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Volumetric instability is one of the main reasons restricting the engineering application of alkali-activated material (AAM).
The aim of this work is to determine the most convenient calcination temperature of calcium bentonite (CB) to reduce the
drying shrinkage of AAM. Five temperature gradients (20 ℃, 150 ℃, 600 ℃, 750 ℃, 900 ℃) and three admixture levels (5%,
10%, 15%) were considered. The results show that a calcination temperature of 150 °C and 15% admixture is the optimum
treatment. The compressive strength of the AAM is improved, and the drying shrinkage is substantially reduced. The x-ray
diffraction, scanning electron microscope, and mercury intrusion porosimetry tests have shown that calcination at 150 °C
enhanced the interlayer properties for better performance than AAM prepared by dehydroxylation of CB calcined at high
temperatures. The water retention reduces the evaporation of water and generates N-A-S-H gels after dissolution. Causes
coarsening of the pore size of the AAM and reduced drying shrinkage.
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Introduction

Cement is one of the most basic building materials in
the world. However, the production of cement is
accompanied by significant energy consumption and
greenhouse gas emissions. Each tonne of cement
manufactured emits approximately 1 ton of CO2,
accounting for roughly 5-7% of all human-generated
carbon emissions [1, 2]. With the growing demand for
sustainable building materials, alkali-activated material
(AAM) are becoming the focus in the construction
sector.

The main raw materials for AAM are industrial by-
products or waste, such as slag [3], fly ash [4], and
metakaolin [5]. Therefore, the production process
consumes fewer resources and energy, and the carbon
emissions are reduced by about 80% of the ordinary
Portland cement (OPC) [6, 7]. The alkali-activated
reactivity is derived from the decomposition and
recombination of the active substances in an alkaline
environment. The main hydration products of AAM
can be classified as C-A-S-H gels and N-A-S-H gels
[8, 9], which depend on the percentage of the calcium
content of the raw material. The dense gels network
offers AAM many advantages, such as early strength
[10], fire resistance [11], and corrosion resistance [12].
However, the dense structure increases the number of

mesopores and reduces volume stability, resulting in
the drying shrinkage of AAM being 3-4 times higher
than that of OPC [13].

Optimizing the mix ratio is considered an effective
way of reducing the drying shrinkage of AAM. The
combination of different materials allows the conversion
from N-A-S-H to C-A-S-H gels or coexistence [14]. It
indicates that the performance of AAM can be
controlled by blending the proportions of the materials.
Among the various raw materials for AAM, metakaolin
is considered to be of significant potential [15]. The
kaolinite used to make metakaolin is classified as a 1:1
layered structure type of clay consisting of a layer of
alumina-oxygen tetrahedra connected to a layer of
silica-oxygen tetrahedra [16, 17]. The metakaolin not
only enhances the strength of AAM but also performs
better in durability [18]. Unfortunately, there is not
much distribution of kaolinite-rich minerals, and
metakaolin is widely demanded by other industries
[19]. 

Bentonite is a 2:1 type of clay consisting of two
layers of silica-oxygen tetrahedra and one layer of
aluminum-oxygen octahedra, and the main component
is montmorillonite [16]. Montmorillonite has large and
variable interlayer spacing, which allows the exchange
of cations or storage of water molecules [20, 21].
Bentonite is not fully applicable as a cementitious
material component due to its weak pozzolanic activity
[22]. But bentonite can also be made more reactive by
calcining to remove the hydroxyl group, as is the case
with metakaolin [23]. In recent years, bentonite has
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begun trying to mix into the AAM. The interlayer
structure of bentonite can exchange excess cations, and
the dissolved bentonite can be used as a template for
gels precipitation and participate in hydration reactions
[24, 25]. 

This study aimed to evaluate the role that CB plays
in resisting the drying shrinkage of AAM. CB calcined
at low-temperature and high-temperature conditions,
combined with different admixture levels, and the
results of the study may be useful to expand the range
of bentonite applications.

Experimental

Materials
The chemical components of slag, fly ash, cement,

and CB were determined using X-ray fluorescence
(XRF, ARL PERFORM'X model), and the results are
listed in Table 1. The slag grade is S75, the fly ash is
low-calcium ClassII F, provided by the Yuance Co.
(Changji, China). The CB was a low-purity untreated
raw mineral, provided by Xiangshui Building Materials
Co. (Yueyang, China). Water glass and flake sodium
hydroxide are provided by Jinxin Factory (Urumqi,
China). The SiO2/Na2O of the water glass is 3.0, and
the flaky sodium hydroxide purity is >99%.

Before sample preparation, mix the flake sodium
hydroxide with sodium silicate in a certain ratio and fix
the modulus to 1.4 and cool to room temperature for
use. The CB was sieved and calcined in a horse boiling
furnace at 150 °C, 600 °C, 750 °C, and 900 °C for 2 h.

Compressive strength
The compressive strength specimens were prepared

according to the Chinese standard (GB/T 17671-1999
Method of testing cements-Determination of strength
ISO method) with 40×40×160 mm. The total weight of
the cementitious material was 450 g. The specimens

Table 1. Chemical composition of the main mineral materials (wt.%).

Raw materials CaO SiO2 Al2O3 SO3 MgO Fe2O3 TiO2 K2O LOI

Slag 39.3 34.53 12.73 0.4 8.27 1.93 0.9 0.8 0.3

Fly ash 4.8 56.2 22.5 1.02 1.56 5.09 1.8 0.9 3.8

CB 1.62 71.2 13 - 2.71 0.75 0.1 1.01 7.35

Table 2. Detailed composition of AAM.

Mixtures Slag (wt%) Fly ash (wt%) CB (wt%) Calcination temperature (℃) Na2SiO3 (Na2O wt%) w/b

Control 80 20 0 - 5 0.5

AAM-1 75 20 5 20 5 0.5

AAM-2 70 20 10 20 5 0.5

AAM-3 65 20 15 20 5 0.5

AAM-4 75 20 5 150 5 0.5

AAM-5 70 20 10 150 5 0.5

AAM-6 65 20 15 150 5 0.5

AAM-7 75 20 5 600 5 0.5

AAM-8 70 20 10 600 5 0.5

AAM-9 65 20 15 600 5 0.5

AAM-10 75 20 5 750 5 0.5

AAM-11 70 20 10 750 5 0.5

AAM-12 65 20 15 750 5 0.5

AAM-13 75 20 5 900 5 0.5

AAM-14 70 20 10 900 5 0.5

AAM-15 65 20 15 900 5 0.5

Fig. 1. Cracking in AAM mortar admixture of 20% CB.
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were placed in the maintenance condition of ±20 ℃
and more than 95% relative humidity, covered with
cling film. The compressive strength test was carried
out after maintenance to the specified age, and the
results were taken as the average of the three groups.

Drying shrinkage
Preparation of AAM drying shrinkage samples

according to Chinese standards (JCT603-2004 Standard
test method for drying shrinkage of mortar), the
proportion of cementitious material is consistent with
the compressive strength. The two ends of the mold are
pre-buried with copper nail heads, and the size is
25×25×280 mm. After pouring and forming, the mold
was placed in a cement mortar curing box with a
temperature of (20±2) °C and humidity of (90±5)% for
24 h. Remove the mold and test its initial length L0

with a length ratio meter. Then put the specimen in a
drying shrinkage curing box with a temperature of
(20±3) °C and humidity of (50±4)% for curing. When
the specimen is cured to a specified age t, the length Lt

of the specimen is tested. The drying shrinkage of the
AAM St specimen is calculated according to Eq (1),
and the test result is taken as the average value of three
specimens.

 (1)

Micro evaluation for the AAM
The X-ray diffraction (XRD, X'PertPRO model) test

was used to observe the crystalline phase of the sample.
The instrument used CuKα radiation, a scanning speed
of 2°/min, a voltage of 40 kV, and a scanning range of
10-80°. CB passed 200 mesh sieve before a test. AAM
samples were selected from the compressive strength
test after crushing the central area of the test block, the
use of anhydrous ethanol to terminate hydration, an
electric blast dryer 50 ℃ to constant weight after
grinding, and passing 200 mesh sieve after using
powder observation.

The Scanning electron microscope (SEM) test used
the instrument model ZEISS2, voltage 20 kV. Before
the test, the surface was dried and sprayed with gold to
enhance electrical conductivity.

The Mercury intrusion porosimetry (MIP) test was
performed by AutoPore IV 9500 with a maximum
pressure of 33,000 pounds and a pore size test range of
5 nm-1000 um. 

Results and Discussion

Crystal Phase Change of CB
Fig. 2 shows the XRD diffraction patterns of CB

calcined at different temperatures. The main component
of the CB is montmorillonite, and the impurities are
muscovite, albite, and quartz. There was no significant

change in the crystalline phase between 20 °C and
150 °C. A decrease in the area of the montmorillonite
diffraction peak was calculated by Jade, which may be
related to the loss of interlayer water [26]. The low-
temperature calcination did not change the properties
of CB, but the loss of interlayer water enhanced the
water absorption and ion exchange ability. After
calcination at 600 °C, the intensity of the diffraction
peak of montmorillonite decreased significantly, the
structure of montmorillonite started to collapse, an
incomplete dehydroxylation reaction occurred, and the
structure of montmorillonite was partially retained and
partially transformed into amorphous aluminosilicate.
At 750 °C, the diffraction peak of montmorillonite
disappeared utterly, and the structure fully decomposed
into an amorphous phase [27, 28]. At 900 °C, the
diffraction peak of montmorillonite disappeared, while
the pattern of 26.7° quartz reversed, and the diffraction
intensity increased. This may be attributed to the
recrystallization reaction, a new crystalline phase was
generated.

Mechanical properties of the AAM
Fig. 3 shows the effect of the calcined CB content on

the compressive strength of the AAM within 28d. It
can be seen that the effect of CB on the compressive
resistance of AAM is multifaceted, and shows a complex
fluctuating trend with the changes in calcination
temperature. According to the XRD test results, CB is
completely dehydroxylated at 750 °C and has the
highest reactivity. However, this is not consistent with
the compressive strength, which does not exceed that
of the control group at 750 °C. Interestingly, the optimum
treatment temperature is 150 °C, which has the highest
strength.

Similarly, the relationship between strength and
admixture is not a linear increase or decrease. The
property status of the CB can explain the variability of
these results. Under the conditions of low-temperature
calcination, removing the hydroxyl groups from the

St = 
L0 Lt–  100

250
------------------------------

Fig. 2. XRD pattern of CB (Mt-montmorillonite, M-muscovite, Q-
quartz, A-albite).
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bentonite is insufficient, and the interlayer properties
are retained. 150 °C allows the bentonite to remove the
interlayer moisture to obtain enhanced adsorption
properties. The interlayer ion exchange properties of
bentonite have been shown to adsorb Na+ and reduce
the hindering effect of excess alkaline metal cations on
hydration reactions [25]. Under high-temperature
calcination conditions, the CB undergoes a dehydroxylation
reaction, resulting in the inter-polyhedral links being
broken, the collapse of the 2:1 structure and the loss of
all interlayer properties. Combined with the changes in
the crystalline phase, 600 °C was in a semi-stable state,
with part of the montmorillonite dehydroxylated and
part of the montmorillonite retaining crystalline
properties. At 750 °C, the CB is in an amorphous state
and undergoes a complete dehydroxylation reaction
with the highest reactivity. The recrystallization reaction
takes place at 900 °C. The amorphous phase is
transformed into an ordered crystalline phase, and the
reactivity decreases. 

Drying shrinkage behavior of the AAM
Fig. 4 shows the drying shrinkage behavior of the

AAM. It can be seen that the drying shrinkage of AAM
with a maximum value of 3088 mm/m at 28 d.
Generally, the shrinkage of the AAM can be divided
into two stages [29]. The first stage ends at around 7
days with a rapid growth rate of drying shrinkage,
which caused by the evaporation of water due to the
humidity gradient. The second stage of drying shrinkage

growth rate slows down after 7 days, and it is mainly
attributed to hydration reactions.

The drying shrinkage of the AAM was reduced by
the admixture of CB, with improvements in both the
first and second stages. The improvement is related to
the amount of admixture and the calcination temperature.
The first low value occurred at low-temperature
calcination of 150 °C. As the modification temperature
increased, the drying shrinkage increased and then
decreased. A second low value occurred at 750 °C. It is
hypothesized that the drying shrinkage behavior of
AAM is closely related to the water absorption capacity
and the amount of dehydroxylation of bentonite. The
first stage is usually the period of accelerated shrinkage,
when the free water content is highest. 150 °C calcined
bentonite can adsorb large amounts of free water,
generating a smaller first stage of drying shrinkage.
The bentonite calcined at 750 °C lost its water
absorption, the first stage drying shrinkage grows
relatively fast, but has a relatively small second stage
drying shrinkage. 

Pore Characteristics of the AAM
There are four classes according to the pore size,

below 4.5 nm is gel micropores of harmless pores, 4.5-
50 nm is the mesopores level of harmful pores, 50-100
nm is the middle capillary pores of multi-harmful
pores, and above 100 nm is the large capillary pores
[30]. According to the Washburn equation, the smaller
the pore size, the higher the meniscus pressure [31].

Fig. 3. 28 days compressive strength of the AAM.

Table 3. The pore characteristics of the AAM.

Specimen Porosity (vol%) Median diameter (nm) Average pore diameter (nm)

Control 10.81 5.96 7.36

AAM-3 20.23 13.29 12.78

AAM-6 14.94 7.81 8.27

AAM-12 15.64 8.94 8.63

Fig. 4. 28 days drying shrinkage of the AAM.
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The AAM matrix becomes denser and reduces volume
under the shrinkage stress [32]. 

d =  (2)

Where γ is the surface tension of mercury, θ is the
contact angle between mercury and pore wall, d is the
pore diameter, and P is the capillary pressure Eq. (2).

The porosity and pore size distributions of the AAM
are shown in Fig. 5 and Fig. 6. The pore structure
affects the form of water presence and transport in
cementitious materials, which further determines the
drying shrinkage behavior. The control group had the
smallest total porosity of 10.81% and the median pore
size of 5.96 nm (Table 2), followed by AAM-6 and
AAM-12, and the largest porosity was AAM-3. The
incorporation of CB increased the porosity of AAM,
and the pore size of the mesopores increased. 150 °C
and 750 °C had not significantly differ in porosity and
pore size, but the values were higher than the control
group.

The pattern of pore size changes can be derived by
combining with the crystalline phase changes in CB
during heat treatment and macroscopic test results. The
rate of water absorption of CB is higher than the
hydration reaction. The absorbed water has a moisturizing
effect on the CB, increasing the internal relative
humidity of the AAM and slowing down the rate of
water release. As a result, the first stage of AAM
drying shrinkage is low. In the second stage, CB retains
an intact structure in the early stages of hydration. The
CB is dissolved by the erosion of the alkali component
and participates in the hydration reaction as a template
for the gels precipitation. CB dissolution leaves pores,
and dissolution-precipitation does not return to a filled
state, resulting in high porosity and reduced drying
shrinkage. 

Hydration Micromorphology of the AAM
Uncalcined bentonite is layered, with large interlayer

spacing to store water or exchange ions (Fig. 7-a). Fig.

4cos

P
-----------------–

Fig. 5. The pore volume of the AAM.

Fig. 6. The pore size distribution of the AAM.

Fig. 7. Hydration micromorphology of the AAM.
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7-b shows typical dense and continuous N-A-S-H gels
surrounded by spherical particles of incompletely
hydrated fly ash and a concentrated distribution of
pores of varying sizes [33]. The hydration reaction in
the control group was inadequate, and the rapid rate of
reaction prevented effective contact between the
reactants. CB particles can be seen embedded in the
structure accompanied by unhydrated fly ash in the
AAM-3 (Fig. 7-c). The dissolved flake CB builds up,
and the N-A-S-H gels grow on the precipitated template
and separate from the unhydrated fly ash. The fly ash
and dissolved CB within the AAM-6 (Fig. 7-d) sample
are highly hydrated and tightly bonded to the matrix. In
contrast, AAM-12 (Fig. 7-e) has a high degree of
hydration reaction and no embedded layered CB
particles. There are some holes left by the hydration of
fly ash, attached with collapsed plate-like structures
and semi-hydrated fly ash particles. 

The crystal phase of hydration products of the AAM
The XRD results of AAM curing for 28 days are

shown in Fig. 8. The main crystalline phases in AAM
are hydrous calcium zeolite and quartz. Hydrated zeolites
are highly crystalline gels derived from the polymerization
of aluminous siliceous materials by hydration reactions.
The quartz comes from partially grinded standard sand.
The uncrystallized N-A-S-H gels can be observed from
the diffusion peak packet near the 27.3°-30° diffraction
angle, and the diffraction peak is relatively insignificant.
In addition, hydrotalcite and mullite are displayed in
the physical phase. Hydrotalcite may come from C-A-
S-H gels, and mullite is a component contained in fly
ash [34, 35].

There was no obvious formation or disappearance of
new crystalline phases in the physical phase of AAM
samples. The differences among the samples were
shown in the intensity values of the diffraction peaks.
Moreover, the diffraction peaks of montmorillonite

were not found in any of the AAM samples, and this
may be related to the dissolution-precipitation effect of
montmorillonite, which acted as a reactant to produce
hydrated gels. The diffraction peaks of hydrated calcium
zeolite decreased with the increase of CB modification
temperature, and the composition of mullite was slightly
enhanced, which may be related to the difference in the
hydration process.

Conclusions

In this study, the effect of drying shrinkage properties
of CB in AAM at different calcined temperatures and
admixture levels was investigated. Based on the results
of the tests, the following conclusions can be drawn.

(1) The reactivity of CB is very weak and has a
negative effect on the compressive strength of AAM.
CB can be modified by calcination to increase reactivity.
The increase in strength is closely related to the
interlayer properties of CB, with ionic exchangeability
and dehydroxylation reactions compatible with AAM.
150 °C and 750 °C calcination can achieve the strength
requirements of AAM. 

(2) The admixture of CB has a positive effect on the
drying shrinkage of AAM. Calcination improves the
shrinkage reduction capacity of the CB, and 150 °C is
the appropriate temperature for calcination. The results
of the MIP tests indicate that low porosity and high
mesopores distribution are responsible for the high
drying shrinkage of AAM. CB reduces drying shrinkage
by coarsening the pores and increasing the size of the
mesopores.

(3) The difference in shrinkage of calcined CB
comes from the interlayer properties. The mechanism
of shrinkage in low-temperature calcined CB is
attributed to moisture retention due to water absorption,
which slows down the rate of water evaporation. 
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