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A B S T R A C T   

Calcium sulfoaluminate cement (CSA) has garnered attention in the construction industry as a low carbon 
footprint binder. CSA-kaolinite is a potential building material of the future and holds promise as a sustainable 
cement-based concrete. While the macroscopic properties of CSA cement have been extensively investigated, the 
nanomechanical properties of CSA-kaolinite remain largely underexplored. This study investigates the nano-
mechanical properties (elastic modulus and hardness) of CSA-kaolinite samples by using a grid nanoindentation 
approach, which enables both spatial mapping and indentation depth studies. A frequency-histogram-derived 
probability density function (PDF) model was found to fit well to the experimental dataset and revealed that 
the dominant phase of the system is ettringite irrespective of incorporation of kaolinite. The elastic modulus of 
ettringite was determined to be 20.8 and 17.5 GPa for samples without and with kaolinite, respectively, which is 
consistent with results from previous studies. Furthermore, a microstructural investigation confirmed ettringite 
as the major hydration phase of the system. Descriptive statistics, t-tests, and Kruskal–Wallis analysis of variance 
(ANOVA) were performed to determine if the measurements belong to a different group of populations. Non- 
parametric tests were found to be more accurate for these highly heterogeneous and skewed groups of 
cement-based materials. The mechanical properties from the samples of CSA with kaolinite and from those 
without kaolinite were found to be significantly statistically different which demonstrates that the nano-
indentation test results are from two different sets of samples. The addition of kaolinite, as much as 10 wt%, in 
the CSA system has a trivial effect on the microscale mechanical properties which broadens the perspective of 
utilizing the kaolinite as a building constituent prolonging the advantages of infusing sustainability in the 
construction industry.   

1. Introduction 

Calcium sulfoaluminate cement (CSA) has been recognized as a ‘Low- 
Energy Cement’ [6] and affords outstanding material properties such as 
fast setting, high early strength, good durability, and corrosion resis-
tance depending on the clinker formulations [30]. The utilization of 
naturally occurring clays enables mesoscale tailoring of sustainable 
construction material [1]. The in situ incorporation of kaolinite in CSA 
cement represents an attractive alternative for the development of sus-
tainable low-carbon-footprint building materials. Several studies have 
focused on the microstructural investigation and mechanical charac-
terization of the CSA cement system at the micro-scale [11,27,28,32]. 

However, nanoscale studies on the CSA cement system are limited. In 
one such study, [11] performed mechanical characterization of a CSA 
cement-gypsum blend using nanoindentation and correlated with 
microstructural properties. They identified six different microstructures 
based on indentation modulus and hardness: one with more ettringite, 
one with less ettringite and more aluminum hydroxide, and other mi-
crostructures of belite, ye’elimite, and the interface between the hy-
dration product and unhydrated cement. The microstructure with more 
ettringite showed lower mechanical properties, indentation modulus of 
22.9 ± 3.9 GPa and hardness of 0.77 ± 0.14 GPa, than the hydration 
phase with lesser ettringite, indentation modulus of 28.4 ± 4.5 GPa, and 
hardness of 1.13 ± 0.21 GPa. Still, studies that use nanoindentation on 
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pure CSA cement and systems of CSA with kaolinite are limited. Inte-
grating kaolinite in CSA would extend the utilization of widely available 
materials in infrastructure material innovation. Therefore, nano-
mechanical studies of CSA cement incorporating kaolinite is imperative 
to decipher the mechanistic basis for early strength and to develop 
strategies for optimal hydration across length scales. A detailed nano-
mechanical mapping in tandem with careful surface preparation, as well 
as statistical and microstructural analysis of CSA cement with kaolinite 
needs to be explored to understand the effect of kaolinite on the 
micromechanical properties of CSA-based systems. 

Nanoindentation has been adopted as an effective small-scale me-
chanical characterization tool for the last few decades 
[7,10,12,15,17,18,22,26]. The ubiquitous implementation of the 
method has enabled the investigation of cement-based materials across 
length scales from nanometer-sized to micron-sized dimensions. Char-
acterization of cement-based matrices is complex because of the het-
erogeneity of the system, yet crucial for mesoscale tailoring of the 
material to achieve optimal performance as a building material. Several 
studies have been conducted on the microstructural mechanical per-
formance of cementitious materials [2,3,5;13,14,16,20,31]. The grid 
nanoindentation technique is advantageous for multiphase and hetero-
geneous materials where nanoindentation is performed on each point of 
a large grid of sample area. The spacing between the grid points can be 
from 3 μm to 10 μm to avoid the influence of the particle size [2]. In 
combination with nanoindentation mapping, microstructural charac-
terization and statistical analysis such as probability density function 
(PDF) and cumulative distribution function (CDF), different phases and 
their mechanical properties can further be determined [16,24,29,33]. 
The choice of indentation depth plays a vital role to ensure self-similar 
material properties which, for cement-based materials, depends on the 
size of the hydration phases. The appropriate indentation depth for 
cement-based materials ranges from 100 nm to 1000 nm (Hu & Li, 
2015c) [33] and a maximum of 1500 nm [14]. One of the major chal-
lenges in nanoindentation tests is to ensure good surface preparation 
such as to minimize surface roughness. Adequate surface preparation 
can be validated by atomic force microscopy (AFM) measurements of 
the root mean square roughness (RMS), which should be 5 times lower 
than the indentation depth for the specific scan size [19]. Statistical 
analyses aid interpretation of the mechanical properties of each phase 
present as well as the dominant segment, if any, within the system. A 
common practice in a statistical-based nanoindentation technique, 
especially in multiphase systems, is approximation of mechanical 
properties of each phase by assuming Gaussian distributions to best fit 
the experimental results using a nonlinear least square method (Hu & Li, 
2015c). 

The present work aims to evaluate the nanomechanical properties of 
the CSA cement system along with the effect of incorporation of 
kaolinite on structural performance. Detailed nanomechanical and 
indentation mapping was performed. Grid nanoindentation in combi-
nation with atomic force microscopy (AFM) and statistical analysis were 
performed on 28-day hydrated CSA cement paste with and without 
kaolinite along with microstructural investigation using X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). Descriptive sta-
tistics, a two-sample t-test, and Kruskal–Wallis analysis of variance 
(ANOVA) were used to determine the differences between these two 
datasets. The RMS roughness was used to evaluate the surface prepa-
ration of the thin sections used in the nanoindentation test. 

2. Materials and methods 

2.1. Materials and sample preparation 

Two sets of samples were prepared to contain calcium sulfoalumi-
nate (CSA) cement (d50 < 11.89 μm) with (denoted as CK) and without 
(denoted as C) kaolinite (d50 < 4.5 μm) with a cement-to-kaolinite 
weight ratio of 2.67 (equivalent to 10 wt% of the dry ingredients). 

The CSA contains 49.6% ye’elimite, 29.9% larnite (belite), 17% soluble 
anhydrite, and 3.5% calcite. The weight ratio of water to binder was 
kept constant as 0.45. The fresh cement pastes were mixed according to 
ASTM C305 and poured into a 2ʹʹ×1ʹʹ cylindrical mold after manual 
compaction. The samples were de-molded after 24 h, followed by cured 
at room temperature under 95% relative humidity for 28 days. 

For the nanoindentation tests, the 28-day cured cement pastes were 
immersed into ethanol for 30 min to stop the hydration reaction. A 
geological cutting machine was used for sectioning the specimen for the 
test. Thin sections of 25 mm × 50 mm × 0.025 mm were prepared by 
cutting slices with a diamond saw followed by mounting on a glass slide, 
and then grinding and polishing with a microprobe down to a thickness 
of 25 μm. An optical microscope was used after each step to check the 
effectiveness of grinding and polishing. The sections were prepared with 
epoxy resin impregnation to fill the voids and to avoid damage to 
microstructure during polishing and cutting. An oil-based liquid was 
used as a lubricant during microprobe polishing to protect the samples 
from further hydration. 

2.2. Nanoindentation methods 

Quasistatic grid nanoindentation was performed using a TI 950 
Triboindenter with a 10 to 15 mN standard load transducer and a dia-
mond Berkovich tip. The tip was calibrated each time with a fused silica 
standard of known mechanical properties and area function [23]. A 
1000 nm displacement control approach was chosen in conjunction with 
a loading pattern of 10 s of loading, followed by a 5-second hold at the 
maximum load to reach the maximum displacement, and then followed 
by 10 s of unloading (Fig. 1b). 

The indentation depth was chosen to be 1000 nm for the ease of 
indent identification and imaging [33]. The nanoindentation was per-
formed with displacement control setup, all indents except a few indents 
could not reach 1000 nm due to reaching maximum capacity of the load 
cell. A 14 × 14 grid indentation summing to 196 indentations on each 
sample was performed with a spacing of 10 μm between each grid point 
as shown in Fig. 1a. Fig. 1 (d-e) shows the optical microscopic images of 
the 14 × 14 grid indentation of 196 indents on samples ‘C’ (CSA cement 
paste) and ‘CK’ (CSA and kaolinite paste). 

The indentation load–displacement data for a Berkovich indenter 
was evaluated according to Oliver-Pharr methodology [22] to obtain the 
elastic properties. The reduced elastic modulus represents the elastic 
deformation that occurs in both the sample and the indenter tip. The 
reduced modulus, Er is defined by: 

Er =

̅̅̅
π

√

2
S̅̅
̅̅̅̅

AC
√ (1) 

And the indentation hardness, H: 

H =
P

AC
(2) 

Where S is the initial slope of the unloading portion of the 
load–displacement (P-h) curve (Fig. 1c), P is the indentation load, and 
AC is the projected contact area of the indenter at peak load. The 
modulus of the specimen can be calculated from reduced modulus which 
also accounts for the effect of the non-rigid indenter with the following 
equation: 

1
Er

=
1 − ν2

E
+

1 − ν′2

E′ (3) 

Where Er is reduced modulus (measured), E is the modulus of the 
specimen, E’ is the modulus of the indenter (1140 GPa), ν’ is the Pois-
son’s ratio of the indenter (0.07), and ν is the Poisson’s ratio of the 
specimen = 0.3 (assumed). 

The topographic data was obtained by performing atomic force mi-
croscopy (AFM) on the indentation area with a Dimension Icon micro-
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scope. Topographic images were taken using Peak Force Quantitative 
NanoMechanics (PF-QNM) imaging mode with a rectangular 
0.01–0.025 Ω-cm antimony (n) doped silicon probe having a cantilever 
thickness of 5.75 μm and a spring constant of 200 N/m. The scan size, 
scan rate, and image resolution were 60 × 60 μm, 0.5 Hz, and 512 × 512 
pixels, respectively. The topographic images were further analyzed for 
determining the root-mean-squared average (RMS) surface roughness 
(Rq), defined by: 

Rq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N2

∑N

i=1

∑N

j=1
z2

ij

√
√
√
√ (4) 

where N is the number of pixels in each scan edge and zij is the height 
at position (i, j) from the mean plane. The scan lengths were 10 × 10 μm, 
15 × 15 μm, and 20 × 20 μm for both the cement paste with (denoted as 
CK) and without kaolinite (denoted as C). An average of three estima-
tions was reported for each scan size. 

The morphologies of the kaolinite-infused calcium sulfoaluminate 
cement composite were imaged using a JEOL JSM-7500F field-emission 
scanning electron microscope (SEM) operated at an accelerating voltage 
of 5 kV. Phase identification of hydration products for the kaolinite- 
infused calcium sulfoaluminate cement composite was achieved by 
powder X-ray diffraction (XRD) using a Bruker-AXS D8 Vario diffrac-
tometer with a Cu Kα (λ = 1.5418 Å) radiation source. 

2.3. Statistical analysis 

Each data set of mechanical properties was presented with a histo-
gram with a chosen bin size of 0.3 GPa for reduced modulus and 0.02 
GPa for hardness. The probability density function (PDF) was calculated 
based on the assumption that the mechanical properties of each phase 
follow a Gaussian distribution and the measured data were analyzed to 
fit using the nonlinear least square method. Based on these assumptions 

the PDF of each phase can be expressed as: 

Pi(H) =
1
̅̅̅̅̅̅̅̅̅̅̅
2πσi

2
√ exp(

− (x − μi)
2

2σi
2 (5) 

In each model fit, μ is the mean value, and σ is the standard deviation 
of the distribution. 

A separate variance test was executed between CSA with kaolinite 
and without kaolinite datasets to determine the difference between the 
distributions. A nonparametric variance test, Kruskal–Wallis analysis of 
variance (ANOVA) was used to determine if the two sets of data are from 
significantly different samples. The Kruskal–Wallis test statistic, H′, can 
be defined by: 

H′ =
12

N(N + 1)
∑k

i=1

Ri
2

li
− 3(N + 1), N =

∑k

i=1
li (6) 

Where N is the number of observations and (k-1) is the degree of 
freedom. From the ascending ordered dataset, the average ranks, Ri, are 
assigned to tied scores summing to up to k. In case of tied scores, the H’ is 

corrected by dividing (1 −

∑
(t3 − t)

N3 − N ), where, t is the number of tied scores 
in a group, and the summation is over all tied groups. The analysis is 
based on the null hypothesis that the median of the two distributions is 
equal (two samples came from the same population). The Krus-
kal–Wallis statistic also approximates a probability value. If the proba-
bility value (p) is less than the significance level (α = 0.05), the null 
hypothesis will be rejected. 

3. Results and discussion 

3.1. AFM imaging and roughness analysis 

Fig. 2 (a and b) shows the topographic images of residual imprints of 
the indents on samples ‘C’ (CSA cement paste) and ‘CK’ (CSA with 

Fig. 1. Schematic of (a) grid nanoindentation plan on an optical image of a CSA with kaolinite (CK) sample, (b) loading pattern for displacement control setup, (c) 
typical load vs. indenter depth curve for the study, (d) Optical microscopy image after performing grid indentation on a sample of CSA cement paste (C) and (e) CSA 
cement paste with kaolinite (CK). 
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kaolinite). The images are from 60 × 60 μm areas of thin section samples 
which were imaged using PF-QNM mode with 512 × 512 pixel 
resolutions. 

The AFM imaging performed on different scan sizes, e.g., 10 × 10 
μm, 15 × 15 μm, and 20 × 20 μm, were analyzed digitally to determine 
the RMS roughness number. Fig. 2 (c) illustrates the RMS roughness and 
the standard error (from three analyses) of the surface topography of the 
thin sections. The RMS roughness value exhibits an increasing trend 
with increasing scan size for both sample types, which is expected due to 
higher variability associated with a larger scan area on the topography 
of such a heterogeneous material. The sample with kaolinite shows 
lower roughness than the sample with only CSA cement which might 
happen due to the smaller particle size of kaolinite occupying more 
surface area than the relatively larger particle size of cement in ‘CK’. 
Overall, the sample preparation appears reasonable, leading to minimal 
surface roughness effects on the nanoindentation results as the inden-
tation depth is 20-fold higher (1000 nm) than the maximum RMS 

roughness values, which are 55 nm and 32 nm for C and CK, 
respectively. 

3.2. Mapping of mechanical properties 

Representative load–displacement curves at the median reduced 
modulus for both ‘C’ and ‘CK’ datasets are shown in Fig. 3. The figure 
demonstrates a stable contact between the tip and the surface at the 
initial loading period. For the same designated displacement, the 
maximum indentation load is nearly the same for both cases. Sample ‘C’ 
shows a higher reduced modulus than ‘CK’ as a result of a relatively 
higher stiffness. In this case, the stiffness is 106.7 μN/nm for ‘C’ and 86.1 
μN/nm for ‘CK’ at the maximum unloading load. The hardness values 
showed similar values between ‘C’ and CK’ with a slightly larger contact 
area for sample ‘C’ (17 × 106 nm2 vs 15.9 × 106 nm2). Sample ‘C’ has a 
larger elastic recovery than ‘CK’ after the complete unloading cycle. 

Fig. 4 presents the corresponding spatial mapping of the reduced 

Fig. 2. (a) AFM image of indent imprints of CSA cement paste (C), (b) AFM image of indent imprints of CSA cement paste with kaolinite (CK) and (c) RMS roughness 
value with standard errors of CSA cement paste (C) and CSA cement paste with kaolinite (CK) for scan lengths of 10 × 10, 15 × 15 and 20 × 20 μm. 
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Fig. 3. Indentation load vs. displacement curve for CSA cement paste (C) and CSA cement paste with kaolinite (CK) samples.  

Fig. 4. Nanomechanical properties (reduced elastic modulus, Er and hardness, H) spatial mapping via grid indentation of a sample of CSA cement paste (C) (left) and 
CSA cement paste with kaolinite (CK) (right). The vertical scale denotes the modulus and hardness values in GPa. 

U. Zakira et al.                                                                                                                                                                                                                                  



Construction and Building Materials 335 (2022) 127523

6

elastic modulus (Er) and hardness (H) from 130 μm square grid inden-
tation. The modulus and hardness maps for both cases show a similar 
general appearance. The mean reduced modulus for sample ‘C’ is 
somewhat higher than ‘CK’, which are 22.36 ± 0.08 GPa and 18.90 ±
0.06 GPa respectively. However, the hardness values are similar with a 
value of approximately 1.0 GPa. There are a few scattered grid points 
with significantly higher reduced modulus and hardness values, which 
we ascribe to unreacted or partially reacted hydrated phases. Modulus 
mapping on large-area grid provides a representative dataset and further 
enables analysis and identification of the major phases present in the 
system that underpin the strength of CSA. It is clear from the mapping of 
the nanomechanical data that there is a major phase that is consistent 
distributed throughout the sample. This hypothesis is evaluated in 
further detail in subsequent sections. 

3.3. Statistical analysis 

3.3.1. Phase identification 
Nanoindentation is challenging on heterogeneous composites such as 

cementitious materials comprising a mixture of hydrated phases. A large 
indentation grid of 196 indents facilitates the extraction of representa-
tive samples for further analysis. As a first step towards statistical 
analysis, frequency histograms were constructed for both samples as 
shown in Fig. 5(a-d). Constant bin sizes of 0.3 GPa and 0.02 GPa were 

chosen for reduced modulus and hardness datasets, respectively, as to 
achieve a comprehensive statistical distribution. In this regard, a 
descriptive statistical analysis was executed for all the measurements. 
Both datasets were found to be skewed right as the mean is larger than 
the median in all cases. The right skewness of the datasets is also visible 
from the histograms with a distinct peak at around 20 GPa and 0.8 GPa 
for reduced modulus and hardness, respectively. 

The next step was adopted as assuming the distribution as a normal 
distribution to identify the major phase or phases in the matrix. The 
theoretical probability distribution function (PDF) was estimated based 
on the Gaussian distribution model for a non-linear fit with the experi-
mental data as shown in Fig. 5(a′-d′). The results of the PDF fit to the 
models show (Table 2) that R-square, also known as the coefficient of 
determination (COD), is above 0.85 for the estimated PDFs. The COD is a 
statistical measure to qualify the linear regression, and it establishes that 
there is a dominant phase for both samples, which have reduced moduli 
of 22.36 and 18.90 GPa, and indentation hardness of 0.78 and 0.84 GPa 
for samples ‘C’ and ‘CK’, respectively. 

The major early hydration product, within the first 28 days, of most 
of the CSA cement compositions, is ettringite (C6AS3H32) which domi-
nates the behavior of the CSA formulated matrices [32]. Being reliant on 
the clinker composition and available anhydrite, the dominant hydra-
tion reaction can be as follows to form crystalline ettringite (C6AS3H32)

together with amorphous hydrated alumina gel (AH3) in absence of 

Fig. 5. Histograms of the mechanical properties: (a) reduced modulus and (b) hardness of CSA cement paste (C), (c) reduced modulus and (d) hardness of CSA 
cement paste with kaolinite (CK); statistical indentation analysis of w/b = 0.45 cement pastes: probability density functions (PDF) of (a′) reduced modulus and (b′) 
hardness of CSA cement paste (C), and, (c′) reduced modulus and (d′) hardness of CSA cement paste with kaolinite (CK). 
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excess calcium hydroxide (CH) [21]: 

C4A3S+ 2CSH2 + 34H = C6AS3H32 + 2AH3 (7) 

(Shorthand cement chemistry notation:.C = CaO, A = Al2O3,S =

SiO2,S = SO3,C = CO2,H = H2O)

The CSA cement used in the study is a ye’elimite-based cement with 
no lime (CH) in the clinker ingredients; therefore, equation (7) matches 
the scenario yielding ettringite as a major hydration product. The sta-
tistical analysis of the study indicates that the major phase has a reduced 
modulus of 22.36 and 18.90 GPa for samples ‘C’ and sample ‘CK’, 
respectively. The actual modulus of the phase, if converted from reduced 
modulus using equation (3), is 20.75 and 17.49 GPa for samples ‘C’ and 
‘CK’, respectively,which is in good agreement with the modulus of 
ettringite described in previous studies [8,9,25]. 

3.3.2. Microstructural validation 
Fig. 6A depicts the scanning electron micrograph of a representative 

intent on the kaolinite-infused calcium sulfoaluminate cement. Ettrin-
gite possesses needle-like morphology (Fig. 6B) and is embedded in the 
cement matrix. According to the XRD Rietveld analysis we observed that 
ettringite is the major crystalline hydration phase comprising of 29 wt% 
ettringite (Table S1) with respect to an Al2O3 internal standard in 1-day 
of hydration that remains almost constant over 28-days of hydration for 
both samples, CSA cement with and without kaolinite. Therefore, the 
major phase of the system has been identified as ettringite which vali-
dates the experimental and statistical hypothesis. 

3.3.3. Two sample hypothesis testing 
The reduced modulus vs. hardness data of sample ‘C’ and ‘CK’ 

(Fig. 7) approximately shows that the values are comparable, yet, it is 
difficult to comment on the vast datasets without any statistical hy-
pothesis test to determine if there is any significant difference between 
them or if they came from two different populations. A two-sample t-test 
for an individual sample is a common approach in statistics that serves 
this purpose. However, the t-test is a parametric test to compare the 
mean value of the datasets which follow a normal distribution or there is 
equal variance between groups. On the other hand, if the data does not 
follow a normal distribution (skewed distribution) or it is not certain or 
the data size is small (<30), a non-parametric test is preferable [4]. In 
this study, both parametric and non-parametric hypothesis tests were 
performed. 

A basic two-sample t-test was performed on the two sample groups in 
the study with a null hypothesis that the mean of both datasets is equal. 

The result of the t-test is shown in Table 3, which shows that the prob-
ability (p-value) value is less than the significance value, 0.05 (α), for the 
reduced modulus and greater than the significance value for the hard-
ness data. That means samples ‘C’ and ‘CK’ are found to be significantly 
different datasets for reduced modulus measurement, but they are not 
significant based on the hardness data. In this study, a parametric hy-
pothesis analysis can be erroneous as the dataset is skewed, as found in 
the descriptive analysis shown in Table 1. 

Therefore, as a non-parametric approach, Kruskal–Wallis analysis of 
variance (ANOVA) was also performed for the two sets of populations of 
sample ‘C’ and ‘CK’. The non-parametric approach is preferable in this 
case as it is applicable to any kind of dataset to categorize the rank of the 
samples and also to execute comparison based on the median values of 
the comparable groups instead of mean values. The null hypothesis was 
the sample ‘C’ and ‘CK are from the same population, and the alternative 
hypothesis was they are from a different population. The analysis results 
(Table 3) show that for both the reduced modulus and hardness mea-
surements sample ‘C’ and sample ‘CK’ are found to be significantly 
different. In terms of the magnitude of these differences, the mean 
reduced moduli were 22.36 and 18.90 GPa and the mean hardness 
values were 0.78 and 0.84 GPa for samples ‘C’ and sample ‘CK’, 
respectively. 

4. Conclusions 

In this study, grid nanoindentation was performed on CSA-kaolinite 
pastes to investigate the nanomechanical properties such as elastic 
modulus and hardness as well as to assess the effect of kaolinite on the 
properties. The observations of the study can be summarized as:  

1. The load–displacement curves showed that their loading and 
unloading pattern was sufficiently stable to enable reliable extrac-
tion of modulus and hardness values.  

2. From AFM topographic images, RMS roughness was estimated to be 
55 and 32 nm for samples ‘C’ and ‘CK’, respectively. As such, the 
surface preparation was adequate such that the RMS of the surface 
roughness was 20-fold lower than the indentation depth.  

3. Spatial mapping revealed that the reduced modulus and hardness 
values exhibit a similar trend in terms of homogeneity for both ‘C’ 
and ‘CK’ samples. 

4. As a statistical analysis, construction of frequency histogram fol-
lowed by PDF and supported by microstructural and phase analysis 

Fig. 6. Scanning electron micrographs of a) a representative indent on kaolinite-infused calcium sulfoaluminate cement; b) Ettringite-needle (major hydra-
tion phase). 
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indicated that ettringite is the only dominant major phase for both 
samples.  

5. The elastic modulus of ettringite is found to be 20.75 GPa and 17.49 
GPa for samples ‘C’ and ‘CK’, which is concordant with previous 
studies. 

6. From the single sample descriptive statistical analysis, the differ-
ences between the mean and median values of reduced modulus and 
hardness are 5 GPa and 0.16 GPa, and 3 GPa and 0.04 GPa, 

Fig. 7. Reduced modulus vs. hardness data for samples of CSA cement paste (C) and CSA cement paste with kaolinite (CK).  

Table 1 
Descriptive statistical analysis of the mechanical properties.  

Parameters Sample ’C’ Sample ’CK’ 

Reduced 
modulus, Er 

Hardness, 
H 

Reduced 
modulus, Er 

Hardness, 
H 

(GPa) 

Mean  25.64  1.11  20.12  0.95 
Standard Error  0.70  0.08  0.37  0.04 
Median  22.86  0.81  19.16  0.85 
Standard 

Deviation  
9.78  1.05  5.16  0.61 

Sample 
Variance  

95.57  1.10  26.65  0.37 

Kurtosis  14.7  14.86  23.26  54.96 
Skewness  3.62  3.79  4.45  6.84  

Table 2 
Results from the statistical model fit between experimental and theoretical PDFs.  

Parameters Sample ’C’ Sample ’CK’ 

Reduced 
modulus, Er 

Hardness, 
H 

Reduced 
modulus, Er 

Hardness, 
H 

(GPa) 

Mean, μ 22.36 ± 0.08 0.78 ±
0.00 

18.90 ± 0.06 0.84 ±
0.00 

Standard 
Deviation, σ 

1.95 ± 0.08 0.09 ±
0.00 

1.55 ± 0.06 0.099 ±
0.00 

Reduced Chi- 
Sqr 

0.21 0.13 0.28 0.12 

R-Square (COD) 0.85 0.89 0.90 0.91  

Table 3 
Two sample hypothesis test results.  

Test type Two sample t-test for populations ’C’ and ’CK’ 

Null hypothesis, 
H0 

Mean 1 - Mean 2 = 0 

Alternative 
hypothesis, H1 

Mean 1 - Mean 2 < > 0 

Parameters t 
value 

Probability, p- 
value 

Result 

Reduced 
modulus, Er 

(GPa) 

6.95 2.30E-11 H0 rejected - two samples 
significantly different 

Hardness, H (GPa) 1.89 0.06 H0 accepted - two samples are 
not significantly different 

Test type Two sample Kruskal-Wallis ANOVA test for populations ’C’ 
and ’CK’ 

Null hypothesis, 
H0 

The samples come from same population  

Alternative 
hypothesis, H1 

The samples come from different population  

Parameters Z 
value 

Probability, p- 
value 

Result 

Reduced 
modulus, Er 

(GPa) 

11.99 4.22E-33 H0 rejected - The samples come 
from different population 

Hardness, H (GPa) − 2.07 0.04 H0 rejected - The samples come 
from different population  
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respectively. Both datasets are right skewed. Hence, a non- 
parametric two-sample hypothesis test reveals that the measure-
ments of these two datasets are from two different populations which 
are CSA paste and CSA with kaolinite pastes. The incorporation of 
kaolinite showed a minor impact on the mechanical properties in the 
CSA cement system which opens the path to utilizing in situ kaolinite 
with CSA cement as a building material ingredient which would be a 
sustainable innovation in the construction industry. 
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