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Abstract 24 

The World Bank study predicts that 4°C warming will bring high temperatures, sea-level rise, 25 

and saltwater intrusion to India's southwest coast, damaging coastal concrete structures. 26 

Increased CO2 from industrialization exacerbates this, necessitating durable, low-carbon 27 

concrete. Combined use of fly ash (FA) and ground granulated blast furnace slag (GGBFS) as 28 

high-volume OPC replacements boosts performance while reducing concrete’s carbon 29 

footprint. In this perspective current study examines the durability of concrete against 30 

aggressive agents (H2SO4, MgSO4, NaCl, and CO2) causing premature deterioration of 31 

concrete structures along the southwest coast of India. Initially, three cost-effective sustainable 32 

concrete mix designs were developed, incorporating 50% replacement of OPC with locally 33 

available supplementary cementitious materials, specifically FA and GGBFS. These mixes 34 

were then evaluated for their mechanical and durability performances. The impact of 35 

aggressive ions (SO4
2-, Cl-, and CO3

2-) was studied by examining the changes in mechanical 36 

performance and phase assemblages. Thermogravimetric analysis (TGA) and Fourier 37 

transform infrared spectroscopy (FTIR) techniques were used to estimate the phase 38 

compositions.  39 

Ternary blended concrete having 50% OPC+ 30% GGBFS + 20% FA exhibited optimal 40 

synergistic performance, enhancing pozzolanic and hydraulic reactions for better resistance to 41 

harmful ions. The sorptivity test confirmed that as GGBFS content increased, the sorption rate 42 

decreased, indicating the higher reactive nature of GGBFS to that of FA. Deleterious 43 

compounds formed due to the action of SO4
2-, Cl-, and CO3

2- were identified to be ettringite 44 

(Ca6Al2(SO4)3(OH)12.32H2O, AFt) and gypsum (CaSO4.2H2O, Gy), Friedel’s salt 45 

(Ca4Al2(OH)12Cl2.4H2O, Fs) and polymorphs of calcium carbonate (CaCO3), respectively 46 

through TG mass loss curve. These results were corroborated by FTIR analysis, which showed 47 

predominant characteristic bands at 662 cm⁻¹ for SO₄²⁻, 459 cm⁻¹ for Mg–O stretching, 790 48 

cm⁻¹ for Al–OH bending, and 1431-1443 cm⁻¹ for C–O, confirming the presence of the 49 

deleterious compounds.  50 

Keywords: Cement, Fly Ash, GGBFS, climate resilient concrete, ettringite, gypsum, Friedel’s 51 

salt and calcium carbonate.  52 
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1. Introduction 53 

Rapid urbanization and augmented challenges posed by climate change have driven the need 54 

for sustainable, and robust infrastructure. Ordinary Portland cement (OPC) which is 55 

responsible for about 8% of global anthropogenic CO2 emissions, is the world’s most popular 56 

construction material, yet has a high energy demand, consumes vast quantities of materials 57 

[1,2]. In light of this, fly ash and ground granulated blast furnace slag (GGBFS), are considered 58 

worthy components for manufacturing cement with lower Portland clinker contents thanks to 59 

their production volumes and physicochemical properties [3,4]. Global coal and steel industries 60 

produce around 1000 million tonnes and 330 million tonnes of fly ash and GGBFS, respectively 61 

per annum[5,6]. In addition to lowering demand for Portland cement clinker and so reducing 62 

CO2 emissions, using fly ash and GGBFS in concrete offers a number of technical benefits, 63 

including increased durability [7,8]. 64 

Fly ash is an extensively studied and widely used supplementary cementitious material (SCM) 65 

in cementitious composites. Fly ash particles are spherical and generally cenospheres, whose 66 

average particle size lies close to that of cement particles [1,9,10]. The American standard 67 

categorizes fly ash as class C and class F depending on its oxide composition [11]. Class F fly 68 

ashes are pozzolanic and are considered to be more applicable for use in cementitious 69 

composites because of their lower calcium contents [12]. The glassy aluminosilicate 70 

component of fly ash particles reacts with calcium hydroxide (CH) to form calcium silicate 71 

hydrates [13], which helps to contribute to the long-term strength and durability of cementitious 72 

composites [10]. The pore-filling ability of fly ash particles also further refines the pore 73 

structure of cementitious composites, providing better resistance to the ingress of chemical ions 74 

[1]. The use of fly ash can also significantly improve concrete flow due to the ball-bearing 75 

action of the spherical particles [14]. Using fly ash also reduces heat evolution during hydration 76 

[13].  However, it is reported that at replacement levels above 20-30%, there can be a reduction 77 

in performance, depending on the quality of fly ash [15]. Furthermore, fly ash can extend the 78 

setting time and retard early strength gain [16]. 79 

GGBFS is another widely used SCM, produced by quenching of molten slag during iron 80 

production. It is a glassy aluminosilicate containing calcium and magnesium [7]. GGBFS 81 

possesses latent hydraulic properties due to its calcium content, with hydration resulting in C-82 

S-H gel formation [17]. However, the hydration of GGBFS alone is very slow. Blending of 83 

GGBFS with cement increases the rate of hydration due to the pozzolanic reaction with 84 
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portlandite. Thus, GGBFS composite cements typically have calcium hydroxide contents 85 

between those of OPC and OPC-FA blends [18]. GGBFS, with a particle size of approximately 86 

40 µm, can replace 30-65% OPC [18,19]. The use of GGBFS in cement composites can lead 87 

to improved workability, long-term strength, reduced water permeability, greater resistance to 88 

sulphate/chloride ingress, and resistance to corrosion in reinforced concrete [20]. However, 89 

blending cement with GGBFS can also prolong setting times and lead to lower early-age 90 

strength [21]. 91 

Composite cements show improved resistance to steel reinforcement when exposed to 92 

aggressive environments such as carbonation and chloride exposure [22,23] due to their 93 

improved microstructures and phase assemblages [24,25]. More recently, there has been 94 

growing interest in exploring the potentiality of ternary blended cementitious composites in 95 

dealing with multiple aggressive phenomena [26–28]. The combined use of GGBFS and fly 96 

ash in concrete offers an opportunity to harness the complementary qualities of both SCMs to 97 

produce robust, low-carbon concrete. Synergetic action of GGBFS and fly ash would augment 98 

the overall performance as well as improve the sustainability supporting the evolution on the 99 

way to greener construction approaches. The effects of replacing high-volume ordinary 100 

Portland cement (OPC) with fly ash and/or GGBFS on the binary and ternary blends' flow, 101 

compressive strength, and environmental effects were examined in one such study. With the 102 

addition of 20% to 30% fly ash, the study discovered that the usage of ternary mixes improved 103 

the flow properties. The same mix reduced the early-age compressive strength, while an 104 

improvement in the late-age strength was observed [29]. Chen et al. concluded that the presence 105 

of a synergetic effect between fly ash and GGBFS improved the pozzolanic and hydraulic 106 

activities with enhanced durability of recycled aggregate concrete [30]. 107 

To accomplish these, a proper mix design is crucial, coupled with the required quality control 108 

procedures. Such research is limited, which necessitates a better understanding of the 109 

microstructures, phase assemblages and durability performance of ternary FA-GGBFS-OPC 110 

blends. In this regard, a better understanding of the changes caused by aggressive species will 111 

aid predictions of concrete performance under future climate conditions. In this perspective, 112 

the present study focuses on the combined utilization of locally available industrial mineral 113 

admixtures, fly ash and GGBFS, as high-volume replacements for ordinary Portland cement 114 

(OPC) to develop durable concrete for use in Indian coastal and marine structures. Three high-115 

volume (50%) replacement concrete mixes were designed, with different FA: GGBFS ratios, 116 

i.e., 25% FA + 25% GGBFS; 20% FA + 30% GGBFS; 30% FA + 20% GGBFS. Further, the 117 
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mechanical performance of concretes was tested. This was followed by testing resistance to 118 

aggressive exposures such as acid (H2SO4), sulphate (MgSO4), chloride (NaCl) and carbon 119 

dioxide (3.5% CO2). Subsequently, the concretes exposed to aggressive media were 120 

characterized using thermogravimetric analysis (TGA) and Fourier transform infrared 121 

spectroscopy (FTIR). 122 

2. Experimental investigation 123 

2.1 Materials 124 

Ordinary Portland cement (OPC) of 53 grade (i.e., OPC-53) conforming to Indian standard [31] 125 

was used in this study. Class F fly ash (FA) and GGBFS confirming to ASTM C 618 [11] and 126 

ASTM C 989 standards [18], respectively were used as a partial replacement of OPC. Locally 127 

available river sand conforming to zone-Ⅱ according to Indian standard [32] and crushed coarse 128 

aggregates with a maximum size of 20 mm were used [33]. A high-performance polycarboxylic 129 

ether-based superplasticizer was used. The oxide compositions and physical properties of the 130 

binder materials are shown in Table 1. The physical properties of the aggregates are shown in 131 

Table 2, while Fig. 1a) presents the gradation curves of various raw materials used in the 132 

present study. 133 

Table 1 Oxide composition and physical properties of OPC, FA and GGBFS 134 

Chemical Properties OPC Fly ash GGBFS 
SiO2 20.89 60.6 37.7 
Al2O3 5.55 28.6 14.4 
Fe2O3 4.98 3.9 1.1 
CaO 60.46 1.7 37.3 
MgO 1.27 1.8 8.7 
SO3 2.39 1.2 0.2 

Na2O 0.232 0.4 - 
MnO - - 0.02 

Insoluble residue 2.88 - 1.6 
Glass content - - 92 

K2O 0.45 0.1 - 
Loss on ignition (LOI) 2.26 1.6 1.4 

Specific gravity 3.15 2.2 2.9 
Fineness (m2/kg) 300 265 382 

Setting 
time (mins) 

Initial 110 - - 
Final 170 - - 

Table 2 Physical properties of aggregates 135 

Sl. No Property Fine aggregates Coarse aggregates 
1 Specific gravity 2.56 2.63 
 Bulk density Loose 1436 kg/m3 1333 kg/m3 
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2 Compacted 1700 kg/m3 1567 kg/m3 
3 % of voids 38.2 47.1 
4 Moisture content Nil Nil 
5 Water absorption 1% 0.5% 
6 Fineness modulus 2.74 2.17 
7 Flakiness index - 12% 
8 Elongation index - 7% 
9 Silt content 1.1% - 

2.2 Mix proportion 136 

Three mixes of M30 grade, high-volume mineral admixture concretes (HVMAC) were 137 

designed with different proportions of FA and GGBFS as replacements for OPC. The total 138 

OPC replacement level was kept constant at 50%. Additionally, M30 grade control mix without 139 

any OPC replacement was used as a reference mix. A constant water-to-binder ratio of 0.44 140 

was maintained throughout this study. Mix proportions are presented in Table 3.  141 

Table 3 Mix proportion details of concrete mixes  142 

M30 grade Mix 
Designation 

OPC 
(kg/m3) 

Fine 
Aggregate 

(kg/m3) 

Coarse 
Aggregate 

(kg/m3) 

FA 
(kg/m3) 

GGBFS 
(kg/m3) 

Water 
(ltr) 

Control  
(100% OPC) 

C 341 840.80 1127.78 - - 150 

25% FA + 25% 
GGBFS + 50% 

OPC 

25F25G 187.5 812.21 1089.40 93.75 93.75 150 

20% FA + 30% 
GGBFS + 50% 

OPC 

20F30G 187.5 813.38 1090.00 75 112.5 150 

30% FA + 20% 
GGBFS + 50% 

OPC 

30F20G 187.5 808.80 1084.80 112.5 75 150 

The rationale behind the selected proportions in the study (Table 3) was to achieve a 50% total 143 

replacement of Ordinary Portland Cement (OPC) with supplementary cementitious materials. 144 

These specific ratios were chosen to explore a range of potential benefits and to understand 145 

how different combinations of FA and GGBFS affect the concrete properties, such as 146 

mechanical strength, durability, and overall performance. The study aimed to balance the 147 

pozzolanic and hydraulic effects of materials and identify effective concrete blends. Although 148 

an orthogonal experimental design could provide a comprehensive analysis, the selected 149 

proportions were based on practical considerations and previous research insights [29,34]. 150 



7 
 

2.3 Methodology 151 

2.3.1 Sample preparation 152 

Concrete mixes were prepared using a drum-type laboratory concrete mixer. Mixes were cast 153 

in 100 mm cube moulds, 100 × 100 × 500 mm prisms, and 50 mm diameter 300 mm long 154 

cylinders for conducting compressive, flexural and split tensile strength testing respectively. 155 

Further, 100 mm cubes with centrally-placed, vertically-reinforced 10 mm steel bar were cast 156 

for undertaking bond strength / pull-out strength tests (as shown in Fig. 1b)). Specimens were 157 

cast into respective moulds and vibrated using a vibrating table before being moist cured for 158 

24 hours under laboratory conditions (27-32°C; 95% humidity). Specimens were demoulded 159 

and water-cured for predefined curing ages. Additional 100 mm cube specimens were cast to 160 

examine the sorptivity, acid resistance, alkali resistance, chloride resistance, and accelerated 161 

carbonation resistance of high-volume mineral admixture concrete. 162 

 163 

Fig. 1a) Particle size distribution curve of the raw materials used; b) Line diagram of the 164 

specimen cast for measuring the ultimate bond strength 165 

2.3.2 Mechanical Properties 166 

Compressive strength and flexural strength were determined according to Indian standard [35], 167 

using compressive and flexural strength testing machines capable of loading to 2000 kN and 168 

200 kN at 140 kg/cm2/minute and 180 kg/minute, respectively. Split tensile strength was 169 

assessed based on Indian standard [36] using a compression strength testing machine with a 170 

2000 kN capacity and a loading rate of 2 kN per minute. To ensure a point load, billets were 171 

kept exactly in the mid of the horizontally placed cylindrical specimens. 172 
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Ultimate bond strength was determined using the aforementioned cube specimens containing 173 

a single reinforcement bar (deformed and Fe500). Bond strength test was conducted as per the 174 

Indian standard [37]. Universal testing machine was used for conducting bond strength test, 175 

with a load applied to the reinforcing bar at a rate not greater than 2.250 kg/min. 176 

All tests were recorded in triplicate, with average values reported. 177 

2.3.3 Durability properties 178 

2.3.3.1 Sorptivity test 179 

Concrete sorptivity was assessed by measuring the increase in weight of concrete cubes upon 180 

immersion in water as a function of time when only one surface of the specimen was exposed 181 

to water. Tests were conducted in triplicate as per American standards [38] after curing for 14 182 

and 28 days. All samples were preconditioned by oven drying at 105°C for 24 hours before 183 

testing. 184 

2.3.3.2 Aggressive exposure 185 

All concrete mixes were water-cured for 14 and 28 days before exposure to aggressive 186 

solutions of acid (H2SO4), sulphate (MgSO4), chloride (NaCl) and accelerated carbon dioxide. 187 

The different tests were as follows. 188 

Acid [39], sulphate [40] and chloride [41] attack tests were conducted using 5% sulphuric acid 189 

(H2SO4, pH 0.3), 5 % magnesium sulphate (MgSO4, pH 12) and 3.5% Sodium Chloride (NaCl, 190 

pH 7) prepared using normal tap water [39–41]. Concrete cubes were cured for 14 and 28 days 191 

before submersion in their respective aggressive solutions. Care was taken to maintain the 192 

specific pH levels for each solution throughout exposure. To maintain specific pH levels 193 

throughout the exposure period, the following procedures were, at first, specific pH levels were 194 

calibrated using pH meters with standard solutions, then accurate chemical concentrations were 195 

used for exposure solutions, and solutions were regularly monitored for pH during exposure. 196 

Adjustments were made with acid or base solutions as needed. Specimens exposed to 30-, 60-197 

, and 365 days were then removed from the solutions and allowed to attain saturated surface 198 

dry, before being weighed and determining their compressive strength. Weight and strength 199 

loss were assessed with the initial values (Wbefore exposure and ρbefore exposure) at each curing age 200 

(14 or 28 days) using Eq. 1 and 2, respectively. 201 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (%) =  𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 × 100             (1) 202 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (%) =  𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 × 100              (2) 203 

To conduct the carbonation test [42], concrete cubes of 100 mm × 100 mm × 100 mm were 204 

cured for 14 or 28 days before being placed in the carbonation chamber under accelerated 205 

carbonation conditions. The set environment was well maintained inside the carbonation 206 

chamber at 3.5% CO2, 70% relative humidity and 27±2°C temperature for an exposure period 207 

of 60 or 90 days. All the specimens were air dried in the ambient condition for 4 hrs before 208 

placing the specimens in the carbonation chamber to achieve saturated surface dry condition. 209 

At the end of exposure period, carbonation depth, change in weight and change in compressive 210 

strength were noted. Carbonation depths were determined by spraying freshly sliced concrete 211 

specimens with phenolphthalein solution [43]. Alkaline regions (pH >9) appear pink and 212 

carbonated regions appear colourless. The carbonation depth from the concrete surface was 213 

then determined using Vernier callipers with 0.01 mm accuracy and the measurement was 214 

conducted as per RILEM CPC-18 [44] on sliced specimens obtained from three cubes under 215 

every concrete mix. Further, the average value was reported. 216 

2.3.4 Thermogravimetric analysis (TGA) 217 

Crushed concrete samples exposed to all aggressive media were collected and crushed gently 218 

to < 75 µm. These powdered samples were analysed by thermogravimetric analysis (TGA) 219 

using RIGAKU TG-DTA 8112 analyser over the temperature range of 25-900 °C under 220 

nitrogen (purge rate: 20 ml/min, heating rate: 10 °C/min). 221 

2.3.5 Fourier transform infrared spectroscopy (FTIR) 222 

FTIR analysis was conducted on the aforementioned powdered concrete samples using a 223 

Bruker (Alpha II) instrument. Spectrums were recorded over the range of 4000 to 600 cm-1 224 

with a resolution of 2 cm-1. 225 

3. Results and discussions 226 

3.1 Compressive strength 227 

Compressive strength results for all concrete mixes after 2, 7, 28, 56, and 90 days of curing 228 

are presented in Fig. 2 a). Fig. 2b) represents the percentage change in compressive strength 229 

the curing age of 90 days with respect to 28 days of curing. 230 
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 231 

Fig. 2 a. Compressive strength development of control and HVMACs, b. percentage change 232 

in compressive strength at the curing age of 90 days with respect to 28 days of curing 233 

Compressive strength development to 28 days was greatest for the control mix (C), with a 234 

compressive strength of 45.5 MPa. Strength gain was more gradual after that, such that the 28-235 

day strength was 86% that of the 90-day compressive strength (53 MPa). This reflects the 236 

hydration and consumption of the anhydrous cement grains [45,46]. In the case of HVMAC 237 

mixes strength development was more gradual and all of the HVMAC mixes showed lower 238 

strengths than the control mixes up to 28 days. However, at later ages, strength development 239 

was seen to be more pronounced for HVMAC mixes (Fig. 2b). This is due to the dilution effect 240 

and the much slower rate of subsequent FA and GGBFS hydration [47]. The mix containing 241 

30% GGBFS (20F30G) showed the highest strength amongst all HVMAC mixes. 242 

3.2 Flexural strength 243 

Figure 3a) shows the flexural strength results for all of the concrete mixes. As with compressive 244 

strength, flexural strength values for HVMAC mixes were typically lower than the control, and 245 

strength development was more gradual. Flexural strengths of mixes 25F25G, 20F30G, and 246 

30F20G were reduced by 76%, 74% and 77%, respectively at 2 days and by 45%, 36% and 247 

53%, respectively at 7 days compared to the control mix. As with compressive strength, the 248 

performance of the HVMAC mixes improved with increasing GGBFS content, such that the 249 

flexural strength of mix ‘20F30G’ exceeded that of the control mix by 1%, 6% and 8% at 28, 250 

56 and 90 days, respectively. FA is less reactive than GGBFS, particularly at an early age [48], 251 

and this is exacerbated by the increased fineness of the GGBFS used in this study [49]. 252 

3.3 Split tensile strength 253 
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Fig. 3b) shows the split tensile strength results for all concrete mixes. Again, all of the HVMAC 254 

mixes gained strength very slowly and were weaker than the control concrete to 28 days, 255 

particularly at early age. By 56 days the split tensile strengths of the blended mixes were 256 

comparable to that of control mix. Again, the strengths of the blended mixes correlated with 257 

the GGBFS content. 258 

3.4 Bond strength 259 

Figure 3c) shows the bond strength for each mix at 2, 7 and 28 days of curing. The bond 260 

strengths of all HVMAC mixes were lower than those of the control mix (C) at all ages, but 261 

particularly at early ages. However, by 28 days the two mixes with the highest GGBFS contents 262 

showed bond strengths comparable to the control. As with all of the other strength data, the 263 

difference between the HVMAC mixes and the control can be explained by a combination of 264 

clinker dilution and the slow pozzolanic reaction.  265 

 266 

 267 

Fig. 3 a) Flexural strength, b) split tensile strength and c) bond strength development of 268 

control concrete and HVMAC mixes over curing time 269 

3.5 Thermogravimetric analysis (TGA) 270 

TG-DTG plots for each of the 28-day concrete samples are presented in Fig. 4a). The traces 271 

may be split into various stages, with three stages present in the control mix, and four stages 272 

visible in the traces for the HVMAC samples. The endothermic peak from 25 to 200 °C 273 

indicates the decomposition of multiple phases [50–53] including i) evaporation of free water 274 

(25-105 °C), ii) loss of bound water i.e., interlayer water in C-S-H (100-150 °C) [52], iii) 275 

dehydration of ettringite (AFt, 50-120 °C), and iv) decomposition of gypsum (Gy, 120-150 276 

°C). Dehydroxylation of portlandite and decarbonation of calcium carbonate occurs at 400-500 277 

°C and 600-800 °C, respectively. There is also gradual mass loss from dehydration of C-S-H 278 
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and C-A-S-H up to 600 °C without any significant feature in DTG curves [53,54]. The DTG 279 

curves for 25F25G, 20F30G, and 30F20G showed an additional endothermic peak from 225 to 280 

325 °C, signifying the presence of hydrotalcite (Ht, Mg4Al2(CO3)(OH)12.4H2O), arising from 281 

the presence of MgO in the slag [55]. 282 

From the obtained thermogravimetric mass loss (TG%) results, major hydrated phase 283 

compositions such as calcium hydroxide (CH), water-related to hydration products excluding CH 284 

(WH), calcium carbonate (CC) were quantified for all the 28-day samples using Equations 3, 285 

4 and 5, respectively. Additionally, key deleterious compounds such as ettringite (AFt) and 286 

gypsum (Gy) formed due to the action of sulfate ions and Friedel’s salt (Fs) due to chloride 287 

ions were quantified in the 28-day samples to set a baseline for non-exposed concrete samples 288 

using Equations 6, 7 and 8 [52,56,57]. 289 

𝐶𝐶𝐶𝐶% =  (%𝑊𝑊𝐶𝐶𝐶𝐶) × ( 𝑀𝑀𝐶𝐶𝐶𝐶
𝑀𝑀𝐻𝐻2𝑂𝑂

) = (%𝑊𝑊𝐶𝐶𝐶𝐶 × 74
18

)       (3) 290 

𝑊𝑊𝑊𝑊% =  𝑊𝑊𝑇𝑇 −  𝑊𝑊𝐶𝐶𝐶𝐶          (4) 291 

𝐶𝐶𝐶𝐶% = (%𝑊𝑊𝐶𝐶𝐶𝐶)  × ( 𝑀𝑀𝐶𝐶𝐶𝐶
𝑀𝑀𝐶𝐶𝑂𝑂2

) = (%𝑊𝑊𝐶𝐶𝐶𝐶 × 100
44

)      (5) 292 

AFt (%) =𝑊𝑊𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴
26𝑀𝑀𝐻𝐻2𝑂𝑂

         (6) 293 

Gy (%) =𝑊𝑊𝐺𝐺𝐺𝐺 × 𝑀𝑀𝐺𝐺𝐺𝐺

2𝑀𝑀𝐻𝐻2𝑂𝑂
          (7) 294 

Fs (%) = 𝑊𝑊𝐹𝐹𝐹𝐹 ×  𝑀𝑀𝐹𝐹𝐹𝐹
6𝑀𝑀𝐻𝐻2𝑂𝑂

           (8) 295 

where, WCH, WCC, WAFt, WGy, and WFs are the percentage mass loss corresponding to CH, CC, 296 

AFt, Gy and 6 moles of water from Fs at 400-500 °C, 600-800 °C, 50-120 °C, 120-150°C and 297 

230-380 °C, respectively. MCH, MH2O, MCC, MCO2, MAFt and MGy are the molecular weight of 298 

calcium hydroxide (74 g/mol), water (18 g/mol), calcium carbonate (100 g/mol), carbon 299 

dioxide (44 g/mol) and ettringite (786.7 g/mol), gypsum (172.17 g/mol) and Friedel’s salt 300 

(561.3 g/mol), respectively. WT is the total weight loss percentage for the 35–600 ˚C 301 

temperature range. 302 

Fig. 4b) shows the quantified CH%, WH% and CC% for the 28-day control mix and all 303 

HVMAC samples. The portlandite and calcite contents were greater in the control concrete 304 

sample (C) than in the blended concrete samples. The increased calcite content in the control 305 
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mix is due to the presence of limestone in OPC, thus the lower levels in the HVMAC mixes 306 

can be attributed to dilution.  Conversely, WH% was higher for HVMAC mixes than the control 307 

mixes due to the pozzolanic action of mineral admixtures to produce supplementary C-S-H by 308 

consuming the portlandite formed during hydration [58]. This also explains the depleted 309 

portlandite levels in the HVAMC samples.  Fig. 4b) also shows that among all the HVAMC 310 

mixes ‘20F30G’ mix showed a higher percentage of WH (i.e., 40% higher than that of control 311 

concrete) and lower concentration of CH and CC content (i.e., 15-20% higher to that of control 312 

concrete). This mix showed the best mechanical performance, showing the importance of the 313 

pozzolanic reaction in defining performance. 314 

 315 

Fig. 4 a) TG-DTG plot of 28 days cured concretes, b) Phase compositions quantification of 316 

28 days cured concretes 317 

3.6 Fourier transform infrared spectroscopy (FTIR) 318 

FTIR spectra for all samples cured for 28 days are presented in Fig. 5a). 319 

The asymmetric deformation and wagging vibration of CO3
2- in calcite is indicated by the 320 

bands cantered at 1412-1453 cm-1 and 874 cm-1, respectively [59,60].  The control mix has a 321 

stronger calcite peak than mixed mixes, which can be attributed to the higher clinker 322 

percentage. The vibrations of Si–O in the C–S–H and S–O groups are represented by vibration 323 

bands 973 cm-1 and 1084 cm-1, respectively [61]. The band associated with C-S-H was found 324 

to be intense for the mix comprising of higher GGBFS composition. The Si–O–Si cross-linking 325 

bonds are present in the band at about 774-776 cm−1, which corresponds to the C-S-H phase 326 

composition [61]. The same was strengthened with the increase in GGBFS concentration in the 327 

mix. 328 

3.7 Durability performance of HVMAC 329 
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3.7.1 Sorptivity test 330 

Concrete is a porous medium with a capillary pore system, which allows moisture and 331 

deleterious ions to ingress into the concrete [62]. Capillary sorption was calculated as initial 332 

sorption rate (1º) and secondary sorption rate (2º) as per ASTM C1585. The initial sorption 333 

rate (1º) was calculated over the first 6 hours using the slope of the sorption (I) curve versus 334 

the square root of time (mm/s0.5). The secondary sorption rate (2º) was determined for 335 

immersion beyond 1 day. These data for the control and all HVMAC mixes, after curing for 336 

14 and 28 days, are shown in Fig. 5b). 337 

 338 

Fig. 5 a) FTIR spectrum for 28 days water-cured concretes; b) initial sorption rate (1º) and 339 
secondary sorption rate (2º) of 14 days and 28 days cured concretes 340 

The control concrete showed highest sorptivity after both curing durations, significantly higher 341 

than for any of the HVMAC mixes. This is due to the pozzolanic and hydraulic behaviour of 342 

the mineral additions, leading to a more refined pore structure by reducing the interconnected 343 

capillary pores and therefore reducing the susceptibility to capillary suction [62]. This is 344 

supported by the reduced portlandite contents and increased bound water contents measured 345 

by TGA. Furthermore, sorptivity fell with increasing GGBFS content, reflecting the greater 346 

reactivity of GGBFS than FA. 347 

The secondary sorptivity values for all mixes were significantly lower than the initial sorptivity 348 

values, with the trends between different mixes being similar to the primary values. Initial 349 

water sorption into concrete is spontaneous, with air being displaced by water within 6 hours. 350 

However, not all air is displaced during the initial stage and so this leads to secondary sorption, 351 

where the trapped air gets dissolved in water, and diffuses into unsealed peripheral surfaces 352 

where upon it escapes slowly (from 1 to 7 days). Eventually, the sample reaches saturation 353 

when all entrapped air within the material is lost [63]. 354 
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3.7.2 Aggressive exposure 355 

To check the durability of HVMAC mixes against aggressive ions, specimens were variously 356 

exposed to acids, chlorides and sulphate solutions. The results are reported in the following 357 

sections, 358 

3.7.2.1 Acid test (5% H2SO4)  359 

The changes in compressive strength and mass upon immersion in sulphuric acid are shown in 360 

Figs 6 and 7, respectively. All samples lost compressive strength with progressive acid 361 

exposure (Fig. 6). However, the strength loss was less for the HVMAC samples than for the 362 

control mix, and again, the performance correlated with the GGBFS content, with mix 20F30G 363 

performing best of all. The improved performance can be attributed to the pozzolanic reaction 364 

leading to a denser, more refined microstructure [64].  365 

The compressive strength of HVMAC mixes was found to be lower than that control mix 366 

irrespective of the exposure period of 14 days cured samples. However, contrasting results 367 

were found for specimens cured for 28 days. Here, the compressive strength of the control 368 

concrete was seen to be lower than that of the HVMAC mix. Among the HVMAC mixes, mix 369 

‘20F30G’ with the highest GGBFS content showed better resistivity to acid solution. It is 370 

reported that water-to-binder ratio, curing, mineral admixture dosage etc., are all important 371 

factors that influence resistance to acid attack. The lower resistivity of HVMAC mixes to acid 372 

solution was attributed to inadequate curing. This is because of the slow initial reactivity of fly 373 

ash and GGBFS and at the initial stage of cement hydration, these mineral admixtures 374 

contribute mostly as a filler rather than taking part in reactivity. It can be understood from the 375 

results that the optimistic performance of HVMAC mixes cured for 28 days was due to the 376 

involvement of fly ash and GGBFS in pozzolanic and hydraulic reactivity [64]. Further, at the 377 

curing of 28 days, HVMAC mix would have attained a dense microstructure due to the 378 

consumption of porous calcium hydroxide to dense C-S-H. 379 
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 380 

Fig. 6 Percentage loss in compressive strength of the various mixes upon exposure to H2SO4 381 

solution, in samples cured for a) 14 days and b) 28 days 382 

 383 

Fig. 7 Percentage mass change of various types of concretes exposed to H2SO4 solution, in 384 

the samples cured for a) 14 days and b) 28 days  385 

Acid immersion leads to the degradation of concrete, but there can be contradictory 386 

phenomena. Reactions between the alkaline cement paste and the acid can lead to dissolution 387 

(and so mass loss) or precipitation of insoluble reaction products (and so a mass gain).  388 

All of the samples cured for 14 days showed an eventual mass loss, with the control mix 389 

performing worst. Within 28 days the control mix had lost about 3% mass. The HVMAC mixes 390 

meanwhile showed minimal loss to 56 days, with the FA-rich mixes even showing an initial 391 

increase in mass. This increase in weight may be attributed to reactions between the sulphuric 392 

acid and the hardened cement paste, for example with portlandite to produce gypsum and with 393 
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aluminates in the cement to form ettringite [58]. The higher aluminate content of the GGBFS 394 

and particularly the FA suggest the formation of ettringite. Given the low sorptivity of the 395 

HVMAC mixes, these reactions were likely just at the surface of the concrete, also minimising 396 

the loss of material due to spalling. 397 

It can be observed from Fig. 7 that in the case of concrete cured for 14 days and exposed to 398 

sulphuric acid, control concrete (C mix) showed weight gain with progressive exposure. The 399 

trend of increase in weight was found to be rapid for the first 30 days of exposure and then the 400 

rate of increase in weight was seen to be reduced gradually. In the case of HVMAC concrete 401 

mixes increase in weight was found to intensify at 365 days of acidic exposure. This increase 402 

in weight was attributed to the associated chemical reaction of sulphuric acid with cement 403 

hydrates such as calcium hydroxide to form gypsum and further converted to ettringite leading 404 

to the increase in volume [47]. Further, this phenomenon also depends on the concentration 405 

and pH of the sulphuric acid solution. Higher the acidity, larger would be the acid cement 406 

reaction as well as the weight gain associated to the formation of gypsum and ettringite. 407 

Therefore, weight loss study may not be an appropriate measurement to indicate the level of 408 

deterioration in concrete specimens exposed to sulphuric acid. However, compressive strength 409 

loss and relevant characterization techniques would provide more consistent information to 410 

understand the resistance of a mix against acid attack [65]. 411 

To understand the changes in phase assemblage better, characterization by TGA and FTIR was 412 

undertaken. Fig. 8a) presents the TG-DTG curves of concrete samples cured for 28 days and 413 

subjected to 365 days of sulphuric acid attack. 414 

Acid immersion led to significant changes in the phase assemblages, evidenced by the TG-415 

DTG plots (Fig. 8a)) compared to those from the non-exposed samples (Fig. 4a)). In particular, 416 

changes were considerable over the temperature range 25 to 300 °C. The endothermic peak at 417 

120-150 °C corresponding to the decomposition of gypsum (Gy) was much more intense. This 418 

is due to the reaction of sulphuric acid with C-S-H and CH in the hardened cement paste to 419 

form voluminous, soft, secondary gypsum (Gy). At pH < 4.5, sulfuric acid directly attacks the 420 

major hydration product i.e., C-S-H to form soft soluble gypsum and silica gel [66]. Formation 421 

of secondary ettringite can be noticed in the range of 50-120 °C. There was also a dramatic 422 

decrease in the intensity of the endothermic peak corresponding to hydrotalcite (Ht) after acid 423 

exposure. 424 
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The amount of hydration products such as calcium hydroxide (CH) and water-related hydration 425 

products excluding CH (WH) and calcium carbonate (CC) were quantified for sulphuric acid 426 

exposed samples using Equations 3-5 and presented in Fig. 8b). 427 

The amount of hydration products quantified for the concrete samples that were exposed to 365 428 

days of acid solution showed a tremendous decrease in CH and WH content in control mix (C). 429 

This is caused due to the interaction of major hydration compounds such as CH and C-S-H 430 

with sulphuric acid to form a soft soluble secondary gypsum compound. However, WH % was 431 

found to be higher than that of CH% irrespective of mix type. This is due to the fact that 432 

quantification of WH% corresponds to the temperature range of 35-600 ºC also relates to the 433 

dehydration of other hydration products such as C-A-S-H, C-A-H and alumina silicate phases 434 

containing magnesium [57]. It is to be noted that there is not much drop in CH% and WH% for 435 

20F30G mix exposed to 365 days of acid solution with respect to that of non-exposed mix 436 

(refer Fig. 4b)). This indicated the higher resistivity of the mix against the sulphuric acid attack 437 

owing the increased reactivity and possible filler effect in the concrete system. Further, there 438 

is not much variation in the calcium carbonate (CC) content noticed with respect to non-439 

exposed samples. 440 

Considering, gypsum and ettringite as the major deleterious compounds responsible for the 441 

deterioration of concrete exposed to sulphuric acid, these compounds were quantified (using 442 

Equations 6-7) and presented in Fig. 8c). 443 

 444 
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Fig. 8 a) TG-DTG plot acid exposed concretes, b) Quantified amount of CH, WH and CC, c) 445 

Quantified amounts of ettringite (AFt) and gypsum (Gy) of 365 days acid exposed concretes 446 

The gypsum and ettringite contents were higher in the control mix than in the HVMAC mixes. 447 

It is to be noted that the amount of secondary Gy formed is higher compared to that of 448 

secondary AFt indicating the interaction of gypsum with aluminate phase (C3A) has not taken 449 

place significantly. Secondary gypsum is soft and highly soluble which leads to the loss of 450 

binding property. Hence, its extent of formation influences the level of deterioration in terms 451 

of strength/weight. 452 

The lowest quantity of AFt and Gy was seen for the mix ‘20F30G’ with 30% GGBFS i.e., 55 453 

and 50 % lower than that of control mix (C), respectively. This is ascribed to the improved 454 

reactivity and filler effect in the concrete system owing to the synergetic action of multiple 455 

mineral admixtures.   456 

FTIR spectrums obtained for all the mixes exposed to 365 days of sulphuric acid solution are 457 

presented in Fig. 9. 458 

FTIR spectra of concrete mixes exposed to sulphuric acid show major vibration bands at the 459 

wavenumbers of 1445-1464 cm-1, 1084-1113 cm-1, 972-1004 cm-1, 874 cm-1, 776 cm-1 and 663-460 

669 cm-1 conforming to C-O bonds of carbonate phases, asymmetric stretching vibration of 461 

function group of sulfates (SO4
2-), Si-O stretching bond of C-S-H phase, and C-O bonds of 462 

carbonate phases, symmetric stretching vibration of Si-O-Si, and presence of SO4
2- bonds 463 

respectively [61,67].  464 
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 465 

Fig. 9 FTIR spectrum of concrete samples exposed to sulphuric acid for 365 days 466 

The peak corresponding to C-S-H vibration at 972-1004 cm-1 was found to be broad for C, and 467 

25F25G mixes. The connecting peak to C-S-H vibration (969 cm-1) at 1084-1113 cm-1 confirms 468 

the occurrence of SO4
2- (deleterious compound formed due to sulphuric acid attack) that was 469 

found to be prominent in control, 25F25G and 30F20G mixes. While 20F30G mix showed 470 

negligible peak intensity at 1096 cm-1 indicating the least formation of gypsum and this result 471 

is in line with the obtained TGA results. The presence of SO4
2- weak bond at 662 cm-1 confirms 472 

the occurrence of sulfate species [68]. 473 

3.7.2.2 Sulphate attack test (5% MgSO4) 474 

Figs 10 and 11 demonstrate the percentage change in compressive strength and percentage 475 

change in weight of concrete mixes cured for 14 and 28 days when exposed to 5% MgSO4 476 

solution for 30, 60 and 365 days. 477 



21 
 

 478 

Fig. 10 Percentage loss or gain in compressive strength of HVMAC mixes exposed to 479 

MgSO4 solution cured at a) 14 days and b) 28 days 480 

 481 

Fig. 11 Change in weight percentage of HVMAC mixes exposed to MgSO4 solution in a) 14 482 

days cured and b) 28 days cured samples 483 

There was an initial increase in compressive strength upon immersion in MgSO4 solution, 484 

followed typically by a drop in strength by 365 days. This is due to expansive gypsum and 485 

ettringite formation from portlandite and AFm phases in the cement. These reactions fill the 486 

pore spaces and increase compressive strength [69]. A further reason could be the blocking 487 

effect from the formation of brucite (Mg2+ + CH = Mg(OH)2) in cement matrix [70]. The 488 

subsequent strength reduction by 365 days is due to cracking from expansive stresses caused 489 

by the voluminous ettringite. It was also reported that exposing the Portland cement system to 490 

magnesium sulphate solution surface double layer comprising of layer of brucite and gypsum 491 

layers one after the other possibly forms [71]. It is also stated that the formed double layer for 492 
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the magnesium sulphate solution exposed concrete specimens undergoes excessive expansion 493 

pressure in the cement matrix [70]. 494 

The HVMAC samples performed better than the control mix. This is due to a number of factors. 495 

Their lower permeability prevents the ingress of deleterious species. They also have lower 496 

portlandite contents, inhibiting gypsum formation. Finally, despite the increased aluminate 497 

contents of both GGBFS and FA, this aluminium is incorporated into the C-S-H and as 498 

hydrotalcite so is not necessarily available for production of ettringite. This was supported by 499 

TGA/DTG analysis of the specimens.  500 

Samples cured for 28 days, particularly HVMAC specimens, showed better resistance to the 501 

MgSO4 solution. This is due to the more gradual reactivity of the mineral admixtures compared 502 

to cement clinker, and pore structure refinement. Among the HVMAC mixes ‘20F30G’ mix 503 

showed the best resistivity to sulphate attack. This can be attributed to the presence of greater 504 

proportion of GGBFS, which offers excellent resistance sulphates.  505 

The highest mass loss associated to sulphate attack caused by MgSO4 solution was seen for 506 

HVMAC mixes cured for 14 days compared to control concrete (Fig. 11). However, results 507 

were found to be converse when 28 days cured concrete specimens were exposed to MgSO4 508 

solution.  The mass loss is greatest for the HVMAC mixes at 14 days because the slow rate of 509 

hydration results in an open pore structure. Meanwhile, after curing for 28 days, the specimens 510 

were impermeable and so resisted MgSO4 ingress. It is also important to note that ‘20F30G’ 511 

mix showed the least mass loss at all the exposure periods because GGBFSFS is more reactive 512 

than FA and known to aid sulphate resistance.  513 

TGA and FTIR analysis were subsequently carried out to examine phase changes upon 514 

exposure to MgSO4 for 365 days and the results are shown in Fig. 12a) and Fig. 13, 515 

respectively. 516 

As with exposure to sulphuric acid, exposure to MgSO4 led to increased presence of gypsum 517 

in all samples. In addition, the small endothermic peak observed at the temperature range of 518 

325 to 400 ºC is attributed to the dehydroxylation of brucite (Mg(OH)2). However, magnesium 519 

ions can also interact with C-S-H to form M-S-H (magnesium silicate hydrate) which disturbs 520 

the cohesive properties of the concrete [71]. Thus, only traces of brucite are observed in the 521 

samples. Furthermore, in the case of the HVMAC samples, there was also overlap with the 522 

peak due to hydrotalcite. 523 
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The DTG peak related to the decomposition of secondary ettringite can be noticed in the 524 

temperature range of 50-120 °C. It is also important to note that as the characteristic 525 

decomposition boundary of ettringite and C-S-H overlaps, the quantity of ettringite formed 526 

alone cannot be considered as the deterioration indicator. However, the characteristic 527 

decomposition peak of gypsum was seen to be very prominent and that was considered as a 528 

chief indicator of the deterioration extent. 529 

Quantification was carried out on the major hydration products CH, water corresponding to 530 

hydration products excluding CH (i.e., C-S-H, AFM, CAH, CASH, etc.,) and calcite for the 531 

specimens exposed to magnesium sulphate using Eqs 3-5 (Fig. 12b)). Further, soft, less dense, 532 

soluble-white gypsum phase component and secondary ettringite traces were also quantified as 533 

per the Eqs. 6-8 (Fig. 12b)).  534 

The quantified amount of calcium hydroxide for magnesium sulphate-exposed concrete 535 

samples (Fig. 12b)) was found to be reduced compared to that of non-exposed samples (refer 536 

Fig. 4b)). This is mainly attributed to the reaction of CH with sulphate ions to form compounds 537 

such as secondary gypsum and brucite. The reduction in CH content in control mix was 538 

principally associated to the aforementioned reaction mechanism. However, lower percentage 539 

of CH in all HVMAC samples was ascribed to the pozzolanic reactivity of siliceous and 540 

aluminous mineral admixture with calcium hydroxide component. Water related to hydration 541 

products was also found to be reduced significantly in control sample. Magnesium sulphate 542 

reaction in the pore solution of concrete even attacks C-S-H more rapidly than sodium sulphate 543 

solution due to the formation of M-S-H (lower binding ability). However, the influence of 544 

magnesium sulphate on the WH percentage of HVMAC mixes was seen to be less significant. 545 

This clearly indicates the resistance of the mixes against the sulphate attack. Calcite 546 

percentages were seen to be lower and not much difference was observed when compared to 547 

that of non-exposed mixes. Among all the mixes ‘20F30G’ mix showed lesser disturbance in 548 

concrete hydration system. CH%, WH% and CC% values for ‘20F30G’ mix at 365 days of 549 

MgSO4 solution exposure were seen to be 2.2%, 10.2% and 2%, respectively showing lesser 550 

variation in correspondence to non-exposed ‘20F30G’ mix amongst all mixes. 551 
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 552 

Fig. 12 a) TG-DTG plot for concretes exposed to sulphate medium, b) Quantified amount of 553 

CH, WH and CC, c) Quantified amounts of ettringite (AFt) and gypsum (Gy) in 365 days 554 

sulphate exposed concrete 555 

It can be inferred from Fig. 12c) that the quantity of ettringite formed due to MgSO4 exposure 556 

was found to be lower than H2SO4 exposure. This indicates that substantial reaction gypsum 557 

(formed due to the reaction of sulphate ions and portlandite) with tri-calcium aluminates phase 558 

was not sulphate to form expansive ettringite.  Therefore, the MgSO4 reaction with phases 559 

(such as CH and C-S-H) in concrete pore solution is characterized by the formation of gypsum 560 

in a similar manner to that of sulphuric acid attack, and it leads to the swelling action in concrete 561 

[47]. On the other hand, secondary ettringite (AFt) formation in the concrete exposed to MgSO4 562 

solution was found to be negligible. This was due to the occurrence of reaction between CH 563 

and C-S-H phases with MgSO4 to form gypsum along with magnesium hydroxide (brucite) 564 

resulting in lower resolution as well as pH value of the magnesium hydroxide. The occurrence 565 

of this mechanism weakens the stability of the ettringite and calcium–silicate–hydrate (C–S–566 

H). It is for that reason ettringite formation was found to be lower than that of gypsum 567 

concentration in the MgSO4-exposed concrete samples. 568 

Among all mixes, control concrete showed higher formation of Gy specifying the least 569 

resistance towards sulphate attack. This can be ascribed to the relatively higher percentage of 570 

CH content in the case of Portland concrete compared to that of HVMAC samples. Mineral 571 
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admixture-based concrete samples comprise of lesser concentration of lime compared to that 572 

of the control sample and thus reduce the reactive C3A and Ca(OH)2 content in the pore solution 573 

of the concrete system.  It is reported that considerably higher concentrations of C3A content 574 

in cement are more prone to sulphate attack [72]. Integration of silica-rich minerals minimizes 575 

the load of portlandite in concrete leading to the formation of secondary stable C–S–H. It is for 576 

that reason all HVMAC mixes showed lower percentage of Aft and Gy content in the concrete 577 

and therefore found to have better resistance against sulphate attack. Similar to sulphuric acid 578 

attack, in the case of magnesium sulphate attack also ‘20F30G’ mix reflected the least 579 

percentage of AFt and Gy formation thereby specifying the imperviousness towards aggressive 580 

sulphate ions. 581 

Fig. 13 demonstrates the FTIR spectra of concrete samples exposed to magnesium sulphate for 582 

365 days. 583 
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 584 

Fig. 13 FTIR spectrum of concrete samples exposed to MgSO4 for 365 days 585 

It can be characterised from the obtained FTIR spectra for MgSO4 exposed concrete that there 586 

exist multiple characteristic bands at various wavenumbers corresponding to the different 587 

chemical bonds similar to the samples exposed to H2SO4. It can be observed from Fig.13 that 588 

there is a strong characteristic band at the wavenumber of 965-1004 cm-1 that relates to the Si–589 
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O stretching vibrations. The shoulder peaks at 1080-1088 cm-1 and 774-776 cm-1 correspond to 590 

SO4
2- stretching vibrations, which can be attributed to the ingression of magnesium silicate 591 

leading to the formation of gypsum/ ettringite phases. It is reported that the characteristic 592 

vibration band of Mg–O stretching vibration exists at 459 cm-1 [73]. But, in this study, as the 593 

wavenumber range of FTIR equipment was fixed from 500 to 4000 cm-1, this result was unable 594 

to be depicted in Fig. 13. Further a strong vibration band at 1455 cm−1 links to the C=O bending 595 

vibration of the carbonates. The characteristic band at 750 cm−1 was attributed to the C-O bonds 596 

of carbonates. 597 

5.2.3 Chloride test (NaCl immersion test) 598 

Exposure to NaCl solution for 30, 60 and 365 days led to the loss in strength and loss of mass, 599 

which are represented in Figs 14 and 15, respectively. 600 

 601 

Fig. 14 Compressive strength variation of HVMAC mixes exposed to NaCl solution in a) 14 602 

days cured and b) 28 days cured concrete samples 603 
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 604 

Fig. 15 Change in weight percentage of HVMAC mixes exposed to NaCl solution in a) 14 605 

days cured and b) 28 days cured concrete samples 606 

The drop in the compressive strength of concrete specimens after exposure to NaCl solution 607 

for designated period was generally consistent for both the curing ages specimens (Fig. 14). It 608 

can be perceived from the figure that 14 days cured control concrete showed higher resistance 609 

to NaCl solution. This is caused due to the incomplete reactivity in HVMAC mixes as a result 610 

of dilution effect. However, results were found to be in contrast for 28 days cured concrete 611 

specimens and highest resistance to NaCl solution was offered by HVMAC mixes. This is due 612 

to the improved microstructure HVMAC mixes due to the occurrence of supplementary 613 

reaction in addition to the filler action of mineral admixture at the curing age of 28 days. The 614 

change in compressive strength mainly relies on certain aspects such as cement hydration, 615 

supplementary reaction in terms of alternative binder system, curing age, Cl− concentration in 616 

the salt solution, and duration of attack. Diffused Cl- ions react with the hydration phases in 617 

concrete thereby influencing the pore volume, morphology and ITZ characteristics of concrete 618 

leading to the difference in development of cracks in concrete. Long-term exposure of concrete 619 

to NaCl solution showed certain variations in the failure. Similar to H2SO4 and MgSO4 results, 620 

the lowest deterioration in terms of strength was observed for ‘20F30G’ cured for 28 days. 621 

It can be observed from Fig. 15 that the change in weight for both 14 and 28-day cured concrete 622 

specimens was found to be at similar rate up to the initial chloride exposure period of 30 days 623 

and 60 days. However, a large variation in the rate of change in weight corresponding to various 624 

mixes was observed at the exposure age of 365 days. In case of 14 days cured concrete 625 

specimens, control mix exhibited a lower change in weight among all concrete specimens and 626 
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the highest change in weight was observed for ‘30F20G’ mix. This is because of the fact that 627 

the weight of concrete relies on the hydration products, deleterious compounds formed due to 628 

the ingression of Cl- ion and the loss in binding property of concrete powders. As the curing 629 

period of 14 days is not sufficient enough to promote the supplementary reaction of mineral 630 

admixture, HVMAC mixes attain less dense matrix compared to that of non-diluted control 631 

concrete. It is for that reason, diffusion of Cl- ion intensifies for HVMAC mixes leading to the 632 

larger mass loss. However, HVMAC mixes comprising of larger fraction of GGBFS content 633 

(20F30G mix) showed only 8% higher weight loss compared to control. This was attributed to 634 

the hydraulic property of GGBFS particles, which could initiate the reactivity quite earlier 635 

compared to that of fly ash-rich HVMAC mix. It is to be noted that the results of weight change 636 

were found to be in contract for 28 days cured specimens. This clearly indicates the refined 637 

microstructure of concrete owing to the influence of mineral admixture on the reactivity of 638 

concrete.  639 

To determine the change in the phase composition of concrete attacked by NaCl solution 640 

TG/DTG analysis was carried out. Fig. 16a) shows the TG/DTG plot of concrete samples 641 

exposed to sodium chloride solution for a period of 365 days. 642 

The TG-DTG plots revealed a broad endothermic peak over the temperature range 230-380 ºC 643 

associated with Friedel’s formed from the reaction of chloride ions with calcium aluminate 644 

phases [43,55]. For the HVMAC mixes, this peak overlapped with that due to hydrotalcite. 645 

Despite this, it was clear that the peak due to Friedel’s salt was much weaker in the HVMAC 646 

mixes than in the control mix (C). 647 

Quantified amount of hydration compounds such as CH, CC and water corresponding to other 648 

hydration products (i.e., C-S-H, AFm, CAH, CASH, etc.,) for the specimens exposed to 365 649 

days of sodium chloride solution is presented in Fig. 16b). Further, Friedel’s salt formed due 650 

to the action of chloride ions with that of hydration products was calculated using Equations 8 651 

and presented in Fig. 16c). 652 

From Fig. 16b) it can be seen that similar to sulphuric acid and magnesium sulphate attack, 653 

chloride ion (Cl-) from sodium chloride solution also attacks calcium hydroxide phase in the 654 

pore solution. During this mechanism, calcium cation from the Ca(OH)2 was taken off to form 655 

calcium chloride compound and formed calcium chloride reacts with calcium aluminate (C3A) 656 

in cement leading to the formation of voluminous reaction products called Friedel’s salt 657 

(C3A.CaCl2.10H2O). It is for that reason, the quantified amount of CH content was found to be 658 

reduced in the case of chloride-attacked concrete sample (Fig. 4b)). Quantified amount of 659 
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bound water except CH i.e., WH% and calcium carbonate (CC) percentage was also found to 660 

be reduced. It is well understood by the researchers that the formation of Friedel’s salt replaces 661 

CO3
2− or SO4

2− from monocarbonate (C3A·CaCO3·11H2O) and monosulfate 662 

(C3A·CaSO4·12H2O) by Cl- ions [71,72]. However, the effect of chloride on the amount of 663 

WH content for HVMAC mixes was noticed to be less significant than the control mix. This is 664 

attributed to the formation of stable secondary C-S-H by consuming portlandite from the 665 

concrete system. 666 

 667 

Fig. 16 a) TG-DTG plot for concretes exposed to chloride medium, b) Quantified amount of 668 

CH, WH and CC, c) Quantified amount of Friedel’s salt (Fs) in 365 days chloride exposed 669 

concretes 670 

The amount of formation Friedel’s salt was found to be increased for all HVMAC mixes. This 671 

is due to the higher concentration of Al2O3 composition in mineral admixture. As chloride 672 

binding in the NaCl-attacked concrete system is dependent on the phase composition of 673 

concrete it corresponds to the aluminate phases in concrete such as C3A, C4AF, monocarbonate, 674 

C-A-H and C-A-S-H. From this result, it is confirmed that Al2O3 contributes to the chloride 675 

binding mechanisms to form Friedel’s salt [74]. However, studies report that the chemical 676 

binding of chloride ions gradually diminishes due to the carbonation activity [74]. Hence, it is 677 

always important to understand the carbonation mechanism along with chloride attack to 678 

understand the effect on concrete for long-term practical applications.  679 
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For further verification of the chloride-attacked concrete samples, FTIR analysis was carried 680 

out and the obtained results of 365 days exposed samples are presented in Fig. 17. 681 
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 683 

Fig. 17 FTIR spectrum of concrete samples exposed to NaCl for 365 days 684 

FTIR characterization results for NaCl-exposed concrete revealed certain characterization 685 

bands at the various wavenumbers. The vibration band at the wavenumbers of 790 cm-1 and 686 

852 cm-1 is due to an Al-OH bending mode [75]. These peaks were found to be more significant 687 

in the case of HVMAC mixes. The Al-OH band at 790 cm-1 was found to be negligible for the 688 

control sample (C). This vibration band corresponds to the Al-OH stretching vibration of 689 

Friedel’s salt. This band was found to be higher in the case of HVMAC mixes indicating the 690 

increased level of chloride binding owing to the presence of higher aluminate phases in the 691 

system. Furthermore, the vibration band at 1490 cm-1 is attributed to the C-O bond linking to 692 

the presence of carbonate phases that points to the persistence of carbonation, which reduced 693 

the constancy of carbonates in AFm phase (monosulfoaluminate). It is for that reason peak was 694 

found to be broadened for HVMAC mixes as the existence of Cl- in the pore solution of 695 

concrete replaces CO3
2−/ SO4

2− from monocarbonate/monosulfate phases to form Friedel’s salt. 696 

Further, an important characteristic band observed at the wavenumber of 961-973 cm-1   relates 697 

to the Si–O stretching vibrations of C-S-H phase. This peak is more intense for HVMAC mixes, 698 
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especially for ‘20F30G’ mix with binder combination of 20% FA+30% GGBFS+50% OPC 699 

compared to that of control sample (C). It can be ascribed to the secondary reaction of 700 

Pozzolans in the mix to form extra C-S-H phases. The qualitative examination of chloride-701 

attacked concrete samples through FTIR analysis was found to be in agreement with TGA 702 

results. 703 

5.2.4 Carbonation test 704 

The change in compressive strength, change in weight and carbonation depth results associated 705 

to accelerated carbonation test of all concrete samples cured for both 14 and 28 days are 706 

presented in Figs 18-20. 707 

 708 

Fig. 18 Compressive strength variation of HVMAC mixes subjected to carbonation 709 

environment in a) 14 days and b) 28 days cured concrete samples 710 

 711 
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Fig. 19 Change in weight percentage of HVMAC mixes subjected to carbonation in a) 14 712 

days cured and b) 28 days cured concrete samples 713 

It can be observed from Fig. 18 that compressive strength increased with increasing exposure, 714 

irrespective of the type of concrete. However, a significant improvement in compressive 715 

strength was noticed up to 60 days exposure, with no significant improvement in strength 716 

beyond that. This can be attributed to the beneficial phenomenon of carbonation in densifying 717 

the cement matrix leading to the minimized porosity of concrete. This denser structure is 718 

associated with the formation of calcite in the pore structure of concrete.  Further, it can be 719 

noticed from Fig. 18 that among all 14 days cured concrete samples control concrete (C) 720 

showed higher compressive strength at all exposure periods compared to that of HVMAC 721 

specimens. This is because HVMAC mixes have lower strengths and a huge increase in 722 

strength seen upon initial carbonation of these mixes is due to their continued hydration. The 723 

increase in strength is much less beyond 30 days of carbonation and this is likely due to reduced 724 

portlandite levels. In another case, for 28 days cured concrete samples, certain changes were 725 

noticed where 20F30G mix showed closer results to that of control concrete (C). It is the loss 726 

of capillary water which accounts for a lot of the strength increase. Indeed, carbonation of C-727 

S-H leads to loss of strength, so the HVMAC mixes will lose strength because of their lower 728 

CH contents.  729 

All concrete specimens showed an increase in weight with the increase in carbonation duration. 730 

This can be attributed to the reduction in pore volume owing to the formation of calcite phase 731 

in the pore spaces of concrete. This phenomenon leads to the densified microstructure of 732 

concrete thereby resulting in increased weight. This is mainly attributed to the conversion of 733 

CH to calcite phase. Control mix without mineral admixture showed higher weight gain at all 734 

the curing ages. This can be attributed to the larger formation of stable carbonate phases 735 

compared to that of diluted HVMAC mixes as reported in the aforementioned paragraph. 736 

However, a slight improvement in weight gain was noticed for 28 days cured HVMAC mixes 737 

compared to that of 14 days cured HVMAC mixes. This is because the carbonation resistance 738 

of concrete is mainly related to the pore structure and hydration degree as well as carbonating 739 

material. Nevertheless, this effect is found to be more proposed in case of mineral admixed 740 

concrete compared to that of control concrete (C) owing to the slow reactivity of SCMs. 741 
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 742 

Fig. 20 Carbonation depth in control and HVMAC mixes after exposing to 3.5% CO2 in a) 14 743 

days cured and b) 28 days cured concrete samples 744 

Carbonation depth refers to the reduction in alkalinity of hydrated cement due to the reaction 745 

of carbon dioxide with the alkaline hardened cement paste. The carbonation resistance of 746 

concrete depends on the amount of carbonating matter and the permeability, being proportional 747 

to the former and inversely proportional to the latter. Figure 20 shows that for both curing 748 

durations the control concrete showed the lowest carbonation depth. Dense concrete, prepared 749 

with a low w/c ratio can typically show a carbonation depth of 1 cm after 1 year’s exposure, 750 

while porous and permeable concrete can show carbonation depths ≥5 cm [76]. It should be 751 

noted that, even though all HVMAC mixes showed higher carbonation depths than the control 752 

concrete, the values fell below 2 cm. So, despite their reduced portlandite contents, pore 753 

structure refinement helped to provide a degree of carbonation resistance. Among the HVMAC 754 

mixes 20F30G mix showed the least carbonation. This can be ascribed to the densified matrix 755 

and the increased reactivity of GGBFS compared to FA.  756 

To assess the phase changes associated with carbonation samples of concrete were collected 757 

from a carbonation depth of 1 cm and subjected to thermogravimetric analysis. Fig. 21a) 758 

presents the TG-DTG curves of the concrete samples exposed to 365 days of accelerated CO2. 759 

All DTG traces showed an absence of the endothermic peaks at 400-500 °C attributed to 760 

portlandite. Carbonate decomposition is found to start from about 500 °C. This discerns two 761 

decomposition stages i) 500-650 °C, and ii) 650-775 °C. This can be attributed to 762 

decomposition of poorly crystalline (or amorphous) calcium carbonate phase (vaterite or 763 

aragonite) formed from the decalcification of C-S-H for the lower temperature decomposition 764 



34 
 

and decarbonisation of calcite formed from carbonation of portlandite [77]. It is important to 765 

note that there is less low-temperature decomposition for the control mix because there is more 766 

portlandite, which acts as a buffer preventing C-S-H carbonation. The endothermic peak at the 767 

temperature range of 50-200 °C was found to be diminished in the case of carbonated area 768 

irrespective of concrete mixes. This indicates the decalcification of calcium ions from the C-769 

S-H and C-A-S-H phases to form polymorphs of calcium carbonate phases. Further, the 770 

hydrotalcite phase was also seen for carbonated HVMAC mixes. Based on TGA data, 771 

variations in the amount of hydration phases at the carbonation depth of 1 cm for all concrete 772 

samples at the exposure period of 365 days were quantified and presented in Fig 21b). 773 

 774 

Fig. 21 a) TG-DTG plot for concretes exposed to carbonation environment, b) Quantified 775 

amount of CH, WH and CC. 776 

As anticipated carbonated samples showed the percentage of calcium carbonate than that of 777 

non-carbonated samples (ref Fig. 5a)). At the same time, CH and WH contents were seen to be 778 

diminished. This is due to the consumption of calcium ions from the hydrated phases caused 779 

due to the diffusion of CO2. An increase in the percentage of CC for concrete samples was 780 

found to be in the range of 70-80% to that of non-carbonated samples. The amount of CC for 781 

HVMAC mixes was found to be lower due to the occurrence of less CH, the most susceptible 782 

phase for carbonation. Further, the dilution effect also influenced the carbonation action. 783 

However, calcium-carbonated phases formed in HVMAC mixes can be attributed to the 784 
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involvement of C-A-S-H phase in carbonation, which is evidenced by the low carbonate 785 

decomposition temperature [78]. 786 

Fig. 22 presents the FTIR spectra for carbonated concrete samples exposed to 365 days of 787 

accelerated carbonation. 788 
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 789 

Fig. 22 FTIR spectra of concrete samples exposed to accelerated CO2 for 365 days 790 

It is well understood that anhydrous calcium carbonate exits in three major polymorphs i.e., 791 

calcite, aragonite and vaterite. These polymorphs of CaCO3 can be identified through FTIR 792 

spectra due to characteristic vibration bands at specific wavenumbers. Multiple vibration 793 

modes are observed in carbonated concrete samples. The asymmetric stretching vibration of 794 

CO3 gives an intensified vibration band at 1431-1443 cm−1 that corresponds to the calcite 795 

polymorph of calcium carbonate phase. Characteristic peak at the wavenumber of 1008-1016 796 

cm-1 corresponds to the stretching of Si–O bond signifying the C-S-H phase has shifted 797 

compared to that of non-carbonated specimens. This is because of the decalcification of C-S-798 

H. Characteristic bands at 874 cm-1 and 774 cm-1 correspond to the out-of-plane bending and 799 

in-plane bending mode of carbonates linking to the vaterite polymorphs of calcium carbonate 800 
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[79,80]. It is clear from the obtained FTIR spectra formation of calcium carbonate in the calcite 801 

polymorph (stable mineral) is more significant in control mix. Whereas, for HVMAC samples 802 

intensity of calcite polymorph peaks were seen to be lower than control sample. 803 

6. Conclusions 804 

In general, concrete structures are prone to multiple aggressive environmental actions in India 805 

where the conditions are particularly intense along the south-west coast of India. The current 806 

study focused on the design and assessment of high-volume mineral admixture concrete 807 

(HVMAC) against simulated coastal environmental conditions. However, this study focused 808 

on the influence of exposure to single aggressive agents and was coupled with characterization 809 

to better understand the reasons behind the durability performance. On this basis, the following 810 

conclusions can be made, 811 

1. Mechanical properties such as compressive, split tensile, flexural and bond strength of 812 

HVMAC mixes are slightly lower than the corresponding control concrete (C), especially 813 

at early ages.  814 

2. Prolonged curing of HVMAC leads to comparable mechanical performance to control 815 

concrete (C). From the obtained results, the HVMAC mix ‘20F30G’ achieved 816 

higher/comparable strength properties in terms of flexure, tension and bond strength. 817 

However, both 25F25G and 20F30G HVMAC mixes have also shown improved 818 

compressive strength by the curing age of 56 days. 819 

3. The HVMAC mixes with 50% OPC replacement, performance could be correlated with 820 

GGBFS content. Among the HVMAC mixes developed, the concrete mixes with greater 821 

GGBFS content showed better performance. This is attributed to the higher reactivity and 822 

greater filling ability of GGBS particles in comparison with the fly ash ones. Thus, the 823 

synergetic action of multiple mineral admixtures at their optimized proportions with OPC 824 

has enhanced the overall performance of concrete. 825 

4. The Sorptivity test results have evidenced the HVMAC concretes reduced susceptibility to 826 

capillary suction owing to pore structure refinement arising from the pozzolanic reactions 827 

of FA and GGBFS. This development further made the HVMAC mixes less susceptible to 828 

deterioration from the action of aggressive ions.  829 

5. The HVMAC with 20% fly ash and 30% GGBFS revealed greater potential in resisting the 830 

aggressivity which is further confirmed through TGA and FTIR results. 831 
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These results were supported by extensive characterisation of the concretes pre- and post-832 

exposure to various aggressive environments. 833 

1. Thermal analysis of HVMAC hydrated for 28 days displayed an additional endothermic 834 

peak at 225-325°C representing the decomposition of hydrotalcite (Ht, 835 

Mg4Al2(CO3)(OH)12.4H2O) phase formed due to the existence of MgO delivered by the 836 

slag. The presence of mineral admixture significantly reduces the concentration of CH, a 837 

primary dissolution phase susceptible to attack by aggressive ions. 838 

2. Examination of hardened concrete systems exposed to acids/sulphates, chlorides and 839 

carbon dioxide revealed the existence of detrimental phases such as secondary ettringite 840 

(AFt)/secondary gypsum (Gy), Friedel’s salt (Fs) and calcite (CC), respectively. 841 

3. In case of both sulphuric acid and magnesium sulphate attack, the transformation of 842 

secondary Gy to secondary AFt is found to be less significant. Brucite was formed in 843 

concrete exposed to magnesium sulphate solution. 844 

4. TG-DTG analysis illustrated the significant increase in calcium carbonate formation for 845 

mixes without mineral admixture (i.e., control concrete (C)). However, in HVMAC, there 846 

was evidence of C-S-H decalcification, in addition to portlandite carbonation. 847 

7. Future scope of research 848 

Since the SCMs show their extended influence on the concrete properties at late curing ages, 849 

there is a need to study the long-term curing and long-term durability studies on HVMAC. 850 

Further, the morphological, mineralogical and various other microstructural studies on 851 

HVMAC through advanced characterization techniques may effectively contribute to the 852 

scientific community. 853 
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