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Abstract: This study investigated the chloride diffusion resistance of limestone calcined clay cement 
(LC3) concrete depending on the calcined clay reactivity. Two calcined clays with different reactivity 
were used to fabricate LC3 concretes. The replacement rate of calcined clay and limestone in binder 
was adjusted based on the reactivity in order to achieve similar compressive strength after 28 days of 
curing. The chloride diffusion resistance of LC3 concretes was evaluated using the bulk diffusion test 
protocol according to NT BUILD 443 or ASTM C1556. Both LC3 concretes outperformed the reference 
general purpose cement concrete with significantly lower chloride diffusion coefficients. The chloride 
diffusion coefficients of the two LC3 concretes were similar despite the different replacement rates of 
calcined clay and limestone due to different calcined clay’s reactivity. This result indicates that LC3 
concrete chloride diffusion resistance is only marginally dependent on the type of calcined clay used if 
similar compressive strength can be obtained within the LC3 concretes by using an optimum 
replacement rate.
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1. Introduction 

Limestone calcined clay cement (LC3) has been an emerging alternative for ordinate Portland cement 
(OPC) in an effort to reduce the CO2 emission generated from cement production [1]. LC3 has 
demonstrated advantages in industry adoption due to the global availability of calcined clay and 
limestone. Moreover, a previous study indicated that the LC3 production cost is around 15% - 25% lower 
than that of OPC and blended cements [2]. The replacement of calcined clay and limestone in binder 
can compensate the low early strength when using other supplementary cementitious materials (SCMs) 
such as fly ash. The mechanical properties of LC3 were comparable to conventional OPC [3, 4]. Other 
durability properties of LC3 were reported in several previous studies [5-7]. It is widely accepted that 
LC3 materials outperformed in chloride diffusion resistance in comparison with OPC [8, 9]. The chloride 
diffusion is an important factor in evaluation of marine concrete structures as it determines the chloride-
induced reinforcement corrosion and service-life of concrete structures. Calcined clay is a reactive SCM 
produced by calcination process of kaolinitic clay to 700 C – 850 C [10]. The reactivity of calcined clay 
is predominantly determined by kaolinite content in raw clays, influencing the performance in concretes. 
As a result, the influence of different reactivity of calcined clays on mechanical properties and chloride 
diffusion has not been fully investigated. In this study, the effect of different calcined clays on concrete 
performance in chloride environments was evaluated. Two different calcined clays with different 
reactivity were investigated. Due to calcined clay’s different reactivity, different replacement rates in 
binder were selected to fulfil the requirement of Australian Standard AS 3600 for concretes used in the 
marine environment. The chloride diffusion resistance test of different LC3 concretes was carried out 
using the chloride bulk diffusion protocol. The influence of different calcined clay types on the chloride 
diffusion was analysed and compared to conventional OPC concrete.  

2. Materials and Methodology 

2.1 Materials and Mix Design 

Sydney sand and 10mm basalt were used as fine and coarse aggregate respectively. Binder comprised 
general purpose (GP) cement, calcined clay and limestone. GP cement contained 90 wt.% of ordinary 
Portland cement (OPC), 7 wt.% to 8 wt.% of mineral addition and 2 wt.% to 3 wt.% of gypsum according 
to Australian Standard AS 3792 [11]. Two calcined clays with different reactivity were used in this study. 
Calcined clays were denoted as “Flash calcined clay” and “Rotary kiln calcined clay” due to its production 
by flash calcination and rotary kiln calcination process [10]. Kaolinite content in raw clays prior to 
calcination process is an important factor to determine the reactivity of calcined clay [12, 13]. However, 
the calcined clays were received as industrial products and the kaolinite content was unknown to the 
authors. The amorphous content of calcined clay determined by Rietveld X-ray diffraction (XRD) can be 



an indicator for the reactivity. Flash calcined clay and rotary kiln calcined clay presented the amorphous 
content of 50.9 wt.% and 78.8 wt.% respectively. Limestone fulfilled the requirements to be utilised in 
concrete production. The chemical composition by X-ray fluorescence (XRF) and particle size 
distribution by laser diffraction of GP cement, calcined clays and limestone is shown in Table 1 and 
Figure 1 respectively. 

Table 1 – Chemical composition of GP cement, calcined clays and limestone

Chemical composition 
(wt.%) 

GP 
cement 

Flash calcined 
clay 

Rotary kiln calcined 
clay 

Limestone

SiO2 19.74 70.42 48.15 0.36
Al2O3 4.70 22.34 41.63 0.11
Fe2O3 2.98 2.34 2.27 0.1
CaO 64.62 0.49 0.12 57.51
MgO 1.48 0.16 0.09 0.29
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 1.76 3.21 42.61

Figure 1. Particle size distribution of GP cement, calcined clays and limestone

Three concrete mix designs were fabricated in this study. Due to the requirement of concrete used in 
chloride environments from Australian Standard AS 3600 [14], the 28-day average compressive strength 
of concrete has to be higher than 45 MPa. Based on preliminary experiments and different reactivity of 
calcined clay, the replacement rate of GP cement was different between flash calcined clay and rotary 
kiln calcined clay. 20 wt.% of binder was replaced by flash calcined clay and limestone in LC3-L concrete 
whilst 44 wt.% of binder was replaced by rotary kiln calcined clay and limestone in LC3-H concrete. The 
ratio of calcined clay to limestone in the binder replacement was 2:1 by mass. A reference concrete 
(GPC concrete) was fabricated with 100 wt.% of GP cement in the binder. The mix design details were 
presented in Table 2 with all aggregate in saturated surface dry (SSD) condition. After 1 day of mixing, 
all concrete cylinders were demoulded and placed in water bath for 7 days at 23 ± 2 C. The specimens 
were then stored in a controlled room with the temperature of 23 ± 2 C and relative humidity (RH) of 
50% until testing. 

Table 2 – Mix design details

Materials (kg/m3) GPC LC3-L LC3-H
Coarse aggregate 1221 1221 1201.5
Fine aggregate 620.8 620.8 610.9
Total binder 388 388 388
GP cement 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



2.2 Methodology 

The compressive strength of concrete was determined using three 200  100 mm cylinders at 1, 3, 7, 
14, 21 and 28 days of curing, following standard ASTM C39 [15]. The elastic modulus was measured at 
28 days by ASTM C469 [16]. 

Chloride bulk diffusion test was conducted by following ASTM C1556 [17]. The concrete discs with 
100 mm in diameter and 75 mm in height were exposed to 16.5% NaCl solution after 28 days of curing. 
Concrete powder was obtained after 35 days of exposure to NaCl solution. The total chloride content is 
concrete powder was determined according to ASTM C1152 [18] using potentiometric titration machine 
and demonstrated as wt.% of the concrete powder. The apparent chloride diffusion coefficient was 
calculated using total chloride content and exposure depth by a non-linear regression analysis with the 
least-square approach, as descried in ASTM C1556 [17]. 

3. Results and Discussion 

3.1 Compressive strength and elastic modulus 

The compressive strength development of GPC and LC3 concretes is shown in Figure 2. Due to the 
different reactivity of calcined clays as previously discussed in section 2.1, the different replacement 
rates were used between LC3-L and LC3-H to achieve similar compressive strength after 28 days of 
curing. In Figure 2, the LC3 concretes (LC3-L and LC3-H) presented higher compressive strength than 
the GPC concrete from 1 to 3 days whilst the GPC concrete showed the highest compressive strength 
from 7 to 28 days after curing, achieving 52.3 MPa at 28 days. LC3-L and LC3-H concretes had relatively 
compressive strength value until 3 days after curing and LC3-H concrete exhibited higher values from 
day 7 to 21. At 28 days after curing, LC3-L and LC3-H reached the compressive strength of 49.33 MPa 
and 49.66 MPa respectively, which is around 5% less than GPC concrete value. The previous studies 
reported the effect of different calcined clay reactivity to the compressive strength. Avet and Scrivener 
[13] indicated that the higher reactivity of calcined clay produced higher compressive strength, especially 
after 3 days of hydration when using the same replacement rate. Tironi et al. [19, 20] showed the similar 
compressive strength was maintained between LC3 and GPC mortars by using 20 wt.% binder 
replacement rate of calcined clay with 40 wt.% amorphous content and limestone, which is consistent 
with this study using flash calcined clay. In addition, Tironi et al. also concluded that different binder 
replacement rates were required to obtain similar compressive strength among calcined clays with 
different reactivity [19, 20]. 

Figure 2. Compressive strength developments of concretes

The elastic modulus after 28 days of curing is shown in Table 3. LC3 concretes had higher elastic 
modulus than that of GPC concrete. LC3-L and LC3-H concretes obtained the values of elastic modulus 
at 34.5 GPa and 41.0 GPa, which was 10.9% and 31.8% higher than GPC elastic modulus respectively. 



The LC3 concrete elastic modulus values indicates the benefits of using LC3 concretes in structural 
applications with high elastic modulus as a requirement. A previous study also revealed the higher 
elastic modulus in LC3 concretes than OPC concrete with the replacement rate at 50 wt.% [21].

Table 3 – Elastic modulus of concrete after 28 days of curing
Concrete types Elastic modulus (GPa)
GPC 31.1
LC3-F 34.5
LC3-R 41.0

3.2 Bulk diffusion test and apparent chloride diffusion coefficient 

The total chloride content profiles against exposure depth of three concretes are presented in Figure 3. 
LC3 concretes exhibited higher total chloride content near the exposure surface than that of reference 
concrete. LC3-L and LC3-H had higher chloride content in comparison with GPC concrete from 
exposure surface to 9 mm and 5 mm depth respectively. Within LC3 concretes, LC3-L showed higher 
chloride content than LC3-H concrete until 15 mm exposure depth. Chloride content of LC3-based 
concretes became negligible after 15 mm from exposure depth. The GPC concrete gradually reduced 
its chloride content from exposure surface. At 25 mm of exposure depth, GPC concrete showed the 
highest total chloride content in three concretes.  

Figure 3. Total chloride profile of concretes

Table 4 presents the apparent chloride diffusion coefficient of concretes after 35 days exposed to NaCl 
16.5% solution based on the total chloride profile in Figure 3. The GPC concrete had the highest chloride 
diffusion coefficient in three concretes at 34.42  10-12 m2/s. By contrast, LC3 concretes exhibited the 
significant lower chloride diffusion coefficients than reference concrete. To be specific, LC3-L and LC3-H 
concretes presented four times lower values of chloride diffusion coefficients at 8.18  10-12 m2/s and 
7.97  10-12 m2/s respectively. The overperformance of LC3 concretes against chloride diffusion can be 
attributed to the refinement of pore structure and better chloride binding capacity. In consistent with this 
study, a previous study also reported significantly low chloride diffusion coefficient of LC3 concretes 
than that of OPC concrete [22]. Moreover, Maraghechi et al. [9] and Sui et al. [23] revealed that MC3-
based materials had higher chloride binding capacity and refined pore structure, contributing to the 
better apparent chloride diffusion coefficient of LC3 concretes.  

Table 4 – Apparent chloride diffusion coefficient of concretes

Concrete types Apparent chloride diffusion coefficient (10-12 m2/s)
GPC 34.42
LC3-F 8.18
LC3-R 7.97



Importantly, the chloride diffusion coefficient values confirm that the high chloride diffusion resistance of 
LC3 concretes may be obtained by using an optimum calcined clay and limestone replacement rate. 
Specifically, LC3-L and LC3-H concretes had chloride diffusion coefficient of 8.18  10-12 m2/s and 
7.97  10-12 m2/s respectively, regardless the reactivity of different calcined clay. Similarly, the relatively 
similar 28-day compressive strength of LC3 concretes could be achieved by optimising the calcined clay 
and limestone replacement level based on calcined clay reactivity. As a result, potential performance-
based criteria in chloride environments of LC3 concretes can be established based on calcined clay’s 
reactivity, compressive strength and chloride diffusion coefficient and a further study is recommended 
to provide comprehensive criteria. 

4. Conclusion 

The similar compressive strength after 28 days of LC3 concretes using calcined clay with different 
reactivity could be obtained by using appropriate replacement rates of calcined clay and limestone in 
the binder. In this study, 20 wt.% of flash calcined clay and limestone could replace 20 wt.% binder in 
concrete mixture to reach similar compressive strength of concrete containing 44 wt.% of rotary kiln 
calcined clay and limestone. In addition, the early-age compressive strength of LC3 concretes was 
comparable to GPC concrete. 
LC3 concretes presented more than four times lower apparent chloride diffusion coefficient in 
comparison with reference concrete. The outperformance of LC3 concretes can be explain by better 
chloride binding capacity and refinement of pore structure. Moreover, the similar chloride diffusion can 
be obtained when using an optimum replacement rate of calcined clay and limestone and obtaining 
similar 28-day compressive strength, regardless the types of calcined clay.
The experimental programs indicated potential performance-based criteria for using LC3 concretes in 
chloride environments can be established by reactivity of calcined clay, compressive strength and 
chloride diffusion coefficient. 
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