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Abstract - The development of binders based on limestone
and calcined clays appears to be a promising way to increase
the substitution of clinker. Their production is likely to remain
limited if highly kaolinitic clays are required, but calcined
clays with low metakaolin content are less reactive in a binder,
as shown in many previous studies. This study focused on the
differences, regarding hydration degree and products,
between several binders containing two types of calcined clay
and limestone filler. Two calcined clays were studied, coming
from two very different raw clays. The first calcined clay
contained more metakaolin than the second one. In this
article, we produced the LC3 from two clays. The production of
LC3 used 10, 15, 22.5, and 30% of calcined clay, 10 % of
limestone filler, and 5% gypsum. This was also studied by
using one type of each calcined clay individually. Binary
binders showed strong differences between the two calcined
clays. However, this work showed significant pozzolanic
activity and synergy between calcined clay and limestone filler
in the binder. This observation was made even for the
composite calcined clay with minor metakaolinite content.
From this comprehensive study on hydration, it can be
concluded that calcined clay with low metakaolin content is
likely to result in the same degree of hydration and products
over the long term as high metakaolin calcined clay in a
binary system, The LC3 formed from CC Zafarana and CC of
Sinai was better than OPC, especially in the durability. cement
pastes were investigated by the determination of water of
consistency (W/C, %), setting times (STs), and compressive
strength (CS). Some selected cement pastes were identified
using XRD, TG and DTA techniques to show the hydration
products with curing time.

Key Words: Limestone calcined clay cement (LC3), CC=MK,
Clinker partial replacement, Environmental Impact,
Compressive strength, Microstructure.

1.INTRODUCTION

Inrecentyears, the world’s attitude in all fields has changed
to go green. Due to the recent high records of the carbon
footprint, many industries have turned to green
manufacturing or processing. One of the most affecting
industries on air pollution is cement production. This
industry participates with large scale in the CO; emissions as

recorded around 6% of the global warming causes [1-5]. The
cement production waste not only emits many harmful
substances that can harm the human’s respiratory system,
such as slag, ashes, cement dust, marble dust, etc...., but also,
they have a very high disposal cost [6]. Moreover, no matter
how important cement is in our world, this production
consumes an extreme amount of energy [7]. As a result, the
cement industry stakeholders initiated new approaches to
eliminate the waste from the beginning like replacing the
cement with some sustainable alternatives with green
impact on the environment; however, these replacement
alternatives showed undesired results of the mechanical
strengths of the cement [4]. Another opinion states that the
cement industry wastes themselves can be recycled and
result in higher superior mechanical properties and
structure life, in this work [2], cement kiln dust and fly ash
are reused to optimize the Portland cement. Many
researches address the full or partial replacement of cement
because of the previously mentioned reasons [8-17].
Therefore, Researchers introduced new ternary
cementitious system called limestone calcined clay cement
(LC3) that is a combination of ordinary Portland cement
(OPC), limestone and calcined clay extracted from various
regions around the world such as China [18,19], Brazil
[17,20], North America, South Asia [21], Cuba [22] and
Argentina [23]. This attracted the researchers’ interest to
study the physico-mechanical properties of the new (LC3)
concrete mixtures in order to present a sufficient final
product that competes with the OPC mixtures. It is found
that when the clay is calcined, metakaolin is formed that in
turn react with calcium hydroxide producing C-A-S-H and
aluminate hydrates. Then, the reaction between the alumina
and the limestone produces carbo-aluminate hydrates.
Eventually, all these reactions fill the porous spaces in the
structure that lead to the improvement of the physico-
mechanical properties of the cement [24-26].

Huang et al. [18] studied the development of LC3 paste that
includes a calcined clay from Maoming, China. The study
showed that early strengths of LC3 (before 7 days) tends to
be lower than the OPC concrete, however, late strengths
show remarkable strength increase compared to OPC,
especially the flexural and splitting tensile strengths, due to
the secondary reaction of the amorphas silica and alumina.
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In addition, the LC3 bond-slip behavior with steel bars is
identical to the OPC behavior and failure modes. The fast
reaction of calcined clay resulted a well refined and less
porous microstructure of the LC3 mixture, though, this
affected the strength of the material as there was no strength
increase after 28 days [27]. In addition, a study provided that
30% to 45% of LC3 content achieves comparable mechanical
properties to the OPC cement from curing age of 7 days
onwards, especially in the 30% LC3 mixture [28].

Nair et al. [29] uncovered that the partial replacement of the
cement with the limestone calcined clay (LC2) system
achieves desired workability as long as the LC2 percentage
remains less than 30%. Also, long travel times are unlikely
wanted on the construction site which is confirmed by
Sanchez et al. [22] that more than 100km travel between
clay deposit and site is undesirable. Furthermore, a study on
LC2 using D-optimal mixture design (DMD) showed that the
limestone and calcined clay content can reach 56.8% of the
cementitious system mixture, although achieving desirable
flowability and mechanical properties compared to OPC
paste [30]. Moreover, five calcined clays from different areas
were investigated and examined. This study concluded that
the compressive strength of the LC3 system can outperform
the OPC cement by 40% increase because of the involvement
of calcine clay (up to 40%) in the refinement of the porosity
of the structure [21]. Despite increasing the limestone and
calcined clay contents in the cementitious mixture, the
expansion rate of the mortar decreases alongside with the
dynamic modulus loss under sulfate attack up to 270 days
due to the reactive alumina in the calcined clay that react
with the limestone to produce less porous structure [31].
Higher dosage of blended LC3 cement (50-80%) contributed
to lower compressive strengths, particularly >60%, however,
50% participation of LC3 attained sufficient compressive
strength compared to OPC 52.5N as per BS EN197-1, in
addition to better environmental impact and lower cost [32].
In this research, the partial replacement of cement approach
is followed. In order to reduce the cement content in the
concrete, two novel calcined clays from Egypt are blended
with the OPC paste to produce a new LC3 paste. The two LC3
pastes with different weight contents (wt% of OPC)
alongside with the OPC paste are experimented and tested.
The preparation of the cement mixtures is illustrated in
detail. The mechanical tests include compressive strength,
flexural strength and splitting tensile strength. Also, the X-
ray diffraction analysis (XRD) is carried outin addition to the

differential scanning calorimetry analysis (DSC) and Thermal
Gravimetric Analysis (TGA).

2. EXPERIMENTAL WORK

In this section, the materials used in this research are
presented. In addition, the equipment used for the material
preparation and testing are provided.

2.1 Materials

A limestone calcined clay cement (LC3) consisting of
limestone, calcined clay, see Figure 1, and Portland cement
clinker was used. Cement contains limestone of 10%, calcined
clay up to 30%, and the remaining are Portland clinker with
fixed 5% of gypsum. The used limestone is a high-grade from
quarry of Lafarge Cement Company as shown in Figure 1a.
Properties of the raw materials are given in Table 1.
Limestone and Zaafarana was prepared in an industrial kiln
of clinker in Lafarge Cement Company. High-efficient
grinding was carried out to obtain MK. The Blaine surface
area of Metakaolin was 4500 cm2/g. The XRD phases of K
and MK are given in Table 1. Also, see Figure 2, the XRD
patterns K and MK show that the MKS more reactive than
MKZ. The chemical oxide composition of Portland cement
and MK is given in Table 2, and the Mineralogical
composition of OPC is given in Table 3.

Figure 1: LC3 components; (a) high-grade limestone and
(b) calcined clay (metakaolin).

Table 1: The XRD phases of K and MK.
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KZ 894 | 217 | 005 | 018 | 4234 | 22 2.51 3.18 | 038 2.9 1.75 112 | 4121
MKZ | 19.12 | 1.64 | 088 1.18 0.4 0 5.21 0 0 0.54 146 | 75.54
KS 61.39 0.1 1.48 0 14.87 2.7 059 | 074 | 311 0.37 0 0.27 | 75.76
MKS | 5.09 0 014 | 017 | 1137 | 145 0.32 0.51 0 0.2 0 0.14 | 85.68
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calcined clays extracted from two different desert regions in
Egypt; Zaafarana and Sinai, are investigated. The
experimented mixtures are normal OPC, Zaafarana LC3 of
7.5,15,22.5 and 30 wt.% of cement and Sinai LC3 of 7.5, 15,
22.5 and 30 wt.% of cement as shown in Table 5. Hence, the
experiment includes 9 mixtures given the names OPC, LC3s1
to LC3s4 for Sinai LC3 and LC3z; to LC3z4 for Zaafarana LC3.

Table 5: Blending Composition of Cement

: Mix Clinker | Gypsum | Calcined | Limestone
10 20 30 40 S50 60 (%) (%) Clay (%) (%)
2-theta
) OPC 95 5 0 0
Figure 2: XRD pattern of K and MK
, - _ LC3s1 | LC3z1 | 77.5 5 7.5 10
Table 2: The oxide composition and properties of raw
materials. LC3s2 | LC3zz | 70 5 15 10
Ineredient Percentage (%) LC3s3 | LC3z3 62.5 5 22.5 10
g OPC [KZ |MKZ | KS | MKS
Silica (Si02) 20.58 | 62.59 | 68.04 | 45.67 | 53.59 LC3ss | LC3z4 | 55 5 30 10
Alumina (Al203) 446 16.74 | 20.59 | 34.34 | 39.75
Iron Oxide (Fe203) 402 | 624 | 801 |033 | 038 The. experlmen.t is cgr.rled out on two different types of
- calcined clays, in addition to the OPC cement. The samples
Lime (Ca0) 6402 | 159 | 202 | 034 | 042 for each mixture are 15 cubes of 15 x 15 x 15 cm (3 for each
Magnesia (MgO) 357 | 073 |082 | 004 |0.04 curing age), 2 standard cubes 10 x 10 x 10 cm, 4 cylinders of

Sulfur trioxide (SO3) 1.59 0.40 0.42 0.00 |0

Potassiumoxide (K20) | 0.34 | 0.52 | 0.68 | 0.05 | 0.07

Sodium oxide (Na2z0) | 0.51 | 0.36 | 049 | 0.01 | 0.01

Chlorine (CI) 0.1 0.15 | 0.01 | 0.0 0.0

Loss of ignition (LOI) | 3.1 842 | 0.45 1295 | 0.35

Table 3: The mineralogical composition of OPC.

Ingredient Percentage (%)
Tricalcium silicate (C3S) 58.38

Dicalcium silicate (C2S) 14.98
Tricalcium aluminate (C3A) 5.03
Tetracalcium aluminoferrite (C3AF) 12.22

In this study, the composition of the cement mixture is
illustrated in Table 4. Generally, the mix design of the cement
is the OPC cement with added fine aggregates and coarse in
addition to the water content wt. (%) to cement.

Table 4: Mix Design of Concrete.

Cement Fine Aggregates Coarse Water
(kg/m3) (kg/m?3) (kg/m3) (w/c)
320 790 1080 0.55

The aim of this research is to partially replace OPC cement
with limestone calcined clay (LC3). In this work, two

diameter 15 cm and 30 cm height (2 for 28 days and 2 for 90
days), and 4 beams of square cross-section of 10 cm and 50
cm length (2 for 28 days and 2 for 90 days), see Figure 3. The
nine mixtures are tested after five curing ages 2,7, 28, 56 and
90 days for cube samples and two curing ages 28 and 90 for
cylinder samples and beam samples. The tests carried outin
this research are mechanical testing, Differential Scanning
Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA),
Scanning Electron Microscope (SEM) and X-Ray Diffraction
(XRD).

.

: ! ]

[ A

T Cube 15x15x15 cm Cylinder
$15x h15 cm

Figure 3: Prepared mixture sample (a) cubes, (b)
cylinders and (c) beams.

2.2 Mechanical Testing

The compressive strengths are obtained by ADR Touch SOLO
2000 compression machine (ELE International, England) as
shown in Figure 4. The ADR machine implies the
compressive strengths as follows,

The cube samples compressive strength is calculated by Eq.

(1),
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Where Prilure is the peak (failure) compressive force,and A is
the cube contact surface area.

Also, the in-direct tensile stress of the cylinder samples is
calculated by Eq. (2).

2P

e @

Where D is the cylinder diameter and H is the cylinder
height.
Finally, the flexural strength of beam samples is obtained by

Eq. (3).

L

P
failure
= —— 3
fb bdz ( )

Figure 4: The mechanical testing on ADR machine (a)
compressive strength, (b) in-direct tensile stress and (c)
flexural strength.

2.3 Differential Scanning Calorimetry (DSC) and
Thermal Gravimetric Analysis (TGA)

The DSC and TGA tests are carried out by Simultaneous
Thermal Analyzer (STA) 6000 in N, atmosphere (Perkin-
Elmer, USA). The DSC test identifies some useful properties
such as temperature of phase changes in the material.
Meanwhile, the TGA test measures the change in weight (%)
versus the temperature or time and determines various
phases in the concrete. Both tests are performed at a rate of
10 °C/min up to 1000 °C on samples of 10 mg.

2.4 X-Ray Diffraction (XRD)

The powder method of XRD of some selected hardened
cement pastes was adopted in the present study to identify
the different crystalline phases. The x-ray diffraction
evaluation is conducted on Empyrean (Malvern Panalytical,
Malvern, United Kingdom). The X-ray tube voltage and
current were fixed at 40.0 KV and 30.0 mA respectively. The
measurement conditions are shown in Table 6.

Table 6: XRD measurement conditions.

Item Description
Device Model Empyrean
Step Size [°20] 0.0130
Scan Step Time [s] 3.57
Temperature [°C] 25
Anode Material Cu
K-Alpha1 [A] 1.54060
K-Alpha2 [A] 1.54443
K-Beta [A] 1.39225
K-A2 / K-Al 0.5
Generation Specs. 30 mA, 40 kV

3. RESULTS AND DISCUSSION

3.1 Water Consistency and Setting times

The results of the water consistency and setting times of the
investigated cement pastes with different LC3 are shown in
Figure 5 and Table 7. The results show that the water
consistency of LC3 increases slightly with increased calcined
clay (CC) content up to 30 wt. %, which is mainly attributed
to the increase of surface area and decrease of crystal lattice
in cement clinker phases. The initial and final setting times
are slightly elongated by an increase in CC of up to 30 wt. %.
This is due to two factors: the first is the increase in mixing
water, and the second is the dilution of the cement clinker by
the CC portion and low percentage of Ca(OH). [17,18].

Setting Times and Water Consistency (%) of
Different Cement Mixes

n
=

I
h

Setting Time (min)
‘Water Consistency (%)

OPC  LC3S1 LC3S2 LO3S3 LO3S4

OPC  LOC3Z1 LC3Z2 LC3Z3 LCI4

o Initial Setting Time = Final Setting Time ~ —#- Water Consistency

Figure 5: Setting times and water consistency of different
cement mixtures.
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Table 7: Water consistency and setting times of design

mixtures.

Mix Water Consistency Setting Times (mins)

(%) Initial Final
OPC 25.2 150 205
LC3s1 26.8 150 215
LC3s2 27.2 160 230
LC3s3 27.3 169 241
LC3s4 28 165 239
LC3z1 25.6 152 208
LC3z2 26.8 157 226
LC3z3 27.8 161 239
LC3z4 27.6 160 228

3.2 Mechanical Properties
3.2.1 Compressive Strength

The compressive strengths of cube samples (15x15x15
cm) at all curing ages for all mixtures are obtained in Table
8 and Figure 6. The results are calculated as the average of
the 3 cube samples at each curing age. These results show a
promising partial replica of OPC, as the compressive strength
of LC3z4 is higher than that of OPC by 2%. It is observed that
the compressive strength increases proportionally with the
increase in the LC3 formed from the Sinai CC percentage in
all curing ages. On the other hand, the compressive strength
of LC3 of Zaafarana CC tends to decrease at 7.5%, then
increase until 30% at all curing ages. The fluctuations in
compressive strengths for both Sinai and Zaafarana LC3
mixtures at all curing ages are presented in Figure 7. The
results show that the compressive strength of LC3z4 at 90
days is the best at 52 MPa. Also, increasing the calcined clay
percentage from 7.5% to 30% (ignoring the base value of
OPC) is proportional to the compressive strength [35], [36].

Table 8: Average compressive strength in (MPa) of
hardened concrete samples.

Mix 2Days 7Days 28Days 56Days 90 Days
OPC 21.3 30.4 47.1 48.9 51

LC3s1 26 35.8 45.6 47.6 50

LC3s2 27.3 359 45.5 47.5 50.1
LC3s3 26.2 37.4 459 479 50.6
LC3s4 25.1 38.8 45.7 48 50.9
LC3z1 13.4 27.2 42.9 44.1 45.5
LC3z2 13.6 27.7 44.2 47 50.5
LC3z3 14.1 27.5 43.9 47.2 51.3
LC3z4 14.6 27.3 435 47.4 52

The results show that at an early curing age, the compressive
strength of LC3 formed from CC of Z is higher than that of
LC3 formed from CC of S, which is opposite at a later curing
age. These results are due to the CC of Sinai containing a
higher percentage of alumino silicate amorphous phase than
the CC of Zafferana, but with longer curing times due to more
hydration products, heat of hydration, and other minerals,
they produce Portland Ca(OH);, which is reacted with the
reaming of the aluminosilicate phase by a complexed
reaction to give CSH. Also, nucleation sites to reactivity and
improve packing as well as their pozzolanic reactivity [37].
Therefore, the LC3 formed from CC Zafferana is better than
CC Sinai in terms of durability.

Compressive Strength of Calcined Clay Sinai

2 Days 7 Days 28 Days 56 Days 90 Days
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Figure 6: Compressive strengths at different curing ages
for (a) Sinai LC3 and (b) Zaafarana LC3.
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Figure 7: Compressive strength comparison between
Sinai and Zaafarana LC3 at (a) 90 days, (b) 56 days, (c) 28
days, (d) 7 days, (e) 2 days.

3.2.2 In-Direct Tensile Strength (Splitting Strength)

The indirect tensile strengths of cylinder samples (¢ 15 and
height 30 cm) are obtained at curing ages of 28 and 90 days,
as shown in Table 9. In order to visualise the proportion
between the CC percentage and the indirect tensile strength
of both Sinai and Zaafarana clays, the strengths are plotted in
Figure 8. Apparently, the LC3z: mixture weakens the
strength of the cement, as presented previously in Figure 7.
However, the recorded results entail that the best indirect
tensile strength is 6.6 MPa at LC3z3 at 90 days, followed by
LC3z4 at 90 days by 6.59 MPa and LC3s3 at 90 days by 6.54
MPa. In this work, the splitting strength is 12.74% of the
compressive strength of the material. Therefore, the LC3
formed from CC Zaafarana and CC of Sinai was better than
OPC in durability.

Table 9: Indirect tensile strength (MPa) of cylinder samples.

Mix 28 days 90 days
OPC 6.03 6.50
LC3s1 5.75 6.40
LC3s2 5.75 6.43
LC3s3 5.94 6.54
LC3sa 5.86 6.56
LC3z1 5.45 6.30
LC3z2 5.59 6.39
LC3z3 5.65 6.60
LC3z4 5.45 6.59
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Figure 8: The indirect tensile strength of different mixtures
at 28 and 90 days of both Sinai and Zaafarana calcined
clays.

3.2.3 Flexural Strength

Table 10 shows the results of the flexural strength test at
curing ages of 28 and 90 days for both Sinai and Zaafarana
LC3 beam samples of the same dimensions (square cross-
section of 10 cm and a length of 50 cm). The best recorded
flexural strength after the base mixture (OPC) is LC3z4 at the
age of 90 days, at 894 MPa (1.7% better than OPC).
Inevitably, the LC3z: mixture affects the strength of the
material negatively, as shown in Figure 9. It is observed that
the flexural strength of the material is around 17% of the
compressive strength. However, the differences in the
flexural strengths between OPC and the samples of LC3z4 and
LC3s4 are negligible, as they are within 1.4% of the maximum
of the OPC flexural strength.
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Table 10: Flexural strength (MPa) of beam samples

Mix 28 days 90 days
OPC 8.12 8.79
LC3s1 7.88 8.64
LC3s2 7.64 8.61
LC3s3 7.76 8.76
LC3s4 7.80 8.89
LC3z1 7.33 7.77
LC3z2 7.47 8.63
LC3z3 7.49 8.76
LC3z 7.31 8.94
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Figure 9: Flexural strength of different mixtures at 28 and
90 days of both Sinai and Zaafarana calcined clays.

To wrap up, the results of the mechanical tests show
promising alternatives to Portland cement (OPC), regardless
of the slight differences in the mechanical properties.
Fruitfully, the production of clinker will be reduced by
22.5% to 30%, which, in turn, will reduce air pollution from
the carbon emissions of cement industries and increase the
sustainability and durability of concrete. The reaction of
alumino-silicate elements in CC with CH and hydroxide in
cement leads to the addition of bond strength and solid
volume. Increase of the content of CC leads to an increase in
strength, this is due to the continuous hydration as well as
the formation of additional C-S-H (the main source of
compressive strength) and C-A-S-H hydrates.

3.3 XRD Analysis

From the X-ray diffractograms, it is clearly evident that the
limestone and calcined systems lead to the formation of
carboaluminate phases. These phases tend to be present at
an early age (28 days), as shown in the diffractogram, and
are stable in the system even at 28 days. In that respect, the
carboaluminate phase becomes one of the major phases in
the cement hydrate system. Additionally, the density of these
phases is on the lower side within the cement hydrate
system. Furthermore, stabilization of ettringite (again in a
low-density phase) occurs with the formation of the
carboaluminates, as shown in the semi-quantitative
evaluation. These additional phases could alter the
microstructure, which is clearly evident from the pore
structure results. Early refinement of pore structure
suggests that the LC3 cementitious system has a highly
refined microstructure and the existence of a new phase
assemblage, which still needs a better understanding.

Figure 10 illustrates the XRD-patterns of hydrated OPC paste
after curing for 28 and 90 days. The patterns show the
remaining parts of clinker minerals, namely 3-C,S and C3S,
up to 28 and 90 days of hydration, respectively. It is obvious
that the relative intensities of their peaks decrease with
curing time, up to 90 days more than 28 days, as a result of
their hydration. Also, the peaks of the portlandite (CH) phase
increase with curing time due to the hydration of the silicate
phases of OPC clinker with the formation of C-S-H and the
liberation of CH. The CSH is overlapped by the peaks of
CaCOs. The calcite can be formed by the reaction of
atmospheric CO; with the CH [38].

% —— OPC 90D|
g —— OPC 28D
CH ’
- C,S
F CC+CSH
’; CH cH Cc,S
© CH cScs CH
>
k%)
C
g
=
T . T T T
10 20 30 40 50

26 (°)

Figure 10: The XRD-patterns of hydrated OPC paste after
curing ages 28 and 90 days.
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namely (-CS and CsS, up to 28 and 90 days of hydration,
respectively. Itis obvious that the relative intensities of their
peaks decrease with curing time up to 28 days as a result of
their hydration. Also, the peaks of the portlandite (CH) phase
increase with curing time due to the hydration of the silicate

phases of OPC clinker with the formation of C-S-H and the I U \ |
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also lower in LC3z; than in OPC. At 90 days, all portlandite
(CH) phases are consumed in both types of LC3 due to
pozzolanic reactions [39].

Figure 12 illustrates the XRD-patterns of hydrated LC3sa,
LC3z and OPC paste after curing ages of 28 and 90 days, A A T
respectively. The patterns illustrate that anhydrous phases
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Figure 11: The XRD-patterns of hydrated LC3s; and LC3z,
paste after curing ages (a) 28 days, (b) 90 days.
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curing time due to the pozzolanic reaction of CC with the
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show that the intensities of portlandite peaks in LC3 from
Zaafarana clay paste are higher than those of LC3 from Sinai

clay paste due to the pozzolanic reaction of CC with CH. The
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intensity of calcite (CaCO3) peaks decreases with CC
contents; this is an indication of the consumption of CH by
CC, which is the source of carbonation. It is also obvious that
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[41]. The results of this test show that LC3 of Sinai clay is 20 (%) (b)

more reactive than LC3 of Zaafarana clay, especially at early Figure 12: The XRD-patterns of hydrated LC3s4 and LC374
ages. paste after curing ages (a) 28 days, (b) 90 days.

© 2023,IRJET | ImpactFactorvalue:8.226 | 1S09001:2008 Certified Journal | Page 492



’l, International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 10 Issue: 06 | Jun 2023

www.irjet.net

p-ISSN: 2395-0072

3.4 DSC and TGA Analysis

Figure 15 illustrates the DSC/TGA thermograms of the
hydrated OPC and both Sinai and Zaafarana LC3 pastes cured
for up to 90 days. The DTA thermograms show the
occurrence of three endothermic peaks at 120, 420-450, and
700-750 °C for both clays in Figs. 15a and 15b. The
endothermic peak located below 200 °C is mainly due to the
dehydration of interlayer water of CSH, whereas the
endothermic peak at 420-450 °C is due to the
dehydroxylation of Ca(OH).. The last endothermic peak
located at 700-750 °C is due to the decomposition of CaCOs3.
It is clear that the intensities of the endothermic peaks
characteristic for Ca(OH); increase with curing time up to 90
days in OPC due to the progress of hydration of OPC pastes.
Also, the endothermic peaks of CSH increase with curing
time due to the progress of hydration. The hydration
progress can be studied using thermogravimetric analysis
(TGA). The weight loss of the hydrated phases without
Ca(OH)2 and CaCOs increases with curing time.

The TG losses characteristic for the hydration products at
low temperatures (up to 200 °C) are at 90 days, more than
28 days, and more than 2 days. This means that the degree of
hydration increases with curing time. On the other hand, the
TG losses characteristic for portlandite (CH) are at 90 days,
which is less than 28 days and less than 2 days. The increase
in TG loss of portlandite with curing time is due to the
continuous liberation of CH as a result of hydration of OPC.
The TG losses due to the decomposition of CaCO3 are at 90
days, less than 28 days, and less than 2 days. Also, the TG
losses due to CaCO3 decrease with curing time; due to the
reaction of COz and moisture with CaCO3 forming Ca(HCO3)a.
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Figure 13: The XRD-patterns of hydrated (a) LC3s; paste,
(b) LC3s4 paste.

Figure 14: The XRD-patterns of hydrated (a) LC3Z2 paste,
(b) LC3Z4 paste.
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Figure 15: The DSC/TGA thermograms of the hydrated
OPC cured for 90 days and compared to (a) Sinai LC3
paste, (b) Zaafarana LC3 paste.

The DTA/DTG thermograms of hydrated LC3 for both Sinai
and Zaafarana clays of pozzolanic cement paste at curing age
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up to 28 days are shown in Figure 16. Evidently, there are
four endothermic peaks. The first weak endothermic peak
located below 100 °C is mainly due to the removal of free
water and the decomposition of the amorphous part of CSH
gel. The second endothermic peak observed at about 120-
140 °C represents the dehydration of the crystalline part of
C-S-H, CAH, and CASH as well as the presence of gehlenite
hydrates. The third endotherm, located at about 450 °C is
due to the dehydroxylation of calcium hydroxide (CH). The
last endothermic peak located at 700-710 °C is due to the
decomposition of CaCOs. It is clear that the second
endothermic peak, located at about 130 °C increases with
curing time due to the formation of excessive amounts of
CAH and CASH as well as crystalline CSH. These phases are
formed as a result of the hydration of OPC phases as well as
the pozzolanic reaction of CC with CH.

The losses were decreased with LC3 content due to the
formation of a low C/S ratio of C-S-H, which has a lower
water content. Generally, the combined water content of OPC
is lower than that of pozzolanic LC3 cement paste. The
weight losses of LC3 cement paste at about 450 °C are 90
days, less than 28 days, and less than 2 days; these are due to
the decomposition of portlandite CH. The decrease in weight
loss with time is mainly due to the pozzolanic reaction of CC
with CH [42].
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Figure 16: The DSC/TGA thermograms of the hydrated
OPC cured for 28 days and compared to (a) Sinai LC3
paste, (b) Zaafarana LC3 paste.

4. CONCLUSIONS AND FUTURE WORK

The studied binary and ternary binders are based on
Portland cement, calcined clays, and limestone filler. Low
metakaolinitic calcined clay obtained from illite-kaolinite
composite raw clay is compared with high kaolinite raw clay,
which is mainly composed of metakaolin after calcination.
The study aims at investigating the influence of composite
calcined clay on the hydration of cement in binary. Advanced
experimental techniques were combined to identify and
quantify the hydration products at different ages. The
findings are as follows;

1. The compressive strengths of Zaafarana calcined clay
mixtures show promising mechanical behavior compared
to the OPC cement as LC3z4 recorded best compressive
strength of 52 MPa and flexural strength of 8.94 MPa at
curing age of 90 days, meanwhile the LC3z3 entails the
bestindirect tensile strength of 6.60 MPa at curing age of
90days.

2. Inthe shortterm, the first calcined clay containing mainly
CC (Sinai) showed a higher reactivity than the second
composite calcined clay obtained from illite and kaolinite
(Zaafarana). Even though the first calcined clay reacted
faster in a cementitious matrix, it was demonstrated that
the composite calcined clay did not slow down the
hydration reactions of the clinker.

3. The composite calcined clay combined with limestone
had a very positive impact on hydration. The pozzolanic
reaction was actually improved when compared with the
highly metakaolinite clay. The composite clay
(illite/kaolinite) finally ages, and it has a higher
pozzolanic activity than the highest metakaolin content.
This shows that pure kaolinite raw clay is not necessarily
required as the synergy between limestone filler and
illite-kaolinite calcined clay can clearly be observed. The
hydration of clinker phases and the phase assemblage of
the cementitious matrix are influenced by the
substitution of cement by calcined clay and limestone
filler.

4. The reactivity of belite is lowered, but other phases are
generated, such as aluminum-modified calcium silicate
hydrate (C-A-S-H), stratlingite, and carboalumination in
the presence of limestone and composite calcined clay.
These phases can be expected to enhance the engineering
properties of the materials for a given cement content.
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5. Atlonger term, it was shown that behaviors tend to be
similar even though pozzolanic activity was slightly
higher for CC than composite calcined clay. The two types
of calcined clay tended to have similar pozzolanic activity,
especially in later ages.
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