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This paper provides a critical review on autogenous shrinkage of alkali-activated slag (AAS). It is reported that
AAS paste, mortar, and concrete generally show larger autogenous shrinkage than Portland cement (PC) coun-
terparts. Self-desiccation is the main driving force of the autogenous shrinkage of hardened AAS, but other
mechanisms also play roles, particularly at early age. Existing models developed for PC do not give satisfactory
estimations of the autogenous shrinkage of AAS, unless the pronounced viscoelasticity of AAS is considered. The
susceptibility of AAS concrete to extensive cracking is not necessarily high due to the effects of stress relaxation,

but local creep can exacerbate the development of microcracks. Various strategies have been proposed to
mitigate the autogenous shrinkage of AAS, but many exhibit side effects, e.g., strength reduction. Existing testing
methods for autogenous shrinkage of PC seem applicable to AAS, but the starting time and test duration need to

be reconsidered.

1. Introduction

Alkali-activated materials (AAMs) have attracted increasing aca-
demic and industrial interest in recent decades [1-3]. An important
motivation for the use of AAMs originates from their identified potential
as greener alternatives to Portland cement (PC) [4]. Commercial-scale
production of AAMs as binder materials is seen in different regions all
over the world [5]. Currently, the most used precursors worldwide to
synthesize AAMs are metallurgical slags (mainly ground granulated
blast furnace slag), calcined clays, and fly ash from thermal power
plants. Among these, slag-based AAMs are the dominant class of AAMs
currently in large-scale production for concrete applications; fly ash
availability is becoming limited in some regions, and calcined clay-
based AAMs require further development in materials processing and
durability assessment in the context of reinforced concretes.

Despite the potential advantages of alkali-activated slag (AAS) to
make lower-carbon and durable concretes [6], the structural application
of AAS-based systems is still limited, and part of the reason lies in the
uncertainty that exists around the volumetric stability of these mate-
rials. An increasing number of publications are showing that AAS-based
systems demonstrate greater shrinkage than their PC counterparts [7];

when restrained, this shrinkage can cause internal tensile stresses and
bring a risk of macro/micro cracking. Restraint of the deformation of
binder materials is almost ubiquitous in structural concretes, from both
internal, e.g. aggregates and steel rebar, and external sources, e.g.
ground or adjacent structures [8,9]. The occurrence of cracking in
concrete can impair its mechanical properties and durability (Fig. 1).
Furthermore, even in the absence of thorough cracking, the persistent
presence of internal tensile stress induced by shrinkage can compound
with other effects and result in a reduction in the load-bearing capacity
of concrete. The current research status shows that the volumetric sta-
bility of AAS systems is one of the least satisfactory aspects among all
performances, including the variability induced by different chemical
compositions of precursor and activator (and admixtures), the reaction
products and microstructure, mechanical properties and durability is-
sues such as carbonation, freeze and thaw resistance, etc. [10-15]. The
volume stability issue seems to deserve more research attention than it
has received.

Autogenous shrinkage is defined as the self-created bulk shrinkage of
a binder system [16]. Among the various types of deformations of binder
materials, autogenous shrinkage plays an important role, not only
because it develops rapidly at early age when the tensile strain capacity
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representation of the hardened properties of

of the material remains low, but also that it occurs without the need for
substance (e.g., moisture) or heat exchange with the environment.
Under drying conditions or thermal shock when drying shrinkage or
thermal deformation takes place, autogenous shrinkage is still present
and the consequent tensile stress can compound with those induced by
drying and temperature change. According to the results from [17], the
autogenous shrinkage accounts for 30 %-70 % of the total drying
shrinkage of AAS mortar depending on the activator composition; while
under sealed and non-isothermal condition, the autogenous shrinkage
can be >2 times larger than the thermal shrinkage of AAS concrete [16],
both indicating the significance of autogenous shrinkage. However, the
number of publications to date concerning autogenous shrinkage (~80
papers according to the Scopus database) accounts for only a small part
of those on all volume stability issues of AAS (~600 papers). Moreover,
no review paper can be found focusing specifically on the autogenous
shrinkage of AAS, although in some reviews the autogenous shrinkage
was briefly discussed [7,10,18]. So, key questions around whether
autogenous shrinkage is a problem for AAS as a binder material, and if
so, how to solve this problem, remain unanswered for researchers and
industrial users.

Against this background, this review critically assesses the existing
knowledge and identifies future research directions on autogenous
shrinkage of AAS. The slag concerned in this paper is ground granulated
blast furnace slag unless noted. The outline of this paper is shown in
Fig. 2, which identifies six key aspects requiring discussion. First, the

Magnitude

Autogenous

shrinkage

Mitigation Prediction

Fig. 2. Outline of this review.
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magnitude of autogenous shrinkage of AAS systems and the influential
factors are reported. The mechanisms of autogenous shrinkage proposed
by researchers are then discussed. The respective applicability of various
prediction models for autogenous shrinkage of AAS is reviewed. The
cracking tendency of AAS paste, mortar and concrete due to restrained
autogenous shrinkage is then evaluated, and some mitigation ap-
proaches are outlined. Some remarks are provided on the testing
methods for autogenous shrinkage, which links back to the determina-
tion of the magnitude of autogenous shrinkage. The research gaps and
outlook on future research are given in each section.

2. Magnitude and influential factors

The magnitude of autogenous shrinkage of AAS is influenced by
various factors, including the properties of the slag used, the composi-
tion of the activator, and the presence or absence of other admixtures.
While the chemical composition and reactivity of ground granulated
blast furnace slag used in different studies vary in a small range, the
type, alkalinity and water content of activators can differ dramatically.

Table Al summarizes the literature reporting the magnitude of
autogenous shrinkage of alkali-activated systems that use ground
granulated blast furnace slag as the sole aluminosilicate precursor. The
table is categorized based on the presence of aggregates and in each
category the table is further sorted by the type and composition of
activator and curing temperature. Since few studies were found on
shrinkage of potassium-activated slag systems, the literature covered in
this study is focused on the use of sodium as the activator cation. It can
be seen that more shrinkage tests were conducted at paste and mortar
scales than at concrete scale. Sodium silicate was the most widely used
type of activator in autogenous shrinkage testing. Both linear and
volumetric deformations were tested in the literature, while the length
change of specimens in corrugated tubes was measured the most.

Based on these experimental results, the influences of Na;O content
and modulus of the sodium silicate activator on the autogenous
shrinkage of AAS paste at 7 days are plotted in Fig. 3, with a constant
water/binder (w/b) ratio of 0.4, which is the most often used w/b value
in literature (see Table A1). A positive correlation between NayO content
and autogenous shrinkage is identified in Fig. 3 when the modulus
ranges from 0.5 to 1.5. This is plausible since a higher Na;O content
normally means a higher available alkalinity in the pore solution, which
is desirable for the dissolution of slag and formation of reaction products
[19]. The reaction rate can be therefore faster and the pore structure can
be denser. These contribute to not only a higher compressive strength
[20], but also a larger autogenous shrinkage, as will be elaborated in the

Autogenous shrinkage(um/m)
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Fig. 3. Influences of modulus and Na,O content of the sodium silicate activator
on the autogenous shrinkage of AAS pastes at 7 days with a constant w/b ratio
of 0.4. Data compiled from references [21-23].
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next section.

By contrast, the influence of the activator modulus on the autoge-
nous shrinkage of AAS paste is not monotonic. A modulus of around 1.0
leads to the highest autogenous shrinkage when the NasO content is
above 5 %. A very high or very low modulus is favourable for a lower
autogenous shrinkage, but it also leads to lower strength [20]; this may
be because the extent of binder formation is relatively low in these
pastes [24], so the chemical processes that induce shrinkage have not
proceeded to the same extent as for a moderate modulus. It has been well
known that the presence of a certain amount of silicate in the activator is
beneficial to the formation of a dense microstructure, but too high a
modulus, e.g. exceeding 1.5, tends to negatively affect the reaction rate
[25,26]. The first reason is that a higher modulus means a lower pH due
to the buffering effects of silanol deprotonation. Moreover, a silicate
layer may form on the surface of the slag particles with excess SiOa,
hindering the further diffusion of ions. Less formation of reaction
products leads to a coarser microstructure [27]. Hence, it is not optimal
to have too much or too little SiOy in the activator, although the
autogenous shrinkage can be lower.

Considering a fixed modulus of 1.5, the influence of w/b ratio and
NayO content on autogenous shrinkage at 7 days is shown in Fig. 4. In
general, the lower w/b ratio the higher autogenous shrinkage of AAS
paste, the same as in PC systems [28]. This is related to the more severe
self-desiccation due to the lower liquid content in the matrix. Compared
to the effect of modulus, however, the effect of w/b ratio on autogenous
shrinkage of AAS is minor. This indicates the important role played by
silicate in the activator.

Fig. 5 plots the 7-day autogenous shrinkage results from the litera-
tures on AAS paste, mortar and concrete with different mixture designs.
The data points are categorized based on the type of activator. It appears
that the autogenous shrinkage values of each AAS system vary in a big
range. This reflects the complexity of AAS in terms of the number of
adjustable parameters in the mix design. Unlike PC which is funda-
mentally controlled by the w/b ratio, the AAS system involves several
chemical components in the reactions. Even for the same type of acti-
vator, different concentrations of chemicals can be used as demonstrated
in Figs. 3 and 4. Moreover, the characteristics of the slag depend on the
iron ore and production technology [32]. Globally speaking, the
composition and reactivity of slags tend to differ between sources,
although the characteristics of a slag from a particular source are
generally highly consistent over time [33,34]. Additionally, the large
variation in the autogenous shrinkage data should also relate to the
different experimental protocols used in the literature; this will be dis-
cussed in more detail in Section 7.

Despite, a general trend can be observed in Fig. 5 that the autogenous

0.54 Autogenous shrinkage(um/m)
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Fig. 4. Influences of w/b ratio and Na,O content of the sodium silicate acti-
vator on the autogenous shrinkage of AAS pastes at 7 days with a constant
modulus of 1.5 [22,29-31].
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Fig. 5. 7-Day autogenous shrinkage of AAS paste, mortar and concrete with
different mixtures designs. The data are categorized based on the type of acti-
vator. The data is from the references as summarized in Table Al.

shrinkage of sodium silicate-activated slag is higher than when other
activators are used. It is also interesting to find that a conventional two-
part sodium silicate-activated slag shows larger autogenous shrinkage
than its one-part (just-add-water) counterpart. The reason behind this is
probably the lower reaction rate and coarser pore structure of the latter
system [35]. The effect of presence of aggregate in lowering the
autogenous shrinkage is also clearly illustrated in Fig. 5 by separating
the data points (marked in different colours) for AAS paste, mortar and
concrete. This effect is due to the restrained shrinkage of the binder by
aggregate, as also exists in PC-based mortar and concrete [36]. More-
over, the restraining effect of aggregates is more pronounced in AAS
systems due to the presence of creep.

One may attribute the lower shrinkage magnitude of mortar and
concrete than paste primarily to the dilution effect of binder by aggre-
gate based on the fact that only the binder part shrinks. However, this is
not true. Consider a paste (either PC or AAM) system showing a certain
autogenous shrinkage (&pqs). If part of the paste is replaced by voids, as
shown in Fig. 6, the autogenous shrinkage of the new system ¢/pas:e Would
be approximately the same as &pas. Only if the voids are replaced by
aggregates would the shrinkage be reduced. In other words, the lower
shrinkage magnitude of concrete is not due to a lower binder content but
the inclusion of aggregates which have high stiffness and do not shrink
by themselves. The restraining effect of aggregate will be further dis-
cussed in Section 4.

Comparing the results in Fig. 5 and those for PC from the literature
[9,28,37-39], we can see the autogenous shrinkage magnitude of AAS
paste is generally larger than that of PC paste, which is normally below
2000 pm/m in the first month of curing. The same applies to mortar and
concrete mixtures. An example comparison is shown in Fig. 7, after
Cartwright et al. [40]. The autogenous shrinkage of the AAS mortar
studied by those authors, using a sodium silicate activator, appears to be
around 5 times as high as that of PC mortar with the same volumetric
liquid/solid ratio. The mechanisms behind the generally higher autog-
enous shrinkage of AAS systems will be discussed in the next section.

3. Mechanisms

Dozens of studies have discussed the mechanisms of the autogenous
shrinkage of AAS systems. As summarized in Fig. 8, several mechanisms
or theories have been proposed. The majority of the literature agrees
with the importance of capillary pressure/tension resulting from self-
desiccation process, while other mechanisms may also co-exist rather
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Fig. 6. Schematic diagrams of a paste, a paste with voids (paste’), and a concrete system. The paste contents of the latter two systems are the same. The order of
autogenous shrinkage magnitudes among these systems would be epq5e ~ e}mte < Econcrete-

150
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-1200

-1600

Autogenous shrinkage (um/m)

-2000 -

Time (days)
Fig. 7. Autogenous shrinkage of an AAS mortar with SiO,/Na,0 of 1.22 and PC
mortar with w/c ratio of 0.4, adapted from [40]. The two mixtures have the

same volumetric liquid (water + activator)/solid (slag or cement) ratio of 1.30
and the same volume fraction of sand of 50.7 %.

m Self-desiccation

m Gel polymerization

m Steric-hydration force
Other mechanisms

Fig. 8. Number of publications (till January 2023) where different mechanisms
were proposed to explain the autogenous shrinkage of AAS: self-desiccation
[21,24,40-59], polymerization/syneresis of C-A-S-H gel [22,60-62], steric-
hydration force [63,64] and other unspecified mechanisms [65,66].

than be exclusive of each other.

3.1. Self-desiccation

3.1.1. Capillary pressure

The capillary pressure theory is evidenced by an extensive body of
experimental results on chemical shrinkage [67,68] and drop in relative
humidity (RH) [69]. The reasoning behind this theory is plausible.
Similar to hydrated PC, AAS is a porous material, with the solid skeleton
gradually hardening after casting and the liquid in the interstitial space
being partially consumed (Fig. 9), leading to self-desiccation. Due to the
reduction in absolute volume of the whole system (i.e. chemical
shrinkage) and the hydrophilicity of the pore walls [52], the menisci,

Fig. 9. Schematic representation of a cross-section of PC or AAS paste under-
going self-desiccation, from [16]. Left: low degree of reaction. Right: high de-
gree of reaction. Solid matter (hydrate products and unreacted cementitious
particles) is shown in dark grey; pore solution is light grey; and empty pore
volume is white.

whose diameters gradually decrease, generate tensile stress which tends
to reduce the distance between the solid surfaces. The resulting bulk
shrinkage is the autogenous shrinkage. From this point of view, it is
reasonable that capillary pressure should also be generated in AAS
systems.

However, doubt does exist regarding the time when this pressure
starts to take effect. In hydrating PC, the onset time of capillary pressure
is normally taken as the final setting time [9]. For AAS, however, the
physically measured setting can occur much earlier than the start of
acceleration period identified by calorimetry and the capillary pressure
is reported to play an important role only after that [45,63]. This is
probably because the stiffness of the matrix at final setting time, when
the Vicat needle cannot penetrate, is not high enough yet to resist the
building of menisci. Ma et al. [23] proved this point with direct mea-
surements of internal stress in AAS pastes with a meniscus depression
measuring system. According to that study, no significant internal
capillary pressure developed in AAS around the final setting time.
Chemical shrinkage might be the main reason for the autogenous
shrinkage before the skeleton is stiff [58,70].

The amplitude of capillary pressure generated in AAS after the
dormant period seems much larger than in PC. As indicated by the
Laplace equation (Eq. (1)), the Kelvin equation (Eq. (2)), and their
combination (Eq. (3)) [9], the capillary pressure is dependent on several
factors, including the surface tension, the diameter of the meniscus, and
the internal RH. For a partially saturated porous solid, the capillary
pressure acts on the solid skeleton contacting with pore solution,
therefore the effective force is also related to the saturation degree of the
paste [71].

1 This does not mean all AAMs are subjected to capillary pressure though.
Alkali-activated metakaolin, for example, is found to show chemical and
autogenous expansion in some stages [87,202,203], in which case the pore
solution can be partially expelled so that menisci will not form.
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where ¢ (Pa) is the capillary pressure; y (N/m) is the surface tension of
the pore solution; r (m) is the radius of the menisci; RH is the internal
RH due to meniscus formation; V,, (m3/mol) is the molar volume of the
pore solution; R (8.314 J/(mol-K)) is the ideal gas constant and T (K) is
the absolute temperature.

According to the literature, AAS pastes have a high saturation degree
[40], fine capillary pore structure (i.e. small diameter of menisci,
especially for sodium-silicate-activated systems) [53,72] and a large
surface tension of the pore solution due to the very high concentration of
ions [46]. All of these factors contribute to a large drop in RH and a large
capillary pressure. An example of the RH drop in an AAS paste, and
corresponding generation of capillary pressure, is shown in Fig. 10. It is
noted that the magnitude of the force in AAS varies for different mix-
tures, but is generally higher than in PC systems [55,73]. The large
capillary force due to self-desiccation at least partially explains the large
autogenous shrinkage of AAS.

3.1.2. Deformability

The autogenous shrinkage depends not only on the magnitude of the
driving force but also on the deformability of the material. The elastic
autogenous shrinkage of a paste induced by capillary pressure can be
calculated as shown in Eq. (4) [71].

So (1 1
Eelas = = (} - E) @

where S (m® liquid/m3 pore) is the saturation fraction; ¢ (Pa) is the
capillary pressure; K (Pa) is the bulk modulus of the paste; and Kg (Pa) is
the bulk modulus of the solid skeleton.

It can be seen from Eq. (4) that the elastic deformation is negatively
correlated with the bulk modulus of the paste, which depends in turn on
the elastic modulus E (Pa) and Poisson's ratio v of the material (Eq. (5)).

E

K=30—m)

5)

At very early age, e.g. before the acceleration period, the elastic
modulus of AAS has been reported to remains <1 GPa [63], with no
apparent change around the point of final setting as measured by Vicat
needle method. The deformability of the material is therefore high, and

100 A RHk r 35
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Fig. 10. RHy drop and capillary pressure in an AAS paste with SiO5/NaO of
1.5 and w/b of 0.38 (data from [63]).
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the chemical shrinkage can fully convert into autogenous shrinkage
[58]. During the acceleration period, the elastic modulus of AAS in-
creases [63]. Nonetheless, the elastic modulus of hardened AAS is still
measured to be lower than that of PC with similar compressive strength,
at both paste and concrete scales [9,63,74-76]. This means that there
will be a larger deformation in AAS under the same magnitude of driving
force.

Moreover, it is noted that binder materials are not purely elastic,
especially for AAS which is found to have pronounced viscoelasticity,
partially due to the structural incorporation of alkali cations that re-
duces the stacking regularity of C-A-S-H layers and makes the gel prone
to collapse and slide (Fig. 11) [55,61]. As simulated in [55,63], the time-
dependent or creep deformation under internal force accounts for a
larger contribution than the elastic deformation in the total autogenous
shrinkage of AAS paste. Both the early-age and late-age creep co-
efficients of AAS are reported to be higher than those of PC with and
without SCMs [9,63,77-80]. The pronounced deformability contributes
even more than the high capillary pressure to the much larger autoge-
nous shrinkage of AAS systems compared to PC.

It is worth noting that the viscoelasticity of the reaction products
affects not only the shrinkage but also other engineering properties of
AAS. For example, for restrained AAS, the local viscoelastic deformation
can cause stress relaxation, as will be further discussed in Section 5. The
bonding between concrete and reinforcement may also be influenced.
For prestressed members, in particular, the viscoelasticity of concrete
can lead to prestress loss and long-term deflection [82,83]. These effects
should be taken into account when using AAS concrete in structures.

3.2. Other driving forces

Without denying the existence of capillary pressure, various re-
searchers have proposed that other driving forces also play roles in the
autogenous shrinkage of AAS, as they found that the capillary pressure
theory alone could not completely explain the observed behaviour.
Evidence was provided from different aspects. For example, Kalina et al.
[65] used an amino alcohol-based shrinkage reducing admixture (SRA)
which can reduce the surface tension of the pore solution of AAS paste,
but the autogenous shrinkage was only affected minimally. Fang et al.
[66] found different shrinkage magnitudes of AAS with partial fly ash
substitution on the first day while the drops in internal RH of these
mixtures were similar. One may argue that the discrepancy can be due to
the presence of fly ash, which brings differences in the chemistry of
reaction products. However, according to [63,84], the incorporation of
fly ash does not change intrinsically the nature of reaction products, i.e.
C-A-S-H type gels, when a considerable amount of slag is present. Li et al.
applied both internal curing [29] and external curing [63] to eliminate
the inner desiccation of AAS, but considerable autogenous shrinkage
was still observed in both cases, especially at the first dozens of hours.
These results indicate that self-desiccation may not be the exclusive
mechanism of the autogenous shrinkage of AAS.

Alternatively, Uppalapati [62] proposed that the continuous poly-
condensation reaction between two adjacent gel units also contributes
to the autogenous shrinkage of AAS. This reaction happens mainly in the
dormant period when the solid network is being formed and the distance
between solid particles becomes shorter as a result [62]. This hypothesis
is in line with the finding of Chen et al. [22], who stated that the
spontaneous syneresis of C-A-S-H gels is responsible for a large part of
the autogenous shrinkage of AAS pastes, especially those prepared with
a high silicate modulus. Furthermore, Zheng et al. [60] explained the
autogenous shrinkage of AAS by an increased polymerization degree of
Si between C-A-S-H gels. Although different terms (poly-condensation,
Si polymerization, and syneresis) were used in these studies, similar
phenomena were described, as demonstrated in Fig. 12.

In fact, the polymerization between silicates associated with dehy-
dration occurs not only in AAS but also in fly ash and metakaolin-based
geopolymers [86,87]. The early-age autogenous shrinkage of alkali-
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Fig. 11. Illustration of deformation of C-A-S-H gel under internal driving force, e.g. capillary pressure, adapted from [61]. Partially due to the incorporation of Na
[81], the gel is more prone than C-S-H gel to collapse and slide [61], leading to viscoelastic deformation, part of which is unrecoverable.
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Fig. 12. A schematic diagram of shrinkage caused by polymerization/syneresis of silicate particles, from [85]. Constituents other than silicate and hydroxide groups

are omitted for clarity.

activated fly ash was largely attributed to this process according to [88].
By the polymerization theory, the autogenous shrinkage of AAMs is
actually explained from a gel or even molecular level. This explanation
of dimensional change driven by chemical reactions does not invoke
micro- or macro-scale physical forces, like capillary pressure [89], and
so may be valid only for early-age low-calcium AAMs that do not self-
desiccate. It is less likely to be able to provide a full description of the
behaviour of AAS by neglecting the physical processes, especially after
the very early age.

The conversion of silicates in the pore solution from free ions to a
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connected solid network is expected to play an important role in
polymerization-induced shrinkage. It is thus reasonable to find that the
bulk shrinkage caused by gel polymerization happens mainly during the
hardening process [22,60,62]. Within a hardened and stable binder
structure, the positions of the gel particles are “fixed” by adjacent gel,
hence no longer mobile. However, it should be noted that the hardening
of AAS as described here, based on gel interconnectivity, can be to some
extent different from the definition of final setting as determined by the
Vicat test. Due to the formation of initial gel products, AAS paste can
gain yield stress sufficiently rapidly so as to resist the penetration of the

Fig. 13. (a) Schematic representation of
the ions and hydration shells between gel
particles in AAS, adapted from [95]. (b)
An example of steric-hydration force in
comparison with DLVO force, after [91].
The forces were measured between
curved mica surfaces in KNO3 or KCI so-
lutions (qualitatively similar results are
obtained in other electrolyte solutions).
At 107° and 10~* M the force follows the
theoretical DLVO force law at all separa-
tions. At 10~° M and higher concentra-
tions more cations adsorb (bind) onto the
surfaces and bring with them their water
of hydration. This gives rise to an addi-
tional short-range hydration force below
3-4 nm (see inset for details).

Repulsive pressure

5 o =
|
=
Z . .
a* € 10 [f«— Steric-hydration
oH sio.2 = force
3 &
Na* - %)
Na*  OH ]
Gel Gel 3 1
©
2+ OH- o
ca Na* )
Sioz g
3 e -
Na* 0.1
: Si0g> 2
Na* 1L,
Na* é’_
)
@ 0.01
D 0

Distance, D (nm)

(b)



Z. Lietal

Vicat needle, but a stable structure may not yet form [63,90].

While the explanation of autogenous shrinkage of AAS by gel poly-
merization is to some degree plausible, key issues exist with regard to
the lack of direct experimental proof and the difficulty to quantify the
corresponding shrinkage. The same issues were encountered by the
proposition of steric-hydration force by Li et al. [63,64], as they found
that the autogenous shrinkage of AAS develops rapidly in the accelera-
tion period when the drop in internal RH was limited. They attributed
part of the early-age autogenous shrinkage to the reduction of steric-
hydration force. In electrolytic solution, e.g. the interstitial solution,
ions (especially divalent ions) would absorb neighbouring water mole-
cules 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 (Fig. 13a) [91]. As reported in [92,93], the
repulsive steric-hydration force is stronger than DLVO (Derjaguin-
Landau-Verwey-Overbeek) forces and increases with the increase of
concentration of ions, as illustrated in Fig. 13.b. During the acceleration
period, the ion concentrations of the pore solution decrease dramatically
[94], so that the repulsive force due to the steric effect of hydration
shells also decreases. Meanwhile, the attractive forces between gel
particles remain, and hence bulk shrinkage is generated. This type of
force has been assumed to take effect only in fine gel pores (<4 nm)
when the chemical environment in the system is rapidly changing [63].
On that scale, it is difficult to define whether the deformation taking
place is elastic or plastic. Atomic force microscopy (AFM) might be a
useful tool for future studies to provide evidence on the influence of ion
concentrations on the interaction between gel particles immersed in a
solution.

Apart from shrinkage, AAS seems also to have the potential to
expand possibly due to the formation of crystalline reaction products
such as hydrotalcite-group minerals [96,97]. However, the amount of
these crystals is normally limited in AAS [98] and the formation of them
is not as expansive as ettringite in PC systems [99,100]. Hence, the
expansion associated with their formation can only compensate for part
of the autogenous shrinkage in a certain stage [101-103]. Currently, no
method is available to quantify this effect in AAS.

In summary, there is at least one consensus that has been reached in
the literature: the capillary pressure resulting from self-desiccation
should be an important driving force of the autogenous shrinkage of
AAS. Due to the large surface tension of the pore solution, dense pore
structure, and high saturation degree of AAS, the magnitude of capillary
pressure is much higher than that in Portland-based cementitious ma-
terials. The deformability of AAS under the capillary pressure is also
large due to the pronounced viscoelasticity of the C-A-S-H gels. How-
ever, the self-desiccation theory cannot fully explain the autogenous
shrinkage of AAS. While capillary pressure plays a major role in micro-
scale after a stable microstructure is formed (as in PC systems), alter-
native theories, e.g. poly-condensation and steric-hydration force, pro-
vide insights into the forces between gel particles at very early age.
These theories are proposed specially for AAMs, where different chem-
istry from the cement hydration is involved. However, due to the lack of
quantitative evidence from experiments, these theories remain as hy-
potheses until now.

4. Modelling and prediction

Modelling of autogenous shrinkage is significant for shrinkage pre-
diction and standardization of AAS, and different modelling approaches
have been used in previous studies. An intuitive approach is to apply the
available models developed for PC-based materials. Ma and Dehn [50]
used the models defined in the JSCE Specification for Concrete Structure
2007 [104] and in the fib Model Code 2010 [105] to calculate the
autogenous shrinkage of AAS concrete and found that neither of them
gave a good estimation, neither in total shrinkage magnitude nor in
terms of time-dependency (Fig. 14). The increase of the measured
autogenous shrinkage after 28 days is much more significant than
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Fig. 14. Autogenous shrinkage of an AAS concrete in comparison with a high-
strength PC concrete (HSC), from [50]. Models in the JSCE Specification 2007
and the fib MC 2010 were used for calculation.

predicted by the codes. This result is consistent with observations in
[106], where the autogenous shrinkage of AAS mortar was found not to
have stabilized even at an age of 100 days. Li et al. [30] also applied the
fib Model Code to simulate the autogenous shrinkage of AAS concrete
and found significant underestimation, too.

One reason for these discrepancies lies in the fact that the empirical
parameters involved in the model codes were defined based on a vast of
experimental data on compressive strength and autogenous shrinkage of
PC-based concretes. For AAS, the mechanisms controlling microstruc-
ture development and shrinkage are different from those which govern
PC behaviour, and the driving force for shrinkage is much larger, as
discussed in Section 3. Thus, the models developed for PC will generally
underestimate the autogenous shrinkage of AAS, unless using deliber-
ately reduced w/b ratios.? Another reason should be the different re-
action kinetics of AAS and PC. The early-age reaction rate and
development of microstructural maturity of AAS may not be as high as
that of PC, in spite of the high early-age strengths that can be achieved
by AAS [19,107,108]. Part of the reason is the formation of the product
rims surrounding the unreacted slag grains, which hinders further
diffusion of ions at early age. With the elapse of time, the reaction in AAS
keeps proceeding and the gain in strength of AAS can be considerable
even after 28 days [75,109]. Along with the further reaction, the self-
desiccation process which is a main shrinkage mechanism in AAS also
develops. The pronounced viscoelasticity of the AAS material also means
that the deformation will keep increasing even under a stable force.
Therefore, an autogenous shrinkage model that reaches a plateau in a
short period, as predicted by some empirical models for PC, will not fit
the time-dependent behaviour of AAS.

Compared to compressive strength, degree of reaction (DoR) seems a
more appropriate parameter to reflect the early-age evolution of
autogenous shrinkage of AAS. According to [110], the autogenous
shrinkage of alkali-activated slag and fly ash pastes correlates linearly
with the reaction heat, which is normally assumed to be proportional to
the DoR. Abate et al. [55] studied different AAS mixtures and also
identified linear relationships between the autogenous shrinkage and
DoR depending on the activator dose. However, irrespective of the
activator composition, they observed that the autogenous shrinkage of
AAS mixtures was much higher than that of PC at a similar DoR [55],
which is consistent with the findings discussed in Section 2.

Despite the linear relationship that has been identified between
autogenous shrinkage and DoR of AAS, the existing body of

2 Nonetheless, according to [201], when the 28-day autogenous shrinkage of
AAS is known and used as the input, the mathematical function in Eurocode2 is
able to estimate the autogenous shrinkage at other ages.
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experimental data is not yet sufficient to establish empirical models that
can predict the autogenous shrinkage of AAS. One approach that can
quantify the autogenous shrinkage is based on poromechanics, derived
from Hooke's law. As shown in Eq. (4), the elastic deformation of PC or
AAS paste can be calculated from the saturation degree, capillary pres-
sure and bulk modulus of the material. It was found in [22] that the
autogenous shrinkage of AAS paste increases almost linearly with the
capillary pressure, while the influence of elastic modulus is marginal.
Internal RH is a key parameter that can be used in estimating the
capillary pressure (Eq. (3)). As reported in [55], the relationship be-
tween RH and the autogenous shrinkage of the specimens is linear
except at early age. This finding is in line with the results of [111].

With the experimentally measured RH, elastic modulus and satura-
tion degree as inputs, Li et al. [63] calculated the elastic deformation of
AAS paste under capillary pressure, and found that it accounts for only
<25 % of the total autogenous shrinkage. Very similar proportions of
elastic deformation were identified by Abate et al. [55]. These studies
proved quantitatively that non-elastic deformation (creep) must also be
considered in predicting the autogenous shrinkage of AAS. In order to do
that, Li et al. [63] used an empirical equation to obtain the creep coef-
ficient based on DoR and w/b ratio, summing the increments of creep
taking place in each time interval to calculate the total deformation
(Fig. 15). As an alternative approach, Abate et al. [55] applied a spring-
dashpot model to simulate the creep compliance of AAS paste (Fig. 16).
Both of these approaches have been shown to result in good predictions
of the autogenous shrinkage of AAS pastes.

However, these two approaches show a common drawback, which is
the oversimplification of parameters. Due to the insufficient database
available to elaborate the behaviour of AAMs, some input parameters in
these models were estimated empirically to simplify the mechanical
compliance of the maturing AAS, without fully describing the micro-
scopic phenomena occurring in the paste, such as hydrate growth,
concentration changes in pore solution, and microcracking [55].
Furthermore, the possible existence of other driving forces than capil-
lary tension was not considered in these models. Nonetheless, using
numerical models with some empirical parameters seems to be a feasible
way to predict the autogenous shrinkage of AAS at present, while re-
searchers continue in parallel to build a comprehensive database for
various AAS mixtures. To achieve this, extensive experimental effort will
be required in order to establish chemistry-informed and
microstructure-informed models.

Based on the calculated or measured autogenous shrinkage of AAS
paste, the autogenous shrinkage of AAS mortar and concrete can be
predicted by considering the inclusion of aggregates (as discussed in
Section 2, the effect of aggregate is not simply diluting the binder) and
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Fig. 16. Schematic representation of the model used in [55] to simulate the
creep compliance of AAS paste.
The figure is from [55].

their interactions with the pastes within a composite material. For PC-
based systems, composite models including Pickett's model [112],
Hobbs' model [113], Tazawa's model [114], and others, generally based
on classic mechanics, have been shown to provide satisfactory pre-
dictions of autogenous shrinkage [78]. For AAS systems, however, these
models appear not to be directly applicable [30]. A key reason is
believed to be the lack of inclusion of creep phenomena in these com-
posite models. It is well known that the deformation of paste is
restrained by aggregates, so that the shrinkage of concrete is always
lower than that of corresponding paste. However, the stiff aggregates
can more effectively restrain the viscous deformation than the elastic
deformation of the paste [36]. Therefore, assuming the deformation to
be solely elastic would lead to underestimation of the restraining effect
of aggregates, thus overestimating the shrinkage of concrete.

To consider the effects of creep, researchers have used the concept of
“effective” or reduced elastic modulus of the paste, or increased elastic
modulus of the aggregates [36]. Either way, a better estimation can be
reached in a practical sense. However, choosing a reduced elastic
modulus of the paste, e.g. 1/3 of the measured value as suggested by
[115], is somewhat arbitrary and lacks strict theoretical underpinnings.
Additionally, a constant value of elastic modulus, even though reduced
from the value for the paste alone, cannot properly reflect the time-
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Fig. 15. Schematic representation of the model used in [63] to simulate the creep compliance of AAS paste.

The figure is from [63].
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dependent characteristics. To consider the changing elastic modulus and
creep of AAS paste with time, Li et al. [30] extended Pickett's model
[112] by separately calculating the elastic and non-elastic deformations
of the paste, and updating the force between paste and aggregate after
each time step. By use of this extended Pickett's model, the autogenous
shrinkage of AAS concrete was predicted accurately (Fig. 17).

Nonetheless, a limitation of Pickett's model, in both original and
extended forms, is the assumption that the aggregate particles are much
smaller than the surrounding paste, and that the restraining effects of
each particle are independent of each other. In real concrete, the volume
fraction of aggregates is considerable, and the stress fields generated in
the paste due to the presence of multiple aggregates will inevitably
overlap. Future research efforts are definitely needed to develop more
realistic models capable of taking into account complex force fields.
Finite element modelling (FEM) might be useful for this purpose [116],
but few studies can be found using this approach for shrinkage of AAS
systems. A possible challenge in using FEM is to assign a viscoelastic
constitution to the discrete beams of the mesh [117].

5. Cracking tendency

Restrained shrinkage can lead to tensile stresses which may induce
cracking of the material. The cracking tendency of building materials is a
more crucial criterion for the serviceability evaluation than the magni-
tude of free shrinkage [118,119]. Cracks can cause a series of problems
with regard to mechanical properties, durability, and aesthetics (see
Fig. 1) [120]. As was shown in Section 2, AAS systems show high
autogenous shrinkage, but we cannot immediately conclude that they
must also run a high cracking risk under restrained conditions, since the
occurrence of cracking is determined by multiple factors, including
shrinkage, elastic modulus, tensile strength, creep and relaxation [121].
To date, not many studies have evaluated the cracking tendency of AAS.
The experimental methods used by researchers include mainly ring tests
and the temperature stress measuring machine (TSTM) test (Fig. 18), in
which annular and dog-bone shaped specimens were restrained,
respectively.

Compared with PC concrete with similar strength, the cracking
proneness of AAS concrete is not necessarily higher in spite of its larger
autogenous shrinkage [124]. The key reason is attributed to the pro-
nounced viscoelasticity of the material (as discussed in Section 3.1.2),
which results in greater relaxation of the induced tensile stresses. The
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Fig. 17. Calculated autogenous shrinkage of an AAS concrete according to the

extended Pickett's model (dashed lines) in comparison with the measured
autogenous shrinkage (solid lines), adapted from [30].
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significant role of relaxation in the stress evolution in AAS systems has
been emphasized in several studies [124-126]. Modelling approaches
have been proposed to estimate the internal stresses by considering the
elastic part of autogenous shrinkage, elastic modulus, relaxation, and
tensile strength of the material. The elastic part of autogenous shrinkage
can be estimated either based on the driving force of autogenous
shrinkage, e.g. capillary pressure, and the elastic modulus [63], or from
the total deformation with deduction of creep [124,126]. Qualitatively
speaking, aside from the complexity of these approaches, the cracking
tendency of restrained AAS increases with the generation of internal
stress, e.g. capillary pressure, and decreases with the extensibility of the
material [118].

The presence of aggregates is essential in defining cracking tendency
in mortars and concretes. Li et al. [29] investigated the cracking ten-
dency of sodium-silicate activated slag paste with a ring test (the
diameter and the height of the concrete ring were smaller than specified
in ASTM C1581 [122] for concrete). Without aggregate, AAS paste
shows cracking within 14 h after casting. The tensile stress generated by
the restrained autogenous shrinkage was close to zero in the first hours.
This corresponds to the low stiffness of this material in this period as
discussed in Section 3.1.2. During the acceleration period, the tensile
stress increased rapidly, exceeding 2 MPa and leading to sudden
cracking [29]. The partial replacement of slag by fly ash can reduce the
autogenous shrinkage and also the cracking tendency of AAS pastes,
according to [49]. However, cracking still occurred within 60 h.

Uppalapati [62] evaluated the cracking tendency of sodium-silicate
activated slag and fly ash mortars with ring test and observed similar
cracking times. By contrast, the incorporation of sodium carbonate and
sodium sulfate in the activator significantly prolonged the onset time of
cracking, and decreasing the alkalinity of the activator further delays
cracking. Nonetheless, the cumulative heats of these mortar mixtures at
the time of cracking were observed to be rather similar [62]. This in-
dicates that the reaction kinetics might be a key factor determining the
cracking tendency of AAS. Support for this point is found in [75], where
the mechanical properties and cracking tendencies of AAS and PC-based
concretes with similar strengths were compared. While AAS concrete
showed higher autogenous shrinkage, its cracking time was later than
CEM [, CEM III/A, and CEM III/B concretes. However, the DoR of these
mixtures at cracking time, defined by the ratio between corresponding
reaction heat and ultimate reaction heat, was similar as shown in Fig. 19
[75]. These results may indicate the possible use of DoR as an index to
evaluate the cracking tendencies of AAS-based mixtures. Nonetheless,
doubt exists regarding whether the reaction heat obtained by calorim-
eter can be used to estimate the real reaction degree of different mix-
tures. The physicochemical mechanism behind the strong correlation
between DoR and cracking time of AAS and PC-based concretes identi-
fied in [75] has not been clarified yet.

The potential correlation between DoR and occurrence of cracking of
AAS systems indicates that attempts to lower the cracking tendency of
these materials by elevated-temperature curing may not be effective,
since it will accelerate the reaction [62]. Under that circumstance, both
the rates of autogenous shrinkage and the mechanical properties at early
age will be increased. The results of the ensuing competition between
shrinkage-induced stress and tensile strength are unclear, but would be
expected to depend on the details of binder microstructural develop-
ment based on chemistry and other characteristics. The additions of
superabsorbent polymer (SAP) or fibres, which target reduction of the
internal stresses or an increase in the tensile strength, respectively, are
more effective in reducing the cracking tendency of AAS paste and
concrete [124,127]. The influence of SAP on the autogenous shrinkage
of AAS will be elaborated in the next section.

While the occurrence of thorough cracking of AAS paste or concrete
can be identified easily through the sudden drop in internal stress, the
development of microcracking is harder to detect. Unlike the drying-
shrinkage-induced microcracks that can be observed on the surfaces of
the specimens [128-130], autogenous-shrinkage-induced microcracks
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Fig. 18. Schematic representations of ring test and TSTM, adapted from [122,123], respectively. The specimens have an annular and dog-bone shape, respectively.
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Fig. 19. Autogenous shrinkage-induced stress in AAS and PC-based concretes
as a function of DoR, adapted from [75]. The DoR was defined as the ratio
between the reaction heats at a certain age to the ultimate reaction heat which
was determined by extrapolation of the experimentally measured reaction heat.

can form inside the matrix, for example, perpendicular to the interface
with non-shrinking phases including aggregates and unreacted particles
[30]. AAS systems, which have larger autogenous shrinkage, seem to
suffer more from microcracking than PC-based systems [131]. The
development of microcracking is believed to be related to the visco-
elasticity of the reaction products [30]. It has been discussed that the C-
A-S-H gel in AAS has higher viscosity and the local creep contributes to
stress relaxation to delay the failure of concrete. However, the relief of
stress in highly stressed zones through local creep is likely to cause new
stress concentrations in other zones [123]. In other words, the reduced
risk of thorough cracking of AAS by viscous deformation of gels is ex-
pected to come at the cost of the development of microcracking.
Microcracking has been regarded as responsible for many unwanted
phenomena in AAS, such as the observed scatter (and even reductions)
in elastic modulus [75,132] and flexural/tensile strength [24,131], the
fact that tensile strength-to-compressive strength ratios are sometimes
unexpectedly low [75], and even carbonation [133]. These hypotheses
appear plausible since no reduction in compressive strength was
observed in parallel with the loss of other mechanical properties, which
is to say, the unstable tensile strength and elastic modulus were not
because of a uniformly weakened matrix. Under drying conditions, the
development of microcracks would be enhanced. Unlike autogenous
shrinkage that occurs homogenously in the paste, drying shrinkage is
heterogeneous and its magnitude depends on environment humidity and
properties of the material such as pore structure, stiffness, size and
shape, etc. In the surface regions, autogenous shrinkage and drying
shrinkage are combined. This coupled with the possible effect of
carbonation can lead to propagation of microcracks into visible cracks,
which will further impair the durability of the concrete. The issue of
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shrinkage-induced cracking certainly warrants further research atten-
tion in the future.

Direct evidence of microcracking caused by autogenous shrinkage
has not been intensively reported. Although scanning electron micro-
scopy (SEM) has been used to observe cracks in AAS [47,56,134,135],
the sample preparation normally involves cutting and/or crushing to get
pieced samples and drying and/or freezing to stop the reaction [108].
These procedures can all result in microcracking of the sample. There-
fore, it is not easy to conclude that any observed microcracks originate
specifically from the autogenous shrinkage. Non-destructive testing
methods, e.g. nano-computed tomography (CT) [136,137], may be
better alternatives for this task, but also raise non-trivial questions
around sample preparation and imaging protocols. Wu [14] used
optimal microscope to observe the autogenous shrinkage-induced
microcracking in AAS mortar (Fig. 20). The sample was impregnated
with epoxy immediately after sealed curing, so that the effect of drying
was eliminated. Microcracks were found to mainly develop in the region
surrounding sand particles and the crack width was mostly smaller than
30 pm. More research is required to gain clear profile of microcracking
in order to evaluate the effect of autogenous shrinkage on mechanical
properties and durability of AAS systems.

6. Mitigation

Due to the potentially severe consequences of autogenous shrinkage
of AAS systems, it is necessary to identify suitable shrinkage-mitigating
strategies. The strategies that have been realized in the literature are
mainly based on incorporating additives or admixtures into the system,
such as surfactants, expansive admixtures, nanoparticles, internal curing

AAS-S28

Fig. 20. Microcracks in AAS mortar after sealed curing for 28 days, observed
by optical microscope with fluorescence and filter [14]. The arrows indicate the
positions of sand particles located beneath the observed surface.
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agents, or metakaolin. Elevated temperature curing was also used for
this purpose.

6.1. Surfactants and other chemical admixtures

Surfactants can reduce the surface tension of the pore solution, so
that they can reduce the capillary pressure caused by self-desiccation
(see Eq. (1)) [138]. Many shrinkage-reducing admixtures (SRAs),
superplasticizers and air-entraining agents are based on surfactants
[139] and have been widely used to reduce the shrinkage of cementi-
tious materials [140].

For AAS, Hu et al. [141] reported that a commercial SRA that
described as “oxyalkylene alcohol-based” could significantly reduce the
autogenous shrinkage, irrespective of the modulus of the sodium silicate
activator. A polypropylene glycol-based SRA was also found to be
effective in mitigating the autogenous shrinkage of AAS without
decreasing strength [142,143]. Kumarappa et al. [46] found that an SRA
could reduce the autogenous shrinkage by 75 % when applied at a
dosage of 7.5 % relative to the mass of slag (although the dosage seems
very high to the authors' opinion). However, some SRAs show side ef-
fects when applied in AAS, such as hexylene glycol, which leads to
strength loss [144]. Bakharev et al. [145] found that an alkyl aryl sul-
fonate was effective in mitigating the autogenous shrinkage of AAS
concrete. Although the early age strength of the specimens became
lower with this admixture, the strength at 28 days was not significantly
influenced.

Palacios and Puertas [146] studied the influence of four types of
superplasticizers (based on polycarboxylates, vinyl copolymers, mel-
amine and naphthalene) on the properties of AAS and found that all
admixtures except the naphthalene-based product lost their fluidifying
properties in the alkaline media. The naphthalene-based super-
plasticizer was reported to even increase the autogenous shrinkage of
AAS concrete [145], although it can retain its chemical structure in
strong alkali environments. With the same aim of lowering the surface
tension of the pore solution, cooking oil was found by Huang et al. [44]
to show a more pronounced shrinkage-mitigating effect than a con-
ventional SRA. Although the 7-day compressive strength was reduced,
the 28-day compressive strength of AAS concrete was almost the same as
that of the reference mixture.

Besides surface tension, the contact angle of the pore fluid on the
pore wall also determines the magnitude of capillary pressure (see Eq.
(1)). For hydrophilic materials like cement and slag, the contact angle of
water is normally taken as zero [16,147], in which case the Kelvin radius
is equal to the pore radius. By adding a type of biofilm into slag, Qu et al.
[52] increased the hydrophobicity of AAS and thus increased the contact
angle between pore solution and pore wall. The capillary pressure was
therefore reduced at a given pore radius, and so was the autogenous
shrinkage.

6.2. Expansive admixtures

Hu et al. [141] added MgO into AAS mortars and found that the
expansion effect was not as significant as found for comparable PC-based
systems. A similar conclusion was drawn by Yang et al. [148]. The
reason was attributed to the dense structure of AAS so that MgO had less
access to water to form Mg(OH),. Instead, it formed M-S-H or
hydrotalcite-like phases, with lower associated volume increase. In
contrast, the results of Li et al. [149] showed that MgO can reduce the
shrinkage of alkali-activated slag blended with fly ash, with an
improvement in early age strength. Their results were confirmed by
Yang et al. [150], who found that the addition of reactive MgO can
mitigate both the autogenous shrinkage and the drying shrinkage of
similar mixtures. However, for sodium carbonate and sodium sulfate-
activated slag systems, the addition of MgO can increase the autoge-
nous shrinkage [59].

Gypsum may also act as an expansive agent. It was found that the
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incorporation of gypsum coarsened the pore structure of AAS and trig-
gered the formation of expansive sulfate-rich phases (e.g. ettringite)
[101]. The shrinkage was therefore partially compensated, as consistent
with the results obtained by Bakharev et al. [145]. However, the early-
age expansion was insufficient to offset the subsequent long-term
shrinkage, as reported by Ye and Radliniska [101].

The addition of CaO was also not effective in reducing the shrinkage
of AAS [101]. The reasons given by the authors of that study were the
refined pore structure and lack of a reduction in chemical shrinkage. In
addition, CaO can rapidly release Ca®" after contacting the activator and
further accelerate the setting of AAS, that is already sometimes faster
than desired. Ca(OH); seems to enhance the autogenous shrinkage at
very early age, too, due to the increased alkalinity and facilitated re-
action rate according to Zhu et al. [96]. After the first days, however,
adding Ca(OH); can successfully mitigate the autogenous shrinkage of
AAS (Fig. 21). The mechanism behind this lies in the coarsened meso-
pores and increased elastic modulus [96]. In addition, the formation
of expansive crystals such as CoASHg and C4AH; 3 also contributes to the
shrinkage mitigation.

6.3. Nanoparticles and pore modification

Liu et al. [134] added nanosized C-A-S-H gel particles into AAS
mortar, and found that the autogenous shrinkage could be reduced by
>20 %. The reduction of autogenous shrinkage was explained by the
reduced overall porosity and the increased proportion of meso-pores in
the AAS mortar [134]. This explanation was opposite to the findings of
Yang et al. [151], who attributed the reduced autogenous shrinkage of
AAS paste with added nano-TiO; to the reduced overall porosity and a
smaller volume proportion of mesopores.

In fact, the volume fraction of mesopores is not likely to be the sole
factor that influences the capillary pressure and the autogenous
shrinkage. The diameter of menisci is determined not only by the pore
size distribution, but also by the volume that is emptied due to chemical
shrinkage, i.e. the degree of saturation [152]. A larger saturation degree
and a coarser pore structure would lead to larger menisci (see Fig. 9) and
consequently a lower capillary pressure. Furthermore, the pore size
distribution also influences the elastic modulus of the paste, which
provides resistance to the shrinkage. Therefore, more factors including
chemical shrinkage, pore size distribution, degree of saturation, and
elastic modulus, need to be considered when predicting the mitigating
effect on autogenous shrinkage.
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Fig. 21. Autogenous shrinkage of AAS concrete (w/b = 0.52) with different
dosages (0 %, 5 % and 10 %) of Ca(OH)a.
The data is from [96].
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6.4. Internal curing agents

Internal curing is normally realized by adding SAP or lightweight
aggregate (LWA) (e.g. pumice or expanded clay) into a binder or con-
crete [153-157]. SAPs or LWAs can act as liquid reservoirs for the sys-
tem, providing extra liquid to compensate for the liquid consumption
during hydration [154]. By internal curing, the intention is to mitigate
the capillary pressure induced by self-desiccation.

Many studies have been conducted on SAP incorporation into AAS
paste, mortar and concrete. The autogenous shrinkage of sodium
silicate-activated slag can be reduced by more than half, while sodium
hydroxide and sodium carbonate-activated systems can even show
expansion in the long term when SAP is present
[29,45,46,54,56,58,111,158,159]. Experimental results from two
example studies are shown in Figs. 22 and 23. For sodium silicate-
activated slag, the incorporation of SAP can restrict the drop of inter-
nal RH with little effect on the reaction products [29]. The reaction rate
in the acceleration period is reduced slightly, but the elastic modulus of
the matrix is not significantly influenced [29]. However, due to the
existence of other driving forces like poly-condensation (see Section
3.2), the incorporation of SAP cannot fully eliminate autogenous
shrinkage, especially at early age (Fig. 22).

For sodium hydroxide or sodium carbonate-activated systems, the
activator acts mainly by providing high pH required for the dissolution
of slag and formation of products. Without the presence of soluble sili-
cates in the initial pore solution, the early-age extent of poly-
condensation or syneresis is limited. Moreover, the high pH seems to
promote the formation of hydrotalcite [160]. These may be reasons why
the shrinkage of sodium hydroxide or sodium carbonate activated slag
can be fully compensated by internal curing with SAP (Fig. 23).

While the effects of SAP incorporation appear promising, the internal
curing liquid and dosage of SAP require caution in mix design consid-
ering that SAP can have different absorption/desorption behaviours in
high concentration solutions. For cementitious materials, extra water is
normally needed in the mix, to be absorbed by the SAP, while for AAMs
it is possible to choose to use either extra water or extra activator [161].
If extra water is used, the activator or initial pore solution will be diluted
and the reactions will be influenced (probably delayed), no matter the
water is pre-absorbed by the SAP or added during mixing [47,58,162].
Using extra activator has minor influence on the reaction rate by
contrast. Either way, it is important to estimate the absorption capacity
of SAP before using. Some studies used tea-bag method [163-165] for
this purpose, but note that SAP premixed with solid precursors may not
absorb as much due to the restraint by surrounding paste as in bulk
liquid, where the tea-bag is put [103]. Additionally, AAS often shows
fast setting, during which the absorption of SAP in the matrix may not
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Fig. 22. Autogenous shrinkage of sodium silicate activated slag pastes with and
without SAP, from [29]. The sample ID “AAS0.7SAP” denotes sodium silicate
activated slag paste with 1/b ratio of 0.7 and SAP; other nomenclature follows
the same pattern.

12

Cement and Concrete Research 172 (2023) 107244

1000

500 o k"

0 TR T A & prdeh Ay A pa

(1L

- & — 2M-NaOH-with SAP
- # = 4M-NaOH-With SAP

A bohAA & Ap
——

30

s =0 - = - 2M-Na2C03-With SAP
g -1000 Cement-With SAP
£ —#— 2M-NaOH-No SAP
& 1500 4M-NaOH-No SAP
.
2000 e s mmmmmn  —*— 2M-Na2C03-No SAP
Cement-No SAP
-2500
-3000

Time (Day)

Fig. 23. Autogenous shrinkage of sodium hydroxide (NO) or sodium carbonate
(NCQ) activated slag pastes with and without SAP, and with activator concen-
trations as indicated (2 M or 4 M respectively), adapted from [54].

reach its maximum [148]. To ensure sufficient internal curing liquid,
one can try higher amounts of SAP than pre-designed and correspond-
ingly extra liquid, but the strength will be further reduced [29]. The
reduction in compressive strength when SAP is incorporated, regardless
of dosage or introducing way, is primarily attributed to the SAP-
originated voids, which act as defects and can rarely be filled by reac-
tion products during further reaction (Fig. 24) [29].

Kumarappa et al. [46] investigated the effect of LWA in AAS mortar
and observed an autogenous shrinkage reduction of up to 50 % when 30
% of the aggregates were replaced by LWA. Sakulich and Bentz [159]
also obtained a greatly reduced autogenous shrinkage of AAS mortar by
using LWA, regardless of the liquid used for internal curing, i.e. water or
alkaline solution. However, a reduced compressive strength was also
observed for the LWA-containing mixtures [159].

Beside SAP and LWA, other materials can also be used for internal
curing in AAS. Lee et al. [166] used recycled concrete as internal curing
aggregates for AAS concrete and found that the autogenous shrinkage
can be reduced by >30 %. Along with the reduced autogenous
shrinkage, the degree of hydration was decreased due to the dilution
effect on the alkali activator, which was caused by the additional water
supplied from the recycled aggregates. The compressive strength was
only limitedly affected [166]. Zhang et al. [167] replaced part of the
sand in AAS mortar with pre-soaked zeolite, and observed greatly
reduced autogenous shrinkage due to the high internal RH maintained
by zeolite, without any loss of compressive strength. The better effect of
zeolite than LWA on the compressive strength of AAS is probably
because the zeolite itself is strong, while LWA is generally weaker than
normal sand [159].

Chen et al. [168] showed that perforated fly ash cenospheres can not
only store and release liquid for internal curing, but also react with the
activator. Their perforated cenospheres were manufactured through
chemical etching, by which micron-sized holes perforating the shell of
cenospheres were produced. Due to the participation of perforated
cenospheres in alkali activation reactions, improvement of the
compressive strength (16 %-29 %) over the control sample was ach-
ieved. Cellulose fibres can also be used as internal curing agent ac-
cording to Brakat and Zhang [21]. An advantage of these fibres over SAP
is that they provided reinforcement to the matrix, meaning that both the
flexural and compressive strength of AAS paste can be enhanced.

6.5. Metakaolin

More than one study has identified the mitigating effect of meta-
kaolin incorporation on the autogenous shrinkage of AAS systems
[48,158,169,170]. As an aluminosilicate, metakaolin is also a commonly
used precursor to synthesize AAMs [171]. When metakaolin is blended
into AAS, the dosage is usually higher compared to other chemical
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Fig. 24. A representative cross-section of AAS paste with SAP, adapted from [29]. The images were obtained by X-ray micro CT at curing ages of (a) 8 h and (b) 7
days, respectively. Several phases can be distinguished within the paste (light grey) including unreacted slag particles (white), SAP with liquid (dark grey), entrapped
air (black and spherical) and the newly formed voids (black, marked by the arrows) within the SAP cavities.

admixtures such as SRA and SAP. However, the beneficial effect on
mitigating autogenous shrinkage is already evident when the dosage of
metakaolin reaches 10 % of the precursor, as reported by Li et al. [48]. It
was found that metakaolin reduced the reaction rate of the paste and
promoted the formation of highly polymerized products. Similar results
were reported earlier in [172]. The pore structure of AAS paste was
coarser when metakaolin was present (for alkali-activated slag with very
low MgO, however, the effect on pores could be different [173]). As a
result, the chemical shrinkage and drop of internal RH of the paste
became lower. Similar shrinkage-mitigating mechanisms of metakaolin
were reported in [64,170]. However, an issue in blended slag with
metakaolin is the reduction in early-age strength together with the
reduced autogenous shrinkage [64,169]. At later age, when the strength
catches up, the autogenous shrinkage also develops. Hence, the miti-
gating effect of metakaolin on the cracking potential of AAS may not be
as significant as its effect on the autogenous shrinkage [158].

6.6. Elevated-temperature curing

The effect of elevated-temperature curing on autogenous shrinkage
of AAS has not been fully revealed yet. Ye and Radlinska [101] and
Bakharev et al. [174] reported that elevated temperature curing at
60-80 °C was helpful in reducing the drying shrinkage of AAS. The
reason for the observed reduction was that the viscoelastic compliance
of C-A-S-H gels was reduced at elevated temperatures. This indicates
that elevated temperature curing may also be effective in mitigating the
autogenous shrinkage, which is critically influenced by the deform-
ability of the gels as well [61]. As found by Uppalapati [51], the 7-day
autogenous shrinkage of alkali-activated slag and fly ash mortar was
mitigated by around 30 % by raising the curing temperature from 20 °C
to 40 °C. In contrast to the addition of metakaolin that delayed the re-
action, elevated-temperature curing accelerated the reaction; both the
setting and early-age strength were promoted. Due to the accelerated
reaction, the autogenous shrinkage within the first 2 days was actually
increased [62]. From this point of view, it is uncertain whether elevated-
temperature curing is beneficial to the cracking resistance in the early
age. Moreover, this strategy may be unsuitable for cast-in-situ concrete
in temperate and cold climates due to the high energy and infrastructure
requirements for heated curing facilities.

6.7. Short summary of mitigating strategies

Based on the review in this section, it is clear that some SRA and
superplasticizers that are widely adopted in PC are ineffective in AAS.
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Some new strategies have been developed especially for AAS, e.g. in-
ternal curing by perforated cenospheres. It is worthwhile to note that the
working mechanism of any strategy in the context of AAS is never
onefold. The effect on autogenous shrinkage is always coupled with
other parameters, and so mitigation of autogenous shrinkage may not
necessarily be associated with mitigated cracking risk. Many surfactants
and internal curing agents can reduce the drop in the internal RH of AAS,
but most of them delay the reaction and coarsen the microstructure, the
latter of which may be unfavourable for durability. Only a few additives,
such as zeolite and cellulose fibres, can mitigate the autogenous
shrinkage of AAS without compromising its strength. According to the
different working mechanisms of the different strategies shown above,
some of these may have the potential to work synergistically if used
together [148,158]. These combined approaches to autogenous
shrinkage mitigation may be interesting topics for future research.

7. Remarks on testing methods

The experimental results of autogenous shrinkage of AAS systems
have been reviewed in Section 2 and it was noted that the methods used
by researchers were different. This should be a reason for the discrep-
ancy in the autogenous shrinkage values of similar mixtures in different
studies. Among the methods used in the literature, the corrugated tube
method suggested by ASTM C1698 [175] is most widely adopted to
measure length changes in AAS pastes and mortars (Fig. 25). Measure-
ments on cubic, prismatic or cylindrical specimens were also conducted
in several studies, e.g. [17,41,58,111,135,176], and volumetric methods
were also used, e.g. in [65,170,177]. Some of these methods allow

Fig. 25. Apparatus to measure the autogenous shrinkage of paste or mortar
cast in a corrugated tube according to ASTM C1698, from [175].
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measurement to be started immediately after casting, while the tests in
other cases start only after demolding at 24 h (or earlier depending on
the stiffness evolution) [30,111]. Until now, no standard has been
established specially for autogenous shrinkage of AAMs; while on the
other hand, it does not seem that there is any argument that the existing
methods for PC-based material need significant modification to test AAS,
considering their similarities in aspects of the hardening process and
mechanical properties development. However, it will be useful to
conduct round-robin tests to confirm this hypothesis, as is currently
being done by a RILEM technical committee (TC 294-MPA).

7.1. Time-zero

Despite the possible applicability of the existing methods in
measuring the autogenous shrinkage of AAS, two issues call for more
attention. The first one is the starting time, or so-called “time-zero”
[178,179], of the measurement. Time-zero is defined as the moment
when binders form a solid skeleton to enable stress transfer. Interpreting
autogenous shrinkage as from time-zero is interesting since only this
part of autogenous shrinkage can cause internal tensile stress and even
cracking in building materials [62]. As has been discussed in Section 3,
AAS shows different rheology evolution from PC [90]. The traditional
definitions of time-zero as initial setting time (e.g. by Japan Concrete
Institute [114] [18]) or final setting time (e.g. by ASTM C1698 [175])
maybe be unsuitable for AAS since these moments may not correspond
to the generation of internal stress [23], let alone the difficulty in
accurately measuring these times.

According to the basic method of EN 196-3 [180], the Vicat setting
time should be measured while the specimen is immersed in water,
which is undesirable for AAMs due to the potential problem caused by
leaching [181]. On the other hand, if the specimens are left in the open
air in accordance with ASTM C191 [182], the surface can harden faster
than the inside of the specimen due to drying effects [31]. In this case,
the hardening status of the whole specimen is not homogenous and it is
unclear what exactly the penetration depth of Vicat needle indicates.
Therefore, it seems that a standard method to determine the setting of
AAMs is needed first before discussing the use of it as the starting time of
autogenous shrinkage.

For the measurement of setting time of AAS, the authors suggest
application of the Vicat method, but applying sealed instead of under-
water or exposed conditions to the specimen, to avoid leaching or drying
of the sample (see Fig. 26). Sealing the sample, e.g. by covering it with a
thin plastic wrap, during Vicat testing is believed to be practical and
gives conditions close to what can be applied in practical engineering
[183,184]. As demonstrated in [31], the Vicat needle can easily pene-
trate into the sample through the thin plastic film, and the penetration
depth was barely influenced by the presence of plastic film during one
penetration. The alternative method given in Annex A of EN 196-3,
involving testing in a high-humidity environment, can be useful.

Compared to the use of setting time to define time-zero, Ma et al.
[23] claimed that the onset of capillary pressure in alkali-activated slag
and fly ash paste provides a more scientific and accurate determination
of time-zero of autogenous shrinkage. The apparatus they used was a
meniscus depression measuring system through which the capillary
pressure could be directly measured [178]. Alternatively, Li et al.
[29,63] proposed to use the starting time of the acceleration period of
heat evolution as time-zero for determination of the autogenous
shrinkage of alkali-activated slag and fly ash systems. They showed that
both the elastic modulus and the internal tensile stress in restrained
paste started to develop from that time. A disadvantage of this approach
is that the determination of the boundary between dormant period and
acceleration period of AAS systems can be subjective and difficult. In
some systems, like sodium hydroxide-activated AAS, there can be only
one major heat evolution peak with no dormant period [185], in which
case, the starting time of the acceleration period would be ambiguous.

As shown in Eq. (3), the internal RH correlates with the capillary
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Fig. 26. Vicat apparatus to measure the setting time of AAS paste, which was
sealed by plastic film, adapted from [73].

pressure. Based on that relationship, the drop of RH was suggested by
Huang and Ye [186] to be used as the time-zero to indicate the building
of capillary pressure. However, the starting time of the RH drop in AAMs
is hard to detect due to at least two reasons. First, the pore solution of
AAMs has a high (and sometimes extremely high) ionic strength, which
cause a RH much lower than 100 % even without additional self-
desiccation effects from the binder [29]. As explained by Raoult's law,
and particularly its extension to non-ideal cases via activity coefficient
formalisms, the RH in equilibrium with a solution is dependent on the
molar fraction of water in the solution [187]. During alkali-activation,
the ions in the pore solution are gradually consumed by reaction and
incorporation into the solid binder phase, and so their concentrations
decrease, making it possible that the overall RH of the paste may even
increase as reaction proceeds [58,188]. Second, the temperature of a RH
measurement chamber is difficult to accurately control when the sample
is undergoing an exothermic reaction process. Due to the reaction heat,
the specimen can be slightly hotter than the sensor, and water vapour
can condense on the sensor surface [186]. In such cases, a RH value close
to 100 % will be measured even when the actual RH of the specimen is
not so high. The condensation problem can be more severe for mixtures
that show bleeding on their surface [62].

The time-zero for autogenous shrinkage of AAS can also be deter-
mined according to the stiffness evolution of the material. Ultrasonic P-
wave velocity testing, and the Elasticity Modulus Monitoring through
Ambient Response Method (EMM-ARM), have been found to be feasible
for this purpose [63,189], and the time-zero can be identified as the
knee-point of the curves of P-wave velocity or the elastic modulus. Of
course, the knee-point times obtained through these two methods may
not be identical due to the differences between the dynamic and quasi-
static elastic moduli of a material, an issue that has been well known
from studies on PC [190].

Another way to determine the time-zero is by using a ring test or
TSTM to monitor the stress evolution in restrained AAS paste, mortar or
concrete [158]. The moment when the stress starts to surge should be
the time-zero. However, a disadvantage of these approaches is that the
experiments are complex and time consuming.
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7.2. Duration of measurement

Another issue of concern when measuring the autogenous shrinkage
of AAS is the test duration. For PC-based systems, the autogenous
shrinkage is usually measured for 28 days, or even only 7 days
[191-193]. This is reasonable because the hydration and self-
desiccation of PC develop rapidly at early age, and the autogenous
shrinkage increases only marginally after the formation of a stable
skeleton. For AAS, by contrast, the reaction degree can be lower than
that of PC in the first days [75]. Moreover, the pronounced viscosity of
the reaction products enables a large extent of creep to take place, which
contributes to the development of autogenous shrinkage in the long run
[194]. Hence, a measurement that lasts for 7 days might be insufficient
when studying the autogenous shrinkage of AAS.

Many more experimental data on the influences of various parame-
ters are needed to establish standards or codes for the measurement of
autogenous shrinkage of AAMs. Using unified definitions of starting and
ending times of the measurement is a critical step toward that, to make
the results from different researchers and laboratories comparable.

8. Conclusions

In this paper, we provide a systematic literature review on the
autogenous shrinkage of AAS, currently the most widely used AAM
system. Several issues including the magnitude, mechanism and
modelling of autogenous shrinkage, cracking tendency resulting from
restrained autogenous shrinkage, and shrinkage-mitigating strategies
are reviewed. Remarks are also given on testing methods for autogenous
shrinkage of AAS. Suggestions for future research in these fields are
provided. Based on the review, the following conclusions can be drawn:

e The autogenous shrinkage of AAS systems is generally higher than
PC-based counterparts with similar strength. A higher dosage of al-
kali, a lower water/binder ratio, or silicate activator modulus closer
to 1.0 tends to result in a higher autogenous shrinkage of AAS.
Capillary pressure generated during the self-desiccation process is
the main driving force of the autogenous shrinkage of hardened AAS.
The large surface tension of the pore solution, dense pore structure,
and high saturation degree all contribute to the large capillary
pressure in AAS. The deformability of AAS is evident due to the
pronounced viscoelasticity of C-A-S-H gels.

Besides self-desiccation, other mechanisms also play roles especially
in the hardening stage, such as the polycondensation of gel particles
and the decrease of steric-hydration forces due to the consumption of
ions from the pore solution. However, these hypotheses are not yet
fully supported by experimental evidence.

Compared with the curing age, the DoR seems to correspond better
with the development of autogenous shrinkage of AAS. Existing
models for PC do not give satisfactory estimations unless the pro-
nounced viscoelasticity of AAS is considered.

Appendix A
Table Al
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e The tendency of AAS systems to suffer from thorough cracking is not
necessarily high due to stress relaxation effects, but local creep can
cause new stress concentration in other zones and aggravate the
development of microcracking.
Some admixtures that are widely adopted in PC lose their function in
AAS. Internal curing is effective in mitigating the autogenous
shrinkage of AAS, but may also delay the reaction and/or coarsen the
microstructure. Only a few strategies can mitigate the autogenous
shrinkage of AAS without compromising its strength.
e Existing experimental methods, such as the corrugated tube method,
seem applicable for AAS systems, but the definition of time-zero and
the duration of measurement need to be carefully considered.

In general, the research attention that has been paid to volume sta-
bility issues in AAS is not yet sufficient. A clearer understanding of the
autogenous shrinkage is important not only because it can potentially
cause cracking, but also because it plays a considerable role in other
deformation processes such as drying shrinkage, thermal deformation
and creep, which can be more problematic in some scenarios. Strategies
that can mitigate the shrinkage of AAS without harming its micro-
structure are desired.
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Autogenous shrinkage (AS) of AAS measured in literature. The table is categorized based on the presence of aggregates, and in each category the table is sorted based by
the type of alkaline activator (AA) and NazO content. The content of NayO is defined relative to the weight of slag. M, w/b, and T represent modulus (molar ratio of
Si0O3/Nay0) of the activator, water/binder ratio and curing temperature, respectively. NS, NH, Nc and N$ stand for sodium silicate, sodium hydroxide, sodium

carbonate and sodium sulfate solution, respectively. NS powder indicates that solid NS was used as the activator. The sign

plicable, unmentioned or unidentifiable.

« >

is put when the information is inap-

System AA NaO M, w/b T (°C) Shape of specimen Magnitude of AS References

(pm/m unless noted)

1d 7d 28d
Paste NS 1% 0.6 0.26 25 Prism - 200 300 Allahverdi et al. [195]
Paste NS 2% 0.6 0.26 25 Prism - 600 800 Allahverdi et al. [195]
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Table A1 (continued)

System AA NayO Mg w/b T (°C) Shape of specimen Magnitude of AS References

(pm/m unless noted)

1d 7d 28d
Paste NS 4% 1.2 0.35 20 Condom 0.022 ml/g 0.033 ml/g - He et al. [70]
Paste NS 4 % 1.96 0.35 25 Prisms 0 5600 9500 Kalina et al. [65]
Paste NS 4% 0.5 0.4 20 Corrugated tube 1300 3000 - Chen et al. [22]
Paste NS 4% 1.0 0.4 20 Corrugated tube 200 3700 - Chen et al. [22]
Paste NS 4% 1.5 0.4 20 Corrugated tube 200 4300 — Chen et al. [22]
Paste NS 4% 2.0 0.4 20 Corrugated tube 300 4600 - Chen et al. [22]
Paste NS 4% 1.2 0.4 20 Corrugated tube 2300 4900 - Brakat et al. [21]
Paste NS 4% 1.5 0.4 20 Corrugated tube 4800 7800 Ma et al. [23]
Paste NS 4% 1.2 0.4 20 Corrugated tube 1900 — — Cao et al. [196]
Paste NS 4% 1.2 0.4 20 Prisms - 3000 4900 Cao et al. [196]
Paste NS 4% 0.8 0.5 20 Corrugated tube 1600 4200 - Jiang et al. [45]
Paste NS 4% 1 0.5 20 Corrugated tube 800 4800 — Jiang et al. [45]
Paste NS 4% 1.4 0.5 20 Corrugated tube 300 4600 - Jiang et al. [45]
Paste NS 4.7 % 1.5 0.34 20 Corrugated tube 3700 6700 - Li et al. [30]
Paste NS 4.7 % 1.5 0.38 20 Corrugated tube 3500 6500 - Li et al. [30]
Paste NS 4.7 % 1.5 0.38 20 Corrugated tube 3500 6500 — Li et al. [29]
Paste NS 5% 0.5 0.43 20 Corrugated tube 2000 3900 - Lietal [31]
Paste NS 5% 1 0.43 20 Corrugated tube 200 4200 - Lietal. [31]
Paste NS 5% 1.5 0.43 20 Corrugated tube 3200 6400 — Liet al. [31]
Paste NS 5.2% 1.5 0.43 20 Corrugated tube 3100 5900 - Lietal. [29]
Paste NS 5.7 % 1.5 0.46 20 Corrugated tube 3100 6000 - Li et al. [29]
Paste NS 6 % 0.5 0.4 20 Corrugated tube 2200 4300 — Chen et al. [22]
Paste NS 6 % 1.0 0.4 20 Corrugated tube 5500 8000 - Chen et al. [22]
Paste NS 6 % 1.5 0.4 20 Corrugated tube 3500 6000 - Chen et al. [22]
Paste NS 6 % 2.0 0.4 20 Corrugated tube 2200 4300 - Chen et al. [22]
Paste NS 6 % 1 0.4 20 Prism 800 2500 3900 Abate et al. [55]
Paste NS 6 % 1 0.45 20 Prism 400 2200 3800 Abate et al. [55]
Paste NS 6 % 1 0.5 20 Prism 500 1800 3200 Abate et al. [55]
Paste NS 6.2 % 1.2 0.45 20 Corrugated tube 700 2800 5000 Yu et al. [57]
Paste NS 6.2 % 1.2 0.45 20 Corrugated tube 700 2100 3600 Yu et al. [52]
Paste NS 6.7 % 1.5 0.54 20 Corrugated tube 2800 6200 - Lietal. [29]
Paste NS 8% 0.5 0.4 20 Corrugated tube 3000 4900 — Chen et al. [22]
Paste NS 8% 1.0 0.4 20 Corrugated tube 5500 8200 - Chen et al. [22]
Paste NS 8% 1.5 0.4 20 Corrugated tube 4000 6500 - Chen et al. [22]
Paste NS 8% 2.0 0.4 20 Corrugated tube 2000 4300 — Chen et al. [22]
Paste NS 9.3 % 0.76 0.42 20 Corrugated tube 5000 6900 - Li et al. [48]
Paste NS 10 % 1 0.4 20 Prism 1600 3400 5500 Abate et al. [55]
Paste NS 10 % 1 0.45 20 Prism 1500 3300 5200 Abate et al. [55]
Paste NS 10 % 1 0.5 20 Prism 600 3000 5200 Abate et al. [55]
Paste NS 14 % 1 0.4 20 Prism 1200 2600 4800 Abate et al. [55]
Paste NS 14 % 1 0.45 20 Prism 1000 2500 4200 Abate et al. [55]
Paste NS 14 % 1 0.5 20 Prism 1400 3200 5600 Abate et al. [55]
Paste NS powder 1.8% 1 0.4 20 Prism - 2500 4000 Abate et al. [55]
Paste NS powder 1.8% 1 0.45 20 Prism - 2200 3600 Abate et al. [55]
Paste NS powder 1.8 % 1 0.5 20 Prism - 1800 3200 Abate et al. [55]
Paste NS powder 3.2% 1 0.4 20 Prism - 3400 5800 Abate et al. [55]
Paste NS powder 3.2% 1 0.45 20 Prism - 3300 5600 Abate et al. [55]
Paste NS powder 3.2% 1 0.5 20 Prism - 3000 5500 Abate et al. [55]
Paste NS powder 4% 1.54 0.45 20 Prisms - 1100 — Yin et al. [197]
Paste NS powder 4.8 % 1 0.4 20 Prism - 3000 4800 Abate et al. [55]
Paste NS powder 4.8 % 1 0.45 20 Prism - 2600 4500 Abate et al. [55]
Paste NS powder 4.8 % 1 0.5 20 Prism - 3200 5500 Abate et al. [55]
Paste NS powder 5% 1 0.35 20 Corrugated tube 1000 3200 5400 Chen et al. [102]
Paste NH 2% - 0.35 23 Corrugated tube 800 1500 1800 Vafaei et al. [54]
Paste NH 4% - 0.4 20 Corrugated tube 1000 - - Cao et al. [196]
Paste NH 4% - 0.4 20 Prisms - 1000 2200 Cao et al. [196]
Paste NH 4.7 % - 0.38 23 Corrugated tube 500 1400 2500 Vafaei et al. [54]
Paste Nc 4% - 0.4 20 Condom 0.003 ml/g 0.013 ml/g - Zheng et al. [59]
Paste Nc 4.7 % - 0.38 23 Corrugated tube 600 2200 2700 Vafaei et al. [54]
Paste NS 4% - 0.4 20 Condom 0.004 ml/g 0.015 ml/g - Zheng et al. [59]
System Paste mass% AA NayO M, w/b T (°C) Shape of specimen Magnitude of AS References

(pm/m unless noted)
1d 7d 28 d

Mortar 43 % NS 25% 1.7 0.48 24 Prism 100 500 1200 Neto et al. [17]
Mortar 43 % NS 3.5% 1.7 0.48 24 Prism 0 1100 1600 Neto et al. [17]
Mortar 43 % NS 3.6 % 1.2 0.47 23 Corrugated tube - 800 1300 Cartwright et al. [40]
Mortar 55 % NS 4% 1.2 0.4 23 Prism 20 170 350 Song et al. [111]
Mortar 43 % NS 4% 0.4 0.47 23 Corrugated tube - 400 1000 Cartwright et al. [40]
Mortar 53 % NS 4% 1.5 0.4 21 Corrugated tube - 2000 2500 Kumarappa et al. [46]
Mortar 43 % NS 4% 1.5 0.4 20 Corrugated tube 600 1050 - You et al. [198]

(continued on next page)
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System Paste mass% AA Nay,O Mg w/b T (°C) Shape of specimen Magnitude of AS References
(pm/m unless noted)
1d 7d 28d
Mortar 43 % NS 4.5 % 1.7 0.48 24 Prism 900 2100 2500 Neto et al. [17]
Mortar 35 % NS 5% 2 0.5 20 Prism 750 1150 — Yang et al. [148]
Mortar 33% NS 5% 1.2 0.4 20 Prism 110 1000 - Zhu et al. [42]
Mortar 35% NS 5% 1.8 0.5 20 Prism - 1300 1850 Liu et al. [134]
Mortar 53 % NS 5% 1.5 0.4 21 Corrugated tube - 2200 3200 Kumarappa et al. [46]
Mortar 53 % NS 5% 0.75 0.4 21 Corrugated tube - 1500 2500 Kumarappa et al. [46]
Mortar 53 % NS 5% 1.75 0.4 21 Corrugated tube - 2500 3800 Kumarappa et al. [46]
Mortar 39 % NS 5.6 % 0.56 0.4 20 Corrugated tube 450 900 - Oh et al. [199]
Mortar 53 % NS 6 % 1.5 0.4 21 Corrugated tube - 3000 4200 Kumarappa et al. [46]
Mortar 33 % NS 6 % 1 0.45 20 Condom 4.5 % 5.6 % - Fuet al. [169]
Mortar 36 % NS 7.5 % 1.28 0.53 20 Corrugated tube 800 1650 - Uppalapati et al. [200]
Mortar 60 % NS 8% 1.8 0.4 23 Corrugated tube 200 900 2000 Chen et al. [168]
Mortar 37 % NS - - - 25 Corrugated tube - 2400 3400 Sakulich et al. [159]
Mortar 42 % NH 3% - 0.47 20 Corrugated tube - 0 300 Cartwright et al. [40]
Mortar 33% NH 4% - 0.4 20 Prism - 300 700 Zheng et al. [60]
Mortar - NH 4 % - 0.5 23 Prism 10 90 200 Rifai et al. [126]
Mortar 43 % NH 5% - 0.48 24 Prism 50 250 600 Cincotto et al. [53]
Mortar 43 % NH 6 % - 0.45 20 Corrugated tube - 200 800 Cartwright et al. [40]
Mortar 35 % NH 9.1 % - 0.53 20 Corrugated tube 450 450 - Uppalapati et al. [200]
Mortar 55 % NH 10 % - 0.37 23 Prism 300 800 1700 Wang et al. [56]
Mortar 44 % NH - - - 20 Corrugated tube 40 325 - Zhang et al. [161]
Mortar - NH - — 0.5 25 Prism 10 80 200 Rifai et al. [201]
Mortar 38 % Ne 4% - 0.4 23 Prism 0 70 190 Song et al. [111]
Mortar 38 % Nc 6.4 % - 0.4 20 Corrugated tube 25 125 - Oh et al. [199]
Mortar 35% Nc - - - 25 Corrugated tube - 700 1300 Sakulich et al. [159]
Concrete 28 % NS 4.2 % 0.9 0.41 20 Prism - 920 200 Ma et al. [50]
Concrete 25% NS 4.8 % 1.5 0.38 20 Prism 100 400 - Lietal [124]
Concrete 25 % NS 5% 1.2 0.45 20 Prism 150 350 470 Zhu et al. [96]
Concrete 26 % NS 5% 1.2 0.52 20 Prism 50 340 500 Zhu et al. [96]
Concrete 25 % NS 8 % 1 0.5 20 Prism 50 680 - Huang et al. [44]
Concrete 21 % NS 10 % 1 0.45 20 Cylinder 50 370 900 Humad et al. [135]
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