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The fine cement replacement in conventional cement plays an important role in the microstructure
development. To date, no studies have been done to analyze the mixing of fine cement, sand, and water
under partial replacement of conventional cement. Therefore, this paper explores the influence of fine
cement sand paste on cementitious materials. In this study, the fine calcium sulfoaluminate cement
(CSA) cement was prepared to have an average diameter of 2.4 lm. Furthermore, its partial replacement
at different percentages was investigated and compared to the ordinary Portland cement (OPC) system.
For mortar preparation, a new method is proposed in this paper. First of all, the fine cement, sand, and
water are mixed to form a paste and then conventional cement is added. Results emphasized that
strength, porosity, permeability, and crack widths in the interfacial transition zone (ITZ) are more
affected by this technique. It is concluded that partial replacement of 20% fine CSA content results in
improved strength by 30%–35% as compared to the OPC system. Moreover, porosity and permeability
were also reduced by 60%–70%. Also, the crack widths at the interfacial transition zone (ITZ) were also
reduced up to 60%. This new technique for mortar preparation of fine cement can be applied to form a
good microstructure network in cementitious composites.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Fine ordinary Portland Cement (OPC) exhibits high early heat of
hydrations and contributes to a good strength development in
cementitious composites [1]. The replacement of OPC cement by
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materials such as silica fume, slag, carbon Nano-tubes, ceramic
waste, and fine kaolinite sand at optimum content resulted in
improved microstructural and strength properties [2–4]. It is
reported that by replacement of 20% fine ground OPC in conven-
tional OPC resulted in increased strength, decreased porosity, and
improvement of the interfacial transition zone (ITZ) as compared
to that of conventional OPC system [5]. Previous studies showed
that by deploying fine materials as a replacement in cementitious
composites exhibit good energy absorption capacities [6–8]. Past
research shows that it’s difficult to store and develop fine OPC as
it exhibits high carbon dioxide emissions which are not
environment-friendly [9]. Another problem is the requirement of
grinding agents at optimum values to have good fine cement [10].

Also, few studies had been done to reduce carbon emissions in
the cement industry [11]. The calcium sulfoaluminate cement
(CSA) is considered environment-friendly materials since their
manufacturing process releases less carbon dioxide emissions into
the atmosphere than that of OPC [12]. The strength development of
CSA is also relatively higher than OPC cement at early ages [13].
CSA cement needs less firing temperatures about 1230–1350 �C,
and during calcination, it gives lower calcium oxide contents which
result in less carbon dioxide emissions [14]. CSA cement after
28 days of curing exhibits good porosity behavior as compared to
that of conventional OPC [15]. Tan et al. [16] reported good poros-
ity, high compressive strength, hydration products, and different
phases of structures at the early stage of CSA with the replacement
of nanomaterials. Kontoleontos et al. [17] concluded that by using
nanomaterials in cement composites exhibited good porosity
behavior and thus presented a structure having high densities.
Zhang et al [18] analyzed the effects of fine CSA cement by using
scanning electron microscope (SEM), X-ray powder diffraction
(XRD), thermo gravimetric analysis (TGA) by deploying different
grouting materials. They concluded that ettringite and gibbsite
(AH3) are main indicators to contribute strength. Influence of fine
materials in cement also had a special effect on the ITZ; whereas
ITZ is defined as a wall effect [19] between the aggregate and
cement paste in a cementitious composite having a porous struc-
ture. The ITZ between cement and aggregate particles is shown
in Fig. 1 [20]. This wall effect should be minimized in a manner
resulting in fewer pores, high strength, and thus contributes to
effective microstructure.

Many methods have been employed previously to analyze the
ITZ [21,22]. According to Kumar Mehta’s [23] research, it was con-
cluded that during OPC hydration CH and C-S-H start filling the
pore spaces and so exhibits to make non-porous structure [24]
and thus increased the strength of ITZ. In SEM, the location of ITZ
Fig. 1. ITZ between cemen
can be analyzed. For SEM, the sampling should be done so, that
the structure represents the true nature of samples [25]. In the
OPC system, the ITZ can be analyzed by the Ca/Si ratio because it
consists of C-S-H gel and CH hydrates [26]. For C-S-H its value is
less and for the presence of CH, its ratio goes above 10. The C-S-
H is directly related to strength and stiffness, therefore, Ca/Si ratio
should be less for OPC systems [27]. Carrara and De Lorenzis [28]
investigated during their modal studies based on ITZ’s of different
cement samples that the ITZ thickness is equal to 1.5–2.0 times of
the mean particle diameter of cement clinker.

The cementitious efficiency can be increased at an early stage
by maintaining the optimum content of fine cement [29]. If the car-
bon dioxide emission can be controlled and fine cement can be
prepared in a short time that will be an economical and environ-
mentally friendly decision [30]. According to the characteristics
and behavior of fine cement, as stated in previous research, it
may be able to prepare a fine cement mortar with excellent perfor-
mance. Thus, a fine CSA cement is prepared and a new method for
mixing fine cement in mortar has been introduced in this paper.
The objective of mortar preparation is to cover the cement particles
from fine cement particles as illustrated in Fig. 1. At present this
kind of aspect has not been introduced extensively while no
research till now focuses on preparation of mortar by fine cement.
Therefore, this study focuses on influence of fine cement sand
paste and their effects on mechanical properties, early age hydra-
tion, and microstructure properties. TGA and SEM are used to
research the hydration products while, MIP and image J analysis
are used to research porosity and permeability. In addition, crack
widths in ITZ are also identified by image J software. In future, this
study will work as a guidance on application and preparation of
fine cement in cementitious composites.

2. Materials and methods

2.1. Characteristics of raw material

2.1.1. Cement
Two types of cement are used in this study. The first type is

ordinary Portland cement (OPC) and the other is calcium sulfoalu-
minate cement (CSA). The chemical composition of cement by
using XRF are shown in Table 1. Physical and chemical properties
are enlisted in Table 2. Densities are calculated by true density
meter by JWGB Beijing Co. Ltd.

Fig. 2 represents the CSA and OPC gradation curve. The different
particle sizes distributions [31] are shown in Table 3. Which are
calculated with the help of Malvern master sizer 2000 machine
t paste and aggregate.



Table 1
Chemical composition of the OPC and CSA.

CaO Fe2O3 SiO2 MgO Al2O3 K2O SO3 Na2O Loss

OPC 61.13 2.89 22.65 3.75 5.44 0.81 2.5 0.77 2.37
CSA 40.5 2.6 8.5 2.5 36 0.3 9.1 0.1 0.4

Table 2
Properties of cement.

Setting time (min) Compressive strength (MPa) Flexural strength (MPa) Density (kg/m3)

Initial final 1d 3d 28d 1d 3d 28d

OPC >45 <600 14 20 48.9 2 4.2 6.7 3126.56
CSA 12–30 20–50 30 42.5 56.6 6.0 6.5 7.2 2934.24

Fig. 2. % passing of OPC and CSA cement. Fig. 3. Sand gradation curves.
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according to ASTM E2651-10 [32]. In Table 3 D50 is the size in
microns at which 50% of the sample is smaller and 50% is larger.
D10, D90, and D95 is the size of the particles below which 10,
90, 95% of the sample lies. While D [4, 3] is the volume-weighted
mean or mass moment mean diameter. It can be concluded here
that the mean diameter of OPC is 1.65 times than CSA.

2.1.2. Sand
The sand used in our research is China ISO standard sand

according to ISO679 & EN196-1 specifications manufactured by
Xiamen ISO Standard Sand Co., Ltd. Sand is natural and siliceous
sand having rounded particles and having siliceous contents more
than 98% in it. The true density of sand by true density meter is
2667.58 kg/m3. The gradation curve for sand is shown in Fig. 3.
The particle distribution of sand is shown in Table 3.
Table 3
Particle size distributions (um).

D10 D50

OPC 2.2 13.9
CSA 1.2 4.6
Ground CSA (30 min) 0.9 2.3
Ground CSA (1 h) 0.82 2.10
Ground CSA (2 h) 0.79 1.98
Sand 169.9 213.9
2.1.3. Fine CSA
Calcium sulfoaluminate cement (CSA) was ground in a plane-

tary ball mill (Retsch Co., Germany; Model No.: PM 100) for
30 min, 1 h and 2 h. The weight of balls in the grinding mill was
1 kg. The mill was operated at 400 rpm. The percentage volume
and cumulative volume percentage of different ground cement
are shown in Fig. 4.

From Fig. 4, it is seen that the cement at 2 h is less in particle
size than others; but the cumulative graph of 30 min, 1 h, and
2 h shows very little deviations. So, due to the economic point of
view, the 30 min ground time is selected in this study; as there
is less deviation between the particle size of 30 min, 1 h, and 2 h.
In Table 3, it is clearly shown that the median diameter of
30 min, 1 h and 2 h grinding time is almost equal. So, it’s appropri-
ate to take 30 min grinding time for our research.
D90 D95 D97 D[4,3]

28.3 31.7 33.7 14.35
23.5 28.7 31.5 8.7
4.3 4.9 5.2 2.4
4.22 4.80 5.16 2.33
4.09 4.62 4.93 2.23
247.7 255.8 260.8 210.9



Fig. 4. Ground cement gradation curves.
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2.2. Methods

2.2.1. Fluidity
Fluidity is checked according to ASTM C1437—15 [33] to find

the appropriate water-cement ratio for mortar preparation. The
cement-sand ratio was taken to be 1:3. The fluidity is maintained
at 180–220 mm to form a dense mixture and good workability
[34,35].
Fig. 5. Mixing process of mortar.
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Fig. 6. Method for porosit
2.2.2. Strength
The flexural and compressive strengths and their energy

absorption capacities were analyzed. According to ASTM C348-02
[36] & C349 – 18 [37] at 1, 3 and 28 days, respectively. For the mor-
tar preparation, the partial percentages of fine cement are mixed
together firstly with sand; and then water was added to form a
paste and lastly, the conventional cement is added as shown in
Fig. 5.

2.2.3. Hydration heat
The fine cement at different partial percentages in conventional

cement was prepared and their effect was checked by micro-
calorimeter for 72 h in accordance with ASTM C 1702 [38]. Also,
OPC, CSA, and fine CSA were also investigated.

2.2.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was done for cement pastes

after 3 days of hydration as in accordance with ASTM E1142-15
[39]. Different hydration products after 3 days of hydration were
analyzed by Mettler-Toledo (TG/DSC1; 10 ± 1 mg dry, ground
pastes were tested from 35 �C to 1000 �C at a heating rate of
10 �C/min, and nitrogen was used as a protective gas).

2.2.5. MIP
Mercury Intrusion Porosimetry (MIP) analysis of mortar sam-

ples after being cured at 28 days was observed by MIP Auto Pore,
America Apparatus in accordance with ASTM D4404 [40].

2.2.6. SEM
SEM analysis was done to analyze the microstructure. Image J

analysis was done to find the crack widths in the interfacial transi-
tion zone (ITZ) region [41–43] and to study the porosity analysis of
different samples from their SEM pictures [44,45]. The method for
porosity analysis by Image J is described in Fig. 6.

3. Results and analysis

3.1. Fluidity

Fluidity test was analyzed at different water-cement ratios. The
results can be seen in Fig. 7 fluidity test for OPC and CSA in which
water-cement ratio and flow in millimeters have been shown. Dif-
ferent water-cement ratios have been selected to check fluidity
rates.

Winnefald and Lottenbach concluded that CSA cement requires
more water for hydration than OPC [46]. It is focused that the
age
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Fig. 7. Fluidity test for OPC and CSA.
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fluidity rates for both OPC and CSA with a water-cement ratio of
0.5 and 0.55, respectively are similar. Therefore in our study, we
will apply OPC water-cement ratio at 0.5 and CSA water-cement
ratio at 0.55. By using regression analysis we discovered the cubic
relation between OPC cement and its fluidity rate at a 95% confi-
dence interval. The regression Eq. (1) found to be R2 = 99.9% which
predicts an excellent modal [47,48]

X ¼ �30851þ 175962Y � 332172Y2 þ 208909Y3 ð1Þ
While CSA and its fluidity show cubic model with R2 = 96%

which exhibits a good model. The correlation is shown in Eq. (2)

Y ¼ �7:020þ 0:1549Z � 0:001028Z2 þ 0:000002Z3 ð2Þ
where,

X = Fluidity of OPC Cement
Y =Water-Cement Ratio
Z = Fluidity of CSA Cement

Finally, we also calculated the relation between OPC and CSA
fluidity at constant water-cement ratios. The correlation factor
shows R2 = 100.0% which exhibits an excellent model and is shown
in Eq. (3). Where X and Z are defined as above

X ¼ �10381þ 203:8Z � 1:243Z2 þ 0:002442Z3 ð3Þ
3.2. Impact of fine cement sand paste on strength

Flexural and compressive strength tests had been carried out for
the OPC sample at 0.5 water-cement ratio and CSA samples at 0.55
water-cement ratio. The CSA samples having 0, 10, 20, 30% of fine
CSA replacement in conventional CSA was found. Cement sand
ratio is maintained at 1:3. Flexural energy absorption capacities
Table 4
Flexural strength (MPa) and its energy absorption capacities.

Flexural strength (MPa) Flexural energy absorption
capacity (Joules)

1d 3d 28d 1d 3d 28d

OPC 3.6 6.1 6.8 0.15 0.78 0.77
CSA 6.1 6.5 7.5 0.57 0.86 0.77
CSA 10% 6.9 7.5 8.8 0.72 0.97 1.04
CSA 20% 7.5 8.5 8.8 0.81 1.79 1.18
CSA 30% 7.2 7.5 8.2 0.92 0.97 0.66
are defined as the total area under the load-deflection curve [49].
Which is shown in Table 4. The CSA 10%, CSA 20% CSA 30% explains
having 10, 20, 30% replacement of fine CSA. It is noted that OPC has
less strength and capacity than CSA.

The correlation between flexural strength and partial percent-
ages from 0 to 30% of fine CSA is investigated. Results conclude
quadratic regression modal for 1 d, 3 d and 28 d of curing. The
R2 for correlations are 98%, 90%, and 98% at 95% confidence interval
concluding an excellent model. The models are shown in Eqs. (4)
(5) and (6).

a1 ¼ 5:970þ 0:1320b� 0:003000b2 ð4Þ

a3 ¼ 6:400þ 0:1900b� 0:005000b2 ð5Þ

a28 ¼ 7:535þ 0:1635b� 0:004750b2 ð6Þ
where,

a1 = 1 day flexural strength of CSA mortar
a3 = 3 day flexural strength of CSA mortar
a28 = 28 day flexural strength of CSA mortar
b = Replacement of ground CSA in %

The compressive strength results has been shown in Table 5. It
is focused that 20% replacement of fine cement gives good com-
pressive strength as compared to others. It also shows good com-
pressive energy absorption capacities.

The correlation between compressive strength and replacement
of fine CSA from 0% to 30% is investigated. The regression models
show R2 as 99.7%, 91%, and 90% respectively concluding an excel-
lent model. The models are shown in equation which shows a rela-
tionship between compressive strengths of cement mortar at 1, 3
and 28 days and replacement percentage by fine cement from 0
to 30% (7) (8) & (9).

c1 ¼ 37:18þ 0:1035b� 0:001750b2 ð7Þ

c3 ¼ 52:02þ 0:5025b� 0:00625b2 ð8Þ

c28 ¼ 57:44þ 0:4495b� 0:008750b2 ð9Þ
where

c1 = 1 day compressive strength of CSA mortar
c3 = 3 day compressive strength of CSA mortar
c28 = 28 day compressive strength of CSA mortar

3.3. Isothermal calorimetry

Hydration heat curves for OPC, CSA, and fine CSA are analyzed
(water-cement ratio for OPC as 0.5 and for CSA samples as 0.55)
which is shown in Fig. 8. CSA and fine CSA peak show at 2 h with
a shoulder after 3 h. The OPC peaks at 12.5 h with a shoulder after
Table 5
Compressive strength (MPa) and its energy absorption capacities.

Compressive strength (MPa) Compressive energy
absorption capacity
(Joules)

1d 3d 28d 1d 3d 28d

OPC 16 26 48 39 46 77.5
CSA 37.2 52.5 57.8 76 81 92.8
CSA 10% 38 55 60 77 77 106
CSA 20% 38.6 61 64 78 79 106
CSA 30% 38.7 61 62.7 75 88 84.7



Fig. 8. Hydration heat curves.
Table 6
Results from TGA graphs.

Peak value (mg) Peak (�C) Onset (�C) Total mass loss (%)

OPC 21.1 53.31 52.7 20.27
CSA 20.65 53.31 52.69 30.4
Fine CSA 20.79 53.35 52.76 32.23
CSA 10% 21.08 52.74 52.74 30.62
CSA 20% 21.11 53.35 52.63 31.08
CSA 30% 17.32 52.8 52.8 30.85
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37 h. These results conclude that formation of C-S-H in OPC is rel-
atively slow then CSA. By noticing the height of peaks an OPC has a
high peak at 0.0046 while, CSA and fine CSA are at 0.05 and 0.06.
Therefore CSA early strength development is relatively fast as com-
pared to OPC. While the total heat of hydration is 64.48617,
77.9042 and 88.0257 J per gram for OPC, CSA and fine CSA
respectively.
Fig. 9. DTG
Also, we investigated the behaviors with fine CSA partial
replacement at 10, 20 and 30% in CSA pastes and their heat of
hydrations are 80.73612, 82.63986 and 86.7538 J per gram.
3.4. Thermogravimetric analysis

OPC and CSA samples were tested and analyzed by thermo-
gravimetric analysis (TGA). DTG curves having good clarity is
shown in Fig. 9. Stats from TGA are shown in Table 6.

According to ASTM E473 Onset is a point at which the deflection
was analyzed first. The peak is a portion having maximum depen-
dent parameter deflection. The peak value is a value corresponding
to a maximum deflection from the baseline. 10%, 20%, and 30%
show replacement of fine CSA in CSA cement pastes. From the
TGA data, as total weight losses are analyzed and thus a linear
regression model was developed having a correlation between
Curves.
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total weight loss in TGA and partial percentage of fine cement with
R2 = 95.4% showing an excellent modal at a 95% confidence interval
[50]. Which is shown in Equation (11)

TWL ¼ 30:47þ 0:01760b ð10Þ
where

TWL = Total weight loss during the thermo gravimetric analysis
b = Replacement of fine CSA in %

According to ASTM C1872 we can calculate the mass percent-
ages of a particular component in the OPC sample as portlandite
drops from 350 to 550 �C, calcite drops from 700 to 800 �C while
ettringite drops from 100 to 150 �C while other monosulfate tem-
perature drops at 180–200 �C, hemi carbonate temperature drops
at 250–280 �C, hydro garnet which drops at 290–310 �C might be
overlapping or cannot be developed at this stage because OPC
needs more time for development of their hydration products as
compared to CSA. The mass percentages with hydration products
can be clearly seen in the DTG and TGA curve in Fig. 10.

For CSA samples the possible dehydration phase may include:
ettringite (100–150 �C), AFm monosulfate (60–200 �C), strätlingite
(130–240 �C), CH Calcium hydroxide (410–510 �C), gypsum
(150 �C), C-S-H gel (50–300 �C), and AH3 (250–280 �C) [51,52]. It
can be noted from Fig. 9 fine CSA cement can helps to increase
the strength with more ettringite formation as discussed in
Section 1. As we cannot calculate their compositions form TGA
curve due to the overlapping of peaks but we can calculate the
Fig. 10. TGA Analysis
AH3 content in it as it is an amorphous product in CSA hydrated
samples. AH3 is amorphous below 40 �C and after this, it becomes
gibbsite over this temperature [53]. Gibbsite has 3 mol of water
and assuming water content to be constant we can calculate the
AH3 content by using an Eq. (12).

WAH3 ¼ MAH3 �WH2O=3MH2O ð11Þ
where,

WAH3 = Weight content of AH3

WH2O = Weight content of H2O
M AH3 = Molar mass of AH3

MH2O = Molar mass of H2O

The AH3 contents are 14.93, 15.5, 19.04, 15.9, 15.77% for 0, 10%,
20%, 30%, and 100% fine CSA cement replacement respectively. The
quadratic relation has been derived between them having R2 = 88%
as shown in Eq. (13). WhereWAH3 and b as defined above. By focus-
ing at Fig. 9 we can see more ettringite content by 20% fine cement
replacement.

WAH3 ¼ 14:93þ 0:04253b� 0:000339b2 ð12Þ
3.5. MIP analysis

Mortar samples are analyzed by Auto Pore IV 9500 V1.09.
Table 7 shows different concluding remarks from different samples
after 28 days of curing.
of OPC at w/c 0.5.



Table 7
Concluding remarks from MIP.

OPC CSA CSA 10% CSA 20% CSA 30%

Total Intrusion Volume (mL/g) 0.16 0.043 0.032 0.023 0.102
Total Pore Area 22.4 6.270 4.879 3.177 12.43
Median Pore Diameter (Area) (nm) 10.4 10.2 9.4 8.7 11.6
Average Pore Diameter (nm) 30.0 27.9 26.6 26.1 28.0
Bulk Density at 0.51 psia (g/mL) 2.30 2.171 2.15 2.19 2.19
Porosity % 16.5 9.49 7.00 5.05 10.56
Permeability (mdarcy) 0.77 0.253 0.25 0.25 0.77
Tortuosity factor 2.10 0.002 0.001 0.00 2.15
Percolation Fractal dimension 2.747 2.845 2.860 2.927 2.748
Backbone Fractal dimension 2.324 2.882 2.884 2.930 2.785

Fig. 11. ITZ locations in SEM pictures.

Fig. 12. SEM Pictures of OPC and CSA at high magnifications.
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Total intrusion volume is the total volume intruded. The results
for intruded volume shows that it is inversely related to particle
size as it gives less value as the replacement percentage increases.
While total pore values conclude that replacement at 20% fine
cement shows less total pores. Median pore diameter concludes
that replacement at 20% ground cement shows less median pore
diameter which is the main characteristic of pore size. Porosity is
a property of voids. More porosity exhibits more voids in the sam-
ple. In our case, 20% replacement of fine cement in CSA results in
low porosity than others exhibiting fewer voids than other sam-
ples. Permeability is a dynamic property and it’s related to fluid
flow. 20% replacement sample shows less permeability behavior
than others. Tortuosity factor is another important parameter
which is related to twist and turns of factor. This factor has been
neglected in research for many years. Some past research [54,55]
shown some interest and importance of tortuosity factor as the
relation with permeability. As the permeability is not a straight
path in any sample and thus it depends upon the twist and turns
of the sample. Since the tortuosity factor in our case for 20%
replacement shows null tortuosity factor concluding an excellent
model for permeability. Fractal dimension shows a geometric
Fig. 13. Cracks in

Table 8
Crack width (um) in ITZ.

1 2 3 4

OPC 5.66 5.29 3.83 4.19
CSA 1.83 2.67 2.32 2.09
CSA 10% 1.29 1.29 1.44 2.96
CSA 20% 1.46 1.30 1.08 1.64
CSA 30% 1.36 1.93 2.65 1.45
behavior and mechanical properties of the material [56]. In our
case, we use two fractal dimensions as one related to percolation
while the second is the backbone. The both in our case is high
for 20% CSA replacement concludes to show good mechanical
properties.

3.6. SEM analysis

By analysis of SEM, We analyzed the position of the interfacial
transition zone (ITZ) as shown in Fig. 11. ITZ is also be assumed
as a portion having large pores thus showing more porosity struc-
ture in the cementitious composite [19]. ITZ thickness is assumed
to be less than 50 mm [57].

The content of ettringite is considered to be present in ITZ in
CSA systems. By zooming SEM at 40002� magnification focusing
at ITZ region showing needle-like crystals which are ettringite.
The higher number of ettringite can be observed in the CSA system
in Fig. 12 which is also compliance by the results of TGA.

While doing sample preparation for SEM the cutting of the sam-
ples leads to small cracks in samples. ITZ is assumed to be the
weakest zone. Therefore, the maximum crack occurs in ITZ. The
ITZ region.

5 Average S.D Min Max

6.64 5.12 1.139 3.83 6.65
3.61 2.50 0.691 1.83 3.61
1.49 1.69 0.713 1.29 2.96
2.32 1.56 0.472 1.08 2.32
2.22 1.92 0.54 1.36 2.65
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crack widths which are present in the ITZ is calculated from differ-
ent samples by using an image J software [58]. The crack width
[59] explains the critical failure region at which the structure per-
meability and porosity are considered to be high and can reduce
structure serviceability [60]. It can be discovered that the sand
grain is separated from the cementitious matrix which leads to
crack. The crack surface at ITZ is zoomed and is shown in Fig. 13
at 4000� magnification.

The crack width in ITZ at 5 different places in the crack bound-
ary is investigated. The results are shown in Table 8. It must be
emphasized that crack widths in 20% replacement of fine CSA
result in less crack width. CSA cement also shows good crack width
behavior as compared to OPC due to excellent microstructure. The
results from crack width conclude that the effect of fine cement
replacement at 20% can help to reduce crack widths in cementi-
tious composites. Grey level graphs in image J software shows dif-
ferent peaks. It makes the graph between the heights of phases
Fig. 14. Pores analysis
with relative fractions which also depends upon the effect of the
widening of the peaks. In our samples, pores can be easily recog-
nized with the help of grey value analysis as shown in Fig. 14 as
compared to other hydration products because pores peak doesn’t
overlap in that analysis.

From grey value, we can only analyze the pore location but can-
not identify the pore size clearly due to the very dense structure. As
CSA is finer than OPC cement and the ITZ depends upon the size of
the cement particles as discussed in Fig. 1.

3.7. Image J analysis

Image J analysis helps us to find porosity of different samples
[61]. By using appropriate threshold values in image J analysis soft-
ware we can able to analyze particles. Fig. 15 shows different bin-
ary images at different angles and surfaces of samples imported
from SEM images. And then it helps to find the porosity.
using grey value.



Fig. 15. Binary images at different angles & surfaces of samples.

Table 9
Average analyze particles by Image J.

Slice Average Count Mean Total Area Average %Area

OPC 4344 4243.54 27.98
CSA 2246.16 4782.78 16.39
CSA 10% 6367.5 13720.44 15.49
CSA 20% 783.33 4393.22 10.47
CSA 30% 196.33 89682.19 16.52
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Different porosity results after no of iterations have been shown
in Table 9. Where the average % area defined as a pore area in sam-
ples. The results show that a 20% replacement in CSA mortar con-
cludes good porosity results. And the results from Image J software
are also compliance with MIP.
4. Discussion

The replacement of 20% fine cement in conventional CSA
cement reveals in higher flexural and compressive strength as well
as energy absorption capacities. More than 20% replacement of fine
cement shows less flexural and compressive strength. This might
be due to agglomeration and distribution of fine particles in the
matrix of cementitious composites. Also, too many fine particles
cannot take part in strength development and attain different
hydration heats. The more needle-like content ettringite and AH3

contributes to more strength development at early stages as veri-
fied by TGA results of 20% replacement of fine CSA. ITZ has many
important roles in the properties of mortar and concrete. It is gen-
erally assumed that higher porosity region in a structure con-
tributes to ITZ [5]. From Fig. 1 it can be concluded that there
could be some optimum size for cement particles which can con-
trol the ITZ thickness and can resist structure from vulnerable
attacks. The 20% replacement results in less pore structure which
might be due to the filling effect of cement sand paste while mix-
ing of mortar preparation and results in less ITZ thickness. The
hydration products in replacement of fine CSA results in fewer
microspores and dense structure [4]. Filling effect covers the
cement particles from fine sand paste results in the effective
microstructure. The reason behind this phenomenon is basically
the fine particles help to fill the spaces resulting to fill the wall
effect in ITZ. Therefore, this research concludes that CSA replace-
ment of 20% fine cement by fine cement sand paste mortar prepa-
ration technique exhibits effective microstructure.
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5. Conclusions

In this research, the influence of fine cement sand paste in mor-
tar preparation is studied with a wide range of experimental tech-
niques. For the preparation of fine cement mortar, a newmethod is
applied which have the following advantages.

(1) For mortar preparation of fine cement, the fine cement and
sand particles are mixed and then conventional cement is
added to form mortar. Therefore, the cement particles are
covered by fine cement particles resulting in fewer pores.
Thus, ultimately have excellent microstructure
characteristics.

(2) The amount of fine CSA having an average diameter of
2.4 lm placed with an optimum dosage of 20% in conven-
tional CSA system resulted in improved overall strength by
30–35%. The porosity and permeability were reduced by
60–70% which was discovered by MIP and image J analysis.
In addition, the crack widths in ITZ were also reduced up to
60% as compared to OPC system.

(3) At the early stage of hydration, the 20% replacement of fine
CSA an average diameter of 2.4 lm in conventional CSA
cement has attained more ettringite and AH3 content. Thus
contributes towards more rapid strength development than
OPC system.

(4) The new technique for mixing fine cement for mortar prepa-
ration is found to be beneficial and can be used for future
reference in cement and concrete batching plants.
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