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ABSTRACT

Montmorillonite and clinoptilolite zeolite were used as representative materials to prepare calcined clay-cement
binary cementitious materials in order to study the effect of calcination treatment on the activation of clay miner-
als and the activity difference between layered and framed clays in this research. The influence of different cal-
cined clay content (2%, 4%, 6%, 8%, 10%) on the fluidity, compressive strength, microstructure, phase change,
and hydration heat of cement-based materials were analyzed. The calcined clay improves the fluidity of
cement-based materials as compared with the uncalcined group. The addition of calcined montmorillonite
(CMT) improves the development of mechanical strength, and the optimal compressive strength reaches 85
MPa at 28 days with 8% CMT. However, the activity of calcined clinoptilolite zeolite (CZL) is weak with few reac-
tion sites, which slightly reduced the mechanical strength as compared to the blank sample. The addition of CMT
changes the microscopic morphology of hydration products such as C-S-H and C-A-H, leading to the formation
and transformation of ettringite in the early stage. It promotes the gradual polymerization of Si-O bonds into Si-
O-Si bonds simultaneously, which accelerates the early hydration process. However, CZL acts mainly as a filling
function in the cementitious system. In brief, CMT as an admixture can improve the mechanical properties of
cement, but CZL has little effect. This work provides a guideline for the applications of calcined clay in cement,
considering the influence of clay type on workability and mechanical strength.
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1 Introduction

Cement is the most widely used building material with the highest output because of its low cost and
mature production technology. However, due to the demand for production technology, a large amount of
carbon dioxide is emitted during cement production. Each ton of Portland cement clinker will emit about
0.8 tons of CO2, and the carbon emissions of the cement production industry account for about 5%–7%
of greenhouse gases [1,2]. In order to reduce the carbon emissions in the production process, the
following methods can be adopted to find environmentally friendly low-carbon cementitious materials.
First and foremost is to modify the process during cement production and improve the energy utilization
efficiency. What is more, using clean energy is one of the methods for cement production. Moreover,
reducing the amount of cement clinker by adding supplementary cementitious materials can also decrease
carbon emissions during cement production. The final method is to use the new low-carbon cementitious
materials to replace traditional cement clinker. The path of adding supplementary cementitious materials
to cement has made great progress in recent years.

Supplementary cementitious materials (SCMs) are siliceous, aluminum-siliceous, and calcium-
aluminum-siliceous powders used as mixtures to partially replace Portland cement in concrete. Adding
supplementary cementitious materials to concrete cannot only significantly reduce carbon dioxide
emissions but also improve the mechanical properties and durability of concrete [3]. Clay mineral
materials have more advantages as supplementary cementitious materials due to their wide distribution of
raw materials, low price and easy availability, simple production process, and other factors [4]. For a long
time, natural clay minerals have been regarded as inert components in cement systems, which is not
contribute to the mechanics and durability of concrete [5]. Heat treatment is a common method to
improve the activity of clay minerals. Calcination is a method of heating clay to a specific temperature in
order to dehydroxylation. In dehydroxylated clay minerals, the bonding coordination number of aluminum
atoms on octahedral plates decreases, making them more reactive. Kaolinite is commonly used as an alkali-
activated clay mineral, which is also the supplementary cementitious material of concrete. After high-
temperature calcination, the structure of metakaolin (MK) is no longer a repeating unit but more reactive,
which has a wide range of applications in the fields of alkali excitation and auxiliary cementing materials
[6,7]. Generally, the dehydroxylation of kaolinite occurs at a range of 650°C–700°C [8,9].

However, the cost of metakaolin is relatively high, and the calcination of other types of clay minerals is
widely concerning. The dehydroxylation principle of montmorillonite and zeolite is similar to that of
kaolinite. There have been studies on adding montmorillonite and zeolite as supplementary cementitious
materials to cement. He et al. [10] studied the chemical solubility of untreated and calcined (730°C,
830°C, and 930°C) soda-lime montmorillonite before and after the reaction with Ca(OH)2 in simulated
cement pore solution. It indicates that the montmorillonites are fairly good pozzolanic materials and
calcination substantially improves their pozzolanic activity. Kaminskas et al. [11] used hexane extraction
method and thermal extraction method to treat montmorillonite clay which is a waste product in the
bleaching process, and its possibility as supplementary cementitious material for Portland cement has
been discussed. Montmorillonite waste calcined at 600°C has good pozzolanic reaction. Its content can
reach 15% without reducing the compressive strength of the sample. Alujas et al. [12] prepared
geopolymer with 40% kaolin and 40% montmorillonite and found it played a pozzolanic reaction, filling
effect and promoting early cement hydration in the cementitious system. Elert et al. [13] found that the
dissolution of expansive clay minerals in limestone treated with magnesium-rich lime was considerably
limited. C-(A)-S-H phase formed and initially cemented clay particles in this reaction. Oh et al. [14]
modified montmorillonite to study its dispersion in cement-based materials. The filling effect and nano-
modified materials can improve the mechanical properties and durability of the specimens. Chen et al.
[15] found that it was feasible to partially replace zeolite as cement. When the zeolite substitution rate is
5%, both the fluidity of the cementitious system and the strength increase significantly. However, the
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fluidity will decline when the addition rate of zeolite is over 5%. When the clay is calcined at 700°C–900°C,
dehydroxylation occurs, and amorphous silicoaluminate is formed, which improves the pozzolanic activity
[16]. Adding calcined clay into cement-based materials can not only reduce carbon emissions in cement
production but also improve mechanical properties and durability due to its pozzolanic activity, which
can lead to secondary hydration reaction [17,18]. Therefore, calcined clay has a wider application as
supplementary cementitious material [19]. Clay can decompose at lower calcination temperatures and
release less CO2, which can reduce carbon emissions [2,20]. The structure of montmorillonite and zeolite
was destroyed after calcination, and the hydroxyl group was removed, which improved the activity in
theory and could be used as cementitious materials.

At present, calcined clay has been studied widely as an admixture in cement. Adding calcined clay to
cement as an admixture can not only reduce cement consumption, save energy, and reduce emissions but
also improve the properties of the mixture due to its outstanding pozzolanic activity. It is found that there
are few studies on 2:1 type minerals such as montmorillonite and frame minerals such as zeolite added in
cement. Therefore, this paper takes montmorillonite and zeolite as representative materials to study the
influence of mineral clay with different structures on hydration and mechanical properties of cement-
based materials and explore the feasibility of montmorillonite and zeolite as supplementary cementitious
materials.

2 Materials and Methods

2.1 Materials
Montmorillonite powder was derived from Kangtai Mineral Products Processing Plant, Lingshou

County, Shijiazhuang, Hebei Province, with a white appearance. Zeolite was obtained from Shijiazhuang
Lingshou Ou Meiya Mineral Products Co., Ltd. (China), which has a light green appearance. Both
montmorillonite and zeolite were calcined in a muffle furnace at 750°C for 2 h to obtain the calcined
montmorillonite (CMT) and calcined zeolite (CZL). The ordinary Portland cement (OPC) was supplied
from Huaxin Cement Co., Ltd. (China), with a specific surface area of 336 m2/kg and a relative density
of 3100 kg/m3. The chemical composition of the powder is shown in Table 1. The powder
polycarboxylate superplasticizer used in the experiment was from Shanghai Chenqi Environmental
Protection Raw Material Wholesale Factory. In addition, the Physicochemical properties of raw materials
are shown in Fig. 1.

2.2 Sample Preparation and Characterization
Calcined clay and cement are drily mixed according to the certain mix ratio in Table 2, and tap water is

mixed evenly to prepare CMT-OPC and CZL-OPC binary cementitious material. To test the fluidity, the
slurry was prepared by gradually increasing the content of calcined clay (1% to 5%) with a water-binder
ratio of 0.29 and a 1% polycarboxylate superplasticizer. The flow test for specimen workability was
carried out in accordance with ASTM standards [21]. The mixing slurry was injected into the truncated
cone mold (upper diameter Φ36 mm, lower diameter Φ60 mm, and height 60 mm). The truncated cone
mold was raised, so the maximum diameter of the paste flowed on the glass plane was measured to

Table 1: Chemical composition of calcined clay (Mass %)

Oxide Na2O MgO Al2O3 SiO2 TiO2 K2O CaO Fe2O3

OPC 0.14 1.72 5.94 22.58 0.345 0.712 59.20 2.27

CMT 0.28 2.2 15.42 76.21 0.16 1.21 3.21 1.12

CZL 0.94 1.66 11.92 74.61 0.49 4.73 2.74 2.58
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represent the fluidity. An isothermal calorimeter (TA/TAMAIR-8) was used to test the hydration heat
evolution of the cementitious system at 25°C. Ten grams of the slurry were extracted into a sealed bottle
and placed in an inside isothermal calorimeter to measure the heat release response according to ASTM
C305 standard.

Figure 1: Physicochemical properties of raw materials: (a) Appearance of CMT; (b) Appearance of CZL;
(c) SEM image of CMT; (d) SEM image of CZL; (e) Particle size distribution of OPC, CMT and CZL;
(f) XRD result
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Then the fresh paste was cast into 40 mm × 40 mm × 40 mm molds and vibrated for 30 s. All test
specimens were cured at 25°C for 24 h and demolded. The samples were then placed in a standard curing
chamber at 25°C and 95% relative humidity for 3, 7, and 28 days, respectively. The sample preparation
process is shown in Fig. 2. It is noteworthy that curing is an important factor for specimen mechanical
strength development. In order to better observe the phase change of calcined clay in cement, 20%
calcined clay CMT/CZL was added for XRD analysis.

The mechanical properties of samples were tested at 3, 7, and 28 days. The test specimen of 40 mm × 40
mm × 40 mm was placed in the center of the universal testing machine’s press plate (YAW4605), with a
loading rate of 5 kN/min. Each measurement was repeated three times, and their mean value was
reported. After the compressive tests, the broken pieces were collected and hand-ground in an agate
mortar for about 15 min with an appropriate amount of ethyl alcohol. The fine ground powder was then
washed with distilled water several times to remove excess impurities. The powder was then filtered and
dried. The morphology images of specimens were obtained by a Hitachi SU8000 (Japan) scanning

Table 2: Mix proportion of CMT-OPC and CZL-OPC test specimen

Number Sample Cement/g CMT/% CZL/% W/B

1 A0 500 0 - 0.4

2 M2 490 2 -

3 M4 480 4 -

4 M6 470 6 -

5 M8 460 8 -

6 M10 450 10 -

7 Z2 500 - 2

8 Z4 490 - 4

9 Z6 480 - 6

10 Z8 470 - 8

11 Z10 460 - 10

Figure 2: Specimen preparation process
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electron microscope (SEM). To analyze hydration products, the dried powder samples were mixed with
potassium bromide (1/100 mass ratio), pressed into sheets for Fourier transform infrared (FTIR), and used
the analysis of Nicolet iS50 Fourier transform infrared spectroscopy. Spectral scanning was recorded in
the range of 4000–450 cm−1. XRD patterns of 2θ = 5°∼70° were obtained to evaluate the crystalline
phase of the samples.

3 Results and Discussions

3.1 Fluidity
The influence of calcined clay on the flow performance of cementitious materials was compared with

uncalcined clay, as shown in Fig. 3a. When MT is added to the cement-based material, the fluidity of
cement slurry is greatly reduced, even just 1% dosage. This is related to the high affinity of the
polycarboxylate superplasticizer to the aluminum silicate layer in the MT structure (Fig. 3b). This affects
the further dispersion of the polycarboxylate superplasticizer in the cementitious system, thereby greatly
reducing the fluidity [22]. In the CMT-OPC system, the fluidity of the slurry decreases significantly as
compared to the OPC system. However, as compared to the MT-OPC system, the fluidity of the CMT-
OPC system is much higher. This can be attributed to the crystal structure of CMT after high-temperature
calcination is destroyed, and its adsorption effect of polycarboxylate superplasticizer is greatly reduced
[23]. Noted with the increase of CMT, the fluidity of cement slurry decreases.

The fluidity of the cementitious system mixed with 1% ZL/CZL is better than that of pure cement paste.
Since zeolite maintains a three-dimensional shape before and after calcination, it is conducive to slurry
fluidity. In addition, zeolite filled the gap between cement particles, which reduced the water requirement
for filling the internal gap, and increased the water used to provide slurry fluidity. However, when the
addition of ZL/CZL is over 1%, the fluidity of the slurry decreases to varying degrees. This may be the
absorption of a water-reducing agent by the pore structure of the zeolite. As shown in Fig. 3c, in the

Figure 3: (a) Flow properties of different calcined clays (b) Schematic diagram of adsorption of water-
reducing agent between MT particle layers (c) crystal structure of ZL
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calcination process of zeolite, adsorption water, pore water, and crystal water are removed successively, and
the crystal structure will be destroyed. The holes formed after calcination will absorb water-reducing agents
and water, thus reducing the fluidity. However, the adverse effect of CZL on fluidity is lower than that of ZL,
which indicates that calcination has a great influence on zeolite structure. Natural zeolite has strong porosity
and a large internal surface area, which has a great influence on workability. Studies have shown that natural
zeolite, after calcination reduces zeolite porosity, thereby reducing viscosity and yield stress, while
calcination also contributes to dehydroxylation of impurities present in zeolite and helps to reduce water
demand [24].

3.2 Mechanical Properties
Fig. 4a shows the compressive strength of the specimens with different CMT dosages at different ages.

After curing for 3 days, the compressive strength of the sample mixed with calcinated montmorillonite is
slightly lower than that of the blank group. Probably because CMT is less reactive than cement clinker,
and it acts as an inert component in the early reaction [25]. After curing for 7 days, the compressive
strength of the experimental group is almost the same as that of the blank group. After 28 days of curing,
the maximum compressive strength of the specimen can reach 85 MPa when CMT content is 8%. It
suggests that the addition of CMT can improve the later strength of cement-based materials.

The reasons why calcined montmorillonite clay can provide strength are as follows [26]: 1) Due to the
small particle size of clay minerals, it has a filling effect that fills the pores of cement-based materials after
hydration; 2) The crystal structure of CMT after calcination is destroyed and the pozzolanic reaction is
increased. After 750°C calcination of montmorillonite, the hydroxyl group in the lamellar structure is
removed, and the crystal structure is destroyed to obtain a pozzolanic reaction. In the presence of water,
CMT reacts with free hydrated calcium hydroxide (CH) during OPC hydration [27]. This results in
additional complementary cementitious compounds such as calcium silicate hydrate (C-S-H), calcium
aluminate hydrate (C-A-H), and calcium and aluminum silicate hydrate (C-A-S-H) [28].

The compressive strength of CZL-OPC samples increases with the growth of curing age (Fig. 4b). This
is similar to the findings of Kocak et al. [29]. This may be related to that zeolite raw material is mottled and
impure, which contains a large number of stable mineral components as inert components in the system,
making the performance of the CZL group inferior to that of the blank group on the whole [30].
However, with the further development of the hydration process in the later stage, the active component
produced by calcined zeolite plays a supplementary role as cementing material to promote the further
hydration reaction [31].

Figure 4: Compressive strength of samples at different curing ages (a) CMT-OPC (b) CZL-OPC
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3.3 Microstructure
The microstructure of CMT in cement matrix can be observed by scanning electron microscopy and

energy spectrum analysis. Although most of the CMT is covered by cement hydration products, CMT
fillers can be identified from Figs. 5a, 5b of the circle shape and spectral component analysis. The
lamellar CMT exists as fine particles in the hydration product, and no obvious aggregation phenomenon
is found, but it is uniformly dispersed. As shown in Fig. 5d, the chemical composition of CMT is very
similar to that of cement clinker through EDS analysis. The high pozzolanic reaction produced by CMT
is related to that CMT consumes CH in the cement matrix to form a compact hydration product structure.

As shown in Figs. 6a, 6b, the single particles of CZL are covered and surrounded by hydration products,
and there is a small number of fine hydration products on the surface. The reason is that the introduction of
CZL can provide additional reaction sites [32]. As shown in Fig. 6d, the chemical composition of CZL is
similar to that of hydration products by energy spectrum [33].

In order to investigate the influence of CMTand CZL addition on hydration products in the cementitious
system, the microscopic morphology of hydration products of the blank sample (A0), CMT 10% dosage
(M10), and CZL 10% dosage (Z10) at different stages were analyzed. With the growth of curing time, all
samples showed an evolutionary process from loose granular structure to dense network structure, which
was similar to the traditional hydration process of OPC.

Figure 5: The SEM images of the CMT-OPC specimen and the role of CMT in matrix
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There were needle-like hydration products in A0 at 3 d (Fig. 7a), which were mainly calcium silicate
hydrate (C-S-H) and a small amount of ettringite hydration products. In comparison, the hydration
products of M10 and Z10 (Figs. 7d and 7g) at the same curing condition showed more network structure.

At 7 d, the hexagonal CH can be found in the microscopic morphology of A0 (Fig. 7b), and the
disordered needle-like structure has largely disappeared, resulting in a more solidification and dense
structure. However, no obvious hexagon CH was found in M10 and Z10 (Figs. 7e and 7h). This is
because the addition of CMT and CZL can react with CH in cement hydration products to generate
hydration products such as C-S-H [34].

After curing for 28 days, the tricalcium silicate in cement clinker has been substantially involved in the
hydration process. All A0, M10, and Z10 (Figs. 7c, 7f, and 7i) groups showed compact structure. However,
the OPC group showed a trend of local orientation after curing for 28 days, resulting in some cracks. The
hydration products of the CMT group are denser and tend to be a whole. Because CMT consumes CH in
the cement matrix, it generates more compact hydration products such as C-S-H [35]. The CZL group
also tends to be a whole, but the transition region is more obvious, which explains the reason why the
mechanical strength is lower than that of pure cement paste [10].

The hydration products with large particle sizes contribute to the strength development of the
macroscopic matrix, and the less micro-crack in the matrix, the higher compressive strength is. Compared
with the blank group, the microstructure of micro-hydration products of CMT in the experimental group

Figure 6: The SEM images of the CZL-OPC specimen and the role of CZL in the matrix
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was refined, with more C-S-H and other major hydration products, and its network structure was more
compact with fewer micro-cracks [36]. This resulted in a significant improvement in compressive strength
in the experimental group, which was confirmed in 28 days compressive strength data. Compared with
the blank group, the microstructure of CZL hydration products in the experimental group was uniformly
refined, but the transition region was more obvious. It explains why the strength of the experimental
group declined compared with the blank group. The reasons are as follows: The crystal structure of
zeolite used in the experiment is special, and the calcination temperature does not reach the excitation
degree, so the volcanic ash reaction is low. And the amount of non-bridging oxygen in the zeolite is less,
so the active sites provided to the matrix are less. Finally, the large particle size of raw material leads to a
less prominent physical filling effect [11].

3.4 Infrared Analysis
FTIR analysis can provide more information about the hydration products of cementitious systems. As

shown in Fig. 8a, the absorption peak of C2S is about 999 cm−1, and the absorption peak of sulphoaluminate
is about 1110 cm−1. The peak of sulphoaluminate disappears gradually with the hydration reaction (Fig. 8a),
which is consistent with the mechanism of the cement hydration process. In the early hydration process,
ettringite (AFt) is the main hydration product. The absorption peak corresponding to -OH in CH is about
3640 cm−1, the stretching vibration peak of H2O is about 3420 cm−1, and the bending vibration peak is
about 1643 cm−1. In addition, ettringite also corresponds to asymmetric stretching vibration with

Figure 7: The SEM images of blank group (A0) at curing (a) 3 d (b) 7 d (c) 28 d, CMT 10% dosage (M10)
group (d) 3 d (e) 7 d (f) 28 d, and CZL 10% dosage (Z10) group (g) 3 d (h) 7 d (i) 28 d
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absorption peak SO4
2− at about 1110 cm−1. During the progress of the hydration reaction, this peak gradually

disappeared, which was due to the transformation of AFt to AFm in the later hydration process [37]. The
absorption peaks of 900–1000 cm−1 and 874 cm−1 correspond to the stretching vibration of Si-O in
silicate. The absorption peak at 1424 cm−1 corresponds to carbonate, which may be caused by the
inevitable carbonization reaction during sample preparation or hydration.

The introduction of CMT did not significantly affect hydration product types. As shown in Fig. 8b, with
the increase of CMT dosage and the growth of curing age, the main change is that the absorption peak near
1110 cm−1 gradually disappears. It indicates that the introduction of CMT contributes to the generation of
AFt in the early stage and the transformation in the later hydration process. When hydration reaction time
and CMT dosage increase, the absorption peak of 900–1000 cm−1 tends to migrate to the high wave
segment. That states Si-O bond gradually polymerized into a Si-O-Si bond from the side, and the degree
of polymerization of the Si-O tetrahedron in C-S-H increased [37].

The introduction of CZL did not significantly affect the type of hydration products [38]. As shown in
Fig. 8c, the absorption peak around 900–1000 cm−1 tends to migrate to the high wave segment with the
increase in hydration reaction time and CZL dosage. This also indicates that the Si-O bond gradually

Figure 8: IR spectra of hydration products (a) OPC (b) CMT-OPC (c) CZL-OPC

JRM, 2023, vol.11, no.5 2201



polymerized to Si-O-Si bond, and the degree of polymerization of Si-O tetrahedron in C-S-H increased,
which may also be affected by the existence of high polymerization Si-O-Si bond in CZL [39].

3.5 Phase Transformation
The mineral composition of the OPC includes tricalcium silicate (C3S), dicalcium silicate (C2S),

tricalcium aluminate (C3A), tetra calcium aluminoferrite (C4AF), and other minerals (Fig. 9a). Gypsum
and other components react with C3A and generate Ettringite (AFt) when they contact with water, while
C3S and C2S react with water and generate CH, C-S-H gel, and other products. It is generally believed
that the chemical reaction of C2S gradually becomes prominent after 28 days, and the matrix strength of
the sample in the early stage is mainly affected by the C-S-H and generated by the hydration of C3S. The
main crystal hydration products in the hydration process are AFt, hydrotalcite, CH, inert quartz
(unreacted), and unreacted clinker. As the curing time increases, it can be found that the diffraction peak
of hydration products such as CH becomes more obvious, while the diffraction peak of cement clinker
components such as C3S gradually weakens. This indicates that the raw cement materials had been
consumed in the hydration process, causing hydration products to increase, and ettringite (AFt) will be
transformed into monohydrate calcium sulphoaluminate (AFm).

Figure 9: Phase analysis of hydration products (a) OPC (b) CMT-OPC (c) CZL-OPC
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Fig. 9b shows the phase analysis of hydration products with different dosages of CMTafter curing for 3,
7, and 28 days. The hydration products have negligible change after adding CMT, which is similar to the
results of other calcined clay introduced into OPC [40]. However, the addition of CMT provides
additional chemical active components such as SiO2 and Al2O3 [41]. In the highly alkaline environment,
SiO2, Al2O3, and other hydration products will produce additional C-S-H, C-A-H, and other hydration
products. And the CH had been consumed, promoting the reaction of cement clinker, which is beneficial
to the strength development of the sample. In order to further characterize the hydration product
composition of CMT-OPC, sample M20 with the CMT dosage of 20% was prepared in this test. From
the phase analysis diagram of hydration products at different ages, no new crystal hydration products
were generated. It can be concluded that the addition of CMT into cement is not changing the type of
hydration products. But it can promote the early chemical reaction of OPC clinker due to the large
consumption of CH and other components in the matrix [42]. A growing hump in the XRD patterns is
observed with increasing dosage of CMT, which indicates that more hydration products with irregular
network structures such as C-S-H gel are generated.

In order to further characterize the hydration product composition of CZL-OPC, sample Z20 with the
zeolite dosage of 20% was prepared for this test. As CZL is introduced without adding new chemical
components, the hydration products do not change significantly (Fig. 9c). It is similar to the results of
other calcined clay minerals introduced into OPC [40], but there are inert components such as anhydrite.
Studies have shown that feldspar minerals may form hydrotalcite minerals after carbonization when they
are added to cement [43]. Combined with the previous analysis, the introduction of CZL provides SiO2,
Al2O3, and other components, but its chemical reaction activity is not prominent.

3.6 The Heat of Hydration Analysis
The early hydration heat stage of the cement-based cementitious material system can be divided into

5 stages, among which the performance of acceleration and deceleration is always the focus. The
hydration heat curves of CMT-OPC and CZL-OPC systems are similar to those of OPC systems
(Fig. 10). The exothermic rate curve of hydration heat during the acceleration period is related to the
formation of ettringite, C-S-H, and other hydration products by clinker reaction. With the increase in
CMT dosage, the induction period is shortened, and the hydration peak in the acceleration period reaches
earlier. That means the peak point in the acceleration period moves forward and is lower than that in the
A0 group. These trends indicate that the increase of CMT content is helpful in accelerating the hydration
rate of the cementitious system. This is because C-S-H and other hydration products can be extra
generated on the surface of CMT, and active SiO2, Al2O3, and other components provided by CMT
participate in the hydration process, making the system reach the reaction peak earlier. The results are
similar to those of Kaminskas et al. [11], who suggested that the pozzolanic reaction of montmorillonite
was not dependent on its calcination treatment. However, the addition of CMT reduces the clinker
composition, and its heat release rate is diluted, resulting in a lower peak value. The addition of CMT
will also play a filler effect and provide an additional shear effect. That increases the water-cement ratio
of cement clinker, making the hydration void space larger, which is conducive to the precipitation of
hydration products [17]. As shown in Fig. 10a, there is no acromion corresponding to aluminate
salinization. At the later stage of the reaction, not all hydrates are in thermodynamic equilibrium.

However, with the increase in CZL dosage, the hydration peak in the acceleration phase will not reach
the peak point earlier (Fig. 10b). These trends indicate that the increase of CZL content has no obvious effect
on accelerating the hydration rate of the cementitious system [44]. However, CZL substitutes the same
amount of cement, resulting in a slow heat release rate and lower peak value.
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Cumulative heat release can reflect the hydration degree of the whole cementitious system. The
cumulative heat release for all mixtures is generally higher in the first few hours but lower than blank
group A0 after 16 h (Fig. 10a). In general, a lower clinker phase number leads to a reduction in
cumulative heat, which is important in preventing the early cracking of concrete [45].

Due to the good pozzolanic reaction, CMT can promote the early hydration reaction, making the
hydration peak arrive early. While its shoulder peak during the deceleration period is not obvious. But the
addition of CZL has no obvious effect on the induction stage, the acceleration stage, and the deceleration
stage [46]. In general, the addition of different calcined clay minerals reduces the hydration cumulative
heat of the system.

4 Conclusions

Based on the results and analysis, the following conclusions can be drawn:

1. The calcined clay improves the fluidity of the cementing material system compared with that before
calcination. When CMT is added to cement, the fluidity is lower than cement paste; only 1% of CZL
can improve fluidity, and other content of CZL reduces the fluidity.

2. CMT helps the development of mechanical strength because of its excellent pozzolanic activity. The
optimal compressive strength reaches 85 MPa at 28 days with 8% CMT. The Filling effect and the
pozzolanic reaction of calcined clay improve the strength of the matrix. However, when zeolite is
added to the matrix, the strength of the cement paste is almost equal to that of pure cement paste.

Figure 10: Exothermic rate curve and cumulative heat release curve (a) CMT-OPC (b) CZL-OPC
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3. The addition of CMT improves the microstructure of hydration products such as C-S-H and C-A-H.
And its addition accelerates the formation of AFt in the early stage and the transformation of the
hydration process in the later stage. CZL provides additional reaction sites and increases the
degree of polymerization of Si-O tetrahedrons in C-S-H. But the effect on the early hydration
process was not obvious, and the cumulative heat release was lower than that of blank group
A0 after 16 h.
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