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ABSTRACT

The present study aims to determine the effects of blending cementitious materials on the mechanical
and durability properties of high-performance concrete (HPC). Densified silica fume and fine-grounded
metakaolin are used as supplementary cementitious materials (SCMs). A total of 16 mixes containing
both binary and ternary blending of SCMs were chosen for w/b ratios of 0.4 and 0.3 respectively. The
hardened properties tested for the HPC mixes were compressive strength at 7, 28, and 90 days, flexural
strength at 28 days, and modulus of elasticity at 28 days. Maximum strength gains up to 15%, 38%, and
23% for compression, flexure, and elastic modulus were observed in ternary mixes compared to binary
mixes. Stress-strain behaviour of ternary mixes indicates increased tolerance of stress for the least
amount of strain in the specimens. Based on the experimental results, empirical relations were devel-
oped and checked with the existing codes and by earlier researchers. The durability properties tested for
HPC were water absorption at 28 days, acid attack, and sulphate attack at 28, 56, and 90 days. Ternary
mixes improved the pore structure of HPC, resulting in a 56% reduction in water absorption and a 34%
reduction in compressive strength loss due to immersion in 5% H2SO4 at 90 days. The findings of the
study endorse that ternary blending of SF and MK can improve the engineering properties of HPC, and
a mix containing SF 10% and MK 10% is recommended for the best results.
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1. INTRODUCTION

Cement consumption in construction sectors is rapidly increasing around the world,
consequently escalating the CO2 emissions during cement manufacturing. Excessive utili-
zation of raw materials raises global concerns over the search for alternate sustainable and
environmentally friendly materials [1]. Supplementary cementitious materials (SCMs) such
as silica fume, metakaolin, blast-furnace slag, fly ash, rice husk ash, etc. are by-products of
production industries that are being used as cement replacements due to their ecological
benefits. High-performance concrete (HPC) necessarily contains such SCMs as part of its
exclusive design for the durability and sustainability of structures by tailing off the necessity
for repair and rehabilitation in the long run. The addition of ultrafine SCMs such as SF and
MK in HPC shows improved strength and durability properties [2–4]. The addition of SF
helps in the early development of strength in concrete due to its higher rate of pozzolanic
activity. The maximum strength improvement attained for SF concrete was for a 15%
replacement of cement [5, 6]. In addition, the finer particle size of SF helps in reducing the
pore volume by acting as filler and by forming a secondary C-S-H gel, ultimately leading to a
reduction in harmful agents penetrating the concrete [7]. SF addition in concrete tends to
reduce mass loss when introduced to an acidic environment [8]. Jagan and Neelakantan [9]
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studied the effects of immersing SF concrete in an acidic
medium containing 5% HCl and concluded that the mix
containing 15% SF provided better acid resistance with
minimal compressive strength loss. MK, on the other hand,
is highly reactive and provides excellent strength and
durability properties when added to concrete [10]. MK
addition was limited to 10%, beyond which the matrix
showed poor workability and reduced strength [11]. Dubey
et al. [12] observed an increase in compressive strength,
flexural strength, and electrical resistance for MK-added
HPC. Even though the benefits of SCMs in concrete are
widely discussed, some may possess shortcomings such as
inadequate early strength, challenges in case of higher
replacement levels, and availability of key constituents in
forming C-S-H gel for pore refinement. One possible way of
mitigating this limitation is through the blending of SCMs.
In a study involving HPC, SF and MK were added in the fly
ash concrete to improve early-age strength development
[13, 14]. Ahmed et al. [15] observed a reduction in chloride
ion penetration in concrete, containing 25% fly ash and 10%
SF. Jung et al. [16] reported the benefits of ternary blending
of cementitious materials in reducing the heat of hydration
in mass concretes. Acid resistance is an important durability
index when the concrete is being used in harsh environ-
ments such as sewer linings and industrial effluent pathways
where the pH levels of the wastewater are low. The acid
resistance of FA and SF ternary blended concrete was su-
perior compared to the binary mixes [17]. Low-density high
porous foam concrete made with blending of SF and MK
showed enhancement in mechanical properties [18].
The dense particle packing also helps in bringing out the
unreacted water molecules present in voids for the lubrica-
tion of binder materials [19]. Chu et al. [20] studied the
synergistic effects of using SF and MK in particle packing
and observed improved mechanical performance of mortars.
With the acquired knowledge in the area of ternary blending
of cementitious materials, the present study aims to inves-
tigate the effects of ultrafine SCMs such as SF and MK on
the mechanical performance, stress-strain relationship, and
durability performance of HPC which seems to be absent in
most of the studies. Two different w/b ratios of 0.3 and 0.4
with similar mixes were chosen to investigate the effect of
strength grades on the mechanical and durability properties
of HPC. The experimental studies included in the present
work are compressive strength, modulus of elasticity, flex-
ural strength, water absorption, acid attack, and sulphate
attack. Following the experimental program, empirical
relations between mechanical properties were also
investigated.

2. MATERIALS AND METHODS

2.1. Materials

Ordinary Portland cement of 53-grade with a compressive
strength of 54.5 MPa at 28-day and a specific gravity of 3.14
confirming to IS 12269 [21] is used. Silica fume and

metakaolin obtained from Astrra Chemicals Pvt Ltd. con-
firming to IS 15388 [22] and IS 16354 [23] were taken as
binder materials. Particle size distribution and chemical
compositions of OPC, SF, and MK are shown in Fig. 1 and
Table 1 respectively. Manufactured sand conforming to zone
II of sieve passing percentage from IS: 383-1970 [24] is used
as fine aggregate. Coarse aggregate with nominal size not less
than 12.5 mm is used. Polycarboxylate ether based high-
range water reducer conforming to IS: 9103-1999 [25] with a
specific gravity of 1.2 ± 0.05 is used as a superplasticizer.
The physical properties of the materials from the current
study are well within the limits of Bureau of Indian Stan-
dards (BIS) specifications and are presented in Table 2.

2.2. Mix details

Mixture proportioning was carried out using the guidelines
recommended by ACI 211.4R-93 [26]. Two sets of 8 mixes
for w/b ratios of 0.3 and 0.4 were chosen for the study. The
mixes contained both binary and ternary mixes of SF and
MK with a maximum cement replacement of 20%. The
dosage of superplasticizer was varied to attain slump values
of more than 75 mm. Fine aggregate adjustments were car-
ried out for every percentage replacement of SCM. The
mixture details of concrete are presented in Table 3. A total
of 3 samples per mix were cast and the average of the sample
results were taken as the final result for compressive
strength, flexural strength, modulus of elasticity, and all the
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Fig. 1. Particle size distribution of cementitious materials

Table 1. Chemical composition of OPC, SF, and MK

Chemical composition OPC SF MK

SiO2 21.07 92.06 57.4
Al2O3 5.54 0.48 35.26
CaO 64.26 0.4 0.02
Fe2O3 5.16 2.11 0.94
MgO 0.86 0.63 0.18
K2O 0.37 1.24 3.17
P2O5 <0.9 0.02 0.09
Others 1.2 0.52 0.42
Loss on ignition 1.54 2.54 2.52
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durability properties tested in the present study. The speci-
mens were cured in water at 27 ± 2 8C and 95% relative
humidity. Details of specimen preparation and testing
mechanisms are shown in Fig. 2.

2.3. Testing methods

2.3.1. Slump test. The fresh state property was determined
using the slump test to measure the ease of placement of
concrete. The test was carried out as per the specifications
provided by ASTM C143 [27].

2.3.2. Compressive strength. The compressive strength test
was carried out on cube specimens after a curing period of 7,
28 and 90 days. The test was carried out on cube specimens
of size 1003 1003 100 mm in accordance with the speci-
fications provided by ASTM C469 [29].

2.3.3. Flexural strength. The flexural strength test was
carried out after a curing period of 28 days. The test was
carried out on prism specimens of size 5003 1003 100 mm
in a four-point bending setup following the specifications
provided by ASTM C78 [28].

2.3.4. Modulus of elasticity. Modulus of elasticity of the
concrete specimens was carried out after a curing period of
28 days. The test was carried out on cylindrical specimens of
size 1503 300 mm in accordance with the specifications
provided by ASTM C469/C469M-14 [29]. From the results,

Table 2. Physical properties of constituent materials

S No. Raw material Property
Tested
value BIS limits

1 Cement Specific gravity 3.14 3.15
Initial setting
time (mins)

68 ≥30

Final setting
time (mins)

220 ≤600

2 SF Specific gravity 2.21 2.20 to
2.30

Surface area
(m2 kg�1)

22,000 >15,000

Bulk density
(kg m�3)

650 >500

3 MK Specific gravity 2.5 �
Surface area
(m2 kg�1)

14,000 >9,000

Bulk density
(kg m�3)

900 �

4 Water pH 8 >6.00
5 Manufactured

sand (FA)
Specific gravity 2.59 2.50–3.00

Fineness
modulus

2.9 2.00–4.00

Water
absorption (%)

1.48 0.30–2.50

6 Gravel (CA) Specific gravity 2.66 2.50–3.00
Fineness
modulus

7.25 6.75–8.00

Water
absorption (%)

1.12 <2.00

Table 3. Mixture details of HPC

Mix
No. Mixes

w/b
ratio

Binder
(kg m�3)

Cement
(kg m�3)

SF
(kg m�3)

MK
(kg m�3)

Fine aggregate
(kg m�3)

Coarse aggregate
(kg m�3)

Water
(kg m�3)

SP
(kg m�3)

M1 Control 0.4 450 450 0 � 635.00 1,099 179 0.00
M2 SF 15 450 382.5 67.5 � 582.11 1,099 179 1.15
M3 MK 10 450 405 � 45 582.96 1,099 179 1.73
M4 SF-5

MK-10
450 382.5 22.5 45 607.65 1,099 179 1.90

M5 SF-10
MK-5

450 382.5 45 22.5 596 1,099 179 1.70

M6 SF-15
MK-5

450 360 67.5 22.5 567 1,099 179 1.80

M7 SF-5
MK-15

450 360 22.5 67.5 591 1,099 179 2.30

M8 SF-10
MK-10

450 360 45 45 579.15 1,099 179 2.00

M9 Control 0.3 555 555 0 � 699.00 1,088 167 1.15
M10 SF 15 555 471.75 83.25 � 632.09 1,088 167 1.73
M11 MK 10 555 499.5 � 55.5 634.82 1,088 167 2.54
M12 SF-5

MK-10
555 471.75 27.75 55.5 582 1,088 167 2.00

M13 SF-10
MK-5

555 471.75 55.5 27.75 574 1,088 167 2.00

M14 SF-15
MK-5

555 444 83.25 27.75 555 1,088 167 2.40

M15 SF-5
MK-15

555 444 27.75 83.25 570 1,088 167 3.20

M16 SF-10
MK-10

555 444 55.5 55.5 562 1,088 167 3.00
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the stress-strain relationship of the mixes in the present
study was developed.

2.3.5. Water absorption. Water absorption values for the
binary and ternary mixes were determined according to
ASTM C1585-13 [30] using the 1003 1003 100 mm cube
specimens. The specimens were preconditioned in a hot
oven and the dry weight was noted before immersing it in
water. The percentage weight of water absorbed by the
sample is measured by calculating the difference in weight of
the water-immersed sample and oven-dried sample to that
of the oven-dried sample.

2.3.6. Acid attack. For the acid attack test, H2SO4 solution
was used to provide the acidic medium for the concrete
specimens. The test was carried out in accordance with
ASTM C1898-20 [31]. Water with 3 times the volume of the
cube specimens was taken in a tub and in that 5% H2SO4 by
volume of the total water was poured. The cube specimens
were taken after 28-day curing period and the surface
moisture was removed using a dry towel. The specimens
were weighed before immersing in the acidic solution for 28,
56, and 90 days, after which a loss in mass and compressive
strength of the specimens was found.

2.3.7. Sulphate attack. For sulphate attack test, Na2SO4

solution was used as sulphate medium for the concrete
specimens. The test was carried out in accordance with
ASTM C1012 [32]. Water with 3 times the volume of the

cube specimens was taken in a tub and in that 5% Na2SO4 by
volume of the total water was mixed. The cube specimens
were taken after 28-day curing period and immersed in the
solution for 28, 56, and 90 days, after which a loss in mass
and compressive strength of the specimens was found.

3. RESULT AND ANALYSIS

3.1. Fresh concrete property

The workability of concrete is an important factor that re-
lates directly to the mechanical property and durability of
the structure. It is the measure of ease in placement with
which there will be the least amount of segregation and
bleeding without loss in homogeneity. The dosage of
superplasticizer is adjusted so that the slump values are more
than 75 mm. The slump details of the mixes are mentioned
in Fig. 3. In the case of both SF and MK, with an increase in
percentage replacement, the water demand also increased
due to the finer particle size and increased surface area. The
water demand for MK was more compared to SF due to
the cohesive nature of MK particles. The ternary blending of
SF and MK improved the workability of the mixes.

3.2. Hardened properties of HPC

3.2.1. Compressive strength. The compressive strength test
of the specimens was carried out after a curing period of 7,

Fig. 2. Casting and testing of concrete specimens
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28, and 90 days. The maximum replacement levels that
provide ultimate strength for binary SF and MK mix were
chosen from the literature. The compressive strength results
of the mixes tested under a universal testing machine are
presented in Table 4. The development in the strength of the
mixes with curing age is also shown in Fig. 4. From the
figure, it is observed that for w/b ratios of 0.3 and 0.4, the SF
binary mix with 15% replacement of cement resulted in a
strength increment of 13.1% and 20.8% with respect to the
reference mix. In the case of MK binary mix, the strength
increment for a 10% replacement was observed to be 17.3%
and 23.1% for w/b ratios of 0.3 and 0.4. Ternary mixes
containing a total of 20% replacement of SF and MK showed
superior strength properties compared to a net 15%
replacement. A ternary mix containing SF10% and MK 10%
showed increments in strength up to 29.7% and 30.2% with
respect to the reference mix, 14.7% and 7.8% increment

with respect to binary SF 15% mix, and 10.5% and 5.8%
increment for binary MK 10% mix for w/b ratio of 0.3 and
0.4. The development of strength for ternary mixes was
more pronounced in mixes with a lower w/b ratio. The
compressive strength increment for the 28-day curing period
of the mixes M8 and M16 from the present study was
significantly large compared to a 10% increment for ternary
mixes containing 10% RHA and 10% FA [33], 26.6%
increment for a mix containing 10% SF and 10% ultrafine
GGBS [34] and 17.6% increment for a mix containing 10%
AL and 20% FA [35] with respect to the reference mix.

3.2.2. Flexural strength. The flexural strength test was
carried out on prism specimens using a four-point bending
loading. The tested results for all the mixes after 28-day
curing are presented in Fig. 5. From the figure, a maximum
of 60% and 48% increment in flexural strength of ternary
mixes is noticed for w/b ratio of 0.3 and 0.4 compared to the
reference mixes. Ternary mixes with a net 20% replacement
level showed better results compared to a net 15% replace-
ment of cement. A ternary mix containing SF 10% and MK
10% showed 37.8% and 22.3% increased bending strength
compared to binary SF 15% mix for w/b ratios of 0.3 and 0.4.
Similarly, the ternary mix of SF 10% and MK 10% showed
35.3% and 19.5% increased bending strength for w/b ratios
of 0.3 and 0.4 compared to the binary MK 10% mix. The
experimental results showed improved performance when
compared with similar studies containing 10% AL þ 20%
FA [35] and mortar mix with 10% SF þ 10% MK [20],
where an increment in flexural strength of 10.6% and 30%
was observed with respect to reference mix. The flexural
strength of the mixes are in relation with the compressive
strength and show similar trends. The enhancement in
flexural strength of the ternary mixes is attributed to more
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Table 4. Experimental results of mechanical and durability tests of concrete mixes

Mix
No.

Compressive
strength
(MPa)

Flexural strength
28-day (MPa)

Young’s modulus
28-day (GPa)

Water absorption
28-day (%)

Compressive strength
loss in 5% H2SO4 at 90-
day immersion (%)

90-day compressive
strength after

immersion in 5%
Na2SO4 solution (MPa)

28-
day

90-
day

M1 50.12 52.81 4.92 28.67 4.02 48.84 44.80
M2 60.56 64.78 5.96 30.27 2.95 31.20 60.12
M3 61.70 66.00 6.10 32.43 3.40 33.94 60.00
M4 58.50 61.71 6.05 32.95 2.98 33.60 58.40
M5 56.50 59.48 5.94 32.33 2.64 32.45 57.70
M6 59.89 62.92 6.94 33.72 2.37 29.78 60.78
M7 62.90 65.95 6.67 34.81 2.65 33.13 63.14
M8 65.30 68.33 7.29 35.46 2.13 28.65 68.40
M9 73.90 78.25 6.59 32.67 3.72 44.94 67.98
M10 83.60 89.60 7.95 35.27 2.57 29.60 84.46
M11 86.70 93.02 8.10 36.43 2.80 32.23 86.10
M12 84.36 89.22 8.76 35.95 2.41 31.83 86.30
M13 83.32 87.93 8.00 35.33 2.11 30.90 85.12
M14 87.50 92.16 8.87 38.72 1.95 25.56 92.00
M15 93.10 97.86 9.60 41.81 1.99 30.70 93.20
M16 95.92 100.62 9.96 43.16 1.64 24.93 101.06
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volume of ettringite formation leading to an increase in the
bond between aggregate and matrix, which is considered the
weakest link in concrete.

3.2.3. Modulus of elasticity. The modulus of elasticity of
concrete represents the extent to which the specimen can take
elastic deformation. Cylindrical specimens were used for
testing under the universal testing machine. For every gradual
loading, the strain values were recorded using a dial gauge
mounted on the specimen. The stress-strain relationship of
the mixes from the present study is shown in Fig. 6. The
values of the modulus of elasticity of the mixes at 28 days
using the secant modulus are mentioned in Table 2. From the
figure, it is observed that both binary and ternary mixes
showed higher tolerance towards stress. The binary mix
containing MK 10% showed a 13.1% increment in elastic
modulus compared to a 5.5% increment for SF 15% with
respect to the reference mix. However, the binary MK mix
shows more brittleness compared to the SF mix. Ternary
mixes M6, M7 and M8 of w/b ratio 0.4 showed elastic
modulus increments of 17.6%, 21.4%, and 23.6% compared to
the reference mix. Similarly, ternary mixes M14, M15, and
M16 of w/b ratio 0.4 showed elastic modulus increments of
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18.5%, 27.9%, and 32.1% compared to the reference mix.
A ternary mix containing SF 10% and MK 10% showed
increased stress tolerance of 22.3% and 17.1% compared to
binary SF 15%, whereas 18.4% and 9.3% increment in the case
of binary MK 10% mix was observed for w/b ratio of 0.3 and
0.4 respectively. MK particles contribute more to the rapid
hardening and increase in stiffness of the ternary mixes. The
increase in stiffness of the concrete mixes also increases the
brittleness nature, which is clearly visible from the sudden
drop down of the stress-strain curve.

3.3. Relationship between mechanical properties of
HPC

The standard relationship between mechanical properties of
normal and high-strength concrete are provided in different
codes such as CEB-FIP MC 90 [36], ACI 318 [37], ACI 363
[38], IS 456 [23], NS 3273 [39], NZS-3101 [40] & BS-8110 [41].
Since modern concretes essentially contain additional pozzo-
lanic materials to improve their performance, the codal values
have to be checked. Some of the earlier researchers such as
Mindess et al. [42], Rashid et al. [43], Ahmad and Shah [44]
have derived empirical relations between compressive strength
flexural strength and modulus of elasticity. In the present study,
the relation between compressive strength (fc) and flexural
strength (ft) from the experimental results of HPC containing
SF and MK is derived using regression analysis. The proposed
equation from the present study for the prediction of ft as a
function of fc is given in Eq. (1).

ft ¼ 0:145
�
fc
�0:92

50 MPa≤ f c ≤ 110 MPa… (1)

Also, the proposed equation for the relation between
compressive strength (fc) and Elastic modulus (Ec) derived
from the regression analysis is given in Eq. (2).

Ec ¼ 3:72
�
fc
�0:53

50 MPa≤ f c ≤ 110 MPa… (2)

The fitted regression from the experimental results along
with the values obtained from the equations provided by
various researchers and code of practices are shown in Figs 7

and 8. To determine the effectiveness of the proposed equa-
tion, performance indices such as root mean square error
(RMSE) and integral absolute error (IAE) were used. The
percentage IAE and RMSE values for equations from various
codes, by earlier researchers, and from the present study are
given in Table 5. The results of error metrics indicate that the
proposed equation shows the least error in predicting ft with
RMSE and IAE as 0.58MPa and 6.06% and for Ec, the RMSE
and IAE values were 1.15MPa and 2.84%. The predicted
values from Eq. (1) and Eq. (2) are in agreement with the
values derived from equations provided by Mindess et al. [42],
Rashid et al. [43], Ahmad and Shah [44]. The comparative
analysis demonstrates that the proposed equations can be
effectively used to predict ft and Ec values for HPC.

3.4. Durability properties

3.4.1. Water absorption. Water absorption in concrete is
the basic durability property that determines the quality of
concrete in resistance to water ingress. Water ingress
through the pores present in concrete can damage the steel
reinforcement and can cause severe structural damage.
Water absorption is directly proportional to the porosity of
concrete. To carry out the test, cube samples were taken
after curing for 28 days and kept in the oven for 24 h, then
the over-dried samples were immersed in water for 48 h.
The mass percentage of water absorbed by the oven-dried
sample is represented as the percentage of water absorption
of the concrete samples. The values are presented in
Table 2 and a graphical representation is also given in
Fig. 9. Binary SF mix shows more resistance towards water
ingress compared to binary MK mix, due to the smaller
particle size of SF which helps in pore refinement. The
difference in strength grades also shows a significant dif-
ference due to denser particle packing. A maximum of
55.9% reduction in water absorption for the ternary mix
was observed compared to the reference mix. A ternary
mix containing SF 10% and MK 10% showed 36.2% and

Proposed Eq.
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27.9% reduction in water absorption compared to binary
SF 15% mix for w/b ratio of 0.3 and 0.4. Similarly, the
ternary mix of SF 10% and MK 10% showed 41.5% and
37.5% reduction in water absorption for w/b ratio of 0.3
and 0.4 compared to the binary MK 10% mix.

3.4.2. Acid attack. Concretes are exposed to acidic envi-
ronments such as waste sewage, industrial effluent lining,
and the atmosphere near industries. Hence acid resistance of
concrete is considered an important durability index. In the
present study, sulfuric acid with a 5% concentration is
chosen resembling the pH levels of the harsh environment.
The cubic specimens were taken after a 28-day curing period

and immersed in the acidic solution and tested for mass loss
in specimen and compressive strength loss after 28, 56, and
90 days. The mass loss percentages of the mixes are shown
in Fig. 10. From the figure, it is seen that initially there is an
increase in the mass majorly due to the accumulation of
calcium sulphate and softening of the interfacial transition
zone (ITZ) of specimens. The maximum increase in weight
of binary SF and MK mix was 2.17% and 2.43%. The
maximum increase in weight for the ternary mix was 2.28%.
A ternary mix containing SF 10% and MK 10% showed a
43.4% and 36.3% reduction in mass loss compared to the
reference mix. After 4 weeks, the concrete started deterio-
rating and weight loss was observed. Ternary mixes showed
reduced weight loss compared to binary mixes. The
compressive strength loss percentages of the mixes with
standard deviation are shown in Fig. 11. The mass loss in
specimens and the loss in their compressive strength are in
correlation with each other. Ternary mix containing SF 10%
and MK 10% showed an increase in compressive strength
for 28, 56, and 90 days up to 52.3%, 42.8%, and 44.5%
compared to the reference mix for a w/b ratio of 0.3.
Similarly, a 52%, 43.5%, and 41.4% increase for a w/b ratio
of 0.4 was observed in comparison to the reference mix.
Mixes containing SF showed better acid resistance compared
to MK.

3.4.3. Sulphate attack. Deterioration of concrete can
occur in the presence of sulphate as salts in a physical or

Table 5. Comparison of empirical relations from various codes and by earlier researchers

Compressive strength vs Flexural strength Compressive strength vs Elastic modulus

Code of Practice/
Researchers

Empirical
Relation

IAE
(%)

RMSE
(MPa)

Code of Practice/
Researchers Empirical Relation

IAE
(%)

RMSE
(MPa)

ACI 318 (99) ft 5 0.62(fc’)
0.5 19.80 2.29 CEB-FIP MC 90 Ec 5 21.5 (fc’/10)

0.3 8.42 3.75
ACI 363 (92) ft 5 0.94(fc’)

0.5 10.12 0.94 ACI 363-92 Ec 5 3.32 (fc’)
0.5þ6.9 3.70 1.57

IS 456 (2000) ft 5 0.7(fc)
0.5 13.90 1.66 IS 456-2000 Ec 5 5 (fc)

0.5 16.20 6.98
NZS 3101 & BS - 8110 ft 5 0.6(fc)

0.5 24.46 2.45 Norwegian Ec 5 9.5 (fc’)
0.3 5.88 2.45

Mindess et al. [42] ft 5 0.11(fc) 8.78 0.82 Rashid et al. [43] Ec 5 8.8 (fc’)
0.325 4.08 1.89

Rashid et al. [43] ft 5 0.42(fc’)
0.68 7.18 0.65 Ahmad and Shah Ec 5 8.9 (fc’)

0.33 4.54 2.00
Proposed Eq. (1) ft 5 0.145(fc)

0.92 6.09 0.59 Proposed Eq. (2) Ec 5 3.72 (fc)
0.53 2.88 1.18

fc - cube compressive strength (MPa), fc’- cylinder compressive strength (MPa), ft – flexural strength (MPa), Ec - Modulus of elasticity (GPa).
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chemical state such as in marine environments and un-
derground soil. In the present study, sodium sulphate with
a 5% concentration is chosen resembling the severe
environmental condition. The cubic specimens were taken
after a 28-day curing period and immersed in the acidic
solution and tested for mass loss and compressive
strength loss after 28, 56, and 90 days. The mass loss
percentages of the mixes are shown in Fig. 12. From the
figure, a marginal loss in weight is observed for all the
mixes except the reference mixes. The compressive
strength results of the specimens immersed in sulphate

solution are shown in Fig. 12. Ternary mixes exhibited
better acid resistance compared to binary mixes. The
compressive strength of almost all the mixes increased till
56 days of immersion, after which deterioration of the
concrete started to begin. A ternary mix containing SF
10% and MK 10% showed increased compressive strength
even after 90 days of immersion. The presence of calcium
alumina silicate hydrate (C-A-S-H) and secondary cal-
cium silicate hydrate (C-S-H) refines the pore structure
and prevents harmful agents from penetrating the con-
crete surface (Fig. 13).
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3.5. Recommendations for further research

The present study can be extended by determining other
durability properties such as chloride diffusion, carbonation,
water and gas permeability, etc. Predictive models can be
developed by correlating the durability properties with the
mechanical properties of the HPC containing SF and MK
and validating the proposed models with the experimental
values provided by earlier researchers. The present study
aims at understanding the effects of ultrafine SCMs in HPC,
a comparison of the results with similar HPC mixes con-
taining other SCMs can help us understand and properly
choose the SCM for a targeted environment.

4. CONCLUSIONS

Based on the experimental investigation carried out in this
study the following conclusions were drawn:

The mechanical and durability characteristics of HPC
containing both binary and ternary mixes of SF and MK
were studied.

The blending of SF and MK in concrete made the matrix
denser through increased volume of ettringite formation
resulting in enhanced strength and durability properties.

The role of SF is more attributed to the particle
packing and secondary C-S-H gel formation, whereas MK
with higher pozzolanic activity helps in the formation of
C-A-S-H resulting in rapid hardening and stiffening of
the matrix.

The ternary mixes showed a maximum improvement in
compressive strength of 30.2% and 14.7% with respect to the
reference mix and binary mix.

Similarly, the flexural strength and modulus of elasticity
test results showed a maximum strength improvement of
about 37.8% and 32.1%.

The denser particle packing using the ultrafine SF and
MK improved the pore structure, preventing the ingress and
capillary action of water. A 55.9% reduction in water ab-
sorption was noticed for a ternary mix containing SF 10%
and MK 10%.

Ternary mixes showed reduced mass loss and compres-
sive strength loss compared to binary SF and binary MK mix
when immersed in an acidic medium.

No significant mass loss was observed for concretes
immersed in sulphate solution, although strength loss was
noticeable after 56 days of immersion.

A ternary mix containing SF 10% and MK 10% provided
better results in terms of strength and durability when
compared with other mixes.

Alterations in the empirical relation between compres-
sive strength, flexural strength, and elastic modulus were
suggested for concretes containing SCMs.

The empirical relationships proposed in the present
study to predict flexural strength and elastic modulus as a
function of compressive strength shows the least RMSE and
IAE of 0.59 MPa, 1.18MPa and 6.09%, 2.88% compared to
earlier researchers and code of practice.
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