/10.1016/j.jenvman.2012.07.008
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref7
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref7
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref7
https://doi.org/10.1021/acs.iecr.6b00559
https://doi.org/10.1016/j.conbuildmat.2015.01.065
https://doi.org/10.1016/j.conbuildmat.2016.09.121
https://doi.org/10.1016/j.conbuildmat.2016.09.121
https://doi.org/10.1016/j.conbuildmat.2017.07.027
https://doi.org/10.1617/s11527-020-1449-3
https://doi.org/10.1617/s11527-020-1449-3
https://doi.org/10.1617/s11527-019-1396-z
https://doi.org/10.1016/j.cemconres.2020.106107
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref15
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref15
https://doi.org/10.1016/j.conbuildmat.2018.09.125
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref17
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref17
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref18
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref18
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref18
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref18
https://doi.org/10.1520/cca12302
https://doi.org/10.1016/j.cemconcomp.2014.07.007
https://doi.org/10.1016/j.cemconres.2007.11.002
https://doi.org/10.1016/j.conbuildmat.2013.09.048
https://doi.org/10.3390/ma11112121
https://doi.org/10.1016/j.cemconres.2016.07.001
https://doi.org/10.1016/j.conbuildmat.2018.03.155
https://doi.org/10.1016/j.conbuildmat.2018.03.155
https://doi.org/10.1016/j.cemconres.2019.04.016
https://doi.org/10.1016/j.cemconres.2019.04.016
https://doi.org/10.1016/j.cemconres.2020.106123
https://doi.org/10.1016/j.conbuildmat.2020.118478
https://doi.org/10.1016/j.conbuildmat.2020.120985
https://doi.org/10.1061/9780784479346
https://doi.org/10.1061/9780784479346
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref31
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref31
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref32
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref32
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref32
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref33
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref33
https://doi.org/10.14359/7089
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref35
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref35
https://doi.org/10.3151/jact.12.279
https://doi.org/10.3151/jact.12.279
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref37
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref37
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref37
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref38
http://refhub.elsevier.com/S0958-9465(20)30417-0/sref38
https://doi.org/10.3390/ma9110907


Cement and Concrete Composites 117 (2021) 103913

12

[40] N. Lahmar, F. Bouziadi, B. Boulekbache, E.-H. Meziane, M. Hamrat, A. Haddi, 
C. Djelal, Experimental and finite element analysis of shrinkage of concrete made 
with recycled coarse aggregates subjected to thermal loading, Construct. Build. 
Mater. 247 (2020) 118564. 

[41] E. Schlangen, E.J. Garboczi, Fracture simulations of concrete using lattice models: 
computational aspects, Eng. Fract. Mech. 57 (1997) 319–332. 

[42] G. Fang, M. Zhang, Multiscale micromechanical analysis of alkali-activated fly ash- 
slag paste, Cement Concr. Res. 135 (2020) 106141, https://doi.org/10.1016/j. 
cemconres.2020.106141. 

[43] T. Lu, Autogenous Shrinkage of Early Age Cement Paste and Mortar, Delft 
University of Technology, 2019. 
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