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Abstract: A cement paste or mortar is composed of a mineral skeleton with micron to millimeter-
sized grains, surrounded by water filaments. The cohesion or shear resistance in the cement paste
and mortar is caused by capillary forces of action. In the case of mortar mixes, there is friction
between the particles. Therefore, the mortar mixture shows both friction between particles and
cohesion, while the paste shows only cohesion, and the friction between particles is negligible. The
property of the cement paste is greatly influenced by the rheological characteristics like cohesion
and internal angle friction. It is also interesting that when studying the rheology of fresh concrete,
the rheological behavior of cement paste and mortar has direct applicability. In this paper, the
rheological characteristics of cement paste and mortar with and without mineral admixtures, that
is, fly ash and ground granulated blast-furnace slag (GGBS), were studied. A cement mortar mix
with a cement-to-sand ratio of 1:3 was investigated, including fly ash replacement from 10% to 40%,
and GGBS from 10% to 70% of the weight of the cement. A suitable blend of fly ash, GGBS, and
ordinary Portland cement (OPC) was also selected to determine rheological parameters. For mortar
mixtures, the flow table was conducted for workability studies. The flexural and split tensile strength
tests were conducted on various mortar mixtures for different curing times. The results indicate
that in the presence of a mineral mixture of fly ash and GGBS, the rheological behavior of paste and
mortar is similar. Compared with OPC-GGBS-based mixtures, both cement with fly ash and ternary
mixtures show less shear resistance or impact resistance. The rheological behavior of the mortar also
matches the rheological behavior in the flow table test. Therefore, it is easy to use the vane shear test
equipment to conduct cohesion studies to understand the properties of cement paste and mortar
using mineral admixtures. The strength results show that the long-term strength of GGBS-based
mixtures and ternary mixed mixtures is better than that of fly-ash-based mixtures. For all mixtures,
the strength characteristics are greatest at a w/b ratio of 0.6.

Keywords: rheology; fly ash; GGBS; vane shear; cohesion; ternary blend

1. Introduction

Concrete is an extraordinary composite material, widely used in the construction
industry. It consists of a mix of fine and coarse aggregates bonded together with cement
paste [1,2]. Evaluating the performance of cement is a very challenging task because it
changes significantly when it comes into contact with water [3]. The addition of different
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new materials to cement increases the task of evaluating chemical reactions and physical
changes occurring inside the cement slurry. Some problems encountered by cement slurries
are: (i) cement particles exhibit inter-particle interaction and have electrostatic repulsion,
(ii) thixotropic behavior, (iii) chemical reaction with respect to time, and (iv) temperature
effects, among others [4–7]. The addition of admixtures increases temperature during
the mixing of concrete, greatly reducing the diameter spread [8]. Furthermore, due to
the thixotropic behavior, yield stress changes over time. In general, the measurement of
rheological parameters shows the challenges of the equipment needed and test procedures
involved in the experiments [9,10]. The slump cone test is the common workability test
figured by Abrams and used by Chapman in the U.S.A in 1910 [11–13]. Graf from Germany
invented the flow table test in 1933 [14]. These experimental tests provided a single value
for the flow parameter. Later, Tattersall [15,16] fabricated a rheometer that gives two
parameters, such as yield stress and plastic viscosity, to perform an elaborate study on the
flow characteristics of cement paste and mortar, and also for concrete. It is said that cement-
based materials are regarded as Bingham fluids. Hattori–Izumi’s theory proves that cement-
based materials exhibit thixotropic characteristics. Wallevik conducted rheological tests
using different rheometers [17]. Extensive research has been carried out to understand the
effects of lignosulfonate, thixotropy, and particle migration [18–21]. In the rheological study,
viscosity plays a major role, which has a direct impact on the hardened concrete [22–24].
Viscosity directly affects the flowability of the concrete in the fresh state and the strength in
the hardened state. In particular, rheology controls the yield value and plastic viscosity [25].
The yield value is divided into static and dynamic values [22,26,27]. The yield value is
related to the stress required for the material to start displaying the flow characteristics.
The dynamic yield value is regarded as a factor responsible for making the flowing material
enter into a static state [22,28]. The rheological characteristics of cement paste and mortar
measured using a vane shear instrument, which is easily available in laboratories, are
focused on in this article.

The rheology, or flow, of any particle is an important phase, and it has to be deeply
studied in order to enhance the properties of the particle [29]. In cement paste and mortar,
rheology has not been concentrated on as compared to the importance given to the strength
properties. Studying the rheology of concrete is not commonly carried out by researchers
since the cost involved in conducting the research is very high, and there has been a lag
in the study of the rheology of concrete [30]. The invention of self-compacting concrete,
however, has led researchers to think about the flow characteristics [31]. In the current
circumstance, self-compacting concrete is unavoidable in the construction industry [32–35].
Various mineral admixtures are added to the concrete to make it self-compacting. The flow
of the concrete is impacted by various properties of the ingredients added, such as size,
shape, texture, water absorption capacity, cohesion, and inter-particle attraction [36]. The
composite material indicates different flow behavior when different ratios of the materials
are added. There are several combinations of ingredients from which self-compacting
concrete can be prepared. Conducting a rheological study for all the combinations of the
concrete is a time-consuming and tedious process. It is likely difficult for a researcher to
conclude that a particular combination of the concrete ingredients will give better flow,
because the rheology of the concrete changes over time. The yield value measured for one
particular instant will exhibit different values with respect to the next time period.

In the plastic type of shear-related behavior, the material will start its flow only when
the shear stress crosses its critical value τ0 = C + σtanϕ, where C is cohesion, ϕ is the
coefficient of internal friction, and τ0 is yield stress. The existence of yield stress is due to
the inherent force acting on the mixed particles, which can be measured by the cohesive
force ‘C’ caused by the friction between individual particles [37,38]. From this equation, by
using geotechnical equipment under static conditions, the inherent forces likes cohesion
and friction occur due to the abrasion of particles. The formula used to measure the
cohesive force is given by Equation (1).

C = T/πD2(H/2 + D/6) (1)
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where D and H are the constants of the blades used.
It is stated that the addition of fly ash and GGBS with cement decreases yield stress and

plastic viscosity [35,39–42]. A standard reference material to improve the flow characteris-
tics of the cementing material has also been developed. The substitution of lime powder
and glycerol for cement and water satisfies the flow of the matrix [43]. Feys et al. [44]
compared the results of the rheological parameter obtained from a rheometer and standard
workability test. In the end, they came to the conclusion that the standard procedure does
not work for all rheometers, and comparing the resulting values will not provide a clear
understanding, unless the geometry of the equipment is similar [44]. A different mortar
phase of SCC has also been developed, in which waste glass powder was used as the
replacement material [45]. It was concluded that increasing addition of the glass powder
decreased the relative yield stress and relative plastic viscosity, and that the best model
to analyze the rheological parameter is the Herschel and Bulkley model. Kong stated
that temperature and time reduce the mortar phase fluidity [8]. A temperature between 0
to 60 degrees reduces the mortar spread diameter in a linear fashion with an increase in
time. At different temperatures, the yield stress increases in a linear fashion. Kwan et al.
concentrated on water film thickness (WFT) and paste film thickness of the cementing
material and its impact on rheology. The conclusion reached was that the adhesiveness of
the mortar depends mainly on WFT, and PFT has a very minimal effect. Another conclusion
reached was that the water/cement ratio and cement/aggregate ratio have major effects on
the cohesion, adhesiveness, and rheology of the mortar [46]. Haist and Ferrara investigated
the rheological properties of high-performance FRC during the mixing process and studied
the influence of steel fibers on the rheological properties and concluded that thixotropic
behaviors increase with the addition of steel fibers [47]. The distribution and orientation of
the steel fibers also have an impact on the rheological behavior [25,48–54].

However, it is found from the literature that the cohesion value is not yet related to
the strength parameter and has not been determined using a vane shear apparatus. In this
paper, fly ash and GGBS are replaced in cement paste and mortar in various combinations,
and the corresponding flexural strength and splitting tensile strength are calculated. Using
a reliable instrument, the vane shear apparatus, to conduct the rheology of the cement paste
and mortar phase provides information about the rheology of concrete. The flow of the
concrete is very dependent on the paste phase and mortar phase. Hence, equal importance
is given to these phases in the study conducted on cement concrete. The cohesion of fresh
cement and cement mortar (1:3 mixtures) was measured using a vane shear apparatus,
which is currently used for laboratory testing of clay. The impact of the fly ash and GGBS
on the shear strength characteristics of cement paste and mortar (1:3) for water/binder
ratios (w/b) of 0.3 to 0.9 was studied. Mortar with and without mineral admixture was
tested for flow table tests for the same w/b ratios of 0.3 to 0.9. The flexural strength and the
splitting tensile strength of the above-mentioned mortar mixture were also investigated.

2. Experimental Investigation

This experimental study aimed to determine the rheological parameter and the cohe-
sion of cement paste for a 1:3 mortar mix with varying w/b ratios, from 0.3 to 0.9, with the
presence and absence of mineral admixtures of fly ash and GGBS. Further, the experiment
also aimed to determine flexural strength and split tensile strength for various replacements
of fly ash and GGBS and the combination of both. The material used for the preparation of
mixtures is described in the following.

2.1. Material Composition

OPC (53 grade) was the main binder. The physical properties of the cement used
are given in Table 1 and satisfy the requirements of Indian standards IS 12269-2015. In
this study, good-quality river sand, free of silt and other impurities, was used. Table 2
lists the physical properties of fine aggregates evaluated by standard tests according to IS
383-2016. Fly ash was obtained from the Neyveli Thermal Power Station in Neville, India,
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and GGBFS was obtained from Andra Cement Co., Ltd., in Visakhapatnam, India. These
were used to partially replace OPC. The physical and chemical properties of fly ash and
GGBFS obtained through standard tests are listed in Table 3, and follow the standard code
of IS 3812-2003 for fly ash and IS 16714:2018 for GGBS. Good-quality potable water was
available during the experiments. All the material satisfies the standard requirement of the
IS code.

Table 1. Properties of cement, fly ash, GGBS.

No. of Sample Properties Cement Fly Ash GGBS

1 Specific gravity 3.14 2.7 2.86
2 Standard consistency (%) 31 60 33

3
Setting—initial (min) 55 30 120

Final (min) (Vicat needle) 145 125 260

4
Compressive @ 3 days 27.87 15.2 -

Strength @ 7 days 38.85 16.3 -
N/mm2 @ 28 days 55.86 23.1 -

Table 2. Properties of fine aggregate.

No. of Sample Properties Fine Aggregate

1 Fineness modulus 2.4
2 Density (kg/m3) 1450–2082
3 Specific gravity 2.5
4 Water absorption 2%

Table 3. Chemical characteristics of fly ash and GGBS (%).

No. of Sample Chemical Composition Fly Ash GGBS

1 Loss of ignition 3.74 0.5
2 SiO2 35.87 29.47
3 Fe2O3 4 2.78
4 Al2O3 34.14 17.5
5 CaO 14.25 33.43
6 MgO 3.64 11.6
7 SO3 3.4 1
8 Na2O 0.9 1.17
9 K2O 0.06 0.36
10 Chloride - 0.01

2.2. Preparation and Testing of Cement Paste and Cement Mortar

In this study, we determined the cohesion of cement paste and mortar mixtures with
varying w/b ratios (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9). The mixture was prepared for
the given w/b ratio with and without fly ash and GGBS. In paste and mortar, fly ash
replaced from 10% to 40%, and GGBS replaced from 10% to 70%. A flow table test was also
performed on each mortar sample for all w/b ratios. For each w/b ratio, several mixtures
were prepared for this study. Among all of these, one mixture was used as a reference
mortar, and the remaining mixtures were composed of fly ash and GGBS. Flexural beams
of size 40 × 40 × 160 mm were prepared for the 1:3 mortar mixes for w/b ratios from 0.3
to 0.9, cured in a curing tank, and tested for flexural strength at 7, 14, 28, and 56 days. In
addition, ASTM C348-21 [55] was used as a guide in determining the flexural strength test.

3. Analyses and Discussions of the Results

The paste and mortar mixtures without fly ash and GGBS were studied to determine
their cohesion at various w/b ratios. The flow table and strength characteristics of the
mortar samples were also analyzed.
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3.1. Rheological Behavior of Cement Paste and Mortar (with and without Mineral Admixture)

It can be seen from the results that cohesion decreases with the increase of water
content, since cement paste and cement mortar are improved by blending of mineral
admixtures, fly ash, and GGBS. Therefore, even at a higher w/b ratio, it is possible to
produce a mixture with stability and fluidity in the presence of fly ash and GGBS without
segregation. In the case of a GGBS mixture, the cohesion of the paste is increased to 100%;
in the case of a fly-ash-based mixture, to 30%; and in the case of ternary blends, to less
than 10% (i.e., using fly ash, GGBS, and OPC mixes) with respect to the reference paste mix
(i.e., 100% cement paste). Therefore, it is indicated that no matter what vibration force is
involved, the ternary mixture can have better workability, since the ternary blend has less
shear resistance to flow into the mold. For a binary mixture, that is, a mixture based on
fly ash and GGBS, when a higher substitution amount is selected in the cement slurry, the
shear resistance/cohesion of the mixture is higher, which may not give better results in
terms of workability. However, it can provide good plastering and coating on surfaces,
namely for masonry and construction applications.

3.2. Cohesive Strength of Cement and Mortar

The rheology of cement paste and mortar was studied by using vane shear equipment.
The cohesion results of the paste and mortar are presented in Figure 1. For mortar mixtures,
GGBS-based mortar mixtures exhibit higher cohesion, ranging from 140% to 240%. In a
fly-ash-based mixture, it is 20% to 130%. Ternary blended mixes indicate improvement of
cohesion, ranging from 10% to 130% with respect to the reference mortar. The zero value in
Figure 1c–f reveal mixtures with segregation, that is, the shear stress or cohesion of these
mixtures is negligible. Therefore, the mixture of ternary and fly ash is a flexible mixture,
which can be compacted without vibration force (in concrete applications). In GGBS-based
mixtures, cohesion is dominant, which can respond well to masonry applications. It is
observed from the flow table test (Figure 1) that the flow values are higher for fly-ash- and
ternary-based mixes as compared to the GGBS-based mixes. The maximum flow values
are at 40% replacement of OPC with GGBS. The flow value is reduced at the higher and
lower replacements of OPC with GGBS. In the case of fly ash mixes, the maximum flow
values are at 20% replacement. At other replacements, the flow values are decreased. The
above discussion shows that the maximum replacement levels for OPC are 40% for GGBS
and 20% for fly ash, respectively.

As is clear from Figure 1, in all the cases the cohesion decreases with an increase in
the w/b ratio. It is observed from the graph that cohesion increases with an increase in the
percentage of fly ash and GGBS content. Figure 1a shows that the cohesion is higher for
the maximum replacement of fly ash. Figure 1b demonstrates that cohesion is greater for
the maximum replacement of GGBS. From Figure 1c, it is observed that the combination of
the maximum replacement of GGBS and minimum replacement of fly ash exhibit higher
cohesion. Compared to the paste phase, cohesion values are different in the case of mortar.
Figure 1f shows that the cohesion value increases for the minimum replacement of fly ash,
and in Figure 1g, the cohesion value increases for the minimum replacement of GGBS.
Figure 1f indicates that 40% replacement of fly ash and 60% replacement GGBS exhibit
maximum cohesion value.

3.3. Workability of Mortar

As regards the workability test, a flow table was conducted for mortar that consists of
various w/b ratios from 0.3 to 0.9, for the various replacements of fly ash and GGBS, and
the combination of both. In the case of ternary blends, the combination 20% OPC + 30%
fly ash + 50% GGBS shows a higher flow value as compared with other ternary blended
mixes. The 100% flow value shown in Figure 2a–c represents the flow spread of these mixes
that takes place beyond the table. The increase in the flow value with respect to the w/b
ratios from 0.3 to 0.9 is 110% for the fly ash mixes, 119% for the GGBS mixes, and 102%
for ternary blended mixes. At the normal consistency level of the mortar mixes where
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w/b = 0.4, the maximum flow value is 61% for the ternary blended mix (20% OPC + 30%
fly ash + 50% GGBS), and the maximum cohesion is 78.2 Pa for the GGBS-based mix (30%
OPC + 70% GGBS). Similarly, at the same w/b = 0.4, the minimum flow value is 45.5%
for 40% OPC + 60% GGBS, and the minimum cohesion is 33.5 Pa for 10% OPC + 40% fly
ash + 50% GGBS.
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Figure 2. Flow value of 1:3 cement mortar with replacement of (a) fly ash, (b) GGBS, and (c) ternary blend. C—cement,
S—sand, FA—fly ash, G—GGBS. Compositions are mentioned in (a,b) gms and (c) %.

From Figure 2a, it is obvious that 20% replacement of fly ash gives the maximum flow
value. In Figure 2b, it is shown that 40% replacement with GGBS gives a higher flow value,
and in the combination of fly ash and GGBS, from Figure 2c, 30% fly ash and 50% GGBS
gives a higher flow value. The overall observation was that the minimum replacement of
fly ash and 50% replacement of GGBS give a higher flow value [56].

3.4. Strength Characteristics of Cement Mortar

The strength characteristics and flexural and splitting tensile strengths of cement
mortar of 1:3 mixes with and without mineral admixtures (fly ash and GGBS) at w/b ratios
from 0.3 to 0.9 in all the mixes. From the results, the following observations are made. The
flexural strength of cement mortar with various replacements of fly ash, GGBS, and ternary
blend are shown in Figure 3. As fly ash increases from 10% to 40%, the flexural strength
decreases. The minimum decrease is 50% at 20% fly ash replacement with respect to the
reference mortar strength, and the maximum decrease is 70% at 40% fly ash replacement
with respect to the reference mortar strength. The flexural strength of fly ash–cement
mortar increases for the w/b ratios from 0.3 to 0.6 to that of the flexural strength at w/b
ratio 0.3 in 2 to 5 min time.



Sustainability 2021, 13, 9600 8 of 18

Sustainability 2021, 13, x FOR PEER REVIEW 8 of 19 
 

Sustainability 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/sustainability 

 

Figure 2. Flow value of 1:3 cement mortar with replacement of (a) fly ash, (b) GGBS, and (c) ternary blend. C—cement, 

S—sand, FA—fly ash, G—GGBS. Compositions are mentioned in (a,b) gms and (c) %. 

From Figure 2a, it is obvious that 20% replacement of fly ash gives the maximum 

flow value. In Figure 2b, it is shown that 40% replacement with GGBS gives a higher flow 

value, and in the combination of fly ash and GGBS, from Figure 2c, 30% fly ash and 50% 

GGBS gives a higher flow value. The overall observation was that the minimum replace-

ment of fly ash and 50% replacement of GGBS give a higher flow value [56]. 

3.4. Strength Characteristics of Cement Mortar 

The strength characteristics and flexural and splitting tensile strengths of cement 

mortar of 1:3 mixes with and without mineral admixtures (fly ash and GGBS) at w/b ratios 

from 0.3 to 0.9 in all the mixes. From the results, the following observations are made. The 

flexural strength of cement mortar with various replacements of fly ash, GGBS, and ter-

nary blend are shown in Figure 3. As fly ash increases from 10% to 40%, the flexural 

strength decreases. The minimum decrease is 50% at 20% fly ash replacement with respect 

to the reference mortar strength, and the maximum decrease is 70% at 40% fly ash replace-

ment with respect to the reference mortar strength. The flexural strength of fly ash–cement 

mortar increases for the w/b ratios from 0.3 to 0.6 to that of the flexural strength at w/b 

ratio 0.3 in 2 to 5 min time. 

  

(a) (b) 

 

(c) (d) 

0

1

2

3

4

5

6

7

8

7 days 14 days 28days 56 days

F
le

xu
ra

l 
st

re
n

g
th

 (
M

P
a

)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

0

1

2

3

4

5

6

7 days 14 days 28days 56 days

F
le

xu
ra

l 
st

re
n

g
th

 (
M

P
a)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

FA-10%

0

1

2

3

4

7 days 14 days 28days 56 days

F
le

x
u

ra
l 

st
re

n
g

th
 (

M
P

a)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

FA-20%

0

0.5

1

1.5

2

2.5

7 days 14 days 28days 56 days

F
le

xu
ra

l 
st

re
n

g
th

 (
M

P
a

)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

FA-30%

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 19 
 

Sustainability 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/sustainability 

 

 

(e) (f) 

Figure 3. Flexural strength for cement mortar (1:3) with replacement of fly ash (FA): (a) 0%, (b) 10%, (c) 20%, (d) 30%, and 

(e) 40%; (f) comparative chart for 56 days strength. 

From Figure 3a–e, it is observed that flexural strength is the largest value recorded at 

56 days. From Figure 3f, it is clear that 10% replacement of fly ash gives maximum flexural 

strength on 56 days. When compared to the reference mix, the strength is the lowest, but 

in the overall replacement of fly ash, 10% fly ash leads with good strength. 

Figure 4 presents the various combinations of fly ash, GGBS, and cement for various 

w/b ratios. In the reference and fly ash cement mortar, the flexural strength increases over 

the curing period. At 56 days of curing, the increase in flexural strength is in the range of 

1.2 to 3.7 times that of the 7-days-cured strength. In the case of GGBS–cement mortar, the 

flexural strength increases with the length of curing from 7 days to 56 days for a w/b ratio 

of 0.3 to 0.6. At 20% GGBS, the percentage decrease in flexural strength is 26% compared 

to reference mortar for 56-days-cured specimens. The strength at w/b ratio 0.6 is 2 to 4 

times that of the strength at w/b ratio 0.3. The strength at 56 days curing is 1.5 to 2.5 times 

that of the strength at a w/b ratio of 0.3. The strength at 56 days curing is 1.5 to 2.5 times 

that of the 7-days-cured specimens. Also, it is observed from Figure 4a–f that the maxi-

mum flexural strength is obtained at 56 days. It is obvious from Figure 4e that 20% cement, 

30% fly ash, and 60% GGBS gives the maximum strength. An increase in the w/b ratio 

increases the flexural strength. 

 

  
(a) (b) 

0

0.5

1

1.5

2

2.5

3

7 days 14 days 28days 56 days

F
le

x
u

ra
l 

st
re

n
g

th
 (

M
P

a
)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

FA-40%

0

1
2

3

4

5

6
7

8

0.3 0.4 0.5 0.6 0.7

F
le

xu
ra

l 
st

re
n

g
th

 (
M

P
a)

w/b ratio

0% FA 10% FA 20%FA

30% FA 40% FA

0

0.25

0.5

0.75

1

1.25

7 days 14 days 28days 56 days

F
le

xu
ra

l 
st

re
n

g
th

 (
M

P
a)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

C-20,FA-40,G-40

0

0.5

1

1.5

2

2.5

7 days 14 days 28days 56 days

F
le

x
u

ra
l 

st
re

n
g

th
 (

M
P

a
)

w/b

0.3 w/b 0.4 w/b 0.5 w/b 0.6 w/b

C-20,FA-30,G-50

Figure 3. Flexural strength for cement mortar (1:3) with replacement of fly ash (FA): (a) 0%, (b) 10%, (c) 20%, (d) 30%, and
(e) 40%; (f) comparative chart for 56 days strength.
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From Figure 3a–e, it is observed that flexural strength is the largest value recorded at
56 days. From Figure 3f, it is clear that 10% replacement of fly ash gives maximum flexural
strength on 56 days. When compared to the reference mix, the strength is the lowest, but in
the overall replacement of fly ash, 10% fly ash leads with good strength.

Figure 4 presents the various combinations of fly ash, GGBS, and cement for various
w/b ratios. In the reference and fly ash cement mortar, the flexural strength increases over
the curing period. At 56 days of curing, the increase in flexural strength is in the range of
1.2 to 3.7 times that of the 7-days-cured strength. In the case of GGBS–cement mortar, the
flexural strength increases with the length of curing from 7 days to 56 days for a w/b ratio
of 0.3 to 0.6. At 20% GGBS, the percentage decrease in flexural strength is 26% compared to
reference mortar for 56-days-cured specimens. The strength at w/b ratio 0.6 is 2 to 4 times
that of the strength at w/b ratio 0.3. The strength at 56 days curing is 1.5 to 2.5 times that
of the strength at a w/b ratio of 0.3. The strength at 56 days curing is 1.5 to 2.5 times that
of the 7-days-cured specimens. Also, it is observed from Figure 4a–f that the maximum
flexural strength is obtained at 56 days. It is obvious from Figure 4e that 20% cement, 30%
fly ash, and 60% GGBS gives the maximum strength. An increase in the w/b ratio increases
the flexural strength.
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Figure 4. Flexural strength of cement mortar with replacement of fly ash and GGBS; C—cement, FA—fly ash, G—GGBS: (a) 0%,
(b) 10%, (c) 20%, (d) 30%, (e) 40%, (f) 50%, and (g) comparative chart for 56 days strength, (compositions are given in %).

Figure 5 shows flexural strength for the different replacements of GGBS for various
w/b ratios. In the case of cement–fly ash–GGBS mortar, the flexure strength is 48% less
than the reference mortar strength. The strength at w/b ratio 0.6 is 2.5 to 10.5 times that of
the strength at w/b ratio 0.3. The flexural strength at 56 days curing is 1.5 to 3 times that of
the 7-days-cured strength. It also shows that in all cases, 56 days shows higher strength.
From Figure 5c, it is clear that 20% replacement with GGBS exhibited the greatest flexural
strength on 56-days. Meanwhile, it is found that at 10% replacement with GGBS (the
minimum replacement rate) (Figure 5b) and at 60% replacement with GGBS (the maximum
replacement rate) (Figure 5e), and even at 40% replacement with GGBS (Figure 5d), there
is no significant improvement in flexural strength between the ages of 14 days and 28 days,
and even at 56 days, meaning that the optimum replacement rate is at 20% replacement with
GGBS, though other researchers have reported up to 35% replacement of GGBS [3,42,57].

Figure 6 displays the different replacements of fly ash to determine the split tensile
strength. The strength is determined for 7 days, 14 days, 28 days, and 56 days. The
split tensile strength behavior is similar in trend to that of the flexural strength of the
cement mortar with and without admixtures [58]. The decrease in split strength of fly
ash–cement mortar (10% fly ash) is 37% that of the reference mortar split tensile strength.
The split tensile strength at a w/b ratio of 0.6 is 8–48% higher than for the 0.3 w/b ratios.
Split tensile strength at 56 days is 10–17% higher than the split tensile strength at 7 days.
From Figure 6b–e, it is clear that 20% replacement with GGBS had a slightly higher split
tensile strength, without much difference at 14, 28, or 56 days, and was even similar to 10%
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replacement with GGBS. In the meantime, it is observed that at 30% replacement with GGBS
(with 0.3 w/b) (Figure 5d) and at 40% replacement with GGBS (the maximum replacement
rate, with 0.3 w/b) (Figure 5e), there was a slight reduction of split tensile strength, with
similar trends for curing periods longer than 14 days. In addition, by examining Figure 6e,
it can be concluded that at a 40% or higher replacement rate of GGBS, split tensile strength
started significantly decreasing, regardless of the adopted w/b.
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Figure 5. Flexural strength of cement mortar (1:3) with replacement of GGBSG-GGBS: (a) 0%, (b) 10%, (c) 20%, (d) 30%, and
(e) 40%; (f) comparative chart for 56 days strength, (compositions are given in %).
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Figure 6. Split tensile strength of fly ash cement mortar (1:3). FA—fly ash: (a) 0%, (b) 10%, (c) 20%, (d) 30%, and (e) 40%,
(compositions are given in %).

Figure 7 illustrates the different combinations of cement, fly ash, and GGBS and their
split tensile strengths. The split tensile strength of the GGBS cement mortar with 20%
replacement with GGBS is almost equal to the split tensile strength of the reference mortar.
There is an improvement of 78% to 110% at a w/b ratio of 0.6 as compared to the 7 days
split tensile strength.
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Figure 7. Split tensile strength of fly ash + GGBS cement mortar (1:3). C—cement, FA—fly ash, G—GGBS: (a) 0%, (b) 10%,
(c) 20%, (d) 30%, (e) 40%, and (f) 50%, (composition given in %).

Figure 8 demonstrates the different replacements of GGBS and their split tensile
strengths. The split tensile strength of the fly ash–GGBS cement mortar is 25% less than
the reference mortar strength. At a w/b ratio of 0.6, the split tensile strength is 17% to 27%
higher than at a w/b ratio of 0.3. The tensile strength is 20% higher than the reference
specimen, at the ages of both 7 and 28 days.
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Figure 8. Split tensile strength of GGBS cement mortar (1:3). G—GGBS: (a) 0%, (b) 10%, (c) 20%, (d) 30%, and (e) 40%,
(composition mentioned in %).

4. Conclusions

Based on the presented experimental investigations on the rheological behavior of
cement paste and cement mortar, with and without fly ash and GGBS, the following
conclusions can be drawn:
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- The cohesion of the binary blended (fly ash + OPC; GGBS + OPC) paste mixes increases
with an increase in the content of both mineral admixtures at a particular w/b ratio.

- In the case of ternary blended paste mixes (OPC + fly ash + GGBS), the cohesion
improves with increases in the GGBS content and cohesion decreases with an increase
in the fly ash content.

- GGBS-based paste mixes can be suggested for ornamental and masonry applica-
tions, as the cohesion of these mixes is higher than the fly ash mixes and the ternary
blend mixes.

- At the w/b ratio of 0.4, the maximum cohesion reported is 111 Pa for GGBS, 78.12 Pa
for fly ash, and 67 Pa for ternary blended cement pastes, respectively.

- As in the pastes, a similar behavior is observed for various mortars mixes (1:3).
GGBS–cement mortar mixes show slightly higher cohesion than the fly ash–cement
and ternary blended mortars.

- The cohesion of the paste mixes is higher than that of the corresponding mortar
mixes. This is due to the thickening of the water films surrounding the sand grains
of the mortar mixes, resulting in increased inter-particle distance and decreased
flocculation forces.

- The maximum cohesion observed in the experimental investigation for the mortar
mixes at w/b ratio 0.4 is 78.2 Pa for GGBS–cement mortar, 55.8 Pa for fly ash–cement
mortar, and 67 Pa for GGBFS–fly ash–cement mortar, respectively.

- The flow behavior of the mortar mixes is inversely proportional to the cohesion of
similar mortar mixes.

- Irrespective of the type of mortar mix at a w/b ratio of 0.6, the maximum flexural and
split tensile strengths are reached.

- Both the flexural and split tensile strength of the mortar mixes increases with an
increase in the age of curing.

- At 20% fly ash and at the age of 56 days, the maximum flexural and split tensile
strengths are 3.486 MPa and 0.413 MPa, respectively.

- At 20% GGBS and at the age of 56 days, the maximum flexural and split tensile
strengths are 5.208 MPa and 0.488 MPa, respectively.

- For the blended (10% OPC + 30% fly ash + 60% GGBS) mortar mix and at the age of
56 days, the maximum flexural strength was 3.667 MPa and the maximum split tensile
strength was 0.361 MPa.

The results indicate that in the presence of a mineral mixture of fly ash and GGBS,
the rheological behavior of paste and mortar is similar. Compared with OPC–GGBS-based
mixtures, both cement–fly ash and ternary mixtures show less shear resistance or impact
resistance. The rheological behavior of the mortar also matches the rheological behavior in
the flow table test. Therefore, it is easy to use the vane shear test equipment to conduct
cohesion studies to understand the properties of cement paste and mortar using mineral
admixtures. The strength results show that the long-term strength of GGBS-based mixtures
and ternary mixed mixtures is better than that of fly-ash-based mixtures. For all mixtures,
the strength characteristics are greatest at a w/b ratio of 0.6.
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