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Abstract: Calcined clay plays an important role in the performance of limestone calcined clay cement
(LC3) concrete. In this study, the performance of two different types of calcined clay produced from
different calcination processes were investigated in chloride environment. The characteristics of
the calcined clays, including mineral composition, chemical composition, particle size distribution,
specific surface area and particle morphology, were evaluated. Based on the reactivity of the calcined
clays, the compressive strength of concretes after up to 28 days of curing was adopted as the best
measure to determine the appropriate replacement levels of Portland cement by LC3 to satisfy
standards requirements for concrete in chloride environments. The chloride bulk diffusion test was
conducted to investigate the performance of LC3 concretes in comparison with reference Portland
cement concrete. Similar chloride diffusion resistance could be achieved by using the two different
calcined clays in LC3 concrete. The performance of both LC3 concretes was much better than that
of reference concrete. However, the Portland cement substitution rate for each calcined clay was
governed by the compressive strength standard requirements.
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1. Introduction

Concrete and other cementitious materials play a decisive role in the global economy and human
society. Across the world, concrete is the second most consumed substance after water [1–3]. With the
world population predicted to be over 9 billion in 2050 [4], concrete will still be the most-in-demand
element to fulfil the substantial expansion of infrastructure and housing in modern societies, especially
in developing countries such as China and India. In addition, the continual ageing of concrete structures
in industrialised countries has also been producing additional cost [5]. For instance, an increasing
number of bridges have to be utilised beyond their design life of 50 years, which leads to additional
cost to keep these structures serviceable [6]. All of these things result in high cost to society, mostly due
to chloride-induced reinforcement corrosion of concrete structures [7]. The chloride diffusion process
is critical for the durability of marine concrete structures. Chloride ions penetrate through concrete
porosity and accumulate at the steel-concrete interface [8]. When the chloride content at the steel depth
reaches the so-called chloride threshold, reinforcement is depassivated and the corrosion propagation
stage starts leading to a time-dependent steel cross section reduction, expansive corrosion products
formation, and subsequently concrete cracking, as well as spalling of marine structures (Figure 1).
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Figure 1. Chloride induced corrosion process of marine concrete structures (Adapted from [7]). 

The concrete industry has been urged to reduce its impact on the environment [9]. 
Decarbonation of limestone for producing clinker, the main component of Portland cement, generates 
60% of the CO2 emissions of cement manufacture. In addition, no promising alternative to limestone 
has been proposed for cement production. Possible approaches to be carbon neutral are CO2 capture 
and storage (CCS) or Belite-Ye’elimite-Ferrite (BYF) clinkers (e.g. “Aether” or “Ternocem”) but these 
approaches face various technical limits and expensive cost [1,9,10]. Another feasible method to 
minimise CO2 emission is substitution of Portland cement by using supplementary cementitious 
materials (SCMs). One of the emerging SCMs which has been attracted worldwide attention is the 
combination of calcined clay and limestone. This can be mainly attributed to the global availability 
of calcined clay and limestone [11]. Moreover, suitable clays for use as raw materials for calcined 
clays are currently considered waste material at existing quarries providing clay for the ceramic 
industries [1,11]. The utilization of these clays can significantly increase the global supply of calcined 
clays, but also prevent the exploitation of natural clay resources. Calcined clay is a reactive SCM as a 
result of large amorphous reactive phases content produced by calcining kaolinitic clay to around 
700℃–850℃ and limestone only requires grinding, which demonstrates significant energy and CO2 
emission reduction compared to conventional Portland cement production [12–15]. Calcined clay, 
limestone and Portland cement blend has been denoted as limestone calcined clay cement (LC3). In 
addition, the production cost of LC3 is 15%–25% lower than that of conventional blended cement 
[16], which indicates the remarkable potential for industry adoption. The hydration process and 
mechanical properties of LC3 materials have been reported in previous studies [17–20]. Antoni et al. 
[17] first revealed the synergistic effects of calcined clay and limestone to produce 
mono/hemicarboaluminate, which are beneficial to the early strength of mortar. Subsequently, 
different properties of LC3-based materials were investigated to accelerate the adoption by the 
construction industry [16,21–27]. The durability properties of mortars and concretes containing 
calcined clay and limestone in chloride environments were investigated in previous studies [28–32]. 
It is widely acknowledged that LC3 can improve the resistance of concrete against chloride 
penetration in comparison with Portland cement concrete. In addition, the different calcination 
processes lead to different characteristics of calcined clay, which influence their performance as SCM 
[33–36]. Consequently, the influence of calcined clay characteristics on the optimum replacement 
level of Portland cement and on chloride diffusion resistance has not been fully evaluated. In this 
study, the effect of calcined clays on the chloride diffusion resistance of concrete, which governs the 
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Figure 1. Chloride induced corrosion process of marine concrete structures (Adapted from [7]).

The concrete industry has been urged to reduce its impact on the environment [9]. Decarbonation
of limestone for producing clinker, the main component of Portland cement, generates 60% of the
CO2 emissions of cement manufacture. In addition, no promising alternative to limestone has been
proposed for cement production. Possible approaches to be carbon neutral are CO2 capture and
storage (CCS) or Belite-Ye’elimite-Ferrite (BYF) clinkers (e.g. “Aether” or “Ternocem”) but these
approaches face various technical limits and expensive cost [1,9,10]. Another feasible method to
minimise CO2 emission is substitution of Portland cement by using supplementary cementitious
materials (SCMs). One of the emerging SCMs which has been attracted worldwide attention is the
combination of calcined clay and limestone. This can be mainly attributed to the global availability of
calcined clay and limestone [11]. Moreover, suitable clays for use as raw materials for calcined clays are
currently considered waste material at existing quarries providing clay for the ceramic industries [1,11].
The utilization of these clays can significantly increase the global supply of calcined clays, but also
prevent the exploitation of natural clay resources. Calcined clay is a reactive SCM as a result of large
amorphous reactive phases content produced by calcining kaolinitic clay to around 700 °C–850 °C and
limestone only requires grinding, which demonstrates significant energy and CO2 emission reduction
compared to conventional Portland cement production [12–15]. Calcined clay, limestone and Portland
cement blend has been denoted as limestone calcined clay cement (LC3). In addition, the production
cost of LC3 is 15%–25% lower than that of conventional blended cement [16], which indicates the
remarkable potential for industry adoption. The hydration process and mechanical properties of
LC3 materials have been reported in previous studies [17–20]. Antoni et al. [17] first revealed the
synergistic effects of calcined clay and limestone to produce mono/hemicarboaluminate, which are
beneficial to the early strength of mortar. Subsequently, different properties of LC3-based materials
were investigated to accelerate the adoption by the construction industry [16,21–27]. The durability
properties of mortars and concretes containing calcined clay and limestone in chloride environments
were investigated in previous studies [28–32]. It is widely acknowledged that LC3 can improve the
resistance of concrete against chloride penetration in comparison with Portland cement concrete.
In addition, the different calcination processes lead to different characteristics of calcined clay, which
influence their performance as SCM [33–36]. Consequently, the influence of calcined clay characteristics
on the optimum replacement level of Portland cement and on chloride diffusion resistance has not been
fully evaluated. In this study, the effect of calcined clays on the chloride diffusion resistance of concrete,
which governs the durability properties of marine concrete structures, were evaluated. Two different
calcined clays produced from different calcination processes were investigated. The characteristics
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of calcined clays were first evaluated by using X-ray fluorescence (XRF), X-ray diffraction (XRD),
laser diffraction, a gas sorption analyser and a scanning electron microscope (SEM). Due to their
different reactivity, appropriate replacement rates of Portland cement were selected to satisfy the
Australian standard AS 3600 [37] requirement for compressive strength aftter 28 days of curing.
The time-dependent mechanical properties of concrete including compressive strength and elastic
modulus up to 28 days were measured. The performance of LC3 concretes with different calcined clays
against chloride diffusion was investigated by using the chloride bulk diffusion test. The influence
of calcined clay types on the chloride diffusion resistance was evaluated and compared to Portland
cement concrete without using LC3.

2. Materials and Methodology

2.1. Materials, Concrete Mix Design and Curing Condition

General purpose cement (GPC), calcined clay and limestone as a binder were used to fabricate
LC3 concrete. According to Australian Standard AS 3792 [38], GPC comprises 90wt.% (percentage
by mass) of ordinary Portland clinker, 7wt.% to 8wt.% of mineral addition and 2wt.% to 3wt.% of
gypsum. Two calcined clays were produced by industrial processes. Specifically, the first calcined
clay was produced by flash calcination and the second by rotary kiln calcination process, denoted as
flash calcined clay and rotary kiln calcined clay respectively. The flash and rotary kiln calcination
were described in a previous study [13]. The detailed characteristics of the two calcined clays are
presented in Section 2.2. The chemical composition of GPC, calcined clays and limestone analysed
by X-ray fluorescence (XRF) are shown in Table 1. Sydney sand and basalt with 10 mm nominal size
were utilised as fine and coarse aggregate respectively. Depending on calcined clay reactivity, different
rates of replacement of GPC were determined to achieve a compressive strength after 28 days higher
than 45 MPa, to fulfil the Australian Standard AS 3600 [37] requirement for chloride environments.
The substitution rate was 20wt.% of binder in LC3 concrete with flash calcined clay (LC3-F concrete)
whilst the replacement rate was 44wt.% in LC3 concrete with rotary kiln calcined clay (LC3-R concrete).
A Portland cement replacement rate by flash calcined clay and limestone higher than 20wt.% could
drastically decrease the concrete compressive strength according to a previous study by the authors [18].
The substitution level of rotary kiln calcined clay and limestone at 44wt.% was selected based on a
preliminary unpublished work by the authors. The ratio of calcined clay and limestone by mass was
2:1. The reference concrete without calcined clay and limestone was labelled GPC. Table 2 presents the
details of concrete mix proposition with all aggregate in saturated surface dry (SSD) condition. Prior to
concrete casting, all aggregates were dried at 105 °C in an oven for 24 h to remove remaining moisture.
Subsequently, they were cooled down in an ambient environment and calculated SSD water amount
was added to ensure the SSD condition of aggregates.

Table 1. Chemical compositions of binder. GP cement: general purpose cement.

Chemical
Composition (wt.%) GP Cement Limestone Flash Calcined

Clay
Rotary Kiln

Calcined Clay

SiO2 19.74 0.36 70.42 48.15
Al2O3 4.70 0.11 22.34 41.63
Fe2O3 2.98 0.1 2.34 2.27
CaO 64.62 57.51 0.49 0.12
MgO 1.48 0.29 0.16 0.09
Na2O 0.21 - 0.1 0.32
K2O 0.64 - 0.19 0.05
TiO2 0.31 - 1.1 3.39
SO3 2.24 - 0.02 0.09

Loss on ignition (LOI) 3.18 42.61 1.76 3.21
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Table 2. Mix compositions. GPC: general purpose cement; LC3-F: limestone calcined clay cement (LC3)
concrete with flash calcined clay; LC3-R concrete: LC3 concrete with rotary kiln calcined clay.

Materials (kg) GPC LC3-F LC3-R

Coarse aggregate 1221 1221 1201.5
Fine aggregate 620.8 620.8 610.9

Total binder 388 388 388

GPC 388 310.4 217.3
Flash calcined clay 0 50.44 0

Rotary kiln calcined clay 0 0 116.4
Limestone 0 27.16 54.3

Water/binder ratio 0.45 0.45 0.45
Water 174.5 174.5 174.5

Aggregates and binder were first dry mixed for 2 min and then water was added mixed for another
5 min. Fresh concrete was poured into poured into 100 mm × 200 mm cylinders moulds in two layers
and a vibrating table was used to compact concrete and remove entrapped air. All cylinders were
covered by lids to prevent surface moisture loss. After 1 day, all concrete specimens were demoulded
and placed continuously into a water bath for 7 days, except for specimens tested before 7 days.
They were then removed from the water bath and stored in a controlled room with the temperature of
23 ± 2 °C and relative humidity (RH) of 50% until testing.

2.2. Characteristics of Calcined Clay

As the aim of this study was to investigate the influence of calcined clay reactivity on concrete
performance in a chloride environment, two types of calcined clay were considered. The chemical
composition was determined by using the X-ray fluorescence (XRF) method. X-ray diffraction (XRD)
was carried out to investigate crystalline phases of calcined clay by using a PANalytical X’Pert PRO
multi-purpose X-ray diffraction system. The system configuration was Cu-Kα radiation with a
wavelength of 0.15418 nm and a fixed divergence slit size of 0.5◦, the operation with 45 kV and 40 mA,
scan range 5–70◦ and 0.013◦ 2θ step size. Moreover, the quantification of crystalline phases in calcined
clays was determined by using XRD-Rietveld with crystalline Si as an internal standard [27]. Raw data
collected were processed by High Score Plus software (supplier PANalytical). A search match of
candidate crystalline phases was performed using the Powder Diffraction File (PDF) 4+ database
followed by Rietveld refinement in order to quantify the crystalline phases.

The particle size distribution (PSD) was measured using the laser diffraction technique with
a Malvern Mastersizer instrument. The surface area was measured by the Blaine method and the
Brunauer-Emmett-Teller (BET) technique using a NOVAtouch gas sorption analyser.

The morphological properties of calcined clay particles were analysed using a Hitachi S-3400N
scanning electron microscope (SEM). The samples were prepared using the gold coating technique.
The test was carried out in backscattered electron imaging mode with a working voltage of 20 kV and
probe current of 50 mA under a high vacuum condition.

2.3. Mechanical Properties of LC3 Concrete

The compressive strength of concrete cylinders was measured after 1, 3, 7, 14, 21 and 28 days of
curing, using three cylinders according to American Society for Testing and Materials (ASTM) C39 [39].
The elastic modulus was determined at 28 days, following standard ASTM C469 [40].
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2.4. Bulk Diffusion Test

The bulk diffusion test was conducted in accordance with the ASTM C1556 [41] test protocol.
The concrete cylinders were cut into concrete discs with 100 mm in diameter and 75 mm in height after
28 days of curing. The concrete discs were then vacuum-saturated in water. After 24 h of immersion,
the discs were sealed with self-adhesive foils, except the surface exposed to sodium chloride solution
before vacuum saturation again. Subsequently, the specimens were placed into 16.5% NaCl solution
for 35 days. After completing the exposure duration, the concrete powder was obtained at every 1 mm
depth from the exposure surface to 25 mm of depth by using a profile grinder. The powder was stored
separately in plastic vials for chloride content analysis.

The total chloride content in concrete powder was measured by using the test method for
acid-soluble chloride following ASTM C1152 [42] and presented as the mass percentage over the
concrete powder. 3.5 g of concrete powder was dispersed with 10 mL distilled water and 20 mL of 20%
concentration dilute acid was then added to the solution. 1 mL of hydrogen peroxide solution was
added to the solution, as recommended in ASTM C1152, to prevent the interference of sulphide in
the test results. The solution was placed into an ultrasonic bath for 15 min at 60 °C and then cooled
down in an ambient environment for 2 h [43]. Subsequently, the solution was filtered using filter paper,
a Buchner funnel, a filtration flask and a vacuum pump. Distilled water was rinsed to collect the
remaining solution inside the flask. Approximately 60 mL of the final solution was then analysed in a
potentiometric titration machine using silver nitrate solution to measure the total chloride content.

The apparent chloride diffusion coefficient was derived from the plot of total chloride content
against exposure depth by means of a non-linear regression analysis with the least square method,
as presented in Equation (1):

C(x, t) = Cs − (Cs −Ci) × er f
(

x
√

4×Da × t

)
(1)

where:
C(x,t): the chloride concentration, measured at depth x and exposure time t in wt.%
Cs: the chloride concentration at the exposure surface which is determined by the regression

analysis in wt.%
Ci: initial chloride-ion concentration in the concrete before submersion in the NaCl solution

in wt.%
x: the depth below the exposed surface (to the middle of a layer) in m
Da: the apparent chloride diffusion coefficient in m2/s
t: the exposure time in second
erf: the error function as shown in Equation (2):

er f (z) =
2
√
π

∫ z

0
exp

(
−u2

)
du (2)

3. Results and Discussion

3.1. Characteristics of Calcined Clays

The crystalline phases of calcined clays and their quantity are presented in Figure 2 and Table 3,
respectively. Quartz was the only crystalline phase in flash calcined clay, whilst rotary kiln calcined
clay contained anatase, dickite, kaolinite, mullite and quartz. From the XRD-Rietveld results, a high
amount of quartz was observed in flash calcined clay, 49.1wt.% in comparison with 2wt.% in rotary kiln
calcined clay. The quantification of quartz was consistent with the chemical composition analysed by
XRF. SiO2 constituted around 70wt.% in flash calcined clay whilst it presented at about 48wt.% in rotary
kiln calcined clay according to XRF analysis. By contrast, the Al2O3 content in rotary kiln calcined clay
was approximately twice that of flash calcined clay. The amorphous content of calcined clay was used
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as an indicator for their reactivity. Flash and rotary kiln calcined clays in this study were classified as
low-grade and medium-grade calcined clay respectively, with amorphous contents of 50.9wt.% and
78.8wt.% [18,44,45]. The combination of mullite, dickite, kaolinite and anatase represented around
19wt.% of rotary kiln calcined clay. The presence of kaolinite indicated that the calcination process was
not entirely completed in the rotary calcined clay whereas the flash calcined clay showed the absence
of kaolinite in the crystalline phases.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 6 of 14 
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Figure 2. X-ray diffraction (XRD) patterns of calcined clays.

Table 3. Mineral composition and specific surface area of calcined clays.

Minerals (wt.%) Flash Calcined Clay Rotary Kiln Calcined Clay

Quartz 49.1 ± 0.1 2.0 ± 0.1
Mullite - 6.4 ± 0.2
Dickite - 7.3 ± 0.2

Kaolinite - 4.1 ± 0.1
Anatase - 1.5 ± 0.1

Amorphous 50.9 ± 0.1 78.8 ± 0.1

Particle size distribution (µm)

Dv10 2.50 3.85
Dv50 21.19 14.40
Dv90 64.75 43.37

BET surface area (m2/g) 12.05 ± 0.01 8.80 ± 0.49

The particle size distributions of the two calcined clays are reported in Figure 3 and Table 3.
Flash calcined clay showed more particles less than 10 µm, whereas rotary kiln calcined clay obtained
higher cumulative particles passing from 10 µm to 100 µm. Dv10, Dv50 and Dv90 are defined as the
points in the particle size distribution from laser diffraction at which 10%, 50% and 90% respectively of
the total volume of material in the sample are accumulated (Table 3). Flash calcined clay presented a
lower Dv10 and higher Dv50 and Dv90 in comparison with rotary kiln calcined clay. Both calcined clays
were classified as coarse calcined clay [25] and fulfil the fineness requirement which is less than 34wt.%
of particle retained on 45 µm sieve for using as SCM in concrete product following ASTM C618 [46].
The BET surface area of flash calcined clay was 12.05 m2/g, which is higher than that of rotary kiln
calcined clay of 8.8 m2/g.



J. Mar. Sci. Eng. 2020, 8, 301 7 of 14

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 7 of 14 

 

 
Figure 3. Particle size distribution of calcined clays. 

The morphology of calcined clays particles is presented in Figure 4 at different magnifications 
[18]. No difference was observed between calcined clays under low magnification (Figure 4a,c). In 
Figure 4b,d, with high magnification, both flash and rotary calcined clays presented a predominant 
presence of pseudo hexagonal plates and cluster of plates [13,18,33,47]. Noticeably, spherical particles 
with sizes between 5 to 10 µm were only detected in flash calcined clay. Previous studies reported 
that flash calcined clay could contain from 10% to 20% spherical particles [13,47]. This can be 
attributed to the different calcination process. In flash calcination, the clay particles near the flame 
experience a vitrification of submicron aluminium silicates, producing droplets to minimise the 
surface energy. As a result, spherical particles mainly contain amorphous aluminium silicates and 
trace amount of crystallised and pure aluminium silicates [47]. During the cooling step of flash 
calcination, the submicron metakaolinite particles adhere on the spherical particles surface [47], 
which is showed in Figure 4d. Fly ash is also composed mainly spherical particles, and is produced 
through a similar process [48–50]. The plate shape of particles might result in the overestimation of 
PSD and BET surface area in both flash and rotary kiln calcined clay. This was attributed to the 
inappropriate assumption of a spherical rather than plate-like shape for analysing data from the laser 
diffraction and gas adsorption technique [51,52]. 

Figure 3. Particle size distribution of calcined clays.

The morphology of calcined clays particles is presented in Figure 4 at different magnifications [18].
No difference was observed between calcined clays under low magnification (Figure 4a,c). In Figure 4b,d,
with high magnification, both flash and rotary calcined clays presented a predominant presence of
pseudo hexagonal plates and cluster of plates [13,18,33,47]. Noticeably, spherical particles with sizes
between 5 to 10 µm were only detected in flash calcined clay. Previous studies reported that flash
calcined clay could contain from 10% to 20% spherical particles [13,47]. This can be attributed to
the different calcination process. In flash calcination, the clay particles near the flame experience a
vitrification of submicron aluminium silicates, producing droplets to minimise the surface energy.
As a result, spherical particles mainly contain amorphous aluminium silicates and trace amount
of crystallised and pure aluminium silicates [47]. During the cooling step of flash calcination,
the submicron metakaolinite particles adhere on the spherical particles surface [47], which is showed
in Figure 4d. Fly ash is also composed mainly spherical particles, and is produced through a similar
process [48–50]. The plate shape of particles might result in the overestimation of PSD and BET surface
area in both flash and rotary kiln calcined clay. This was attributed to the inappropriate assumption of
a spherical rather than plate-like shape for analysing data from the laser diffraction and gas adsorption
technique [51,52].
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3.2. Mechanical Properties

Firstly, compressive strength after 28 days was one of the criteria adopted to determine the
appropriate GPC replacement rate by LC3 allowing to satisfy the Australian Standards AS3600 [37]
requirements in chloride environments (i.e. 45 MPa characteristic compressive strength). The second
criteria adopted was to maintain an early age compressive strength similar to that of reference GPC
concrete. Based on these two criteria, 20wt.% of GPC could be replaced by using the flash calcined clay
with an amorphous content of 50.9wt.%. However, 44wt.% of GPC could be replaced by using the rotary
kiln calcined clay with an amorphous content of 78.8wt.%. The influence of calcined clay reactivity on
cement-based materials performance was investigated in previous studies. Tironi et al. [33] assessed
the influence of calcined clays reactivity (i.e. amorphous content) on mechanical and physical properties
of mortars. Results indicated that different calcined clay reactivity led to different replacement levels of
Portland cement to maintain similar compressive strength, which are consistent with results presented
in this paper. Tironi et al. [19] used calcined clay with 40wt.% amorphous content in mortar and
reported a comparable compressive strength at 28 days of mortar with LC3 replacement level at
20wt.%, which is consistent with results obtained on the flash calcined clay used in this study. 40wt.%
substitution rate using this low-grade calcined clay and limestone led to a lower compressive strength
than that of reference Portland cement concrete up to 90 days [19].

The time-dependent compressive strength of LC3-F, LC3-R and reference GPC concretes is
presented in Figure 5. GPC exhibited the highest compressive strength from 7 days to 28 days,
but the difference with LC3-based concretes was low. LC3-F show higher compressive strength at
1 day and 3 days than both GPC and concrete with rotary kiln calcined clay (LC3-R). Subsequently,
the compressive strength of LC3-R concrete increased rapidly from 3 days to 14 days overpassing LC3-F.
The compressive strength of LC3-F and LC3-R concretes was relatively similar at 28 days reaching
49.33 MPa and 49.66 MPa, respectively, which were similar to that of GPC. All concretes achieved an
average compressive strength meeting the Australian Standard AS3600 [37] minimum requirement for
concrete to be used in chloride environments of 45 MPa characteristic compressive strength.
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The elastic modulus of concrete at 28 days is shown in Table 4. GPC concrete exhibited the lowest
elastic modulus of 31.1 GPa among three concretes. LC3-F and LC3-R concretes presented a modulus
of elasticity of 34.5 GPa and 41.0 GPa respectively, which was 10.9% and 31.8% higher than that of
GPC concrete. This reveals that LC3 concrete may offer a significant advantage over Portland cement
concretes for structural applications where high elastic modulus is required. Dhandapani et al. [20]
reported as well higher concrete elastic modulus when replacing 50wt.% of the binder by LC3, but the
difference was smaller than that of this study. A higher LC3 concrete elastic modulus compared
to Portland cement concrete was reported previously by the authors using the same flash calcined
clay [18].

Table 4. Elastic modulus of concretes.

Concrete Types Elastic Modulus at 28 Days (GPa)

GPC 31.1 ± 0.9
LC3-F 34.5 ± 0.5
LC3-R 41.0 ± 0.4

3.3. Bulk Diffusion

The bulk diffusion test protocol following ASTM C1556 is a long-term test and its mechanism
replies on the slow non-steady-state chloride ion diffusion from external NaCl solution into the concrete
matrix. The total chloride profiles after the bulk diffusion test of the three concrete types are illustrated
in Figure 6. LC3-based concretes exhibited higher chloride content in comparison with GPC concrete,
near the exposure surface. To be specific, LC3-F and LC3-R concretes showed a higher chloride content
from the exposure surface to 9 mm and 5 mm depth than that of reference concrete, respectively.
This may be attributed by the function of surface porosity in different concrete types [53,54], but further
studies are required to understand this phenomenon in the LC3 concretes. However, the chloride
content of LC3-F and LC3-R concretes decreased rapidly throughout the concrete depth and was
negligible after 15 mm from the exposure surface. The GPC concrete presented a gradual decline in
chloride content from the exposure surface to a depth of 25 mm.
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The apparent chloride diffusion coefficients of all concretes used in the study are presented
in Figure 6. They were calculated by using non-linear regression analysis and the method of least
squares with a duration of 35 days in sodium chloride solution. LC3-based concrete obtained
significantly lower coefficients in comparison with reference concrete. GPC concrete exhibited the
highest apparent chloride diffusion coefficient at 34.42 × 10−12 m2/s. LC3-F and LC3-R apparent
diffusion coefficients were only 8.18 × 10−12 m2/s and 7.97 × 10−12 m2/s respectively. Sui et al. [30]
revealed that LC3 mortar obtained the lowest apparent chloride diffusion coefficient among different
binary and ternary cementitious materials. Although the bulk diffusion test was criticised due to
the oversimplified mathematical expressions of Fick’s second law of diffusion and non-steady-state
chloride diffusion [55,56], it has been widely used as an indicator to predict the service life of concrete
structure in chloride environment [57]. Pillai et al. [58] also reported a remarkably low chloride
diffusion coefficient of LC3 concrete in comparison with pulverised fuel ash and ordinary Portland
cement (OPC) concrete. Moreover, the estimation of service life of LC3 concrete was 8–10 times longer
than that of OPC concrete and similar to pulverised fuel ash concrete up to 150 years [32,58].

The significantly low apparent chloride diffusion coefficient of LC3 concrete can be explained by its
enhanced chloride binding capacity and the refinement of pore structure and pore solution. A previous
study revealed that metakaolin and limestone in binder produced more chloride bound as Friedel’s
salt than that of OPC paste, which indicates a better chloride binding capacity [28]. The excellent
chloride ion transport resistance of LC3 concrete was also reported by Maraghechi et al. [29]. The better
performance of LC3-based materials was predominantly attributed by the refined pore structure rather
than the chloride binding capacity in different pastes and mortars. However, after examining the
relationship between different microstructural parameters, Sui et al. [30] suggested that the chloride
binding was a more important parameter than pore structure, contributing to the reduction in apparent
chloride diffusion coefficients. Moreover, the presence of limestone in calcined clay samples enhance
the chloride resistance whilst it showed little effect on slag and fly ash samples [30]. A decrease of
alkalis content in pore solution led to a decrease of the apparent chloride diffusion coefficient. Although
the effect of pore solution on the chloride transport resistance has been not fully understood, there was
a clear relationship between total alkalis in pore solution and diffusion coefficient [30]. In previous
studies conducted by the authors [18,22,26], LC3 concrete using the same flash calcined clay presented
refined pore structure from the mercury intrusion porosimetry (MIP) test. Specifically, LC3 replacement
decreased the quantity of pores more than 0.1 µm and increased the number of pores less than 0.01 µm.
In addition, the total alkalis content of LC3 pastes was lower that all OPC concrete due to the dilution
effect of limestone and flash calcined clay. The low apparent chloride diffusion coefficient of LC3
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concretes in this study confirms the high chloride diffusion resistance and is consistent with the high
surface resistivity reported in a previous study [18]. A study of LC3 concrete microstructure is currently
in progress to investigate the influence of pore structure, pore solution compositions and chloride
binding capacity on the chloride diffusion resistance of LC3 concretes with different calcined clays.

Gbozee et al. [36] revealed that the chloride diffusion resistance of calcined clay mortars mainly
depends on the phase assemblage rather than the available aluminium or calcined clay replacement
content in the binder. In addition, calcined clay primarily contributes to the chloride binding capacity
of the LC3 system, as reported in previous studies [28–30]. Experimental results in this paper confirm
that high chloride diffusion resistance may be achieved by using optimum calcined clay and limestone
substitution level in concrete. To be specific, a relatively similar apparent chloride diffusion coefficient
was observed in both LC3-F concrete and LC3-R concrete at 8.18 × 10−12 m2/s and 7.97 × 10−12 m2/s,
regardless the types of calcined clay. The two calcined clays used in this study present very different
reactivity but achieved the same level of chloride diffusion resistance by using appropriate replacement
rates, which may be attributed to the similar phase assemblage in the two LC3 concretes.

4. Conclusions

The study investigated the characteristics of two calcined clays and their influence on the
mechanical properties and chloride diffusion resistance of limestone calcined clay cement concrete.

One calcined clay was produced from the flash calcination, the other from rotary kiln calcination.
The following outcomes can be reported from the test results:

(1) The chemical and mineralogical compositions of the two calcined clays were significantly
different. Most importantly, the amorphous phase content was 50.9wt.% and 78.8wt.% in the flash
calcined clay and the rotary kiln calcined clay respectively. The amorphous content in calcined clay
was consistent with the amount of Al2O3 and SiO2 determined by XRF analysis.

(2) 28 days compressive strength was adopted to determine the appropriate GPC replacement rate
by LC3 allowing to satisfy Australian Standards AS3600 [37] requirements in chloride environments
(i.e. 45 MPa characteristic compressive strength). Based on different activity of calcined clays, 20wt.%
of GPC could be replaced by using the flash calcined clay with an amorphous content of 50.9wt.%.
However, 44wt.% of GPC could be replaced by using the rotary kiln calcined clay with an amorphous
content of 78.8wt.%. The early age compressive strength of LC3 concrete was similar to that of
reference concrete.

(3) The apparent chloride diffusion coefficient of LC3 concretes was more than four times lower
than that of reference concrete. A study is currently in progress to evaluate microstructure factors
contributing to the better chloride diffusion resistance of LC3 concretes. The apparent chloride diffusion
coefficients of the two LC3 concretes were similar despite different replacement levels of calcined clays
and limestone. Importantly, this result reveals that LC3 concrete chloride diffusion resistance may
be marginally dependent on the types of calcined clay used if using an optimum Portland cement
replacement rate based on compressive strength requirements in chloride environments.

(4) In conclusion, the type of calcined clay used could affect the Portland cement replacement rate
in LC3 binder but the similar LC3 concrete mechanical properties and chloride diffusion resistance can
be achieved with an appropriate replacement rate.
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