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A B S T R A C T

This study aims to provide a better understanding of the autogenous shrinkage of slag and fly ash-based alkali-
activated materials (AAMs) cured at ambient temperature. The main reaction products in AAMs pastes are C-A-S-
H type gel and the reaction rate decreases when slag is partially replaced by fly ash. Due to the chemical
shrinkage and the fine pore structure of AAMs pastes, drastic drop of internal relative humidity is observed and
large pore pressure is generated. The pore pressure induces not only elastic deformation but also a large creep of
the paste. Besides the pore pressure, other driving forces, like the reduction of steric-hydration force due to the
consumption of ions, also cause a certain amount of shrinkage, especially in the acceleration period. Based on the
mechanisms revealed, a computational model is proposed to estimate the autogenous shrinkage of AAMs. The
calculated autogenous shrinkage matches well with the measured results.

1. Introduction

Alkali-activated materials (AAMs) have emerged as eco-friendly
alternatives to ordinary Portland cement (OPC) based binders [1].
Compared to cement production, the production of AAMs entails
around 25–50% lower CO2 emissions and> 40% lower embodied en-
ergy [2,3]. However, a wide utilization of AAMs in infrastructures has
not been realized yet due to the insufficient knowledge of the perfor-
mances of AAMs. Blast-furnace slag (hereinafter termed slag as an ab-
breviation) and coal fly ash, as industrial by-products, are the most
widely used raw materials for synthesizing AAMs [1,4]. While it has
been known that alkali-activated slag and fly ash systems can show high
strength, good chemical resistance and fire resistance [5–7], the auto-
genous shrinkage of these materials has not been well understood.

Previous studies have shown that slag and fly ash based AAMs can
show high autogenous shrinkage [8–13]. However, regarding the me-
chanisms behind the high autogenous shrinkage, no consensus has been
reached.

Collins and Sanjayan [14] attributed the high autogenous shrinkage
of alkali-activated slag (AAS) to the dense pore structure of the paste.
Their experimental results showed that up to 80% of the pores in AAS
paste activated by Na2SiO3 were mesopores (1.25–25 nm), while OPC
paste contained only 36.4% of mesopores and a larger percentage of
macropores (25–5000 nm). Given the fine pore structure of AAS, a

certain chemical shrinkage would result in a small radius of menisci in
the paste [15], which means a high pore pressure. The large fraction of
mesopore volume in AAS was further confirmed by Lee et al. [16].
Besides the radius of the menisci, surface tension in AAS was also re-
ported to be higher than that in OPC according to Ballekere Kumarappa
et al. [17]. The large quantity of ions induced a high surface tension of
the pore solution in AAS and consequently resulted in large pore
pressure. Cartwright et al. [18] reported that AAS had a higher sa-
turation degree and lower elastic modulus than OPC, thus showed a
higher autogenous shrinkage. Ye and Radlińska [19] proposed another
reason of the large shrinkage of AAS from the gel structure point of
view. Due to the incorporation of alkali cations, the aluminium-mod-
ified calcium silicate hydrate (C-A-S-H) gel was found to collapse and
redistribute more easily than the calcium silicate hydrate (C-S-H) gel
under pore pressure, therefore C-A-S-H gel shows a pronounced visco-
elastic/visco-plastic behaviour at the macroscopic scale.

While the above-mentioned studies provided different insights into
shrinkage mechanism of AAS, their common assumption is that the
driving force of the autogenous shrinkage of AAS is pore pressure like
the assumption for OPC. However, different opinions were held by
other researchers. For example, Ma and Dehn [20] stated that self-de-
siccation seems not to be the exclusive reason why autogenous
shrinkage of the AAS concrete is doubled compared to the high-strength
OPC concrete. Uppalapati and Cizer [21] reported that the autogenous
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shrinkage of AAS is also related to the contraction induced by silica
polymerization reaction during the formation of C-A-S-H gels.

Regarding the alkali-activated slag-fly ash (AASF) paste, Fang et al.
[22] reported that the volume contraction caused by chemical
shrinkage in fresh state occupied approximately 70% of the total au-
togenous shrinkage in the first 24 h. However, this finding seems con-
trary to the results of Lee et al. [16], who claimed that the autogenous
shrinkage of AASF mortar occurs mainly due to self-desiccation in the
hardened state rather than the volume contraction converted from the
chemical shrinkage in the fresh state. Aydin [23] reported that the
lower autogenous shrinkage of AASF than that of AAS is because the
shrinkage of C-A-S-H gel is restrained by the 3D structured sodium
aluminosilicate hydrate (N-A-S-H) gels produced by the activation of fly
ash.

In summary, no convincing hypothesis has been proposed yet to
completely explain the autogenous shrinkage of AAMs made from slag
and fly ash, let alone predict the autogenous shrinkage of AAMs by
models [22,24]. A better understanding of the shrinkage mechanisms is
a required for the prediction of the cracking potential of AAMs under
the restrained condition and the development of shrinkage-mitigating
strategies.

This study aims at investigating the mechanism of the autogenous
shrinkage of AAMs made of slag and fly ash. The autogenous shrinkage
of AAS and AASF pastes is measured and compared with that of OPC
paste. Second, various techniques are applied to characterize the mi-
crostructure formation of AAS and AASF pastes, with regard to the
reaction products, reaction rate and pore structures. The parameters
that influence the autogenous shrinkage of AAMs, e.g., chemical
shrinkage, internal relative humidity (RH) and elastic modulus evolu-
tion of the pastes, are compressively investigated. The driving forces of
the autogenous shrinkage of AAMs and the deformability of the pastes
are then clarified. Based on the experimental results, the autogenous
shrinkage of AAMs is modelled considering both elastic and non-
elastic/creep deformations.

2. Materials and experiments

2.1. Raw materials and mixture proportions

The main raw materials used were slag supplied by Ecocem Benelux
BV and fly ash from Vliegasunie BV. The chemical compositions of slag
and fly ash (FA1) were determined by X-ray fluorescence (XRF) (as
shown in Table 1). The fly ash complies with Class F (EN 450, ASTM
C618) since it has low CaO content (< 10% reactive CaO) and a content
of “SiO2 + Al2O3 + Fe2O3” higher than 70%. The particle size of slag
ranges from 0.1 to 50 μm, with a d50 of 18.3 μm. The particle size of
FA1 is between 0.14 and 138 μm, with a d50 of 48.1 μm. In Section
3.2.3, two other fly ashes (FA2 and FA3) produced by the same supplier
but in different batches will be used to reveal the influence of the
variation in fly ash. The chemical compositions of FA2 and FA3 are also
shown in Table 1. It can be seen that the chemical compositions of three
batches of fly ash are slightly different. In Section 3.1, OPC paste made

of CEMI 52.5 R is used as a reference mixture. The chemical composi-
tion of CEMI 52.5 R is also shown in Table 1.

Alkali-activated slag paste and alkali-activated slag-fly ash blended
paste are studied. For the slag and fly ash blended systems, one slag to
fly ash weight ratio, 50–50%, is focused in this research. Other ratios
like 30–70% and 70–30% do not have substantial differences on the
microstructure and shrinkage behaviors of the paste [25–27], so these
ratios are not concerned in this research. Alkali-activated fly ash paste
does not show considerable stiffness and strength at ambient condition,
and is therefore not studied in this paper. The mix design of the pastes is
shown in Table 2. The liquid/binder (l/b) ratio of the alkali-activated
paste is 0.5, while the water/solid (w/s) ratio of the paste is 0.344 if the
SiO2 and Na2O in the activator are considered as parts of solid. The
water/cement ratio of the cement paste is 0.4.

The alkaline activator was prepared by mixing anhydrous pellets of
sodium hydroxide with deionized water and commercial sodium sili-
cate solution. The solution was allowed to cool down for 24 h to room
temperature before mixing with the precursors. A Hobart mixer was
used for mixing. After premixing of the raw materials for 1 min, acti-
vator was added at low speed mixing. The mixing continued at low
speed for 1 min and for another 2 min at high speed. All the samples
were cured in sealed condition at 20 °C.

2.2. Experimental methods

2.2.1. Setting time
The times of initial and final setting were measured by an automatic

Vicat setup with a measurement interval of 5 min [28].

2.2.2. Autogenous shrinkage
Corrugated tubes with a length of 425 mm and a diameter of

28.5 mm were utilized to measure the linear autogenous shrinkage of
AAS pastes according to ASTM C1968 [29]. Three replicates were
measured for each mixture. The length changes were automatically
measured by linear variable differential transformers (LVDTs) until
7 days. After that, the evolution of the autogenous shrinkage becomes
slow so the test is stopped. The automatic measurements show a low
scatter for triplicate samples, with the relative standard error in the
range of 1–2%.

2.2.3. Shrinkage under saturated condition
To investigate the role of self-desiccation in autogenous shrinkage of

AAMs, the deformation of the pastes under saturated condition was

Table 1
Chemical compositions of slag, fly ash and cement.

Raw materials Oxide (wt%)

CaO Al2O3 SiO2 MgO Fe2O3 SO3 K2O TiO2 Other L.o.I.

Slag 40.50 13.25 31.77 9.27 0.52 1.49 0.34 0.97 0.21 1.31
FA1 4.8 23.8 56.8 1.5 7.2 0.3 1.6 1.2 1.6 1.2
FA2 5.08 25.74 54.4 1.26 7.88 0.76 1.45 1.22 0.89 1.32
FA3 5.39 26.02 51.92 1.45 9.40 0.84 1.53 1.17 0.98 1.3
OPC 66.72 4.49 16.91 2.41 2.67 2.37 0.63 0.34 0.56 2.9

L.o.I. = Loss on ignition.

Table 2
Mixture compositions of the pastes.

Mixture Slag (g) Fly ash
(g)

Cement (g) SiO2

(mol)
Na2O
(mol)

H2O (g)

AAS 1000 – – 1.146 0.76 384
AASF 500 500 – 1.146 0.76 384
Cement paste – – 1000 – – 400
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measured by a modified corrugated tube method [30,31]. Puertas et at.
[32] and Feng et al. [33] measured the deformation of the samples
under a RH close to 100%. However, in their methods, the deformation
of the paste/mortar can only be measured after the demoulding at 24 h.
In this study, the paste was cast into a corrugated tube but only to fill
80% volume of the tube. After that, the top end plug was mounted and
the tube was vibrated horizontally. The upper part (25% volume) of the
tube was occupied by air. The length change of the tube was then
measured following the same procedure as the autogenous shrinkage
measurement and the liquid level of the glycol surrounding the tubes
was kept slightly lower than the top of the tubes. After final setting of
the mixture, three tiny holes were pricked on top of the tube by a needle
along the length direction. Drops of activator were then gently added
into the tubes through these holes by a syringe until the upper surface
of the sample was submerged in liquid (as shown in Fig. 1). Special
attention was paid when adding the liquid such that the measurement
was not disturbed. According to Tian and Jensen [30], filling only 80%
of the tube does not influence the deformation results after final setting
of the paste, in relative to the case that the tube is fully filled up. With
the method proposed in this study, the deformation can be measured
without changing the geometry of the specimen or delaying the starting
time of the experiment. An error involved in this method is that the
actual reaction degree of the samples could be a bit different from that
of the samples under sealed condition, due to externally supplied ac-
tivator. However, this error is evitable as long as there is exchange of
substances between the sample and the environment (e.g. supply of
moisture to the sample to keep a high enough RH).

2.2.4. Characterization of the microstructure
X-ray diffraction (XRD) measurement was conducted to examine the

crystalline phases in the pastes using a Philips PW 1830 powder X-ray
diffractometer with Cu Kα (1.5406 Å) radiation, tube setting of 40 kV
and 40 mA, a step size of 0.030° and a 2θ range of 5–70°.

Fourier transform infrared spectroscopy (FTIR) measurement was
performed with a TM 100 Optical ATR-FTIR spectrometer over the
wavelength range of 600 to 4000 cm−1 with a resolution of 4 cm−1.

The reaction heat of AAMs pastes was tracked by a TAM Air isothermal
calorimeter (Thermometric). Before measurements, the calorimeter was
calibrated at 20 °C for 1 week. Approximately 5 g of paste were cast into
each glass vial and were immediately loaded into the measuring channels.
The internal diameter of the glass vial was 24.5 mm. The mixing and
loading procedures lasted about 15 min from the moment of adding ac-
tivator. The temperature inside the measured cells was controlled at
20 ± 0.2 °C. The data was recorded every 1 min until 7 days. The re-
action heat results were normalized by the weight of the paste.

Nitrogen adsorption test was performed to measure the pore struc-
ture (from 0.3 to 300 nm) of the pastes by using Gemini VII 2390 V1.03
(Micromeritics, Brussels, Belgium). The relative pressure ranges from
0.05 to 0.99. The interpretation of the isotherms is based on Barrett-
Joyner-Halenda models (BJH) [34].

2.2.5. Chemical shrinkage and internal RH
Dilatometry was used to measure the chemical shrinkage of the

pastes as suggested by ASTM C 1608 [35], only the water was replaced
by activator to be added onto the surface of the paste [36].

The internal RH of the pastes was measured by Rotronic hygro-
scopic DT station equipped with HC2-AW measuring cells [37]. Two
replicates were tested for each mixture. The nominal error of the sensor
was within 2% RH. The sensors were calibrated before and after each
measurement using four saturated salt solutions (NaCl, KCl, KNO3 and
K2SO4) with equilibrium RH in the range 75–98%. At the curing age of
1 day, 3 days and 7 days, the paste was crashed into small pieces around
0.5 cm3 and immediately inserted into the hermetic measuring cham-
bers. To consider the influence of dissolved ions on the internal RH, the
pore solution was extracted from the paste by a steel die under high
pressure and the RH of the pore solution was measured.

2.2.6. Elastic modulus measurement
Elastic modulus is an important parameter to calculate the self-de-

siccation shrinkage of the paste. Moreover, the evolution of elastic
modulus helps to understand the time-zero of the autogenous shrinkage
of AAMs, from when tensile stress can be potentially induced in the
restrained material. In this study, the elastic modulus was measured
automatically using Elasticity Modulus Monitoring through Ambient
Response Method (EMM-ARM [38]) from casting until 7 days. The
detailed measuring procedure was shown in [38]. Three replicates were
tested for each mixture.

3. Results and discussion

3.1. Autogenous shrinkage

The setting time of the pastes determined by Vicat needle is shown
in Table 3. The autogenous shrinkage plots starting at the final setting
time of the paste.

Fig. 2 shows that the autogenous shrinkage of AAS paste develops
rapidly, reaching 3560 μm/m at 1 day and around 6600 μm/m at
7 days. The autogenous shrinkage of AASF is around 40% lower than
that of AAS, reaching 1700 μm/m at 1 day and around 3700 at 7 days,
but is still much (around 6 times) larger than that of the OPC paste.
These findings are in line with the data reported in literature
[17,18,20,39,40].

3.2. Microstructure characterization

3.2.1. XRD analysis
The XRD results are shown in Fig. 3. The X-ray diffractogram of slag

and fly ash presents a hump around 30.5° and 24° (marked by the da-
shed lines), respectively, indicating the presence of amorphous phase.
While the slag is basically amorphous, several crystalline phases are
detected in fly ash, such mullite ((Al2O3)1.136(SiO2)0.728), quartz (SiO2)
and hematite (Fe2O3). The peaks at 29° and 49.8° observed in the dif-
fractograms for AAS paste represent the formation of C-A-S-H type gels
[41]. The intensity of these peaks decreases when half of the slag is
replaced by fly ash. No new crystals are formed in the two pastes, which
is in line with the continuous shrinkage of them. In OPC based paste, an
expansion can be shown due to the formation of expansive crystals (e.g.
ettringite) [42].

With increasing curing age, the main band (29°) for C-A-S-H gel in
AAS becomes more intensive. Meanwhile, the peaks for crystals, e.g. the
one at 26.5°, become relatively weaker. This indicates that more
amorphous reaction products are formed. The spectra for AASF pastes
show lower intensity at the humps representing C-A-S-H gel than those
for AAS pastes at both 1 day and 7 days. This indicates that the amount
of C-A-S-H gel formed in the first week is lower when slag is substituted
by fly ash.

3.2.2. FTIR analysis
The FTIR spectra for AAS and AASF pastes all show main bands at

near 950 cm−1 (Fig. 4), which is assigned to the vibration of SieO
bonds [43]. More specifically, it is associated with the asymmetrical
stretching vibrations of SieOeT (T]Si or Al) bonds and/or SieOeM
bonds (M being alkali metal element) generated by Q2 units1, which is
the representative structure of aluminosilicate chains containing C-A-S-
H type gel [44,45]. The shoulder in the range of 1040–1070 cm−1 is
also assigned to the asymmetrical stretching of SieOeT (T]Si or Al)
bonds and/or SieOeM bonds, with a lower extent of Al substitution
[46]. The bands located at around 900 cm−1 and 660 cm−1 are as-
signed as the deformational vibrations of SieOeAl or SieOeSi [44,47].

1 Qn denotes the connectivity of the silicate units based on the chemical shift,
where n represents the number of SieO linkages of the unit.
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The small band at 815 cm−1 represents the symmetric stretching vi-
brations of SieO (Q1) [47]. The band at 855 cm−1 originates from slag,
and the intensity of this band becomes smaller in the spectra for AAS
and AASF pastes due to the dissolution of slag and/or the substitution of
slag by FA.

In Fig. 4, the signals at 950 cm−1, 900 cm−1, 815 cm−1 and
660 cm−1 are visible in all spectra for the pastes, but their intensities
decrease when fly ash is present. Besides, the spectra for AASF paste
show higher intensity in the range of 1000–1200 cm−1 than that for
AAS paste, due to the presence of unreacted fly ash particles (see the
spectrum for FA). These findings indicate that the main reaction pro-
ducts in AAS and AASF are C-A-S-H type gel. The amount of this gel
decreases when slag is substituted by fly ash, which confirmed the
observations from XRD analysis. No signal representative for N-A-S-H
type gel is detected in the spectra. These findings agree with the results
obtained by Nedeljković [25] using energy-dispersive X-ray spectro-
scopy and thermogravimetric analysis.

The first reason why the typical reaction products in heat-cured fly
ash-based geopolymer, N-A-S-H gel and zeolites, are not formed in
AASF system lies in the low reactivity of fly ash at ambient temperature.
The second reason is the instability of N-A-S-H gel in the presence of
Ca2+ at high alkalinity [44]. Even though the dissolution of fly ash can
release a small amount of Si and Al, they tend to involve into the for-
mation of C-A-S-H gel rather than N-A-S-H gel since a large amount of
Ca is present in the system due to the dissolution of slag [44,48]. The
similar reaction products formed in AAS and AASF pastes determine
that the two systems should follow similar mechanisms of autogenous
shrinkage.

Comparing the spectra for AASF in Fig. 4(a) and (b), it can be seen
that the bands at 950 cm−1, 1050 cm−1, 900 cm−1 and 815 cm−1

become more intensive at 7 days, which indicates more C-A-S-H gel is
formed with the increase of curing age. The intensities of the band at
855 cm−1 and the region from 1000 to 1200 cm−1 in the spectra for
AASF decrease, which indicates that part of the fly ash starts to dissolve

Fig. 1. Using a syringe to add alkali solution into the corrugated tubes (a) which are 80% filled by the paste (b).

Table 3
Vicat setting time of the pastes (min).

Mixture AAS AASF OPC0.4

Initial setting 25 63 240
Final setting 35 103 340

Fig. 2. Autogenous shrinkage of AAS and AASF pastes (l/b = 0.5, w/
s = 0.344) in comparison with OPC paste (w/c = 0.4).

Fig. 3. XRD patterns of AAS and AASF pastes cured for 1 day (a) and 7 days (b), in comparison with precursors (slag and fly ash). M, Q and H stand for mullite, quartz
and hematite, respectively.
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during the 7 days. These changes are less apparent in the spectra for
AAS, indicating a small change of the molecular structures of the phases
in AAS paste from 1 day to 7 days. The reason can be the high reactivity
of slag in alkali environment which does not need 7 days to produce
characteristic products [49]. The higher reaction degree of AAS paste
compared to AASF paste at 1 day will be further confirmed by the re-
sults in next section.

3.2.3. Isothermal heat release
Isothermal calorimetry tests are conducted to investigate the reac-

tion kinetics of AAS and AASF, as shown in Fig. 5. For reason of clarity,
the heat flow curves are plotted up to 40 h, while the cumulative heat in
the whole measuring period of 168 h is presented. It can be seen from
Fig. 5(a) that both pastes experience a dormant period after the initial
peak caused by wetting of the raw materials and initial reactions
(mainly dissolution). After that, both curves show one main peak, in-
dicating the acceleration period of the reaction. The main heat flow
peak indicates the rapid formation of the major products, i.e. C-A-S-H
gel, from the reaction of the ions in the activator and new ions dissolved
from the precursor. The decrease of the reaction rate after the main
peak is normally attributed to the inhibited dissolution of the precursors
due to the continuous formation of reaction products surrounding the
unreacted particles and the gradually blocked pore space [50].

Compared with AAS, AASF shows a later acceleration period and a
lower main heat release peak. Accordingly, the cumulative heat re-
leased by AASF is lower than that released by AAS. Given the similar
reaction products (C-A-S-H type gels) in the two systems, the lower total
heat release of AASFF paste indicates a lower overall reaction degree of
the paste.

The main reason for the lower overall reaction degree of AASF paste
lies in the low reactivity of fly ash at ambient temperature [51]. It has
been well known that the fly ash particles are relatively hard to dissolve
no matter in cementitious systems or in alkali-activated systems, de-
spite the existence of amorphous phases in fly ash [51,52]. A longer
time or a higher temperature is normally required for fly ash to release
a substantial amount of ions in alkali environment [53].

To better understand the role of fly ash in AASF paste, the heat flow
curve of AASF paste is compared with the one of alkali-activated slag
with quartz (AASQ), where the fly ash in AASF is totally replaced by
quartz with different particle sizes. To indicate the repeatability of the
calorimetry measurement, three replicates were measured for paste
AASF1. Two other fly ashes (FA2 and FA3) ordered from the same
supplier but in different batches were also tested, in order to investigate
the influence of deviation in the raw materials.

As shown in Fig. 6(a), the heat flow curves for the three replicates of
AASF paste show a very small discrepancy, indicating good repeat-
ability of the measurement. Using fly ashes from different batches can
induce changes in the peak intensity and the dormant period. Compared
to AASF1 paste, AASQ pastes show similar heat flow trends, only the
dormant periods are shorter and the main reaction peaks appear earlier.
This reason why the acceleration period of AASF paste appears later lies
in the Si and Al released from fly ash during dissolution. It has been
widely reported in literature that increasing amounts of Si and Al in
AAS system, either from the addition of fly ash or from higher modulus
(SiO2/Na2O) of the activator, would decrease the rate of the formation
of C-A-S-H gels [49,50,54–57]. However, it should be noted that the
differences in heat flow between AASF and AASQ pastes are much
smaller than those between the AASF and AAS, and even smaller than

Fig. 4. FITR spectra of AAS and AASF pastes cured for 1 day (a) and 7 days (b), in comparison with precursors (slag and fly ash).

Fig. 5. (a) Heat flow and (b) cumulative heat of AAS and AASF pastes (AASF1 stands for the AASF paste made from FA1).
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those between AASF pastes made from different fly ashes. This in-
formation indicates the role of fly ash in AASF paste is not the same as
quartz, but treating the fly ash as quartz will not lead to a misestimation
of reaction kinetics larger than that induced by using different batches
of fly ash.

As shown in Fig. 6(b), AASQ pastes generated nearly the same total
heat as the AASF1 pastes at 1 week, irrespective of the particle size of
the quartz. Therefore, from the aspects of reaction kinetics and reaction
degree in the first 7 days, the role of fly ash in AASF systems seems
similar, although not identical, to that of a filler like quartz. Therefore,
the replacement of half of the slag by fly ash should not result in a
different shrinkage mechanism of the material under ambient condi-
tion.

3.2.4. Pore structure
The pore volume and pore size distribution of AAS and AASF pastes

characterized by nitrogen absorption are shown in Fig. 7. At the age of
1 day, the total pore volume in AAS is higher than in AASF due to a
faster formation of gel structures in AAS paste. AAS paste show critical
pore size at around 4.5 nm and 20 nm at this age, while AASF paste
does not show characteristic pores within the measuring range of ni-
trogen absorption. This indicates that a dense microstructure have not
formed yet in AASF pastes. After 7 days, a critical pore size of 3.5 nm
can be identified for AAS, indicating the formation of a large amount of
gel pores [58]. Compared with AAS, AASF shows coarser gel pores, with
the critical pore size at around 5 nm, and a larger total porosity. The
coarser pore structure when slag is replaced by fly ash is consistent with
the findings from the literature [25,59] and also with the cumulative
heat release results shown in Fig. 6. The denser pore structure of AAS
paste may contribute to a smaller radius of the menisci formed within
the paste, which can lead to a larger pore pressure that can generate
autogenous shrinkage. This point will be confirmed in Section 3.4.

By summarizing the characterization results shown above, it can be
found that AAS and AASF systems have the same type of reaction
products. The substitution of slag by fly ash leads to a lower reaction
degree of the paste and a coarser microstructure. Consequently, the
magnitude of the driving force of the autogenous shrinkage and the
deformability of the pastes would be different. In the following sections,
the driving forces of the autogenous shrinkage and the deformability of
the pastes will be investigated.

3.3. Chemical shrinkage

Chemical shrinkage is believed to be the primary reason for self-
desiccation in OPC based systems [60,61]. Since the total volume of
hydration products is smaller than the volume of reactants (cement and
water) [62], internal voids would form when the paste is stiff enough.

As a result, negative pore pressure and autogenous shrinkage of the
paste are generated [63]. To confirm that AAMs follow similar me-
chanisms, the chemical shrinkage of AAS and AASF is measured, as
shown in Fig. 8.

It can be seen from Fig. 8 (a) that both AAS and AASF pastes show
chemical shrinkage after final setting (35 min for AAS paste and
103 min for AAFS paste). The chemical shrinkage of AAS is a bit smaller
than that of OPC at the same curing age. The lower chemical shrinkage
of AASF paste than AAS paste is consistent with the lower reaction
degree of AASF indicated by the cumulative reaction heat results as
shown in Fig. 5(b). However, the chemical shrinkages of the two pastes
are rather similar in the unit of ml per gram of slag, as shown in
Fig. 8(b). This verifies the hypothesis proposed above that the slag
dominates the reactions in AASF at ambient condition. At the age of
7 days, AASF shows a slightly higher chemical shrinkage (ml/g slag)
than AAS, which may be due to the higher reaction degree of slag in
AASF system than in AAS system (see [64]) and the reaction of the
amorphous phase in fly ash.

The chemical shrinkage of the two pastes indicates that internal
voids are formed in the systems and the pore pressure generated by
liquid-gas menisci will be one of the driving forces of the autogenous
shrinkage.

3.4. Internal RH and pore pressure

In order to confirm the occurrence of self-desiccation in AAMs and
quantify the pore pressure, the internal RH of the pastes is measured.
The RH that indicates the curvature effect of the meniscus can be cal-
culated according to Eq. (1) [65].

=RH RH RHS K (1)

where RH is the (measured) relative humidity of the paste, RHS is due to
the dissolved salts in the pore fluid and RHK is due to meniscus for-
mation in a circular cylindrical pore.

Fig. 9 shows the measured RH of AAS and AASF pastes and RHS of
the pore fluid. The calculated RHK is also shown in Fig. 9. It can be seen
that the RHS of the pore solutions of the pastes is lower than 100% due
to the presence of ions. The similar RHS values (around 95%) of AAS
and AASF indicate similar ions concentrations in the pore solutions.
Both AAS and AASF show a decrease in RHK, indicating the occurrence
of self-desiccation in the paste. The RHK drop in AAS is more evident
than in AASF.

The extents of RHK drop in AAS and AASF paste can be explained
according to Kelvin equation (Eq. (2)).

=RH V
rRT

ln( ) 2
K

w
(2)

where γ (N/m) and Vw (m3/mol) are the surface tension and the molar

Fig. 6. (a) Heat flow and (b) cumulative heat of AASF pastes made from fly ashes ordered in different batches and AASQ pastes where fly ash is replaced by quartz
with different particle sizes. The quartz used in AASQ 35, AASQ 60 and AASQ 130 has a d50 of 35 μm, 60 μm and 130 μm, respectively.
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volume of the pore solution, respectively; r (m) is the radius of the
menisci; R (8.314 J/(mol·K)) is the ideal gas constant and T (K) is the
absolute temperature, in this paper 293.15 K.

In Eq. (2), R and T are constants. According to Lura [61], the ions
have limited effect on Vw. Thus the value of Vw can be considered as a
constant and taken as that for water, i.e. 18.02 × 10−6 m3/mol. Then,
it is the surface tension of the pore solution and the menisci radius that
control the RHK. The surface tensions of the pore solutions of AAS and
AASF are believed to be similar due to the similar ions concentrations
indicated by the RHS results [60]. According to Figs. 7 and 8, AAS paste
shows higher chemical shrinkage and higher extent of pore refinement
than AASF paste, therefore, the diameter of menisci in AAS is supposed

to be smaller [60], which qualitatively explains the severer RHK drop in
AAS paste compared to AASF paste.

Combining Kelvin equation (Eq. (2)) and Laplace equation (Eq. (3)),
the pore pressure σ (MPa) induced by the drop of RHK can be calculated
by Eq. (4).

=
r

2
(3)

= ln RH RT
V

( )K

w (4)

The calculated pore pressure for AASF and AAS at the age 1 day,
3 days and 7 days is shown in Fig. 10. It can be seen that larger pore

Fig. 7. Pore volume and differential curves for AAS and AASF cured for (a,b) 1 day and (c,d) 7 days.

Fig. 8. (a) Chemical shrinkage of AAS and AASF pastes in comparison with that of OPC paste, in ml per gram of paste and (b) chemical shrinkage of AAS and AASF
paste in ml per gram of slag. The results of the two replicates for each mixture are shown in dashed lines while the average data is shown in solid line.
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pressure is generated in AAS than in AASF, which contributes to the
larger autogenous shrinkage of AAS paste.

Compared with the published results (e.g. Fig. 5.9 in [61] and
Fig. 5.8 in [66]), the pore pressure generated in AASF paste is around
two times higher than that in OPC paste with a w/c of 0.4. This might
be one of reasons why AASF shows larger autogenous shrinkage than
OPC0.4 (see Fig. 2). However, the two times larger pore pressure may
not fully explain the 6 times larger autogenous shrinkage of AASF
compared to OPC0.4. It is therefore suspected that other driving forces
besides the pore pressure induced by self-desiccation may also exist.
More information on this will be given in next section.

3.5. Shrinkage under saturated condition

To verify the existence of other driving force besides pore pressure,
the autogenous shrinkage of AAS and AASF pastes under saturated
condition is measured, as shown in Fig. 11. The results are compared
with the deformation (i.e., autogenous shrinkage) of the pastes under
sealed condition.

It can be seen from Fig. 11(c) that OPC0.4 shows expansion under
saturated condition. This phenomenon is attributed to the absence of
capillary tension and the formation of crystals (e.g. ettringite) that exert
pressure on the microstructure [42,67]. By contrast, AAS and AASF
show a noticeable shrinkage even under saturated condition, especially
in the first day. This finding is in consistency with the results obtained
by Yang et al. [68], who observed considerable shrinkage of AAS cured
in an environment with RH above 90%. After the age of 1 day, the
shrinkage of AAM pastes under saturated condition develops much

slower. A similar trend on AAS mortar was observed by Palacios and
Puertas [69]. The results in Fig. 11 indicate that besides self-desicca-
tion, there is other driving force that can induce autogenous shrinkage
of AAMs, especially at early age.

Several studies proposed the possibility of existence of other me-
chanisms of autogenous shrinkage of AAMs other than self-desiccation.
For example, Fang et al. [22] found that a large part of the early age
autogenous shrinkage of AASF is associated with the development of
chemical shrinkage, however, they did not define the driving force
behind. Uppalapati and Cizer [21] hypothesized that the autogenous
shrinkage of AAS is related to the polymerization reaction during
forming C-A-S-H gel. However, this mechanism cannot explain the
different autogenous shrinkage behaviors of AAS and OPC, since the
polymerization degree of Si in C-A-S-H (mostly in the form of Q2

[70,71]) is actually similar to that of Si in C-S-H.
In the sub-micro level, several forces are involved between the gel

surfaces, including attractive forces, e.g., van der Waals force, and
impulsive forces, e.g., double-layer force and steric-hydration force
[72,73]. DLVO theory (named after Derjaguin, Landau, Verwey and
Overbeek [74,75]) provides a framework for the balance between van
der Waals force and double-layer force [76,77]. However, for separa-
tions below about 5 nm and for concentrated solutions (10−2–10−1 M)
especially when divalent or multivalent ions, e.g., Ca2+, Al3+, and
SiO3

2−, are present in the electrolytic solution, DLVO theory was also
found unable to interpret the interparticle forces [77–80]. In these si-
tuations, non-DLVO forces such as the steric-hydration force play more
important roles. The steric-hydration force is an impulsive force gen-
erated by the hydration shells surrounding individual ions. In the
electrolytic solution, ions (especially divalent ions) would absorb
neighbouring water molecules to form hydration shells and the counter
overlap of the shells of individual ions would provide strong repulsive
steric force to avoid the solid surfaces reaching closer [81]. As reported
in [72,77], the repulsive hydration force is stronger than either of the
two DLVO forces.

In AAMs systems, there are large amounts of ions such as Na+, OH–

and SiO3
2− in the initial pore solution. The hydration shells within the

interstitial space counterbalance the attractive forces between gel par-
ticles to resist the densification of the gel structure. From the start of the
acceleration period, the reaction is progressing rapidly and the con-
centrations of ions decrease dramatically. For example, the concentra-
tion of SiO3

2− in similar AAM systems decreases from>2 M to
100–200 mM according to [48,82]. The reduced concentrations of the
ions and the hydration shells substantially lead to a reduction of the
steric-hydration force, while the attractive forces like van der Waals
force remain unchanged. As a result, the gel particles surrounding the
pores approach closer to each other, which expressed as a rearrange-
ment or densification of the gel [19]. This effect together with the

Fig. 9. Internal RH results of AAS (a) and AASF (b). RH is the measured RH of the paste, RHS is due to the dissolved salts in the pore solution and RHK is due to the
curvature effect of the liquid-gas menisci as calculated with Eq. (1).

Fig. 10. Calculated pore pressure in AAS and AASF according to Eq. 4.
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continuous formation of new products contributes to the formation of a
denser and stronger skeleton (see Fig. 7). The correlation between the
shrinkage under saturated condition and the reaction heat of AAS and
AASF is presented in Fig. 12. The larger shrinkage of AAS than AASF
might be due to the faster reaction in AAS in the acceleration period.

After the acceleration period, the reactions slow down and the
concentrations of the ions become stable [82], hence the steric-hydra-
tion force also stabilizes. As a result, AAS and AASF show little
shrinkage under saturated condition in the deceleration period, as
shown in Fig. 12. For the samples in sealed condition, the autogenous
shrinkage keeps increasing after the acceleration period due to the in-
creasing pore pressure (see Fig. 2).

The mechanism proposed above is a possible explanation of the
shrinkage of AAS and AASF under saturated condition. This kind of
shrinkage was not observed in OPC for two reasons. First, the ion

concentrations in the pore solution of OPC are much lower than in al-
kali-activated systems and are relatively stable during the acceleration
and subsequent periods [83,84]. Second, the shrinkage induced by
steric-hydration force, if any, can be compensated by the expansion of
the paste after final setting caused by the formation of crystals, e.g.
ettringite [67]. The existence of mechanism of the autogenous
shrinkage of AAMs other than self-desiccation explains why the auto-
genous shrinkage of AAS cannot be entirely mitigated by internal curing
(see the results in [85]). Future study is needed to quantify the decrease
of steric-hydration force in different reaction processes.

3.6. Elastic modulus evolution

The elastic modulus of AAS and AASF determined by EMM-ARM is
shown in Fig. 13. It is seen that the elastic modulus of AAS and AASF

Fig. 11. Shrinkage of AAS (a), AASF (b) and OPC0.4 (c) under saturated condition in comparison with the autogenous shrinkage (under sealed condition).

Fig. 12. Shrinkage of AAS (a) and AASF (b) under saturated condition, plotted together with the reaction heat.
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remains at a low level at the dormant period (until 8 h for AAS and 11 h
for AASF, see Fig. 5(a)). After that, the elastic modulus of the two
systems experiences a sudden increase. After 1 day when the reaction
rate slows down, the elastic modulus of the two systems starts to de-
velop at a lower speed. AAS shows higher elastic modulus than AASF
after the dormant period due to the larger amount of reaction products
and the denser pore structure formed in the paste as shown in Section
3.2. The elastic modulus of AAMs is slightly lower than that of OPC
paste made from similar water/binder ratios according to the results
reported in [61,86].

A phenomenon different from what has been observed in OPC sys-
tems is that the elastic modulus of AAMs starts to rapidly develop at the
start of the acceleration period, which is far beyond the final setting
time (see Table 3). For OPC, the final setting time normally indicates
the formation of solid percolation, when the reaction products sur-
rounding the cement particles start forming a solid cluster that spans
the whole sample [87]. Therefore, the elastic modulus of OPC was
observed to rapidly increase after the final setting [38]. For AAMs, in
contrast, the final setting is probably the result of flowability loss of the
paste due to the formation of initial products from the alkali and silicate
ions in the interstitial space [88]. At such a short time (within 1 h after
mixing), a solid skeleton with enough stiffness has not formed yet.

This finding is actually consistent with the shrinkage data. As can be
seen from Fig. 11(a) and (b), the shrinkages are the same under dif-
ferent conditions in the dormant period, which indicates that no con-
siderable pore pressure is generated in sealed cured AAMs in this stage.
Otherwise, the autogenous shrinkage of AAMs under sealed condition
should be higher than the shrinkage under saturated condition. As the
chemical shrinkage progresses, the liquid should have started to be
consumed in the dormant period, but the paste is not stiff enough to
resist a large pore pressure and can generate pronounced bulk de-
formation to compensate the formation of menisci. Therefore, the
shrinkage in this stage is likely to be viscous or even plastic deformation
that is converted from chemical shrinkage. An important support for
this finding can be found in a previous study [85], which showed that
the restrained autogenous shrinkage of AAS paste generates stress only
after the dormant period. This finding is also in agreement with the
results obtained by Ma et al. [89], who measured the internal pore
pressure in AAMs and found that the pore pressure starts to develop
only after the dormant period. Therefore, it seems that the starting
point of the acceleration period is a better indication of the “time-zero”
of the autogenous shrinkage of AAMs.

3.7. Modelling of the autogenous shrinkage

In this section, results of early-age properties of AAM pastes, pre-
sented in previous sections, are used as inputs for calculating auto-
genous shrinkage of AAS and AASF pastes. Based on the analyses above,

the autogenous shrinkage of AAMs can be divided into two parts (Eq.
(5)), the part induced by pore pressure and the part induced by other
driving forces like steric-hydration force.

= +AS pore ste (5)

εste can be experimentally measured under saturated condition, as
shown in Fig. 11.

εpore can be considered as the sum of two parts, namely the elastic
part and the non-elastic/creep part, as shown in Eq. (6). The starting
point of the acceleration period instead of final setting time is used as
the time-zero of the autogenous shrinkage in the calculations below.

= +pore elas creep (6)

According to Bentz et al. [90], the elastic deformation of the paste
induced by pore pressure can be calculated by Eq. (7).

= S
K K3
1 1

elas
S (7)

where S (m3 liquid/m3 pore) is the saturation fraction; σ (MPa) is the
stress in the pore solution calculated by Eq. (4); K (MPa) is the bulk
modulus of the paste and KS (MPa) is the bulk modulus of the solid
material.

The saturation fraction S can be calculated as the ratio between the
liquid content in the hardening paste, Vl (ml), and the total pore volume
of the paste, Vp (ml), which can be calculated according to the initial
liquid content, Vil (ml), the non-evaporable liquid content, Vnl (ml), and
the chemical shrinkage, Vcs (ml), according to Eq. (8) [61]. The detailed
procedure to determine Vnl (ml) was described in [48].

= =
+

S V
V

V V
V V V

l

p

il nl

il nl cs (8)

The calculated saturation fractions of the pastes are shown in
Table 4. In general, AAS shows lower saturation fraction than AASF and
the saturation fraction of the two systems decrease with reaction time.

The bulk modulus K of AAS and AASF pastes is calculated with Eq.
(9):

=K E
3(1 2 ) (9)

where E (GPa) is the elastic modulus and υ is the Poisson's ratio (−).
The elastic modulus results can be found in Fig. 13. The Poisson's

ratio of AAS and AASF pastes is taken as 0.2 according to [91]. The bulk
modulus KS is taken as 44 GPa [92]. According to Lura [61], the var-
iation of KS has limited effect on the calculated shrinkage. Changing the
value of KS from 40 to 50 GPa results in a deviation of only 2% in the
calculated shrinkage.

The elastic part of autogenous shrinkage induced by pore pressure is
calculated and shown in Fig. 14. The elastic deformation between the
age 1 day and 7 days are obtained by linear interpolation. It can be seen
that the elastic deformation (εelas) only accounts for a small part of the
total autogenous shrinkage.

To calculate the creep part of the autogenous shrinkage of AAMs,
the available models developed for OPC systems is applied, as shown in
Eq. (10). According to van Breugel [93], the creep of a cementitious
material at time t can be calculated with Eq. (11), where the water/
solid ratio and the reaction degree are two main parameters.

=t t( , ) ( ) ( , )creep elas (10)

Fig. 13. Evolution of elastic modulus of AAS and AASF paste. The dashed line
indicates the instants when the elastic modulus starts to rapidly increase.

Table 4.
Saturation fraction of AAS and AASF pastes.

Mixture AAS 1d AAS 7d AASF 1d AASF 7d

S 0.933 0.881 0.974 0.931
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where φ(t,τ) is the creep factor. τ (days) is the time when the load is
applied.

= +t t t t( , ) ( )
( )

1 1.34 ( ) ( )
( )

d n1.65
(11)

where α is the degree of reaction; ω is the water-solid ratio (0.344, see
Table 2); n is the relaxation factor which value is taken as 0.3 and d is
the constant which value is taken as 0.35 [94].

The reaction degree term t( )
( )

can be calculated by Eq. (12). The
reaction heat results have been shown in Fig. 5.

=t Q t
Q

( )
( )

( )
( ) (12)

where Q(t) and Q(τ) are the reaction heats of the paste at time t and τ.
Since the pore pressure is increasing with time, the creep part of the

autogenous shrinkage at a certain age needs to be considered as the
accumulation of increments of creep deformations that formed at

previous time, e.g. from τ1 to τn−1. Within each time interval, the load
can be treated as constant. Therefore, the creep induced by pore pres-
sure can be calculated by Eq. (13).

= +
=

( ) (t)
( )

1 1.34 (t ) (t)
( )creep

k

n

elas k
k

k k
k1

1
1.65 d n

(13)

where ∆εelas(τk) is the increment of elastic deformation from τk−1 to τk.
A schematic representation of the calculation process mentioned

above is shown in Fig. 15.
Based on the Equations above, the creep part of the autogenous

shrinkage induced by pore pressure (εcreep) is calculated and compared
with εelas, as shown in Fig. 16. It can be seen that εcreep of AAMs is more
than three times higher than εelas, especially at later age. For plain OPC
paste, the creep part was generally reported to be with a similar mag-
nitude to that of the elastic part of the autogenous shrinkage. For OPC
paste blended with fly ash or slag, the creep coefficient (creep part/
elastic part) can reach 2 [12,61,66]. Hence, it seems that AAM systems
show more evident viscosity than OPC based systems. This finding is in
line with the evident creep/relaxation of AAM paste and concrete re-
ported by Ye and Radlińska [19], Li et al. [95] and Kostiuchenko et al.
[96]. According to [19], the evident viscous deformation of AAMs is
due to the rearrangement of C-A-S-H gel. The reason why C-A-S-H gel is
more viscoelastic compared with C-S-H gel lies in the structural in-
corporation of alkali cations in C-A-S-H, which reduces the stacking
regularity of C-A-S-H layers and makes the gel easier to collapse and
redistribute [19].

With the calculated εelas and εcreep, and the measured εste, the total
autogenous shrinkage can be calculated by combining Eqs. (5) and (6).
The calculated autogenous shrinkage of the pastes is compared with the
measured one as shown in Fig. 17.

In Fig. 17, the calculated autogenous shrinkage curves of AAM paste
agree fairly well with the measured ones, especially for AAS paste. This
also confirms the hypothesis of the autogenous shrinkage mechanism
proposed in this study. The results also indicate that the creep model
developed in [93] for OPC based systems can also be used to predict the
pore pressure induced-creep of AAMs.

Fig. 14. Calculated εelas of AAS and AASF paste. The time-zero of the curves is
the start of the acceleration period of the paste (8 h and 12 h for AAS and AASF,
respectively).

Fig. 15. Schematic representation of pore pressure induced autogenous shrinkage of the paste, after [66].
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At the age of 1 day, the calculated εAS slightly underestimates the
autogenous shrinkage of AAS paste and slightly overestimates the one
of AASF paste. The reason probably lies in the Poisson's ratio values
assumed in the modelling. Compared with activator and raw materials,
the reaction products (C-A-S-H gel) with locally porous structure nor-
mally show lower Poisson's ratio [97]. According to the results in
Section 3.2, AAS has higher reaction degree and a larger amount of
reaction products formed compared to AASF, especially at 1 day.
Therefore, the real Poisson's ratio of AAS paste should be lower than
that of AASF at that time. In the modelling, however, the value 0.2 was
assumed for both pastes, which may lead to an overestimation of the
real Poisson's ratio for AAS and an underestimation for AASF. As a re-
sult, the εpore of AAS is underestimated and the one of AASF is over-
estimated. From 1 day to 6 days, there is a small discrepancy between
the calculated εAS of AASF and the measured curve, which may be
because the calculated εelas in this period is obtained by linear inter-
polation.

This section provides a useful strategy for academia and industrial
users to predict the autogenous shrinkage of AAMs. The important
input parameters that need to be known are: internal RH, saturation
fraction, elastic modulus, reaction heat evolution and shrinkage under
saturated condition (εste). The good agreement between the calculated
and the measured autogenous shrinkage of AAMs, in turn, verifies the
mechanism identified in this study. It might also be interesting to check
whether the existing models in standards for OPC can be used to predict
the autogenous shrinkage of AAMs. An example is given in Appendix A,
which shows the autogenous shrinkage of AAS and AASF is greatly
underestimated with the models in fib Model Code 2010. Shrinkage-

predicting models based on fundamental descriptions of the reaction
and microstructures of AAMs need future research.

4. Concluding remarks

In this study, the autogenous shrinkage of AAS and AASF pastes is
measured and the mechanisms of the autogenous shrinkage are in-
vestigated. The role of fly ash in AASF paste is clarified. A model for
calculating the autogenous shrinkage of AAMs is proposed. The auto-
genous shrinkage of AAMs is then calculated and compared with the
measured results. The following remarks can be made:

1. AAM pastes show larger autogenous shrinkage than OPC paste. The
more slag used in the precursor, the larger autogenous shrinkage of
the AAM pastes.

2. The main reaction products in AAS and AASF are C-A-S-H type gel.
Compared with AAS, AASF shows a longer dormant period, a
smaller amount of reaction products and a coarser pore structure at
the first 7 days. From the early-age reaction kinetics point of view,
the role of fly ash is similar to that of inert filler.

3. In the dormant period, the stiffness of the paste remains low and the
autogenous shrinkage is mainly viscous/plastic deformation. From
the start of the acceleration period, the elastic modulus of the paste
increases rapidly and the pore pressure starts to develop due to
drastic drop of internal RH. No significant change in the reaction
kinetics or stiffness evolution is observed around the final setting
time determined by Vicat needle. It is therefore suggested that the
moment when the acceleration period starts is a more proper

Fig. 16. Calculated εcreep of AAS (a) and AASF (b) paste, in comparison with εelas. The time-zero of the curves is 8 h and 11 h for AAS and AASF, respectively.

Fig. 17. Calculated and measured autogenous shrinkage of AAS paste (a) and AASF paste (b).
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indication of the time-zero for the autogenous shrinkage of AAMs
than the Vicat final setting time.

4. For the first time, it is confirmed that self-desiccation is not the only
mechanism of autogenous shrinkage of AAMs. Besides self-desicca-
tion, it is believed that the reduction of steric-hydration force due to
the significant consumption of ions also induces a certain amount of
shrinkage, especially in the acceleration period. In the deceleration
period, pore pressure becomes the dominant driving force of the
autogenous shrinkage.

5. AAS and AASF pastes show pronounced viscoelasticity in compar-
ison with OPC paste. Creep deformation under the load of pore
pressure plays an important role in the autogenous shrinkage of
AAMs.

6. A computational model is proposed to estimate the autogenous
shrinkage of AAMs pastes based on the mechanisms clarified. By
summing the shrinkage under saturated condition, the elastic and
creep shrinkage induced by the pore pressure, the calculated auto-
genous shrinkage agrees very well with the measured results.
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Appendix A

Currently, there is no standard model to predict the autogenous shrinkage of AAMs. It is interesting to know whether the analytical models for
OPC can be used to predict the autogenous shrinkage of AAMs. Herein, the model from fib Model Code 2010 is tentatively used to calculate the
autogenous shrinkage of AAS and AASF pastes, as shown in Eq. A.1. However, it should be noted that Eq. A.1 as well as other standard models
concern mainly on the autogenous shrinkage of concrete rather than paste. Corrections on the data are needed afterwards

=t f t( ) ( ) ( )c aso cm as (A.1)

where εc(t) is the autogenous shrinkage of concrete; fcm is the mean compressive strength of concrete at an age of 28 days, which is 91.4 MPa and
75.2 MPa for AAS and AASF concrete, respectively [98]; εaso(fcm) is the notional autogenous shrinkage coefficient and can be expressed as:
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+
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6

(A.2)

where αas is a coefficient which depends on the type of cement; αas = 800 for slowly hardening cements, αas = 700 for normal or rapidly hardening
cements, αas = 600 for rapidly hardening high-strength cements. Considering the short setting time and high strength of AAS and AASF, the
coefficient αas is chosen as 600.

The factor βas(t) in Eq. A.1 describes the relationship between the autogenous shrinkage and time and it can be written as:

=t exp t( ) 1 ( 0.2 )as
0.5 (A.3)

From the calculated autogenous shrinkage of the concrete εc, the autogenous shrinkage of the paste εp can be obtained according to reduced
Hobbs' model [99], as shown in Eq. A.4 [100].

=
+

1
1

c

p

A

A (A.4)

where ϕA is the volume fraction of aggregates, 67% [98].
The accordingly calculated autogenous shrinkage of AAS and AASF paste based on fib Code 2010 is shown in Fig. A.1, in comparison with the

experimentally measured results. It can be seen the predicted results by fib models used for OPC with the compressive strength of AAMs as inputs
substantially underestimate the autogenous shrinkage of AAS and AASF paste. One may argue that the utilization of Hobbs' model to consider the
influence of aggregates may lead to error in the prediction of the shrinkage of paste. However, the error caused by using Hobbs' model cannot explain
the discrepancy as large as shown in Fig. A.1. The huge discrepancy between the calculated and the measured autogenous shrinkage of AAMs paste
indicates that the analytical models involving empirical parameters for OPC systems are not applicable for AAMs. The different shrinkage me-
chanisms of these two types of materials need to be emphasized in future development of shrinkage-prediction models.
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Fig. A.1. Calculated based on fib Code 2010 (dashed lines) and measured (solid lines) autogenous shrinkage of AAS and AASF pastes.
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