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Abstract. The study presents a rational approach for design and optimization of high-strength One-Part
Geopolymer Concrete (OP-GPC) mixes for a targeted compressive strength of 70 MPa using Response Surface
Methodology (RSM). The model generated through RSM showed significant statistical relationship between the
selected input and output variables. The high-strength OP-GPC was designed with ground granulated blast furnace
slag as primary binder and anhydrous sodium metasilicate as the solid activator. The RSM model established
statistically significant relationships between design parameters and compressive strength, which were subsequently
validated through laboratory experimentation. The optimized OP-GPC have achieved compressive strength in the
range of 70 MPa-76 MPa at 28 day. The experiments showed that approximately 90% of the targeted compressive
strength was achieved within initial 7 days. The mechanical performance of high-strength OP-GPC was measured in
terms of flexural and split-tensile strengths which was measured at 7.37 MPa and 5.32 MPa at 28 days, respectively.
The durability of high-strength one-part GPC was also measured which showed low permeable void content of
8.17%, sorptivity of 0.0010 mm/s¥2and chloride penetration depth of 5.81 mm at 180 days that indicated superior
performance relative to conventional concrete. The results demonstrated that the proposed RSM-based design
approach enables the development of high-strength OP-GPC with superior mechanical and durability performance.
The optimized high-strength OP-GPC is recommended for sustainable and high-performance structural applications,
particularly where early-age strength development and enhanced durability under aggressive exposure conditions is
also needed.

Keywords: durability properties; ground granulated blast furnace slag; high-strength concrete; mechanical
properties; one-part geopolymer concrete; response surface methodology

1. Introduction

As per BIS 456 [1], the high-strength concrete exhibits the compressive strength greater than
55 MPa. Neupane [2], have reported that high-strength concrete replaced the large volume
concrete to slim sections that ultimately reduced dead load, cost and time. It was also noted that
high-strength concrete has wide application in skyscraper developments, bridge engineering and
pre-stressed structural elements. The high-strength concrete was also made with geopolymer
technology that further reduced dependency on cement and carbon emissions by up to 70% [3].
Weil et al. [4] have reported that GPC can reduce the greenhouse gas emissions by approximately
75% compared to traditional concrete. The design of high-strength conventional GPC has been
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addressed in previous research [5-9]. The drawbacks of GPC including heat curing and two-step
preparation of activating solution was resolved by the advanced technology termed as one-part
geopolymer concrete [10-15].

The major constituent of one-part geopolymer concrete is alumino-silicate-precursor (single or
in combination) for example Ground Granulated Blast Furnace Slag (GGBS), metakaolin, fly ash
and rice husk ash. The precursors are activated by solid alkali activators [16-19]. A few studies
have investigated the high-strength based one-part geopolymer research to mortar-level. According
to Dong et al. [20] have reported that one-part geopolymer mortars was prepared with solid
sodium metasilicate of constant silicate modulus of 0.97. The binder was having different fly ash
to GGBS ratios of i.e. 80 to 20, 40 to 60 and 0 to 100. The water-to-binder ratio was ranged from
0.31 to 0.37. The high-strength one-part geopolymer mortars prepared with solid activators
demonstrated superior compressive strength of 80 to 105 MPa compared to mixes prepared with
liquid activators. Dakhane and Neithalath [21] have reported the effect of powdered silicates on
strength development of GGBS-based high-strength one-part alkali-activated binders. It was noted
that silicate-activated mortars can achieve compressive strengths exceeding 80 MPa at 56 days and
upto 30 MPa in 72 hrs. depending on design parameters. The design parameters affected the
behaviour was total alkalinity, silica modulus and type of activator cation.

In literature, very few studies have addressed the mix. design strategies of high-strength OP-
GPC. Manjunath et al. [22] noted the bond strength properties of high-strength OP- GPC and
reported the compressive strength ranging from 76 to 91 MPa and bond strength between 12 to 14
MPa. The authors have noted the bond-strength is directly proportional to compressive strength.
Araljo-Junior et al. [23] have reported hardened properties of high-strength slag-based concrete.
The compressive strength of the concrete increased rapidly, reaching values above 41 MPa at 1
day. At 28 days, the compressive strength ranged between 86 MPa and 105 MPa depending on the
mix proportions. The rapid strength gain was attributed to the low water-to-binder (w/b) ratios
(0.28, 0.36, and 0.44) and the use of sodium silicate activators with a silica modulus of 1.78 and
Na2O content of 4.5%. Using the RSM model, Sharma and Singh [24] identified optimal mix
proportions and further validated the model in the laboratory and achieved compressive strengths
up to 55 MPa. Kurtoglu et al. [25] have reported the application of advanced machine learning
techniques to predict the residual compressive strength of GGBS and Fly ash based geopolymer
concretes. The authors have identified temperature, water content, aggregate proportions, silicate/
hydroxide ratio and curing conditions as the most influential variables with 95% of model
predictive accuracy. Paruthi et al. [26] have compared different machine learning algorithms for
predicting the compressive strength of GGBS-based geopolymers and found Gradient Boosting
Machine to be the most reliable for the low prediction error and high correlation. Their findings
support the integration of data-driven techniques and experimental validation of mix design. Al-
Rousan and Sawalha [27] have investigated the structural behavior of square concrete-filled steel
tubular columns incorporating high-strength geopolymer concrete as the infill. The results showed
that the factors such as binder chemistry, gel phases and steel tube thickness significantly
influenced the load-bearing capacity, stiffness, energy absorption and ductility of the column.
From the literature it is evident that investigations on high-strength one-part geopolymer concrete
remains limited, particularly for performance prediction of mix design using machine learning
approaches.

Khater and Abd el Gawaad [28] reported that the addition of 0.1% carbon nanotube in slag-
based geopolymer mortar reduced water absorption and shrinkage whereas high dosage led to
agglomeration and deterioration of durability properties. The recent investigations on GGBS-
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metakaolin blends have reported compressive strengths of 36 MPa with excellent durability
including better resistance to acid attack and high temperatures compared to conventional concrete
[29]. Zedan et al. [30] demonstrated that incorporating GGBFS into alkali-activated ceramic waste
systems significantly enhanced compressive strength and microstructural compaction whereas
substitution with concrete waste reduced performance. The existing durability investigations
provide valuable insights however there remains a clear gap in understanding the durability of
high-strength one-part GPC.

The optimisation of design parameters and also durability analysis of high-strength OP-GPC
remains underexplored. To fill this research gap, the primary objective of the present study is to
optimize the mix design of high-strength OP- GPC through RSM and further analyse its mechanical
and durability properties. The study specifically targeted a high compressive strength of 70 MPa at
28 days for the design of high-strength OP- GPC. The study has analysed model's prediction and
validated the predicted compressive strength in laboratory. The fresh, mechanical and durability
behaviour of high-strength OP- GPC was analysed.

2. Research significance

In the technical literature, researchers have designed and studied high-strength two-part GPC
for a targeted compressive strength up to 85 MPa. However, a few studies focused on high-
strength one-part GPC designed in the strength range of 60-90 MPa using precursors like GGBS,
rice husk ash, fly ash and activators like sodium silicate. There exists a gap in technical literature
regarding design mix approach and methodology for high-strength OP-GPC. The present study
addressed the gaps and highlighted a rational mix design approach for design mix of GGBS based
high-strength OP-GPC through RSM. The model was further validated with laboratory experiments.
The study also explored experimentally the mechanical and durability behaviour of the designed
high-strength OP-GPC through RSM.

3. Methodology
3.1 Modeling

The Response Surface Methodology (RSM) was used to design high-strength OP-GPC to attain
the strength of 70 MPa. RSM is a statistical tool used to develop models that describe the
relationship between input parameters and output variables [31]. The model analysed the data set
and facilitated evaluation of the influence of factors, their interactions and process optimization.
The application of RSM for optimization of mix design involves several stages, including factor
selection, experimental design, appropriate model selection, model adequacy verification, graphical
representation and final optimization [32]. The data for mix. design of high-strength OP-GPC
made with GGBS and anhydrous sodium metasilicate were compiled from previously published
research [33-40]. A dataset of 100 points was analysed, considering independent variables like
GGBS, coarse aggregate, water, fine aggregate and anhydrous sodium metasilicate (measured in
kg/m3. The compressive strength (MPa) was selected as the dependent variable. The minimum
and maximum range of parameters were defined as per the technical literature. The nomenclature
and ranges of the factors used in the model for designing high-strength OP- GPC were analysed
through RSM.
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The materials used for designing high-strength OP-GPC on RSM were GGBS used in amounts
from 0 to 600 kg per cubic meter, with an average of about 239.5 kg/m3 The activator anhydrous
sodium metasilicate ranged from 0 to about 162 kg /m3 with an average of about 81.4 kg/m=3 The
content of water ranged between 57 and 249 kg/m3 averaging 130.9 kg/m3 The coarse aggregates
were used from 825 to 1242.5 kg/m=3averaging 1084.9 kg/m3 The fine aggregates ranged from
457.5 to 805 kg/m3and the average amount was 691.3 kg/m3 The above mentioned values were
determined through RSM based on the data collected from the literature. The proposed approach
offered a well-organized framework for optimizing and validating the study's output parameters.
The process was carried out step by step, beginning with identifying the problem and selecting
parameters based on literature. The selected input factors and output parameter were then utilized
for model optimization and implementing statistical method to address the complex relationships
among these variables. The optimal design method in RSM was applied and the Two-Factor
Interaction (2-FI) statistical technique was identified as the most suitable for the given data set.
Statistical analysis was conducted to refine the p-value, R2value and F-value that improved the
accuracy of RSM model. The 2D-contour plots were further generated to demonstrate the
influence of input parameters on output value. The final mix design was obtained from the
optimized contour plots and subsequently validated through laboratory experiments. The model
was validated by adopting the optimized conditions in the laboratory and comparing the predicted
results with the experimental findings.

3.2 Materials

High-strength OP-GPC mix designs generated by RSM was experimentally authenticated in the
host institution’s laboratory. For development of high-strength OP-GPC, GGBS was used in the
form of alumino-silicate precursor and granular anhydrous sodium metasilicate was used as an
activator. The GGBS used in this study met the specifications outlined in BIS 16714 [41] and
exhibits specific gravity of 2.89 and Blaine fineness of 382 m3kg. The GGBS met the Indian
standard requirements, with a (CaO + MgO + Al.0Os)/SiO: ratio of 1.8 and a glass content of
96.60%. The activator comprised of 49.82% SiO. and 50.50% Na.O, with a measured silica
modulus ratio of 0.98. As specified by BIS 383 [42], the aggregates incorporated in the research
work included coarse aggregates up to 20 mm and fine aggregates under 4.75 mm. The specific
gravity measured was 2.60 for the fine aggregates and 2.80 for the coarse aggregates. The
aggregates exhibited an impact value of 15.35% and a Los Angeles abrasion value of 26.16, both
falling within the limits specified by BIS 2386 [43]. In the laboratory, high-strength OP-GPC was
prepared using a pan mixer. Initially, the GGBS and anhydrous sodium metasilicate were blended
together in dry state. Further, the coarse and fine aggregates were added and dry mixing was
carried for one minute to achieve a uniform blend. The water was then added in three stages: the
first one-third portion of total water was poured and mixed for one minute, followed by the next
one-third portion mixed for another one minute. In the end, the residual portion of water was
incorporated and mixed for the final one minute.

3.3 Testing

The consistency, IST and FST were measured for high-strength OP-GPC following BIS 4031
[44]. The high-strength OP-GPC was tested for workability with the standard slump cone in
accordance to BIS 1199 [45].

The compressive strength of high-strength OP-GPC was tested on cubic samples of standard
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size 150x150x150 mm. The compressive strength of high-strength OP- GPC were determined at 7
and 28 days of water curing in accordance to BIS 516 [46]. The flexural strength of the high-
strength OP-GPC was measured on beam specimens of standard size 100x100x500 mm in
accordance to BIS 516 [46]. The cylindrical specimens of standard size 100x200 mm was used to
determine split-tensile strength following the guidelines of BIS 5816 [47]. The flexural and split-
tensile strength of high-strength OP- GPC were evaluated at a duration of 28 and 90 days of water
curing.

The cylindrical samples of standard size- 100x200 mm was used to determine sulphate
resistance, chloride resistance, density, water absorption, void content and sorptivity. The durability
of high-strength OP-GPC against sulphate attack was tested by submerging samples in a 5%
solution of magnesium sulphate. The resistance to sulphate exposure was evaluated at 28, 56, 90,
120 and 180 days of immersion. The assessment criteria included was visual inspection, weight
loss and compressive strength degradation in accordance to GB/T 50082 [49].

The chloride resistance of high-strength OP-GPC was evaluated based on chloride penetration
depth. The chloride penetration depths were determined with water-cured cylindrical specimens
that were immersed in a 5% sodium chloride solution for 56, 90, 120, and 180 days of exposure in
accordance to ASTM C1556 [50]. To determine penetration depth, the cylindrical samples were
split and further 0.1IN AgNOs (silver nitrate) solution was sprayed on the exposed surfaces.
Additionally, the loss in weight of the samples were recorded and further analysed.

The high-strength OP-GPC were assessed for density, water absorption and void content
following ASTM C642 [51]. The bulk density, apparent bulk density and the percentage of
permeable voids were also determined for the high-strength OP-GPC.

The sorptivity of high-strength OP-GPC was evaluated using the capillary suction test
following ASTM C1585 [52]. The test was conducted on disc specimens measuring 100x200 mm
after 90 days of water curing. Water cured samples were placed in an oven for 72 hours to dry and
further cooled before testing. To ensure controlled absorption, all sides of the discs were wrapped
with wax while only the top surface remained unprotected. The prepared specimens were placed in
water with base support, maintaining a water-level of 1-3 mm on exposed surface. Weight of
specimens was recorded at intervals ranging from one minute to six hours to determine primary
absorption, while secondary absorption was assessed over a period of one to seven days.
Correlations between initial absorption (mm) and time (sec¥3, as well as secondary absorption
(mm) and time (sec¥3, were established and analysed for high-strength OP- GPC.

The water penetration depth of high-strength OP-GPC was evaluated with cube specimens of
standard size 150x150x150 mm following BIS 516 Part 2: Sec 1 [53]. Following the test, the
samples were split in two parts to measure the extent of water penetration depth. The initial surface
absorption test for high-strength OP- GPC was carried out following BS 1881: Part 208 [54] and
BS EN 12390-2 [55] to determine the rate of initial surface absorption. The sample preparation
was conducted as per standard procedures to ensure a consistent mass before testing.

4, Results and discussions

4.1 Statistical analysis of the model

The dataset was analysed with four statistical models namely Quadratic, Cubic, 2-FI and Linear.
Analysis of the model includes desired value of the R2 the p-value, the predicted R2and the
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Table 1. ANOVA results for high-strength OP-GPC

Source Sum of Squares  df  Mean Square F-value p-value Remarks
Model 12900.82 12 1075.07 15.21 <0.0001 significant

A-GGBS 863.71 1 863.71 12.22  0.0020 -
C-ASM* 4496.15 1 4496.15 63.62 <0.0001 -
D-Water 285.21 1 285.21 4.04 0.0570 -
E-Coarse Aggregates 68.05 1 68.05 0.9629  0.3371 -
F-Fine Aggregates 193.57 1 193.57 2.74 0.1121 -
AC 424.45 1 424.45 6.01 0.0227 -
BF 557.44 1 557.44 7.89 0.0102 -
CD 1834.28 1 1834.28 25.96 <0.0001 -
CF 1825.46 1 1825.46 25.83 <0.0001 -
DE 1075.41 1 1075.41 15.22 0.0008 -
DF 1092.96 1 1092.96 15.47  0.0007 -
Residual 1554.74 22 70.67 - - -

Lack of Fit 1311.58 19 69.03 0.8517  0.6542  not significant
Pure Error 243.16 3 81.05 - - -
Cor Total 14455.57 34 - - - -

*ASM-Anhydrous sodium metasilicate

adjusted R2that indicates the predictive accuracy of model. The initial summary of different
statistical models was produced the linear model had a sequential p-value of 0.0129 and a lack of
fit p-value of 0.1381, with R2 adjusted R2and predicted R2values of 0.4182, 0.2935, and 0.5299,
respectively and reported a poor fit. The 2FI model showed the best results, with sequential p-
value below 0.0002, lack of fit p-value of 0.7106 and R2 adjusted R2and predicted R2values of
0.9442, 0.8540 and 0.7512. The quadratic model had a high sequential p-value of 0.1834 and a
lack of fit p-value of 0.9508 with R2and adjusted R2values of 0.9798 and 0.9019, hence not
recommended. The cubic model, although it had the highest R2value of 0.9832, but was aliased
and therefore not considered reliable. Based on these results, the 2FI model was suggested for
further analysis, as it offered the best overall fit to the data.

The significant factors were determined by applying the Analysis of Variance (ANOVA)
technique. The model was validated with the F-and p-value of the 2FI-model. RSM optimized the
input factors to obtain the targeted output. Table 1 presents the ANOVA results for M70 grade
OP-GPC. The results indicated the significant model with the F-value of 15.21 implies the model
is significant. The p-value of less than 0.0001 also indicated that model terms are significant. In
the present study A, C, AC, CD, CF, DE and DF are significant model terms with p-values of
0.0020, <0.0001, 0.0227, <0.0001, 0.0008 and 0.0007, respectively, which indicated that aforesaid
terms were significant model terms. Among the individual factors C demonstrates the most
substantial effect with the highest F-value (63.62) and a p-value of less than 0.0001 highlighting
its critical role in influencing the response. Similar, interactions between variables such as AC,
CD, CF, DE, and DF were shown to contribute significantly to the model, with their p-values
being less than 0.05, underscoring the importance of combined factor effects. The Lack of Fit p-
value and Lack of Fit F-value of 0.8517 and 0.6542, respectively in the table implies that Lack of
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Table 2. Statistical summary of the RSM model

Source SD Adj-R2 Mean CV. % Pred.- R2 R2 AP Remark
2F1-Model 841 0.8338  62.43 13.47 0.7512 0.8924 14.63 M70 grade

Predicted vs. Actual

100 —

80 —

60—

Predicted

40—

20—

0 20 40 60 80 100
Actual
Figure 1. Correlation between actual and predicted compressive strength for high-strength OP- GPC

Fit is not significant relative to pure error. The non-significant lack of fit was acceptable for the
model fitness. Numerous researchers have used RSM to optimize geopolymer concrete [56-58]. In
the present study, the model exhibited a strong fit with an R2value of 0.8924, supported by a
significant p-value (<0.0001). The results demonstrated the optimization of mix of materials and
their interactions to achieve the best possible results. The performance of the statistical model was
determined in terms of model R2value, Standard Deviation (SD) and Coefficient of Variation in
percentage (CV%). The predicted R2value of 0.7512 was reasonably in good agreement with the
adjusted R2value of 0.8338 with a difference of less than 0.2. The adequate precision value
defines the signal-to-noise ratio and a value of more than 4 is considered to be favourable [59].
The model provides an Adequate Precision (AP) value of 14.63 which indicates a strong signal
and holds significance, Table 2.

The model statistics clearly indicated that the model is suitable for navigating the design space
effectively. The statistical performance of the model demonstrated a notable correlation between
the input and the output variables which was further confirmed by ANOVA analysis. As illustrated
in Fig. 1, there is minimal variation between the model’s predicted compressive strength and the
actual measured values.

4.2 Contour plots

To achieve the target compressive strength of 70 MPa, the 2D-contour plots were generated
through RSM to explore the effects of factors and their combinations on output parameter. The
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Figure 2. 2-D contour plots generated from RSM for high-strength OP-GPC

Fig. 2 demonstrates 2D-contour plots, that exhibits the interaction of input factors to and
corresponding output value. The research aimed to optimize the mix proportion of high-strength
OP-GPC made with a single precursor and activator. The objective was to optimize the activator
content to reach high compressive strength. The plots supported to identify best possible values of
different parameters and exhibited the output parameter value.

Fig. 2(a) presents the interaction between parameters A (GGBS content) and C (anhydrous
sodium metasilicate content). The contour plots provide the amount of GGBS content from 400-
800 kg/m3on the x-axis and the amount of anhydrous sodium metasilicate content from 0-200
kg/m?® on the y-axis. Fig. 2(b) presents a 2D-contour plot presents the interaction of parameters C
and D (water content). The x-axis represents factor ‘C’ while the y-axis shows factor ‘D’ with
content of 30-270 kg/m3based on the input data range. Fig. 2(c) illustrates the interaction between
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Table 3. High-strength OP-GPC mix compositions optimized using RSM

Mix designation
HSC-1 HSC-2 HSC-3 HSC-4 HSC-5

Mix. constituents

GGBS (kg/m?) 560 580 600 620 640

Anhydrous sodium metasilicate (kg/m?) 119 117 115 112 110
Water (kg/m?®) 202 200 198 196 186

Coarse aggregates (kg/m?®) 890 900 910 920 950

Fine aggregates (kg/m?®) 650 640 630 620 610

Binder Content (kg/m®) 679 697 715 732 750

WI/B ratio 0.30 0.29 0.28 0.27 0.25

factors D and E (coarse aggregate content) produced in RSM. The plots provide the amount of
water content (kg/m®) on the x-axis and y-axis shows factor ‘E’ ranging from 700-1300 kg/m3
based on the input data range. Fig. 2(d) illustrates the relationship between parameters D (water
content) and F (fine aggregate content) generated in RSM in terms of 2D contour plots for the
high-strength OP- GPC. The plots illustrate the amount of water content (kg/m?) on the x-axis and
the amount of fine aggregate (kg /m?) on the y-axis. Fig. 2(d) shows the range of factor ‘F’ from
400-800 kg/m?® suggested by RSM based on the dataset. The plots were used to extract mix.
proportions for high-strength OP- GPC.

4.3 Experimental validation

The high-strength OP-GPC were designed through the RSM model and validated through
laboratory experiments. The mix. proportions were determined using the contour plots by
following the procedure discussed in section 4.2. The five distinct mix designs were obtained from
the model. For each mix, three concrete cubes were cast, resulting in a total of fifteen specimens
for validation purposes. The detailed compositions for each of the five M70 grade mixes derived
from RSM are summarized in Table 3, labelled as HSC-1 to HSC-5. The binder content of the mix
ranged from 679 to 750 kg/m3 Across the five mixes, the w/b ratio varied between 0.30 and 0.25.
The proportion of activator in HSC-1, HSC-2, HSC-3, HSC-4 and HSC-5 was 17.53%, 16.78%,
16.08%, 15.30%, and 14.67%, respectively. Further, it may also be noted that the dosage of
anhydrous sodium metasilicate decreases with an increase in the binder content, as shown in Table
3. This indicates a trend of reducing activator dosage as the GGBS content increases, while
maintaining the targeted compressive strength. For example, the requirement of anhydrous sodium
metasilicate content was 17.47 % for mix HSC-1 at a binder content of 679 kg/m3 which was
decreased to 14.67% in mix HSC-5 at a binder content of 750 kg/m?.

For model validation, concrete cubes corresponding to each mix in Table 3 were casted in the
laboratory. Analysis of the results demonstrated that mix. HSC-5 had low w/b ratio compared to
HSC-1, as presented in Table 3. The reduced w/b ratio resulted in low slump value of 60 mm for
mix HSC-1 at a w/b ratio of 0.30 and 25 mm for mix HSC-5 at a w/b ratio of 0.25, Table 4.

The 28-day compressive strength of water-cured concrete cubes are also presented in Table 4.
The aforesaid table revealed that mixes HSC-1, HSC-2, HSC-3, HSC-4 and HSC-5 attained
compressive strengths of 71.34 MPa, 72.12 MPa, 73.50 MPa, 73.87 MPa, and 74.02 MPa,
respectively. It is noteworthy that the measured compressive strengths exceeded the target value of
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Table 4. Experimental results of slump and compressive strength for high-strength OP-GPC
Concrete Grade Mix ID Slump (mm) Target CS* (MPa)  Measured CS (MPa)  Difference (%)

HSC-1 60 70 71.34 1.91
HSC-2 55 70 72.12 3.32
High-strength  HSC-3 50 70 73.50 5.00
HSC-4 42 70 73.87 5.52
HSC-5 25 70 74.02 5.74

*CS- Compressive strength

70 MPa. This suggests that the developed model underestimated the optimal mix design for high-
strength OP-GPC. The percentage deviations calculated between predicted and measured values
are reported in Table 4 which revealed a variation in the range of 1% to 5% for high-strength OP-
GPC. Notably, the measured compressive strength values were consistently high than the predicted
values which confirmed the conservative nature of the developed model. The model developed in
the present study provides a practical resource for practitioners to finalize the mix proportions of
high-strength concrete according to the demands of different applications. From the extracted
design mixes, Table 3, HSC-3 design mix was selected for testing the fresh and hardened state
properties of high-strength OP- GPC.

4.4 Fresh and Hardened state properties

The consistency, IST and FST measured for high-strength OP-GPC was 28%, 38 minutes and
120 minutes, respectively. The measured values of consistency, IST and FST of OP- GPC made
with GGBS and anhydrous sodium metasilicate with same dosage of activator are in line with the
available literature. Slump value obtained for high-strength OP-GPC was 50 mm which confirms
to ‘medium workability class’ as per the requirements of BIS:456 [1]. The low workability class of
high-strength OP-GPC is attributed to the significant powder content (precursor + activator) and
low w/b ratio of 0.28.

The measured value of compressive strength of high- strength OP- GPC at 7 and 28 days were
66.14 MPa and 71.25 MPa, respectively. The targeted high-compressive strength at 28 days was
achieved following BIS 456 [1]. The analysis of obtained results exhibited that more than 90% of
the strength was achieved at 7 days for high-strength OP- GPC. Teo et al. [60] have reported that
OP-GPC designed with GGBS and anhydrous sodium metasilicate have achieved 85% of the total
compressive strength within the one week. Unlike OP-GPC, conventional cement concrete
generally develops only 65-70% of its final strength within the first week [61-64]. The faster
strength gain seen in OP-GPC is mainly due to high reactivity of the binders and the rapid
formation of geopolymer gel, also reported in previous research [65-68]. The rapid early-age
strength development observed in the high-strength OP-GPC system is primarily attributed to the
high alkalinity of the powdered activator and the optimized silica modulus that accelerated the
dissolution of reactive aluminosilicate and calcium-bearing phases in the precursor. This process
promoted the early formation of a dense and well-polymerized C-(A)-S-H/N-A-S-H hybrid gel
network and resulted in rapid matrix densification and refinement of the pore structure. The
calcium-rich nature of the binder further facilitated the precipitation of C-(A)-S-H-type reaction
products, which contributed significantly to early stiffness and strength.
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Figure 3. Sulphate resistance of high-strength OP- GPC measured in terms of (a) weight loss and (b) the
strength loss

For high-strength OP-GPC, flexural strength of mixes reported was reported 7.37 MPa after 28
days that enhanced to 8.08 MPa after a duration of 90 days. Split-tensile strength noted was 5.32
MPa and 6.79 MPa at 28 and 90 days, respectively. Luukkonen et al. [65] have reported that slag-
based one-part geopolymers with solid sodium silicate had flexural strengths ranging from 7.5 to
8.2 MPa at 28 days. Similarly, Ma et al. [69] reported flexural strengths between 7 and 8 MPa at
both 28 and 56 days for their high-strength OP-GPC mixes. For split-tensile strength, Yip et al.
[70] and Ming et al. [67] observed values between 5 and 6.5 MPa for mixes with compressive
strengths above 60 MPa.

The measured values of change in weight and compressive strength of high-strength OP-GPC
after sulphate immersion are presented in Fig. 3. The dotted reference line presented in the figure
represents the weight and compressive strength of cylindrical samples cured in water for 28 days
and termed as controlled specimens. The weight change and strength in compression at various
exposure period was determined with respect to controlled specimen.

The weight of controlled specimen was 3.84 Kg which increased to 3.87 kg, 3.90 kg and 3.84
kg after the exposure of specimens in the sulphate solution for 28, 56 and 90 days, respectively.
The weight of samples was noted to decrease up to 3.81 kg and 3.80 kg when subjected to
sulphate-rich environments for 120 and 180 days, respectively. Results showed a marginal increase
of 0.8 % in weight of specimens up to 90 days of exposure period in sulphate solution and
thereafter a decrease in weight of 1.0% for the exposure period of 180 days. The initial increase in
weight up to 90 days is attributed to the formation of ettringite and gypsum in voids and decrease
in weight at later ages is attributed to migration of alkalis from solid specimen to solution [71-72].
The compressive strength of controlled specimen was 70.46 MPa which increased to 74.00 MPa,
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(b)

Figure 4. Physical appearance of the specimens high-strength one- part GPC exposed to (a) sulphate solution
(b) chloride solution for 180 days

77 MPa and 74.31 MPa after the exposure of specimens in the sulphate solution for 28, 56 and 90
days, respectively, Fig. 3(b). The compressive strength of specimens was noted to decrease to
69.00 MPa and 68.12 MPa when exposed to sulphate solution for 120 days and 180 days,
respectively. Results showed a marginal increase of 5.5% in strength of specimens up to 90 days
of exposure period in sulphate solution and thereafter decrease of 3.3% for the exposure period of
180 days. The increase in strength up to 90 days is attributed to the continued polymerization and
interlocking of the geopolymeric binder that enhances the bonding between particles and the
development of a dense, 3D network that significantly improves the strength. However, further
decrease in strength of the concrete could be attributed to the ongoing degradation process that
causes crack formation and dissolution in microstructural and geopolymer bonds in the solvent
[72]. The physical appearance of a typical specimen exposed to sulphate solution for 180 days is
presented in Fig. 4(a), which showed that concrete is stable, sound and in shape with firm edges.
Contrary to this, the conventional concrete exposed to 5% concentrated solution of magnesium
sulphate for 180 days was reported in deteriorated state 120-140 days [73-74].

The chloride resistance of high-strength OP- GPC was measured in terms of change in weight
and depth of chloride penetration at different exposure periods in a chloride solution. The measured
weights of the cylindrical specimens were 3.89 Kg, 3.88 K¢, 3.88 Kg, 3.85 Kg and 3.80 Kg for the
control specimens and at the exposure period of 56, 90, 120 and 180 days, respectively. The
change in weight of the cylindrical specimens was not significant when exposed to the chloride
solution even up to 180 days. Similar observations in respect to change in weight of OP- GPC
exposed to chloride solution was reported by [75-78]. The measured values of the depth of
chloride penetration of high-strength OP- GPC are presented in Fig. 5. The figure shows that depth
of chloride penetration increased with increase in exposure period for of concrete. The penetration
depth for high-strength OP- GPC was 1.10 mm, 1.70 mm and 2.01 mm and 5.81 mm when
exposed to 56, 90, 120 and 180 days, respectively. The chloride diffusion coefficient (Cq) was also
determined for all the specimens in accordance to ASTM C1556 [50]. The Cq measured for high-
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Figure 5. Measured values of chloride penetration depth for high -strength OP- GPC

Table 5. Measured values of density, absorption and voids of high-strength OP-GPC

Measured properties High-strength OP- GPC
Absorption after immersion, (%) 3.40
Absorption after immersion and boiling, % 3.13
Bulk density, dry (g/m?) 2.61
Bulk density after immersion (g/m?3) 2.70
Bulk density after immersion and boiling, % 2.69
Apparent density (g/m®) 2.84
Volume of permeable pore space (voids), % 8.17

strength OP- GPC was 2.74 x 10°* m3s, 4.08 x 10°® m3s, 4.28 x 1013 m3s, 2.38 x 1012 m3s after
exposure periods of 56 days, 90 days, 120 days and 180 days, respectively, in chloride solution.
Results determined in terms of diffusion coefficient showed better resistance to chloride
penetration in high-strength OP- GPC and also in good agreement with the results measured in
terms of chloride penetration depth. The chloride penetration depth obtained for high- strength OP-
GPC was 5.86 mm after a maximum duration of 180 days, however conventional concrete
typically shows a greater chloride penetration depth, often exceeding 20 mm to 30 mm under
similar conditions, due to its higher porosity and permeability [79-81].

The density, water absorption, and volume of permeable voids measured for high-strength OP-
geopolymer concrete (GPC) in accordance with ASTM C642 [51] are presented in the Table 5.

The absorption rate after immersion was noted as 3.40%, while the absorption rate after
immersion and boiling slightly decreased to 3.13%, indicating enhanced durability properties. The
bulk density values further confirm the material's compactness, with a dry bulk density of 2.61
g/m3 which increased to 2.70 g/m3 after immersion and slightly reduced to 2.69 g/m=3 after
immersion and boiling. The apparent density was measured at 2.84 g/m3 showcasing the dense
microstructure of high-strength GPC. Additionally, the volume of permeable voids was found to
be 8.17%, which is lower than that of normal- and medium-strength GPC reported in previous
studies.
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Fig. 6 Measured values of absorption of high- strength OP-GPC

The results revealed that high-strength OP-GPC made with GGBS and anhydrous metasilicate
exhibits denser microstructure and reduced permeable voids compared to conventional geopolymer
concrete and cement-based concrete reported in literature [82-85].

The absorption (I) values of high-strength OP- GPC plotted against the square root of time
(S*?) are presented in Fig. 6. The I-values of the concrete samples was computed by dividing the
change in mass with the product of cross-sectional area of the test specimen and density of water
following ASTM C1585 [52]. In high-strength OP- GPC, the absorption values increased from
0.7771 mm to 1.1083 mm in a period from 60 seconds to 6 hours, corresponding to primary
absorption. Further, the I- values increased from 1.3631 mm to 1.7452 mm in a period from 1 day
to 7 days corresponding to secondary absorption. Results showed that high-strength OP- GPC
exhibited low absorption values relative to normal-and medium-strength OP- GPC. The initial rate
of absorption (sorptivity) of water was determined as the slope of the best-fit line plotted between |
and SY2 and was found to be equal to 0.0022 mm/s*? high-strength OP- GPC. The secondary
sorptivity was noted as 0.0010 mm/s*? high-strength OP- GPC. The low absorption values and
sorptivity in the case of high-strength OP- GPC is attributed to its dense microstructure and the
number of less permeable voids.

The depth of water penetration for high- strength OP- GPC was measured in accordance to IS
516 Part 2-sec 1 [53]. on the cube specimens subject to under pressure. The depth of water
penetration measured in high-strength OP- GPC was 9.5 mm. The low depth of water penetration
in case of high-strength OP- GPC is attributed to dense microstructure and less volume of
permeable voids relative to normal-strength concrete.

The high-strength one-part GPC exhibited initial surface absorption values of 0.217 ml/m3sec,
0.121 ml/m3sec and 0.101 ml/m3sec, at an interval of 10 minutes, 30 minutes, and 60 minutes,
respectively. Results showed that the absorption values decreased over time in one-part GPC. The
behavior is attributed to the fact that pores fills with the water over time and contribute to
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impermeable. The absorption values in case of high-strength one-part GPC were significantly low
that predicted reduced permeability of the high-strength one-part GPC.

5. Conclusions

The key conclusions from the experimental work are as follows:

» The mix design of high-strength OP- GPC was obtained through response surface
methodology and was experimentally validated, encouraging its use in formulating and assessing
concrete mix designs in construction practices.

» The compressive strength obtained for high-strength OP-GPC was 66.14 MPa at 7 days and
71.25 MPa at 28 days. Notably, over 90% of the 28-day strength was achieved within 7 days,
indicating rapid early-age strength gain. For high-strength OP-GPC, the flexural strength of the
concrete mixes reported was measured at 7.37 MPa after 28 days that increased to 8.08 MPa at 90
days. The split-tensile strength noted was 5.32 MPa and 6.79 MPa at 28 and 90 days, respectively.

« Upon exposure to 5% magnesium sulfate solution, high-strength OP- GPC specimens initially
showed a marginal weight increase of 0.8% up to 90 days due to ettringite and gypsum formation,
followed by a 1% weight loss at 180 days, attributed to alkali migration. The compressive strength
increased by 5.5% up to 90 days. The increase in strength up to 90 days is attributed to the
continued polymerization and interlocking of the geopolymeric binder that enhances the bonding
between particles and the development of a dense, 3D network that significantly improves the
strength. Further a decrease in the strength upto 3.3% was noted after 180 days, due to
degradation. Physical inspection after 180 days showed the specimens remained stable and intact,
unlike conventional concrete, which typically exhibits surface deterioration under similar
conditions.

* The depth of chloride penetration increased with the exposure period, measuring 1.10 mm at
56 days, 1.70 mm at 90 days, 2.01 mm at 120 days, and 5.81 mm at 180 days in 5% sodium
chloride solution. The measured chloride diffusion coefficient (Cd) also increased over time, but
remained lower than conventional concrete, confirming better resistance. Notably, the maximum
depth of penetration (5.81 mm at 180 days) is substantially lower than values reported for ordinary
cement concrete (typically >20 mm under similar conditions).

 The high-strength OP- GPC exhibited a dry bulk density of 2.61 g/cm3 increasing to 2.70
g/cm3 after immersion, and 2.69 g/cm3 after immersion and boiling. The apparent density was
measured as 2.84 g/cm3 Water absorption was 3.40% after immersion and 3.13% after immersion
and boiling. The volume of permeable voids was 8.17%, notably low value that indicated a denser
and less porous matrix.

« The initial and secondary sorptivity values for high-strength OP- GPC were 0.0022 mm/S%2
and 0.0010 mm/S%2 respectively, demonstrating reduced water uptake relative to lower strength
grades. The depth of water penetration was measured as 9.5 mm, which is lower than conventional
concrete, further confirming the dense microstructure and reduced permeability of the high-
strength mix.

 The depth of water penetration measured in high-strength OP- GPC was 9.5 mm. The high-
strength one-part GPC exhibited initial surface absorption values of 0.217 ml/m3sec, 0.121
ml/m3sec and 0.101 ml/m3sec, at an interval of 10 minutes, 30 minutes, and 60 minutes,
respectively.
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