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Abstract: The influence of process variables such as curing temperature and relative humidity (RH) on the shrinkage of alkali-activated fly
ash (AAF) is examined in this work. The ambient conditions are varied after an initial accelerated moist curing at high-temperature. An
analysis interlinking the effects of curing on AAF strength, shrinkage, reaction product content, and porosity is performed. Strength achieved
and the pore structure formed for the different curing conditions depend upon the sodium alumino-silicate (N-A-S-H) gel content formed in
the AAF. While water is not directly combined in the formation of N-A-S-H gel, its content is sensitive to the availability of moisture. The
moisture loss due to drying during the geopolymerization reduces the N-A-S-H content formed in the AAF. Compared to the continuous
moist curing at elevated temperature, there is a decrease in the N-A-S-H content on lowering the temperature or drying produced by the
decrease in RH. Reducing temperature and RH following initial accelerated curing has the beneficial effect of reducing the shrinkage com-
pared to drying at a higher temperature. Reduction in the N-A-S-H content due to decrease in temperature after the accelerated curing is more
significant than the drying on lowering the RH to 50%. The autogenous shrinkage measured under sealed conditions contributes significantly
to the total shrinkage in AAF. The shrinkage in the AAF is significantly lower than a comparable cement paste. While shrinkage is produced
by drying, the moisture loss and shrinkage relationship is not unique. The shrinkage produced by moisture loss due to drying is primarily
influenced by the pore structure formed in the AAF, which also depends on the N-A-S-H content. The influences of temperature and humidity
on the strength, pore structure and shrinkage are determined by the N-A-S-H formed in the AAF. DOI: 10.1061/JMCEE7.MTENG-14761.
© 2023 American Society of Civil Engineers.
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Introduction

Fly-ash activated geopolymer binder is a viable alternative to the
Portland cement for making concrete. Using fly ash to make
geopolymer binders has environmental benefits besides allowing
the efficient utilization of larger amounts than is achievable in tradi-
tional concrete mixes. In countries that have an increasing future
demand for cement and concurrently a large projected volume of
fly-ash production, these binders offer a sustainable solution to pro-
ducing concrete. The microstructure and the final properties of the
geopolymer depend on the source material and the activators used
(Songpiriyakij et al. 2010; Chindaprasirt et al. 2012; Ryu et al.
2013; Aughenbaugh et al. 2014; Assi et al. 2016; Hajimohammadi
and Deventer 2016; Leong et al. 2016; Bhagath Singh and
Subramaniam 2018). Because low calcium fly ash is inexpensive
and readily available, it is frequently chosen as the primary source
material. Geopolymer made with low calcium fly ash has a lower
energy cost associated with the production energy than Portland
cement (Komljenović 2015). Additionally, it has comparable or
higher compressive strength, better tolerance to sulfate attack,

low creep, excellent acid resistance, and minimum shrinkage
(Duxson et al. 2007; Habert et al. 2011; Mclellan et al. 2011;
Pacheco-Torgal et al. 2012; Davidovits 2020).

Numerous studies have been conducted on the synthesis and
chemistry of geopolymers formed using low calcium fly ash
(Duxson et al. 2007; Bhagath Singh and Subramaniam 2017a, b, c).
There is a relationship between the mechanical characteristics
of geopolymers, such as their compressive strength, and the
phase composition of the reaction product (Bhagath Singh and
Subramaniam 2019a). Additionally, the composition of the activat-
ing solution necessary for reliably producing high strength geopol-
ymers using fly ash of a given composition has been investigated
(Bhagath Singh and Subramaniam 2020). It has been established
that the reactive content in fly ash should determine the activating
solution composition to produce the aluminosilicates of the com-
position, which can produce high strength. Typically, the reactive
component of low calcium fly ash is a smaller fraction of total
oxides in the fly ash (Bhagath Singh and Subramaniam 2018). Be-
cause of the low reactivity of low-calcium fly ash employed as
source material, a high temperature is required for curing, making
it appropriate for precast concrete applications. In precast applica-
tions, short-term curing at elevated temperatures is maintained.
Quantifying the volumetric changes in the material are essential
for producing crack-free precast element.

Volumetric changes in geopolymers are often associated with
shrinkage during the formation of the reaction products or due to
moisture and temperature changes following the curing. Volumetric
changes have been identified with the formation of aluminosilicate
gel during the geopolymerization (Wallah and Rangan 2006;
Wongpa et al. 2010; Šmilauer et al. 2011). Previous studies have
reported that the autogenous shrinkage of alkali activated fly ash
based geopolymers predominantly occurred within the first few
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days after casting (Ma and Ye 2015). Most previous studies have
evaluated changes produced by drying after the curing. The drying
shrinkage of alkali activated fly ash based geopolymers produced
by moisture loss was smaller than OPC in preliminary investigation
(Sagoe-Crentsil et al. 2013; Ma and Ye 2015; Thomas et al. 2017;
Hojati et al. 2019; Gunasekera et al. 2019). After the initiation of
drying, the rate of shrinkage in low calcium fly-ash geopolymer
decreases rapidly, reaching equilibrium within seven days. The
drying shrinkage of the alkali activated fly ash based geopolymers
increases with a decrease in relative humidity (RH) (Hojati et al.
2019). Heat curing increases the rate of drying shrinkage, whereas
the ultimate shrinkage strain is lower than that of room cured
geopolymer paste (Thomas et al. 2017; Hojati et al. 2019). While
the moisture loss from the alkali activated fly ash based geopolymer
due to drying is linked to the shrinkage, the relationship between
mass loss and shrinkage strain is complex as it is influenced by
porosity and pore structure (Ma and Ye 2015; Ling et al. 2019;
Hojati et al. 2019). The alkali-activated fly ash-based geopolymer’s
drying shrinkage behavior is affected by activator composition,
such as the concentration of the NaOH and Na2SiO3=NaOH ratio
and the activating solution/ binder ratio. It was found that an
increase in the sodium and silica concentrations of the activating
solution resulted in higher drying shrinkage of the alkali activated
fly ash based geopolymer paste (Ma and Ye 2015). Mixtures with
higher activator concentration and low modulus (SiO2=Na2O)
exhibited higher drying shrinkage (Ling et al. 2019).

In previous studies, the curing conditions have varied in terms of
the duration of high-temperature curing, between 1 day and 7 days
(Hojati et al. 2019). Typically, accelerated curing involves short-
term heat curing at high humidity. The temperature and humidity
determine the moisture loss from the geopolymers, which influen-
ces the volumetric contraction. Drying also potentially influences
the reaction product content and the microstructure formed in the
hardened matrix. These factors are implicitly connected to the final
strength attained by the geopolymer made from alkali-activated fly
ash. The measured shrinkage should be correlated to the reaction
product content in the activated mixtures to provide a consistent
basis for evaluation. Understanding the interrelations between the
temperature and humidity on gel formation, shrinkage, and porosity
in an AAF paste is required. Delineating the influences of temper-
ature and RH on the temporal evolution of shrinkage and strength
are required for developing proper curing protocols. The is particu-
larly critical for precast application, where elevated temperature
curing is used.

This work investigates the shrinkage of geopolymers formed by
alkali activation of low calcium fly ash for specialized short-term
heat curing, such as that required for precast concrete applications.
The activating solutions are proportioned for strength based on the
amount of reactive content in fly ash for achieving aluminosilicates
of consistent composition. The procedure developed previously for
determining the activating solution composition for a given reactive
oxide composition of fly ash was followed in determining the mix-
ture compositions (Bhagath Singh and Subramaniam 2020). The
measured volumetric change in the mixture produced by moisture
loss and its impact on the reaction product content in the activated
mixture are correlated.

Materials and Methods

Fly ash was activated with an alkaline solution, which was prepared
by combining sodium hydroxide (NaOH) and sodium silicate
(Na2O:xSiO2) solutions. The fly ash was collected from a
2,600 MW thermal power plant in Ramagundam, Telangana State,
India. The oxide content of the fly ash and the particle size distri-
bution of the fly ash were similar to the results reported previously
(Reddy and Subramaniam 2021; Hanumananaik et al. 2022). The
specific gravity and the LOI of the fly ash are 2.85 g=cm3 and
1.05%, respectively. According to IS 3812 (BIS 2013) and ASTM
C 618-19 (ASTM 2010), the fly ash meets siliceous and class F fly
ash standards, respectively. Due to the low calcium content in the fly
ash, siliceous fly ash is further subclassified as low-calcium fly ash.

The maximum strength achieved in the alkali-activated fly ash is
determined by its reactive Al2O3 content (Bhagath Singh and
Subramaniam 2020). The reactive silica content in the fly ash
determines the extra silica required in the activating solution. An
X-ray diffraction (XRD) analysis was used to identify the fly ash’s
reactive components. The typical XRD signature of fly ash is
shown in Fig. 1. The Rietveld refinement process was used to iden-
tify the crystalline phases in the fly ash (Rietveld 1969; Hill and
Howard 1987), as shown in Fig. 1. Quartz and Mullite are the pri-
mary crystalline components in fly ash. Smaller amounts of rutile,
hematite, and magnetite are also found. The intensity signature of
the glassy phase present in the fly ash is identified with a broad
hump centered on 22.6� 0.2 2θ. The reactive content of fly ash
is present within its amorphous glassy phase (Bhagath Singh and
Subramaniam 2016c).

Fig. 1. Typical XRD spectrum of the low-calcium fly ash.
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To quantify the reactive silica (SiO2) and alumina (Al2O3) con-
tents in the amorphous glassy phase, the quantities of these oxides
in the known crystalline forms were subtracted from the total
amounts of SiO2 and Al2O3 in the fly ash. SiO2 accounts for
the entire mass of quartz and two-fifths of the mass fraction of
mullite, according to stoichiometry. Mullite contains Al2O3, ac-
counting for three-fifths of its mass fraction (Bhagath Singh and
Subramaniam 2018). The total amorphous content and the individ-
ual reactive oxides of the fly ash are similar to those reported pre-
viously (Hanumananaik et al. 2022). Because of the low lime
content and moderate to medium glassy content, the fly ash used
in this study is typical of the fly ash produced in the Asian subcon-
tinent (Bhagath Singh and Subramaniam 2018).

Commercially sourced sodium silicate and sodium hydroxide
were used for preparing the alkali-silicate activating solution.
The sodium silicate was supplied by Kiran Global Chemicals lim-
ited in a solution form and consisted of 14.70% sodium oxide
(Na2O), 34.17% silicon dioxide (SiO2), and 51.13% water by mass.
The specific gravity of the sodium silicate solution given by the
supplier was 1.56 g=cm3. The pH at 24°C and the silica modulus
(modular ratio of SiO2=Na2O, MS) of the sodium silicate solution
were 12.98 and 2.32, respectively. The sodium hydroxide used
was supplied by Thermo Fischer scientific as pellets of 99% purity.
The activating solution was prepared using deionized water with a
pH range of 7 to 7.1.

The alkali-activated fly ash (AAF) paste was prepared with a
mass proportion of fly ash to activating solution (sol=b ratio) equal
to 0.41 for workability. The activating solution used to prepare the
AAF paste mixture was proportioned to achieve the highest
strength with the lowest use of sodium hydroxide. The mass pro-
portions of the AAF paste are listed in Table 1. In the AAF mixture,
the reactive oxide ratios of SiO2=Na2O and SiO2=Al2O3 were kept
equal to 5.0 and 2.0, respectively. The reactive oxide ratios given in
the table produce a sodium aluminosilicate (N-A-S-H) gel with
a Si/Al ratio ¼ 2.0 (Bhagath Singh and Subramaniam 2020).
The reactive oxide ratios were determined considering the reactive
SiO2 and reactive Al2O3 available in the fly ash, and the external
silica contributed by the activating solution. The minimum molarity
of NaOH in the AAF paste was maintained at 3M, which was
found to be adequate for the complete dissolution of the reactive
content from the fly ash (Bhagath Singh and Subramaniam 2019a,
2020).

The influences of temperature and humidity in the curing period
after subjecting the specimens to elevated temperature curing in the
first 24 h were evaluated. Three different curing regimes were con-
sidered after 24 h and are listed in Table 2. The curing regimes were
chosen depending on the precast use, where long-term heat curing
in a moist environment is not feasible. In the 60C curing condition,
the samples were continuously cured at 60°C and 95% relative
humidity (RH). The curing regime was changed to 50% RH while
maintaining the temperature at 60°C in the 60–60 curing condition.
In the 60–30 curing condition, the AAF samples were subjected to
50% RH and 30°C after one day.

Sample Preparation and Testing Methods

The sodium silicate and sodium hydroxide solutions were com-
bined to make the alkali silicate activating solution. An 8M NaOH
solution was made 24 h before mixing it with the sodium silicate
solution. Additional water was added to the mix. A pan mixer was
used to make the paste. Compressive strength was determined from
standard 70 mm cube specimens. After casting, the cube molds
were placed in an environmental testing chamber, maintained at
60°C and 95% RH for one day. The cubes were then exposed to
different curing conditions, with the compressive strength measure-
ments taken at 1, 3, 7, and 28 days following the standard test pro-
tocol given in IS 4031-part 6 (BIS 2005). Six cubes were tested at
each age.

Prisms with 25 mm cross section and 285 mm length were used
for drying shrinkage measurements following ASTM C596-18
(ASTM 2007). After demolding, initial measurements were taken
using a 0.0025 mm accurate length comparator. After the initial
reading, for the first 24 h, the length change was recorded every
2 h, and then one reading was recorded for one day. After measuring
the length, mass loss was determined using a balance with 0.01 g
accuracy. Measurements were performed on three companion spec-
imens for each curing condition.

The autogenous shrinkage was measured using the corrugated
pipe method prescribed in ASTM C 1698. A flexible corrugated
pipe of a length of 420� 5 mm and a diameter of 29� 0.5 mm
was used. After casting, both the ends of the corrugated pipes were
sealed tightly with rubber corks, and the initial reading was re-
corded after the final setting time. Linear variable differential trans-
formers (LVDT) with an accuracy of 0.001 mm were used to record
the data at 50 s for the initial three days. The LVDTs were removed
after three days, and the measurements were performed with
a length comparator of 0.0025 mm accuracy for the remaining
curing age.

A sample was collected from the core of the broken cube from
compression testing for characterization studies. The sample was
powdered, and the material passing through a 60-micron sieve
was solvent exchanged in isopropanol. The sample was vacuum
dried at 40°C to a constant weight and stored in air-tight vials.

XRD Measurements and Analysis

The Brucker D2 PhaserTM X-ray diffractometer equipped with an
LYNXEYE compound silicon strip detector and Cu-Kα radiation
source was used. A Soller 4° and an antiscatter slit of 8 mm were
used for the diffracted beam. An air scatter screen was utilized to
minimize the background noise. Measurements were obtained with
a step size of 0.02° in a vertical Bragg-Brentano θ-θ goniometer
over a range of 2θ angles between 10° and 70°. The samples were
rotated at a rate of 15 rpm during the measurement to improve the
accuracy and precision.

The background intensity was fitted using a Chebyshev polyno-
mial with a 1/(2θ) term (Snellings et al. 2014; Bhagath Singh and
Subramaniam 2016a, b, c; Stetsko et al. 2017). The Rietveld refine-
ment procedure was used for refining the intensity signature of each

Table 1. Alkali-activated fly ash mixture composition

Component Mass/quantity

Na2O:xSiO2 solution 179 g
NaOH 50 g
Added H2O 179 g
NaOH molarity 4.22 M
Fly ash 1,000 g

Table 2. Different curing regimes

Curing
condition

Curing regime

Up to 24 h After 24 h

60C 95% RH and 60°C 60°C and 95%RH
60–60 95% RH and 60°C 50% RH and 60°C temperature
60–30 95% RH and 60°C 50% RH and 30°C temperature

© ASCE 04023143-3 J. Mater. Civ. Eng.
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crystalline phase with the crystalline structures provided by the
International Center for Diffraction Data (ICDD). A NIST SRM
676a α-Al2O3 was used as an external standard for quantifying
the crystalline phases using the external standard method. The
mass percentage of each crystalline phase (wcp) was determined
as follows:

wcp ¼ ðZMVÞcpScpμsample

ðZMVÞsSsμs
ws × 100 ð1Þ

where Z = number of formula units in the unit cell, M = mass of
the unit cell; S = scale factor; and V = volume of the unit cell. The
subscript cp = crystalline phase, and s = the standard. μsample = the
MAC of the sample, and μs = the MAC of the standard.

The glassy phase and N-A-S-H contents in the AAF samples
with age were quantified. The direct decomposition method is an
intensity-based procedure developed to quantify amorphous phases
in AAF (Bhagath Singh and Subramaniam 2016c) and has recently
been applied to alkali-activated slag (Reddy and Subramaniam
2020).

Mercury Intrusion Porosimetry (MIP)

The hardened AAF paste samples’ porosity and pore size distribu-
tion were assessed using mercury intrusion porosimetry (MIP).
MIP is commonly used in cementitious materials, and its use is
extended to AAF. The Poremaster 60 porosimeter supplied by
Quanta chromewas used for measurements. The measuring process
was carried out in two steps. Initially, the sample cell was placed in
a low-pressure port filled with mercury up to a pressure of 35 PSIA.
In the next step, the sample was placed in the high-pressure port,
and the pressure was applied over the range of 20 to 60,000 PSIA
using hydraulic oil. At each pressure step, the pore size is deter-
mined using the Washburn equation, given as

D ¼ −4γ cos θ
P

ð2Þ

where D, γ, θ, and P = pore diameter (μm), the surface tension of
the mercury (mN=m) (0.485 N=m), contact angle of mercury
(140°), and applied pressure (MPa), respectively. The porosity from
pores ranging in sizes from 1,100 μm to 3.6 nm was obtained from
the intrusion measurement.

Results and Discussion

Fig. 2 shows the compressive strength of the AAF for the different
curing conditions. There is a very rapid strength gain for all curing
conditions up to 3 days, following which there is a steady, nearly
linear increase up to 28 days. The rate of strength gain is influenced

immediately after reducing the RH. Following a decrease in RH,
there is a decrease in the strength gain. The differences between
the curing at lower RH (60–60 and 60–30 curing regimes) and con-
tinuous moist curing (60C) develop up to 7 days. The rate of
strength gain between 7 and 28 days is, however, comparable for
all curing regimes. The 28-day strengths obtained from the two cur-
ing conditions at lower humidity, 60–60 and 60–30, are compa-
rable. There is a 15%–20% decrease in the strength on lowering
the RH when compared with continuous moist curing. As a refer-
ence, pastes made with cement and fly ash also exhibit similar
dependence on RH (Warangkana et al. 2008). The decrease in
strength in the hydraulic mixtures of cement and fly ash is also
initiated immediately after commencement of drying. The decrease
in the compressive strength is however significantly higher for
cement paste subjected to lower RH (Warangkana et al. 2008).
Typically, decreasing the RH to 50% produces a strength loss of
40% and higher in cement pastes.

Reaction Product Content

Fig. 3 shows a typical XRD intensity profile of the 28-day 60C
AAF. The Rietveld refining process was used for the intensity sig-
natures of the different crystal phases and is shown in Fig. 3. The
crystalline phases seen in the AAF are essentially those present in
the fly ash. New crystalline phases were identified in trace quan-
tities. The Pawley refinement procedure was used to obtain the in-
tensity signature of the total amorphous phase in the AAF (Pawley
1981) and is shown in Fig. 3. An hkl phase was defined for a cubic
structure with Fm3̄m space group (space group No. 225) (Bhagath
Singh and Subramaniam 2016c).

The intensity signature produced by the amorphous phase in
AAF contains the contributions from the N-A-S-H formed in the
AAF and from the unreacted fly-ash glassy phase. The amorphous
phase is identified by a large hump with a substantial scattering
in the 2θ range between 20° and 40°. The intensity signatures of
the N-A-S-H and the unreacted fly ash were obtained using the
direct decomposition method (Bhagath Singh and Subramaniam
2016c). The broad intensity signature of the total amorphous phase
in the AAF was decomposed into underlying intensity signatures of
the N-A-S-H and the unreacted glassy phase. Pseudo-Voigt (PV)
peaks were fit to the total intensity signature following uncon-
strained non-linear optimization. Iterative least-squares fit for the
intensity pattern was performed by varying the parameters of the
PV functions. The intensity signatures of the glassy phase of fly ash
and the N-A-S-H present in the AAF are shown in Fig. 3. The un-
dissolved fly-ash glassy phase (labeled PV fit 1) creates a diffuse
hump centered on 21.2� 0.2 2θ, while the diffuse scattering pro-
duced by N-A-S-H (labeled PV fit 2) results in a hump centered
on 27.7� 0.2 2θ.

The N-A-S-H intensity signature obtained from the 28-day AAF
paste subjected to continuous moist curing and the 60–60 and
60–30 curing conditions are shown in Fig. 4. The intensity signa-
tures of N-A-S-H from all three curing conditions are nominally
similar. While the individual amplitude of the intensity pattern pro-
duced by N-A-S-H changes with the curing conditions, the overall
intensity pattern remains largely unaltered. This suggests that the
drying and moisture loss do not alter the structure of the N-A-S-H
formed in the AAF during the geopolymerization.

The intensity-based procedure was used to quantify the reaction
product content within the AAF paste. The mass fraction of reac-
tion product content is computed as the area contributed by the
amorphous phase to the area of the total spectrum (Riello 2004).
The amorphous phase as the percentage by mass is computed as
(Madsen et al. 2011)

Fig. 2. Compressive strength of the AAF pastes for the different curing
regimes.
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% amorphous

¼
�
Area under the intensity pattern of amorphous phase

Total area under diffractogram

�

× 100 ð3Þ

Fig. 5 shows the N-A-S-H content in the AAF paste as a func-
tion of age. The N-A-S-H content as a function of age increases
rapidly within the first 24 h. With time, there is a decrease in
the N-A-S-H produced. In the continuously moist cured AAF,
while the N-A-S-H content was 35% after 24 h, there was a further
increase to 44% at 28 days. The N-A-S-H contents in the AAF for
the 60–60 and 60–30 curing conditions decreased relative to the
continuously moist cured samples. A comparable decrease in the

N-A-S-H content is produced in samples cured at reduced humidity
at 60°C and 30°C. Between 1 and 28 days, the N-A-S-H content
increased from 35% to 38% for the 60–60 and 60–30 curing
conditions. In an AAF paste, the N-A-S-H content depends on
the temperature (Bhagath Singh and Subramaniam 2019b). Com-
paring 60–60 and 60–30, the degree of polymerization is expected
to be lower at 30°C. The results, however, indicate that lowering the
temperature is offset by another parameter, which appears to influ-
ence the N-A-S-H content in the AAF. As a reference, reducing the
RH also produces a decrease in the degree of hydration reaction of
cement with water. Decrease in RH resulted in reduced interlayer
water content and reduced reaction product content (Cong and
Kirkpatrick 1995; Warangkana et al. 2008). The degree of hydra-
tion in cement paste samples exhibits a higher sensitivity to the RH.

Autogenous Shrinkage

Fig. 6 shows the autogenous shrinkage of AAF continuously cured
at 60°C. Additionally, the autogenous shrinkage recorded from
AAF cured at 30°C after curing at 60°C in the initial 24 h is also
shown. Each data point represents the average of three replicates,
and the range of results is shown using scatter bars. The autogenous
shrinkage of ordinary Portland cement (OPC) paste with a water-to-
cement ratio (w/c) of 0.41 cured at 30°C is also plotted in the figure
for reference. The trends from the measurements indicate that the
autogenous shrinkage in AAF was most prominent in the first 24 h,
and it attained a constant value by 30 days. The incremental change
after 24 h is, however, minimal. Similar results have also been re-
ported previously, where the autogenous shrinkage in geopolymer
pastes occurred within the first few days (Ma and Ye 2015). The
volumetric contraction under the sealed conditions at 60°C is close
to 550 με. In the sample cured at 30°C after 24 h, there is an abrupt
increase in the measured autogenous shrinkage on lowering the
temperature. This volumetric shrinkage recorded within a short
time after lowering the temperature is associated with thermal
contraction. The observed contraction contributes an additional
200 με to the shrinkage under sealed conditions at 30°C. The in-
cremental volumetric contraction after the specimens attains ther-
mal equilibrium on reducing the temperature from 60°C to 30°C is
essentially the same as that recorded from the specimens cured at

Fig. 3. Typical XRD intensity signature of the 60C AAF sample at 28 days.

Fig. 5. Reaction product content in AAF for the different curing
regimes.

Fig. 4. Intensity of N-A-S-H in AAF cured at different curing regimes
obtained using direct decomposition.
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60°C. The autogenous shrinkage recorded from the AAF paste is
significantly higher than the autogenous shrinkage measured in
cement paste. For cement paste with a w/c ratio of 0.41, the autog-
enous shrinkage is typically low, ranging between 100 and 130 με
(Baroghel-Bouny et al. 2006).

Drying Shrinkage and Mass Loss

Drying shrinkage and mass loss recorded from AAF subjected to
the 60–60 and 60–30 curing conditions are shown in Fig. 7. Drying
shrinkage measured from OPC pastes made with w=c ¼ 0.41 and
cured at 30°C is also shown for reference. The cement paste was
demolded at 24 h and subjected to drying at 50% RH. The shrink-
age recorded from the AAF and cement pastes up to 3 days were
nominally identical. However, the continued shrinkage with time is
significantly higher in cement paste when compared with AAF
paste. While there is significant continued shrinkage in the cement
paste up to 28 days, the additional shrinkage in AAF is lower. The
drying shrinkage measured from the cement and AAF pastes at
28 days were 3,500 με, and 1,200 με, respectively. Most drying
shrinkage in the AAF paste occurred within the first few days
of starting the drying process. The shrinkage was essentially con-
stant ten days after the initiation of drying. The drying shrinkage
recorded from the 60–60 and the 60–30 curing conditions is similar.
A constant difference of 200 με between the drying shrinkage re-
corded from the two conditions occurs due to the additional thermal
contraction in the 60–30 curing condition.

The mass loss recorded from the samples subjected to the differ-
ent curing conditions is shown in Fig. 7(b). The mass loss was very
rapid in the first few days after the initiation of drying following,
which the value essentially becomes constant. In the case of AAF

paste, the drying was very intense in the first seven days, which
attained a constant value by 10 days. In the case of cement paste,
intense drying indicated by mass loss occurred in the first four days
after the initiation of drying. The drying rate slowed down and at-
tained a constant value at 28 days. The total mass loss recorded
from AAF paste was lower than the cement pastes, irrespective
of the curing regime. Comparing the curing regimes, the mass loss
from the AAF for the 60–60 curing condition was higher than the
mass loss from the 60–30 curing. Mass loss of the OPC paste at
28 days was approximately 16%, and the mass losses of the AAF
for the 60–60 and 60–30 curing were approximately 11.5% and
8%, respectively.

The mass loss recorded from the AAF paste indicates that the
drying associated with moisture loss depends on both temperature
and relative humidity. There was larger moisture loss on decreasing
the RH to 50% at 60°C compared to 30°C. Due to the greater vola-
tility of water at higher temperatures, the drying produced by the
reduced relative humidity becomes more severe at a higher temper-
ature. Water becomes more volatile, and the vapor pressure of
liquid increases resulting in faster drying at a higher temperature
(Zhang et al. 2021). The moisture loss and drying measured from
the AAF pastes at two different temperature is consistent with the
observations from cement paste. Data recorded from cement pastes
have previously shown that the level of saturation achieved during
the desorption depends on both temperature and humidity. With
decreasing RH, a lower saturation level was produced at a higher
temperature indicating a higher level of drying in the multiporous
material such as cement paste (Zhang et al. 2021).

Porosity and Pore Structure

Fig. 8 depicts the porosity and pore structure in the 28-day AAF
paste assessed using MIP according to Washburn’s equation (Corp
2001). The total pore volumes accessed by the intrusion measure-
ment in the AAF pastes cured at lower RH were significantly higher
than the pore volume measured in the continuously moist cured
AAF paste. The porosity of the AAF paste cured at 60–60 and
60–30 were similar over the range of pore sizes accessed by the
intrusion measurement. Compared with the continuous moist cur-
ing, there was an increase in the pore volume over two size ranges
in the AAF paste cured at lower humidity (60–60 and 60–30 curing
regimes). There was a large difference in the volume of pores over
the size ranges centered on 100–300 μm and 20–40 μm. Fig. 8(b)
shows differential pore volume as a function of the pore diameter.
The pore structure indicated by the differential volume indicates
that the pores are present in two size ranges. The larger pores are
present over the range of 100–300 μm. The critical pore diameters
are identified over the size range 20–40 μm. Continuous moist

Fig. 6. Autogenous shrinkage of AAF at different curing temperatures:
(a) up to 100 days; and (b) in the first 2 days.

Fig. 7. (a) Drying shrinkage; and (b) mass loss measured from the AAF and OPC pastes.

© ASCE 04023143-6 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2023, 35(6): 04023143 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

"I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y,

 H
yd

er
ab

ad
" 

on
 1

1/
11

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



curing (60C) resulted in more N-A-S-H and denser pore structure
than the other two curing regimes (60–60 and 60–30). The critical
pore diameters for the 60–60 and 60–30 curing conditions are iden-
tical, and larger than the critical pore diameter in the continuously
moist cured AAF. The total porosity and the critical pore size values
are listed in Table 3.

Discussion

Internal parameters such as activator composition and binder char-
acteristics (Ma and Ye 2015; Hojati et al. 2019), and extrinsic ones
like RH and curing temperature (Hojati et al. 2019) influence the
shrinkage of AAF. The autogenous shrinkage recorded from the
AAF paste under sealed conditions predominantly occurs within
the first 24 h. As a result, no discernible variations were found
in the shrinkage measured from the sealed specimens continuously
cured at 60°C and from 60–30 curing (the sealed specimens were
cured at 30°C after 24 h). Unlike cement paste, where the internal
RH decreases due to internal desiccation produced by the binding
of water in the CSH gel, the internal RH in AAF with progressing
geopolymerization remains high (Ma and Ye 2015). In the case of
the AAF paste, the continuous reorganization and polymerization
of the aluminosilicate gel produce autogenous volume change
(Wallah and Rangan 2006; Wongpa et al. 2010; Šmilauer et al.
2011; Ma and Ye 2015). Geopolymerization involves intermediate
steps where the hydroxyl ions are bound with the precursors in
the solution. The hydroxyl ion condensation, which occurs during
the polymerization, releases water into the AAF. Water is not
chemically bound within the geopolymer gel. The initial uptake
of hydroxyl ions during geopolymerization produces the volumet-
ric contraction. Additionally, the volumetric contraction under the
sealed conditions may also be due to chemical shrinkage associated
with the volume of reaction products compared to the initial volume
of reactants.

The internal moisture content is important in the formation of
AAF reaction products. When the ambient RH falls below 100%,
the internal water starts evaporating, influencing the AAF reactions.
While water is not directly involved in forming N-A-S-H, it is

required as a medium for geopolymerization (Provis and Van
Deventer 2009). The mass loss under the 60–60 curing condition
is higher than the mass loss recorded in the 60–30 curing. However,
the N-A-S-H contents in the AAF are identical for both 60–60 and
60–30 curing conditions. The larger mass loss from the samples
subjected to 60–60 curing results in more internal drying. The re-
duction in water content impacts the formation of N-A-S-H when
compared to the continuously moist cured samples.

The curing temperature influences N-A-S-H content in the AAF
(Bhagath Singh and Subramaniam 2019b). Reducing the temper-
ature decreases the N-A-S-H content in AAF. When the tempera-
ture is reduced from 60°C to 30°C in the 60–30 curing condition,
the production of N-A-S-H is reduced. The correlation between the
mass loss and the reduction in N-A-S-H content is shown in Fig. 9.
The reduction in the N-A-S-H content was calculated relative to the
continuously moist-cured AAF. Under the 60–60 curing, while an
elevated temperature was maintained for continued geopolymeriza-
tion, the severe drying reduces the amount of water present in the
system for the reaction to progress. In 60–30 curing, even though
the drying is less severe, the lower temperature slows the reaction.
N-A-S-H content is limited by the insufficient water in the 60–60
curing and the lower temperature in the 60–30 curing. Comparing
the 60–60 and the 60–30 curing conditions, reducing the temper-
ature has a comparable influence on the N-A-S-H content as the
loss of moisture produced by drying.

The free water evaporation from the hardened sample’s pores
produces drying shrinkage. The N-A-S-H content determines the
total porosity in the AAF paste. Total porosity and N-A-S-H
contents in the 28-day 60–60 and 60–30 cured AAF pastes are
identical. The continually moist cured AAF paste has a greater
N-A-S-H content, which results in a lower total porosity. The pore
structure within the interconnected pores indicated by the MIP also

Fig. 8. (a) Porosity; and (b) pore size distribution in the 28-day AAF pates.

Table 3. Porosity and critical pore size of AAF cured at different curing
regimes

Mix Id Total porosity (%) Critical pore size (nm)

60C 7.08 21.4
60–60 14.7 29.2
60–30 13.9 29.2

Fig. 9. Relationship between mass loss and reaction product content
for the different curing conditions.
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largely agrees with the N-A-S-H content. The critical pore size cor-
responding to 44% N-A-S-H content for the continuously moist
cured paste was approximately 21 nm. For the 60–60 and the
60–30 samples, the critical pore diameter was 29 nm, while the
N-A-S-H content was 38%.

The aluminosilicate gel pores have voids filled with free water
(Lloyd et al. 2009). Evaporation of water from AAF paste results in
the formation of a meniscus in partially saturated pores, which cre-
ates tensile strains. With a reduction in humidity, it is expected that
the moisture loss in a porous system results in the formation of
capillary tension, the migration of interlayer water, and the lower-
ing of disjoining pressure (Beltzung and Wittmann 2005). Interest-
ingly, while a higher moisture loss occurs when lowering the RH at
a higher temperature (in the 60–60 curing condition), the drying
shrinkage is identical to the value obtained at a lower temperature
(60–30 curing condition). The porosity and pore structure for the
60–60 and 60–30 curing conditions are also nominally identical.
Fig. 10 shows the relationship between reaction product content
and total shrinkage strain of AAF for the different curing regimes.
A nominally identical relationship between the N-A-S-H content in
the AAF and the shrinkage is obtained from the different curing
conditions. It is observed that there is a change in the relationship
between the volumetric contraction and the N-A-S-H gel formed
with increasing reaction product content. In the early stages, the
autogenous shrinkage contributes significantly to the total shrink-
age. Subsequently, with the onset of drying, the loss of moisture
from the pore system produces shrinkage. However, the addition
of gel after the start of drying is not significant. The relationship
between the total shrinkage and the gel content in the AAF is iden-
tical for the 60–60 and the 60–30 curing conditions. While the gel
contents are identical for the two curing conditions, the moisture
loss is higher for the 60–60. The relationship between moisture loss
and shrinkage is therefore not unique. Similar observations have
been reported previously (Ma and Ye 2015; Hojati et al. 2019).

In a multiconnected porous material with a continuously vary-
ing pore network made of irregular pores, such as cement paste, the
dominant pores are centered in two broad sizes ranging in μm and
nm ranges (Cook and Hover 1999; Dong et al. 2017). Typically, a
bimodal distribution of pores is assessed from most measurement
techniques (Cook and Hover 1999; Bernardo et al. 2006). Desorp-
tion studies from cement pastes indicate the roles of temperature
and humidity during the drying as a function of humidity and tem-
perature. The desorption at lower RH from cement paste, associated
with drying from pores of the smaller size range, is largely invariant
with temperature (Zhang et al. 2021). The adsorption and desorp-
tion isotherms are similar at low RH values (below 50%). The
desorption from the larger pores, which typically dry out over

an RH range of 50%, exhibits a temperature dependence. Hystere-
sis between adsorption and desorption is created at moderate and
high RH values and is largely associated with drying from pores in
larger sizes. The adsorption and desorption at low RH are essen-
tially associated with moisture movement in gel pores sizes 10 nm
and smaller. The saturation levels during drying or capillary con-
densation in these gel pores exhibit a similar variation with RH,
independent of temperature (Zhang et al. 2021). Typically, differ-
ences in the desorption curves up to 50% RH are seen. The values at
and below 50% typically do not show variation with temperature.

The drying from the porous network within the AAF produced
by changes in humidity also exhibits a behavior similar to that ob-
served in cement paste. The learnings from cement paste can be
extended to explain the nonunique relationship between mass loss
and shrinkage in AAF. The pore size ranges in AAF assessed using
MIP are similar to those in hardened cement paste. The mass loss
on lowering the RH is temperature-dependent, and it is associated
with drying from the larger pores (μm-sized pores). The larger
pores in the 100 μm range exhibit a temperature sensitivity to dry-
ing at 50% RH. On lowering the RH, a lower saturation of these
pores is produced at a higher temperature. The desorption from the
smaller pores (nm-sized pores) in the AAF does not exhibit temper-
ature dependence on lowering the RH. The observed differences in
the mass loss produced by drying are related to the larger pores’
saturation levels. The drying of the smaller pores is largely unaf-
fected by the temperature. The drying from the smaller pores con-
trols the shrinkage. Therefore, while there is a difference in the
mass loss from the 60–60 and the 60–30 curing conditions, the dry-
ing shrinkage is nearly identical. The volume change produced by
drying is largely not influenced by the temperature used for accel-
erated curing of AAF.

For the accelerated curing at elevated temperature, significant
AAF gel formation occurs within the first 24 h. This is suitable
for use in precast operations. A significant shrinkage is produced
from internal mechanisms associated with gel formation within the
first 24 h. The magnitude of this autogenous shrinkage is compa-
rable to the volumetric change produced by drying. In cement paste
systems, the drying shrinkage contributes significantly to the total
volumetric contraction. The autogenous shrinkage is significant
only for highly reactive cementitious materials or low w/c ratios.
Most of the considerations for shrinkage in design codes are
calibrated for the expected volumetric change induced by the
shrinkage. In AAF, shrinkage produced in the sealed conditions
associated with gel formation is a significant proportion of the total
shrinkage. However, the total shrinkage is smaller than the shrink-
age from comparable cement paste.

The autogenous shrinkage is produced early, within the period
of accelerated curing. The drying shrinkage is also very intense
immediately following the initiation of drying. The direct applica-
tion of available information on shrinkage from cement-based con-
crete would overpredict the magnitude and duration of drying
shrinkage. The overall shrinkage produced by drying is lower in
AAF, leading to fewer problems with restrained shrinkage cracking
or prestress losses. However, the shrinkage under sealed conditions,
which occurs with the formation of the N-A-S-H gel, needs to be
quantified and accounted for since this cannot be mitigated by
curing.

Conclusions

This study evaluated the influence of process variables on the
shrinkage produced in AAF. Changes in the volume measured for
the different RH and temperature conditions are related with the

Fig. 10. Relationship between reaction product content and total
shrinkage strain.
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changes in the reaction product content and microstructure in the
hardened AAF. The following are the key findings of this study
• The process variables such as curing temperature and relative

humidity (RH) play a crucial role in the mechanical and physical
properties of AAF. Compared to the continuous moist curing at
elevated temperature, the compressive strength decreased by
15% in the 60–60 and 60–30 curing regimes. The compressive
strength of the different curing regimes depends on the N-A-S-H
content and the pore structure created in the AAF. A decrease in
the temperature leads to a reduction in the N-A-S-H content.
The N-A-S-H content formed in the AAF also decreases if there
is moisture loss due to drying.

• The moisture loss produced by drying depends on the RH and
the curing temperature. A higher mass loss is produced on
drying at 50% RH and 60°C when compared with drying at
50% RH and 30°C.

• The reduction in the N-A-S-H content produced by the addi-
tional drying in the 60–60 curing condition is comparable to
the decrease in the N-A-S-H content produced by the decreased
temperature in the 60–30 curing.

• The pore structure in the AAF depends only on the N-A-S-H
content. The porosity and the critical pore diameters in the
AAF are similar for the 60–60 and the 60–30 curing regimes.

• The shrinkage in the AAF paste subjected to initial accelerated
moist curing at an elevated temperature is significantly lower
than a comparable cement paste. Autogenous shrinkage pro-
duced under sealed conditions contributes significantly to the
total shrinkage in the AAF. The drying shrinkage on reducing
the RH and temperature after the initial moist curing at elevated
temperature is influenced by both temperature and RH. Reduced
temperature and RH contribute to a decrease in the N-A-S-H gel
content in the AAF. Reducing the curing temperature is more
significant for the N-A-S-H gel content than the drying on
lowering RH when both temperature and RH are decreased.
The 60–30 curing resulted in N-A-S-H gel content, comparable
to the 60–60 curing regime. There is lesser moisture loss, and
the resulting decrease in the N-A-S-H content is, therefore, the
influence of reduced temperature.
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