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Abstract

Considering the environmental impact of cement manufacturing industries, this paper concerns the potential of using
supplementary cementitious materials (SCMs), like fly ash and ground granulated blast furnace slag, as being essential to
replacing the existing Ordinary Portland Cement (OPC). The objective of this paper is to study the microstructural
characteristics of concrete with SCMs and improve the durability of the product to increase the lifespan of concrete
structures. Replacement SCMs in OPC are 0, 40, 50, and 60 by percentage of cement weight, and we have taken a water-
binder ratio of 0.40 for M40 grade and 0.28 for M60 grade concrete. The physical properties and chemical composition of
OPC, Ground Granulated Blast-furnace Slag (GGBS), and fly ash were identified, and three different experiments were
conducted to determine the resistance to penetration of chloride ions and corrosion processes. The rapid chloride
permeability test, accelerated corrosion, and sorptivity tests were employed to measure concrete's resistance to the effects
of aggressive environments and examine the durability properties. The most performed grade samples were analyzed as
individual microspheres with Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDXS), and
X-ray diffraction. Significant improvements in various concrete properties were achieved through the partial replacement
of fly ash and GGBS with cement.

Keywords: Accelerated Corrosion Test; Energy Dispersive X-Ray Spectroscopy; Rapid chloride Permeability Test; Scanning Electron
Microscopy; Supplementary Cementitious Materials; X-ray Diffraction Analysis.

1. Introduction

The emission of CO; into the atmosphere due to the cement manufacturing industry is extremely harmful to humans
and the environment. Cement is the second most consumed material after water. Cement is a fundamental and costly
constituent of concrete. One hundred and ten kWh of energy and 130 kg of fuel are consumed to manufacture one ton
of clinker, the solid intermediary material produced in the manufacture of OPC. This process emits 845 kilograms of
CO,, with manufactured carbon emissions of 8%. Fly ash and GGBS have been used as additional materials in concrete
since the 19" and 20" centuries [1]. The supplemental cementitious materials utilized in OPC increase the functionality
of the solid and decrease the warmth of the hydration of the solid as more breaks appear on the solid surface. The solidity
of cement is a vital element in deciding the usefulness of the construction since it influences the mechanical properties,
i.e., endurance, synthetic assault, scraping area, and so forth. Chloride particles enter structures and cause decay from
multiple points of view, primarily in waterfront territories where sodium chloride can influence solid designs. In this
manner, the improvement of the examination work on techniques for the plan of concrete strength [2].
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In this study combined a proportional mix of different quantities of OPC, fly ash, and GGBS at 60%+20%+20%,
respectively, followed by 100%+0%+0%, and (50%+25%+25%). The best performance was achieved by the
60%+20%+20% mix. The curing process for test specimens before applying the test procedure was done at two different
timeframes of 28 and 56 days, as previous researchers found pozzolanic activity between the cementitious materials.
When compared to ordinary concrete, strength-wise in 28 days, the strength has shown less in proportional mixes, but
coming to 56 days, strength-wise, it delivers better results than ordinary concrete. The solid properties of the HVFA
supplemented with concrete show the high obstruction in respect of chloride particle penetrability and erosion
opposition, and the water interest in substance assault and expansion with the arrangement of C-S-H holding in the solid
[3]. Olivia et al. [4] investigated the consumption conduct of steel implanted in fly ash debris GP concrete by a readied
sped-up erosion test. The solid examples were presented at a consistent printing voltage of 5 V and 30 V. Two improved
fly debris geopolymer concrete blends were contrasted with a control blend (OPC concrete) with a comparable strength
grade. Alkalinity decrease by phenolphthalein splash, chloride infiltration by AgNO3; shower, and half-cell potential
estimation were additionally explored. The speed-up erosion test was done for 28 days.

Golewski (2020) [5] explores the experimental study of the impacts of SCMs in quaternary combinations. Because
of the aftereffects of the tests acquired, it was determined that the types of cement made on quaternary fasteners
containing nano additives have entirely positive mechanical boundaries. Quaternary types of cement containing 80%
OPC, 5% FA, 10% SF, and 5% n’s have shown the best outcomes in compressive strength and protection from breakage.
Joshi and Pitroda [6] state that the constituents and proportional mixes by appropriate collection and following the
excellent construction performance, an almost water-resistant concrete blended mix can be obtained. It is generally
advanced based on experimental set-up on test specimens by standard ASTM methods by the time preparing test
specimens and curing and testing procedure, which applies current density to steel bars to accelerate the corrosion that
affects the bond strength.

Gopalan [7] tested the durability of fly ash concrete compared with cement concrete. Tests were directed to gauge
the sorptivity of concrete and fly debris concrete under two diverse restoring conditions. It was reasoned that the impact
of relieving on concrete cement was discovered to be considerably less significant. Kubissa et al. [8] restrained sorptivity
at 28 days, and 8, 12, 16, 24, 36, 54, and 102 weeks. It was determined that the sorptivity at 28 days is higher compared
with the sorptivity at other times. It was additionally demonstrated that the sorptivity at 28 days gives an accurate
estimation of the sorptivity of any selection of days. Kim et al. [9] conducted an experimental investigation into fly ash
and GGBS setting time, porosity, microstructure, and formation of crystalline phases, and found that they have a lesser
effect in developing strength and a denser microstructure. It is evident from XRD patterns that calcium in fly ash did not
contribute to forming the C-S-H bond, but the formation of crystalline calcite was observed.

Even though different features of cement-based materials comprise consequential materials, and although
nanoparticles have been reported in the literature, the effects of these additives, along with by-products, are poorly
documented. It is necessary to study the effect of pulverization based on coal, a by-product of fly ash, and GGBS, a
powder additive with a large surface area, on the process ability, pore structure, and durability of RCC. Therefore, in
this study, the durability, mechanical, and microstructural properties of mortar containing fly ash and GGBS were
investigated. In this regard, the durability characteristics were evaluated using water absorption, electrical resistance,
the rapid chloride penetration test (RCPT), the accelerated corrosion test (ACT), and the adsorption test. In addition, the
characteristics of the microstructure were evaluated using X-Ray Diffraction (XRD) and Scanning Electron Microscope
(SEM) analysis.

2. Materials and Methods

In this research, the materials used in the concrete are commercial type Portland cement and mineral admixture.
Coal-based pulverized materials like fly ash and GGBS were used. Ordinary Portland Cement-OPC 53 grade cement
conforms to 1S 12089-1987 [10]. As the researchers stated, the mineral admixture, called supplementary cementitious
material, is a coal-based pulverized material called fly ash. According to the manufacturer's report and the test
certificates, fly ash can be made to be used on ordinary Portland cement as a supplementary material because clinker
emits a high volume of CO; into the environment. The site of the Vijayawada Thermal Power Station (VTPS), Andhra
Pradesh (India) [11] was used. It was now coming to the other most workable material, which is GGBS, a by-product
of iron factories, JSW-VIZAG. The physical properties such as specific gravity and fineness were tested and found to
be 2.6 and 3,600 cm?/gm, respectively. The fine aggregate was free from silt, clay, organic impurities, and clay-free
materials mined in the nearby area of Guntur, Andhra Pradesh. The nominal sizes for coarse aggregate are 10 and 20
mm, and they do not contain impurities such as clay particles, organic matter, dust, etc. Preliminary studies ascertained
the characterization of these materials.

2.1. Properties of Cement and Cementitious Materials (Fly Ash and GGBS)

This study used ordinary grade 53 Portland cement, fly ash, and GGBS. The physicochemical properties of cement,
fly ash, and GGBS are shown in Tables 1 and 2.
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Table 1. Physical properties of cement and mineral additives

Physicgl Specific Colour Soundqess (Le- Consistency Specific su'r-face (Air  Bulk den35ity I_nitia_l I_:inal_
properties  gravity off Chatelier test) permeability test) (kg/m?) setting time  setting time
Cement 3.14 Grey 1mm 32.00% 260.45 m®/kg 1440 63 minutes 275 minutes
Fly ash 2.53 Greenish - 34.50% - 1120-1500 52 minutes 580 minutes
GGBS 2.83 White - 32.50% 415-460 m?kg 1200 74 minutes 312 minutes

Table 2. Chemical composition of ordinary Portland cement and mineral admixture as materials

Composed Si0, AlLO; MnO P,0Os MgO KO SO; TiO,
Blast furnace slag. %  33.57  12.50 - - 098 156 - 0.51
Cement clinker. % 22.05 515 - - 154 074 235 -

Fly Ash. % 5203 217 001 060 078 069 094 118

First, the ordinary liquid, the original expendable liquid, which existed unconventionally from an acidic plus
accepted matter, remained used for the amalgamation of the concrete. Artificial retort between water and concrete is
essential to achieve hardening properties. Second, the applied water should be clean [12]. Superplasticizer is simply
discarded to understand its practicality. In addition, fly ash and silica fumes are mainly used as pozzolanic materials in
high-strength concrete. These materials are frequently used to enhance the strength of concrete [13].

Table 3. Mix design details

Grade name Water-binder Water Cement Flyash GGBS  Aggregates 20 Aggregates 10  Fine Aggregates  Admixture

ratio% (kg/m®)  (kg/m®)  (kg/m®)  (kg/m®) mm (kg/m°) mm (kg/m?) (kg/m®) (kg/m®)
M40- 0% W/B-0.40 157.73 415.07 0 0 691.33 462.58 751.13 2.08
M40- 20% W/B-0.40 157.73 249.04 83.01 83.01 675.54 452.02 733.98 2.08
M40- 25% W/B-0.40 157.73 207.54 103.77 103.77 671.60 449.38 729.70 2.08
M40- 30% W/B-0.40 157.73 166.03 124.52 124.52 667.65 446.74 725.41 2.08
M60- 0% W/B-0.28 171.20 450.00 208.00 0 604.80 404.70 657.20 4.65
M60- 20% W/B-0.28 171.20 394.80 131.60 131.60 580.48 388.41 630.70 4.65
M60- 25% W/B-0.28 171.20 329.00 164.50 164.50 574.00 384.00 623.90 4.65
M60- 30% W/B-0.28 171.20 263.22 197.42 197.42 567.50 379.73 677.00 4.65

2.2. Corrosion Monitoring Techniques

The corrosion monitoring techniques use a combination of cement and mortar to evaluate the erosion behaviour of
different steel grades under different conditions. This segment will show the extent of the mortar and solid mixtures and
data on the materials used to deliver these blends. Despite the use of a monitoring technique, two specimen tests were
conducted on the mixture of mortar and concrete.

2.3. ASTM C 1202

Information on experimental design, sample preparation, and testing procedures for corrosion control methods is
also provided. From ASTM C 1202, the standard test method that the rapid chloride permeability test is based on, the
specimens tested on materials is concrete or a blended mix with composite materials that are called supplementary
cementitious materials. Concrete discs are cast, placed over potable water curing under controlled laboratory conditions,
and halved for 28 and 56 days, respectively. After each curing time, the sample is removed and stored in a vacuum
desiccator for 18 + 2 h. It is placed between two reservoir cells with one cell filled with 3% NaCl solution, while the
other is filled with 0.3 molarity of NaOH solution. The two solutions must be mixed in the precise manure with no
deviations. Regarding the setup of the RCPT concrete discs, the silicone gel is placed around the concrete discs so no
leakages can occur, the power supply machine is supplied at 60 v DC for 6 hrs and a recording is made every 30 minutes.
The final reading in coulombs for that one equation is in ASTM C 1202, the standard measurement equation, but the
trend has changed in the machine learning so the digital metre is showing the final value of coulombs at 0 hrs, whereas
from the above procedure, the penetration of chloride ions can be measured by a standard table that provides data with
extreme conditions to deficient requirements [14].
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2.4. Accelerated Corrosion Test

This is the rapid test method where the chloride ion penetrates through the 3% concentration NaCl solution and also
a steel bar which is embedded in concrete by taking a non-corrosive steel bar, which will be kept inside the concrete. A
40 mm cover was taken from one phase of the test sample and the bottom of the same cover had 15 V DC supplied to
the steel bar continuously without taking any breaks. If a test specimen was corroded then that particular specimen was
removed from the setup and the remaining specimens continued to process until the last bar was corroded by deflection
of the passive layer which protects the reinforcement against corrosion [15]. Figure 1 shows the variation of penetrations
of chloride ions in the form of liquid that is a 3% concentration of NaCl solution.

Initial Stage Final Stage

Figure 1. Initial stages and final stages of accelerated corrosion test setup of M40 W/B-0.40

This accelerated corrosion test was applied to two grades with different W/B ratios and different proportional mixes.
M40 and M60 grades were used with balanced mixtures of four different types, i.e., common mix, proportional mix 1,
balanced mix two, and balanced mix 3. These had cement-based material replacement with different ratios of fly ash
and GGBS. The test specimens were cube-shaped of 150mm x 150mm in size and were placed into deep saline water
of 5% concentration until the required results were obtained. The accelerated setup rebar was kept in the concrete
specimen with 40 mm cover formed into two phases, from the bottom and side cover. As the chloride ions penetrated
the specimen the solidity of the cubes would slowly fail, showing initial cracks and total damage. As per the test, the
obtained results show some differences in the grade variation and within proportions to different replacements in
cementitious materials. The M60 grade concrete showed higher resistance to the absorption of chloride ions into the
concrete specimen (Figure 2).

Final Stage

Figure 2. Accelerated corrosion test setup of M60 W/B-0.28 Initial to Final stages

2.5. Sorptivity

The Sorptivity can be monitored by estimating the rate at which the capillary increase is maintained in a substantially
homogenous material. After the design, the chamber was flooded with water for 90 days. After drying in a broiler at
100+10°C, a sample measuring 100 (width) x 50 (height) mm was suffocated at a water level not exceeding 5 mm above
the base sample, and the fringe surface stream was forestalled by appropriately fixing with a non-spongy liner. The
amount of water consumed in a short time was estimated by measuring this example on a scale with an upper pan
weighing up to 0.1 mg. The water on the outside of the sample was cleaned with a damp cloth, and each weighing
operation was completed in 30 seconds. The uptake of collected water (per unit area of the surface) increased with time
(t) of the square foundation [16].

I=S.tz (1)
Aw
S = I (ﬁ) ) (Aw) __ Weight of cylinder after 30 minutes (W2)— Oven dry weight of cylinder in grams (W1) (2)
Tz T L '\ap/ — Sample surface area where water has entered (A) X Density of water (D)

where S is Sorptivity in mm, t is elapsed time in minutes.
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3. Results and Discussion
3.1. Rapid Chloride Permeability Test

The rapid chloride permeability test (RCPT) is the standard technique to measure the durability of concrete,
particularly penetration by chloride ions by the electrical insulation on the reservoir cells by a standard solution of 3%
concentration of NaCl, and 0.3 M of NaOH solutions in 60 v DC is supplied through an electrically conductive wire into
the NaCl solution for 6 hrs. Now coming to the values in the coulombs to the mix proportions supplemented in OPC
with varies with 0, 20, 25, and 30%. The same procedure is used for 28 and 56 days, respectively. As shown in Figures
3 and 4, the ranges of chloride ion penetration into concrete discs shown by the by RCPT, as the graphs show that in the
Water-Binder (W/B) ratio of 0.40 with different ratios in replacement of mineral admixture in OPC. The mix with 0%
replacement shows the high range of chloride ion penetration in twenty-eight days were coming to the fifty-six days in
the same proportions states that moderate range of chloride ions into specimens and compare with the 30% replacement
at the age of 28 days also chloride ions penetration is low. At 56 days, the chloride ions flow of penetration into concrete
is deficient, which means it is very effective with high replacement of cementitious materials in OPC. The replacement
of 20 and 25% are at moderate and low ranges of penetrations of chloride ions in specimens, the penetration of 25%
replacement of composite cementitious materials also shown effective results and tested on multiple grades [14].

5000 Chloride ion permeability in M40 grade
4500 4200 mm— 28 Day’s mm— 56 Days
4000 Expon. (28 Days) Expon. (56 Days)
3500
«» 3000
£
S 2500
3 2000
@)
1500
1000 687
500 .
0
W/B-0.40/CM-0% W/B-0.40/CCM-20% W/B-0.40/CCM-25% W/B-0.40/CCM-30%
Fly ash - GGBS replacement (%0)
Figure 3. Coulombs vs. (%) Replacement of Fly Ash and GGBS
2500 Chloride ion permeability in M60 grade
2176
28 Days 56 Days
2000 Expon. (28 Days) Expon. (56 Days)
«» 1500
Q
S
i)
3
] 1000
500 435
O I
M60-CM-0% M60-PM1-20% M60-PM2-25% M60-PM3-30%
Fly ash - GGBS replacement (%)

Figure 4. Coulombs vs. (%) Replacement of Fly Ash and GGBS

3.2. Accelerated Corrosion Test

Table 4 shows the corrosion initiation of the rebar and cracking time. Table 4 shows the corrosion initiation of rebar
data on corrosion initiation time and cracking time (days). The electric flow perusing is taken from a simply advanced
meter. To quantify the consumption rate, we played out a speeded-up corrosion test by applying 15 V DC to the rebar
installed in the solid covering, that is a 40 mm cover. This tests various extents of cement with substitutions of fly debris
and GGBS in the mix. The rates that are changed in OPC are 0, 20, 25, and 30%.
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Table 4. Corrosion initiation of rebar and cracking time

Sample ID

Corrosion initiation time (days)  Cracking time (days)

M40-CM-0%
M40-PM1-20%
M40-PM2-25%
M40-PM3-30%

M60-CM-0%
M60-PM1-20%
M60-PM2-25%
M60-PM3-30%

4 6
7 10
11 17
15 22
7 10
13 16
17 23
22 32

3.3. Sorptivity

Vol. 8, No. 04, April, 2022

The sorptivity is the ability of the test sample to absorb or desorb liquid in a specific time frame. In this research, the
test was conducted on supplementary cementitious materials with different replacement ranges in OPC. The water
absorption test was carried out in laboratory conditions under a controlled examination method. Before that, the test
specimens of concrete discs were kept in the oven to dry for three days at 50°C then removed from the oven and kept in
a laboratory for 24 hours, to come to room temperature. The samples were panelled now, and the results obtained from
a standard procedure is shown in Figure 5, that the control mix (CM) is 2.6, this value representing the absorption in
mm in the concrete test sample, and the composite cementitious materials (CCM) with various percentages are 20%,
25%, and 30%. The CCM proportions are statistically decreasing the sorptivity in mm which indicates that water
absorption is less when compared with the common mix. The sorptivity of 30% replacement is 1.8 which is less water

demand at 2.3 and 2.1, respectively.

=
3 N

Sorptivity in mm
-

0.5

Average Sorptivity at 56 Days For M40 Grade

2.61

W/B RATIO - 0.40
Replacement of cement (%)

Figure 5. Sorptivity vs. Replacement of Cement (%)

2.5

15

Sorptivity in mm

0.5

Average Sorptivity at 56 Days For M60

2.45
2.22

2.00 1.89

=PM1

= PM2

uPM3

W/B RATIO - 0.28

Replacement of cement (%)

Figure 6. Sorptivity vs. (%) Replacement of Cement
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3.4. SEM Analysis

At first, the concrete specimens are broken into small fragments. We can see from the SEM micrograph shown below
in Figure 7, the rapid spread of the C-H-S gel on the hydrated cement paste is the leading cause of strength. The standard
mix, which shows less hydrated practices than 50% of fly ash and GGBS in the ratio of 25% each, shows more C-H-S
n hydration on the cement paste in Figure 9 where we see calcium and silicon due to the dissolution
reaction of the GGBS to form C-S-H. As shown in Figures 8 and 10, the Energy-dispersive X-ray spectroscopy (EDX)
analysis graphs are peaks defining the elements O, Si, and Ca are higher than the other elements in the blended mix with
respect to both mix proportions used in the analysis. The SEM images show there are more voids in the control mix than

gel with the increase i

the proportion mix. F

inally, the results are more effective in the proportional combinations [17, 18].

C-S-H gel

Mortar paste

Figure 7. SEM images of M40 grade - W/B — 0.40 mix (100% C)
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Figure 8. EDX Analysis of M40 grade - W/B — 0.40 mix (100%C)
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Figure 9. SEM images of M40 grade - W/B — 0.40 mix (50% C + 25% F. A + 25% G.G.B.S)
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Figure 10. EDX Analysis of M40 grade - W/B — 0.40 mic (50% C+25% F. A + 25% G.G.B.S)
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The SEM micrograph shown in Figure 11 shows the rapid spread of C-H-S gel on the hydrated cement paste, which
was the leading cause of strength. The standard mix, which shows less hydrated practices than 50 % of F.A and G.G.B.S
in the ratio of 25%, each shows more C-H-S gel with the increase in hydration on the cement paste as shown in Figure
13, calcium and silicon due to the dissolution of GGBS react to form C-S-H. As shown in Figures 12 and 14, elements
such as Si, Ca, Mg and Al present in the EDX spectrum are due to the mixed compositions of GGBS and cement and C
and O elements due to fly ash. The fluctuations of peaks in the spectrum are due to varied cement, GGBS, and fly ash
compositions.

100 pm

Mortar Paste

o

SEM HV: 10.0 kV wo: 12
SEM MAG: 1.00 kx Det

SEM HV: 10.0 kV WD: 12.34 mm
SEM MAG: 500 x Dot: S8

Figure 11. SEM Micrograph W/B - 0.28 of Mix (60% C + 20% F. A + 20% G.B.B.S)
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Figure 13. SEM Micrograph W/B - 0.28 of Mix (50%C + 25% F. A + 25% G.B.B.S)

3.5. XRD Analysis

The soil phase and component fly ash and GGBS were performed using an XR diffractometer, a Shimadzu XRD-
6000. The sample was made in powder form. XRD analysis was performed using CuK radiation using X-ray tubes
operating at 40 kV and 35 mA. XRD data were collected in two values ranging from 10° to 80°, with a scan rate of 2°
per minute and a scan step of 0.02°. Match software High Score Plus was used for an automatic search to analyse
diffraction data.
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Figure 14. EDX Analysis W/B - 0.28 of Mix (50% C + 25% F. A + 25% G.B.B.S)

Figures 15 show the XRD results of cement pastes with varying amounts of fly ash and GGBS. As shown in the
XRD diagram, the mullite and quartz tops of the first fly debris remained after the antacid system was activated and the
GGBS expanded. An example of diffraction with 0% GGBS shows a hazy mound at 15° to 40° (26), confirming the
arrangement of the gel without mixed morphology. The ambiguous properties of the geopolymer did not change when
GGBS was presented in the blend. In each case, a new diffraction peak was found to occur near the 30° (28). This was
thought to be the generation of hydrated calcium silicate. The expansion of GGBS in the blend increases the most
important strength of C-S-H indicating an increase in the placement of hydrated calcium silicate [19]. For sustainable
concrete development, 100% substitute for RCA and 30% substitute for fly ash cement were used. The inclusion of
silica fume and steel fibres significantly improved the performance of recycled aggregate concrete at elevated
temperatures. The optimal dose of glass fibre was determined to be 0.25% in the experiment (Table 3) [20-22]. The
durability was determined according to the method proposed by Koch and Steinegger, and the optimum SCM
replacement ratio was 30%, which increased efficiency and compressive strength [23-25].
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Figure 15. XRD Analysis of M40 grade for replacement of F.A & G.G.B.S with different proportions
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As per the JCPDS data, the phases present in Figure 16 as follows:

The peaks appearing at 28 °, 36 °, 46 °, and 50 ° are due to calcium hydroxide (Ca(OH); 36°, 55°, 81°, and 84 ° are
due to calcium oxide (Ca0O); 27°, 31° and 40° are due to tricalcium silicates (alite) (C3S); 46°, 60° and 80 ° dicalcium
silicates (belite) (C2S); 22 ° and 29 ° are due to calcium carbonate (CaCOs); 45° and 68 ° are due to magnesium oxide
(MgO); 21 ° and 24 ° are due to calcium sulphate (CaS0O.); 39°, 50° and 63 ° are due to calcium silicate (Ca;SiOa4) 46 °,
52°,60°, and 80° are due to tricalcium aluminate (CazAl2Og).
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Figure 16. XRD Analysis of M60 grade for replacement of F.A and G.B.S with different proportions

4. Conclusion

In this study, the microstructure and durability of concrete were investigated by adding supplementary cementitious
materials such as fly ash and GGBS obtained from industrial by-products. The concrete cubes were tested for accelerated
corrosion by the rapid initiation of the corrosion process for 56 days. In the case of cement replacement with
supplementary cementitious materials, there were improved results. When 30% of fly ash and 30% of GGBS are
substituted with cement, it takes a longer time to initiate corrosion and cracking and an increased damage period of the
specimen in M40 and M60 grades. When 20% of fly ash and 20% of GGBS were substituted with cement, a high
compressive strength resulted, but it was observed that a low range of deficient coulombs values was obtained during
the durability test of the rapid chloride penetration process compared to 60% SCMs specimens. The specimens
containing 60% SCMs have a lower sorption capacity in mm compared with the 40% SCM specimens.

SEM analysis shows that the inclusion of fly ash and GGBS in the mixture produces an additional calcium silicate
hydrate gel, which helps to achieve reasonable durability with 60% SCM specimens in the M40 and M60 grades. The
hydration rate of 40% SCM specimens was like that of a normal concrete mixture, but the presence of mineral elements
was significantly different from that of the control mix, which altered the strength of the concrete mixture. The faster
formation of hydration products in the presence of fly ash and GGBS nanoparticles is confirmed by the XRD results and
is the reason for the improved durability.
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