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Abstract
The exposure of engineering structures to complex chemical hazards in omnifarious geographical/ environmental locations 

and emission of greenhouse gases from manufacturing and usage of cement have encouraged researchers to explore the chemical 
synthesis taking place in the blending of different raw materials, formation of complex compounds, hydration of cement concrete 
and reactions taking place during internal/ external sulphate attacks. This study has carried out an in-depth elucidation of the 
contemporary research to understand better the raw material composition of cement-like calcareous and argillaceous minerals, 
hydration process, the reaction of complex compounds to create cement paste, kinetics associated with the formation of ettringite, 
monosulphate aluminate ferrate hydrates, exchange of cations and anions between reactive metals hydroxide, hydrates, sulphates 
and their impacts on long term sustainability properties of concrete. An endeavour has been made to explore the use of lime 
and pozzolans derived from industrial, agricultural and natural resources. The microstructural studies were examined, which 
augmented the research findings that the development of cracks/ failure in concrete is attributed to the formation of ettringite, 
gypsum, brucite, M-S-H gel, thaumasite, portlandite, expansive silica hydroxide gel and carbonation of metal hydroxides due to 
internal/ external sulphate attacks on samples having more water-cement ratio and exposed to more concentrated magnesium/ 
sodium sulphate solutions.
Keywords: Cement; hydration; sulphate attack; supplementary cementitious materials; microstructural studies

Introduction
The human’s desire to conquer oceans, rivers, plains, moun-

tains and deserts has led to the construction of diverse infrastruc-
ture in different environments, thus giving rise not only to distur-
bance to the natural environment but equally causing hazards to 
infrastructure from the environment too in the form of deteriora-
tion/ depletion due to ageing, spalling, thawing, corrosion, erosion, 
temperature variation, chemicals attacks, ingress of moisture/ 
acidic/ alkaline solutions and different atmospheric conditions [1]. 
Historically, the building materials, like stone, clay, lime, pozzolanic 
binders, and modern-day cement-based ingredients, have been on 
the construction inventory for various construction requirements. 
One of the most widely used materials in modern construction is 
concrete which is preferred due to its mechanical properties and 
ease of use [2,3]. The variation in the performance of cement con-
crete in different climatic conditions is its vulnerability against ex 

 
ternal/ internal chemical attacks, especially sulphate attacks, over 
an extended exposure period [2-8].  These phenomenal concrete 
vulnerabilities have encouraged researchers to study the chemical 
synthesis igniting the sulphate attack and to formulate composite 
sustainable materials [9,10]. This paper reviews contemporary 
research conducted on cement composition, chemical reactions, 
hydration process, chemo-mechanical kinetics and microstructural 
synthesis during sulphate attack.

Literature Review on the use of cement, lime and 
SCMs
Lime

The quicklime CaO and slaked lime Ca(OH)2 are considered 
among the oldest construction materials which have been in use 
for thousands of years in construction since the inception of great 
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civilisations like Romans, Greek and Egyptians etc. The naturally 
occurring calcareous rocks (limestone) containing CaCO3 are burnt 
to produce pure lime, called the calcination process and are con-
sidered the major emitter of direct CO2 gas [11]. The lime is then 
used as hydrated lime Ca(OH)2 by slaking the CaO with water as 
internal/ external masonry, mortaring, faced work and paints etc. 
[12]. The natural hydraulic lime is manufactured under BS EN 459-
1:2015 and broadly available in the industry as NHL2, NHL3.5 and 
NHL5 for use as lime mortars, plasters, and renders with 2-5 MPa 
strength. The non-hydraulic lime, also known as soft/ slow setting 
lime putty, is the third type of industrial lime used in construction 
[12,13]. When used as construction material, the hydrated slaked 
lime Ca(OH)2 absorbs CO2 and slowly sets to create hardened 
CaCO3, thus completing a lime cycle as illustrated in the following 
equations 1-3 [10-14]

                           heat

3 2CaCO CaO CO→ + ……. Equation 1

2 2( )CaO H O Ca OH heat+ → + …Equation 2

2 2 3 2( )Ca OH CO CaCO H O+ → +  ……. Equation 3

  Ordinary Portland Cement (OPC)
The calcareous rock (lime) is an essential ingredient of cement 

manufacturing (around 62%), where it is mixed with argillaceous 
minerals containing clay/ aluminosilicates (about 27%) in the kiln 

over 1600 Co to produce clinker, which is then ground to less than 
2 µm fine particles. Magnesia (about 2%), alkalis like soda and pot-
ash (around 1%), gypsum (about 4%) and iron oxide (about 3%) 
are also found in ordinary Portland cement [15-18]. Cement is said 
to be invented by Egyptians and has since been in use in different 
forms/ compositions by different nations/civilisations, including 
Babylonians, Assyrians, Romans, Greeks, Gothics, Chinese, Rus-
sians, Europeans and Americans but OPC was first produced in its 
present form in England using Portland claystone from the Isle of 
Portland by Joseph Aspdin in 1822, which was further refined by 
his son William Aspdin in 1840 as calcium silicates and further 
improved by Isaac Charles Johnson in 1850s. The present-day ce-
ment is primarily divided into non-hydraulic and hydraulic cement, 
e.g., OPC [18-22]. R.H. Bogue first identified the broadly occurring 
chemical reaction in 1960 by identifying four main components in 
cement and are known as Bogue’s compounds which include alite 
(C3S tricalcium silicate 3CaO.SiO2), belite (C2A dicalcium silicate 
2CaO.SiO2), celite (C3A tricalcium aluminate 3CaO.Al2O3)  and felite 
(C4AF tetra calcium alumina ferrite 4CaO.Al2O3.Fe2O3). Alite exhibits 
medium setting time, is highly exothermic, and gives early strength 
in the first phase of hydration. Belite demonstrates low setting time, 
is less exothermic, gives ultimate strength in the second hydration 
phase, and provides defence against chemical attacks. Celite causes 
flash setting, is less exothermic, does not contribute to the strength 
and induce vulnerability for internal/ external sulphate attacks. Fe-
lite exhibits slow setting time, is less exothermic, does not contrib-
ute to strength, and helps prevent sulphate attacks [23-26]. Bogue’s 
compound composition in cement is shown in (Figures 1-3) and 
(Table 1). 

Figure 1: Raw materials for OPC manufacturing [24].

https://dx.doi.org/10.32474/MAMS.2022.05.000206
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Figure 2: Chemical composition of cement clinker [25]

Figure 3

The Cement Concrete Hydration Process 
The dry hydraulic cement OPC does not constitute any strength 

and needs water for its hydration and initiation of chemical reac-
tion, leading to its setting/ hardening and gaining of strength over 
a curing time of around 3 - 90 days. The hydration process is exo-
thermic and starts quickly by mixing with water. Lime and silica 
are responsible for the early setting of cement concrete and pro-
ducing strength [27]. Alite (C3S tricalcium silicate 3CaO.SiO2) is the 
compound which reacts at first instance with water and produces 
calcium silicate hydrate, also known as C-S-H gel (3CaO.2SiO2.3H2O) 
responsible for the strength of concrete. The excess quantity of 
portlandite or calcium hydroxide Ca(OH)2 is responsible for the re-
duction in strength of concrete and long-term adverse effects due 
to its reaction with sulphates to form gypsum. C3S produces 61% 
C-S-H gel and 39% Ca(OH)2 giving 60% of overall concrete strength 
and releasing 500 Joules/gram of heat of hydration [27-30] (equa-
tion 4) [28]. 

2 2 2 2 22(3 . ) 6 3 .2 .3 3 ( )CaO SiO H O CaO SiO H O Ca OH Heat+ → + +

…Equation 4

Belite (C2S dicalcium silicate 2CaO.SiO2) produces 82% C-S-H 
gel and 18% Ca(OH)2 in the second phase of hydration and is gen-
erally responsible for prolonged development of strength in later 
curing time, measuring up to 30% of overall concrete strength, re-
leasing 260 Joules/gram of heat of hydration (equation 5) [28].

 
2 2 2 2 22(2 . ) 4 3 .2 .3 ( )CaO SiO H O CaO SiO H O Ca OH Heat+ → + +

… Equation 5  

Considering the quantity of formation of C-S-H gel and Ca(OH)2 
by C3S and C2S,  it can be inferred that C3S produces more strength 
but more vulnerability too in contrast to C2S, which contributes 
lesser strength and lesser vulnerability too due to the percentage 
formation of Ca(OH)2 respectively. Therefore, the percentage com-
ponents of C3S and C2S in cement are critical and generally com-
prise 70-80% of the overall hydration process.  Increasing C3S will 
increase setting time and strength but decrease defence against 
chemical attacks. Increased C2S will increase delayed strength, de-
lay setting time and improve vulnerability against sulphate attack.  
Celite (C3A tricalcium aluminate 3CaO.Al2O3) does not contribute 
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much to gaining strength and is responsible for the flash setting of 
cement during hydration. Therefore, gypsum is added to cement to 
avoid flash setting. Still, celite reacts with gypsum and forms long 
rod-type crystals of ettringite (3CaO.Al2O3.CaSO4.32H2O), responsi-
ble for internal sulphate attack/ cracking in concrete (equation 6) 
[31-35]. 

2 3 4 2 2 3 4 23 . 3 32 3 . .3 .32CaO Al O CaSO H O CaO Al O CaSO H O+ + →

…Equation 6

When gypsum is wholly depleted, ettringite, in reaction with 
C3A and water, converts into monosulphate aluminate hydrate 
(3C4ASH18), which is 2.5 times smaller than ettringite and forms a 
membrane around C3A to prevent the further flash setting and ref-
ormation of ettringite (equation 7) [31,36]. The 3C4ASH18 can sus-
tain only in sulphate deficient solution and reconverts into ettring-
ite on the absorption of sulphate solution from the atmosphere, 
which is called external sulphate attack and cause cracking in con-
crete mass [36].

2 3 2 3 4 2 2 2 3 4 23 . 3 . .3 .32 22 3(3 . .3 .12 )CaO Al O CaO Al O CaSO H O H O CaO Al O CaSO H O+ + →                                                                                                             
…. Equation 7

The presence of Ca(OH)2 gives rise to an excess quantity of 
portlandite in concrete in the form of hexagonal crystals.  On the 
attack of sulphates (MgSO4), an exchange of cations occurs between 
Ca(OH)2 and sulphates and Mg(OH)2 (brucite) is formed [27,37]. 
The excess quantity of Ca(OH)2 is generally considered unsuitable 

for concrete. Still, it produces alkaline solutions and keeps the ‘ph’ 
value high to avoid acid attacks and corrosion in concrete or steel 
[27]. Meanwhile, the carbonation of Ca(OH)2 and ettringite starts to 
form CaCO3 and monocarbonate calcium aluminate hydrates (C3A.
CaCO3.11H2O), which adds to the strength, pore refinement, hard-
ening of cement/ lime composite and reduces permeability. Still, 
strength starts to reduce if it is produced in excess [38,39]. Equa-
tions 8 and 9 show the carbonation of reactions [38].

2 2 3 2( )Ca OH CO CaCO H O+ → +  …. Equation 8
2 3 4 2 2 3 4 2 3 23 . .3 .32 3 3 3 )CaO Al O CaSO H O CO CaCO CaSO Al O H O+ → + + +

Equation 9

Felite or ferrite (C4AF tetracalcium alumina ferrite 4CaO.Al2O3.
Fe2O3) on hydration produces garnets (monosulphate ferric alu-
minium hydrates) which work as filler material for refined pore 
structure and does not contribute to strength [31]. Its reaction is 
completed in two phases. In the first phase, it reacts with gypsum 
and water to produce ettringite, ferric aluminium hydrates, and 
portlandite (equation 10). In the second phase, felite reacts with 
ettringite, water and portlandite to form garnets and ferric alumin-
ium hydrates (equation 11) [31-35]. After complete hydration of 
Bogue’s compounds, the cement paste contains 50-60% C-S-H gel, 
20-25% ettringite, 20-25% portlandite and 5-6% voids/ entrapped 
air, as shown in Figure 4 [31].

Figure 4: Composition of hydrated cement paste in concrete containing 100% cement [31].

4 minC AF Gypsum Water Etteringite Ferricalu iumhydrate Lime+ + → + +

Equation 10
4 4 43 . . 18 minC AF Etteringite Lime Water C A F CaSO H Ferricalu iumhydrate+ + + → +

Equation 11

The Synthesis of External/ Internal Sulphate Attacks
The synthesis of cement composition and hydration process in 

earlier sections explains that the formation of ettringite inside the 
cement paste by gypsum mixed with clinker causes internal sul-
phate attack due to its rod-type long crystals that form cracks and 

propagate a weaker plane throughout the length of damage over 
an extended period [37]. However, the formation of monocolpate 
aluminate hydrates prevents more ettringite formation and inter-
nal cracking. Later, when cement concrete is exposed to sodium or 
magnesium sulphate (Na2SO4/ MgSO4) by ingress of sulphate solu-
tion through the concrete surface [38] this monocolpate aluminium 
hydrate reacts with sulphate ions and exchange of cations occurs. It 
forms ettringite again and exchanges cations and anions to produce 
CaSO4 (gypsum), brucite Mg(OH)2 and NaOH [37-39]. The attack 
of sodium sulphate is characterised as an expansive reaction and 
results in the expansion of the outer surface However, the attack 

https://dx.doi.org/10.32474/MAMS.2022.05.000206
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of magnesium sulphate is described as a strength-reducing attack 
due to internal crack formation by ettringite crystals [39-41]. The 
cations Mg++/ Na+ and Ca++ exchange, and the anions SO-

4
 and OH- 

exchange. The sulphate ion SO-
4

 from magnesium/ sodium sulphate 
transfers inwards to form gypsum  CaSO4, whereas the OH- ion from 
Ca(OH)2 exchanges outward to form brucite Mg(OH)2 or NaOH 
(equation 12,13) [42-46].  

2 4 2 4 2 2( ) 2 .2 ( )Ca OH MgSO H O CaSO H O Mg OH+ + → +

Equation 12

2 4 2 4 2( ) 2 .2 2Ca OH NaSO H O CaSO H O NaOH+ + → +

Equation 13

The gypsum and brucite produced during external MgSO4 at-
tack initially make a membrane around concrete ingredients to 
save from sulphate attack [47]. But later, the presence of gypsum 
initiates the formation of ettringite by reacting with monosulphate 
aluminium hydrate, which causes peeling off this membrane and 
propagates inwards, cracking inside the concrete mass (equation 
14) [31,36]. 

4 2 4 18 2 3 4 2.2 3 3 . . .32CaSO H O C ASH water CaO Al O CaSO H O+ + →

Equation 14

The subsequent diffusion/ exchange of Mg++ cation with Ca++ 
of calcium silicate hydrates (C-S-H gel) forms magnesium silicate 
hydrates (M-S-H gel) [42] which do not possess any strength or 
binding properties and cause a reduction in compressive strength 
of concrete by reducing intra-ingredients binding (equation 15) 
[48]. 

2 2 4 2 2 2 43 .2 .3 2 3 .2 .3 3 2CaO SiO H O MgSO H O MgO SiO H O CaSO H+ + → +

Equation 15

The decrease in intra-ingredients binding and formation/ prop-
agation of cracks by ettringite let the sulphate diffuse deep inside 
and slowly/ gradually spread this chemical reaction in all dimen-
sions of concrete mass, failing/collapsing the concrete structure 
[31]. The typical internal sulphate attack is highly influenced by 
the increased presence of Ca(OH)2 [28], tricalcium aluminates C3A 
(celite) [36], monosulphate aluminate hydrate (3C4ASH18) [48], 
which contains a single molar SO-

3 [27] and converts readily to 
ettringite on the formation of gypsum during sulphate attack. 

Types, Causes, Sources, Factors and Prevention of Sul-
phate Attack
Types/ Causes of Sulphate Attacks

The sulphate attack on cement concrete comprises two main 
internal and external sulphate attack categories. The internal at-
tack is due to the formation of ettringite by the reaction of gypsum 
used in cement manufacturing to prevent premature/ flash setting 
due to C3A [31]. However, ettringite so produced is converted into 

lightweight monosulphate aluminate hydrate after reaction with 
C3A. This sulphate-deficient molecule is 2.5 times smaller [41]. It 
gives protection against any damage and further chemical attack 
till the ingress of sulphate solution in hardened concrete in the 
form of external sulphate attack from any external source [36]. Af-
ter that, it swells 2.5 times on gaining sulphate exposure by con-
verting into ettringite crystals resulting in cracking/ expansion 
[41,49]. The external attack of sulphate transforms monosulphate 
aluminate hydrate into long ettringite, needle-like crystals, creating 
cracking inside hardened concrete [50]. In contrast, the formation 
of micro-ettringite crystals in voids causes expansion in the struc-
tures [51]. The magnesium sulphate attack produces gypsum and 
crumbly fibrous magnesium-silicate-hydrates gel, which does not 
have any strength and generates the final collapse of the structure 
[50-51].

Sources of Sulphate Attack

The external source can be soil containing calcium/ magne-
sium/ sodium/ potassium/ ammonium sulphates [41]. However, 
solid sulphates cannot impart any harm to hardened concrete [31]. 
When these minerals are mixed with rain/ drainage water and pass 
through the soil as groundwater, it dissolves minerals and contains 
aqueous sulphate. This water attacks the surface and can ingress 
into the hardened concrete/ mortar structure through osmosis us-
ing voids [52]. The bacterial action to decay organic matter in shal-
low lakes and marshes produces H2S, which is converted into H2SO4 
and causes an acid/ sulphate attack [53]. Fertilisers in agricultural 
soil give rise to ammonium sulphate, which can be transported with 
surface drainage and into sub-soil groundwater [54]. Sea water also 
contains sulphate minerals and chlorides and can badly result in 
sulphate/ chloride attacks [55-57]. The water from cooling towers, 
sewers, acid rains, and poor chemical waste disposal can result in 
aqueous sulphates in soil and groundwater [51-55]. 

Factors and Prevention of Sulphate Attack 

The severity of sulphate attack depends upon the quality/ in-
gredients of cement [31], water/ cement ratio [47], permeability/ 
voids [41], the concentration/ replenishment of sulphate solution 
[56], alternate wetting/ drying [57], period of exposure [41], com-
paction [57], air entrainment [41] etc. The presence of more C3S 
and less C3A causes vulnerability to sulphate attack. Therefore, re-
duction in C3S and increased C3A with rich cement ratios are recom-
mended in sulphate resistance cement [60]. The air entrainment in 
concrete can improve workability and reduce segregation, an excel-
lent preventive measure for sulphate attack [41]. However, lower-
ing C3S can decrease strength as it is responsible for a 60% gain of 
early strength, and an increase in C3A can result in the flash setting 
of cement [31]. Similarly, more than 5-6% of air entrainment can 
cause permeable/ previous structures with lower strength due to 
the induction of more voids [41]. Therefore, the total percentage of 
C3S/C2S should not be less than 50%, C3A and C4AF should not be 
increased by more than 20%, and air entrainment agents should 
not be used more than 1% to prevent the formation of more than 
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6% voids [59]. The use of high/super sulphate resistance cement 
containing more C3A is highly recommended in a rich sulphate 
environment [60]. A water-cement ratio (w/c) lower than 0.45 is 
recommended, and no sulphate attacks have been observed on a 
w/c ratio lower than/ equal to 0.35 [41-47]. Therefore w/c ratio 
should be kept as 0.35-0.45. Continuous wetting/ drying mecha-
nisms should be avoided. Still, if it is unavoidable, like structures in 
sea/ rivers, then the coating of bituminous materials [61], chlori-
nated rubber [43], epoxy or polyurethane [41], use of polyethene or 
polychloroprene lining are recommended, or the use of super sul-
phate resistance cement is recommended [60]. The efforts should 
either reduce or stop the increase in the concentration of sulphate 
solution or its replenishment by terminating the source of sulphate 
ingress [62]. 

Chemical Synthesis of Use of Pozzolans as Partial SCMs 
in Cement Concrete

Research has focussed on devising composites containing ce-
ment, lime [63], and SCMs like industrial/ agricultural pozzolanic 
materials like pulverised fly ash (PFA) [64], ground granulated blast 
furnace slag (GGBS) [64], rice husk ash (RHA) [65], palm ash (PA) 
[65], corn cob ash (CCA) [66], metakaolin (MK) [67], zeolite [68] 
and silica fume (SF) [67] etc. These materials react with Ca(OH)2 to 
produce more C-S-H gel and lesser gypsum during sulphate reac-
tion by absorbing portlandite due to the high presence of silicates 
in their composition (equation16) [28].  

2 2 2 22 3 ( ) 3 .2 .3SiO Ca OH CaO SiO H O+ → ……….  Equation 16

However, excess use of pozzolans results in the formation of 
alkaline silica gel Si(OH)4.CaO. (calcium.silica.hydroxide gel) in the 
reaction between excess silicate ions SiO- from SiO2 (a significant 
component of pozzolanic materials) and OH- from portlandite 
along with the formation of C-S-H gel. The researchers have sug-
gested different optimum quantities of mixing pozzolans and ce-
ment replacement materials e.g., up to 70% GGBS [64], 20% MK 
[67], 40% PFA [64] and 15% SF [67]. Pozzolans with OPC are con-
sidered economically viable and environmentally friendly materi-
als [21]. The alkaline silica gel does not contribute to strength but 
somewhat weakens hardened concrete by creating cracks on swell-
ing (equation 17) Excess SiO2 also reacts with water to convert to 
silica hydroxide but remains in the pores as an aqueous solution till 
it further reacts with portlandite (equation 18,19) [69-70].  This 
alkaline silica gel is formed in four steps SiO2(solid), SiO2(aqueous), 
SiO2(solution), and swelling SiO2(gel), as shown in equation 20 
Therefore, pozzolanic materials contribute to the strength of SCMs 
to a specific mixing ratio, beyond which they will start to weaken 
the hardened concrete.

2 2 42 ( ) ( ) .2SiO Ca OH Si OH CaO+ → ………          Equation 17

2 2 4( )SiO H O Si OH+ → ……………..........           Equation 18

4 2 4 2( ) 2 ( ) ( ) .2 2Si OH Ca OH Si OH CaO H O+ → + …             Equation 19

2( ) 2( ) 2( ) 2( )solid aqueous solution gelSiO SiO SiO SiO swelling→ → →

……...Equation 20

Use of High Sulphate Resistance Cement 

The use of high sulphate resistance cement is recommended 
if construction is undertaken in a rich sulphate environment like 
bridge/ piers in sea/ rivers/ coastal areas where alternate wetting/ 
drying is a pronounced phenomenon. The high sulphate resistance 
cement is type 1 cement as per ASTM 150-C and is manufactured 
under BS 4027-1980 and BS 12-1996, IS 12330-1988 and EN 
197-1/2000 [91]. It contains C3S 40-50%, C2S 20-25%, C3A 5-6% 
and C4AF 10-15%. SO3 is limited to 3%, MgO is limited to 4%, CaO 
around 60%, Al2O3 5%, Si2O3 around 20% and lime saturation fac-
tor should be 0.6-1% [71]. It produces low heat of hydration and 
decreases the vulnerability of concrete structures against sulphate 
attacks in coastal, underwater, underground, sewerage, petrochem-
ical, marshal areas, canal lining etc., prone to sulphate-rich alkaline 
environments not suitable against chloride attack and not very fea-
sible being a costly option.

Microstructural Analysis and Discussion on Use of 
Lime, PFA and GGBS 

Use of Enhanced Lime-Based Cement Concrete

Sotiriadis et al. (2012) studied using an additional 15% and 
35% lime with cement clinker to determine the performance of 
lime-based concrete against sulphate attack. The lime is the main 
ingredient in cement manufacturing (62%) and is responsible for 
supplying CaO and Ca(OH)2 in cement hydration to form C-S-H gel 
[63]. However, additional mixing of lime in OPC at increased quan-
tities results in the production of more Ca(OH)2 and thaumasite 
(3CaO.2SiO2.CaCO3.CaSO4.15H2O) during sulphate attack at low 
temperatures (5oC). Ca(OH)2 creates an alkaline environment and 
readily converts to crumbling gypsum on cationic exchange with 
MgSO4, as shown in equations 12 and 13. Thaumasite is produced 
by the reaction of C-S-H gel with lime under sulphate attack at low 
temperatures, as shown in equation 21 [63,73].

2. 2 3 4 2 2 3 4 2 2 23 .2 .3 0 2 13 3 . . .15 ( )CaO SiO H CaCO MgSO H O CaO SiO CaCO CaSO H O Mg OH CO+ + + → + +      
Equation 21

The thaumasite is a complex combination of C-S-H gel with 
carbonates and sulphate ions bonded with calcium obtained either 
from additional lime or calcareous sand in concrete at low tempera-
ture after the formation of ettringite when presumably aluminates 
have been consumed by an initial/ internal sulphate attack. Thau-
masite has no strength value and rapidly converts concrete into 
fragile mush and is badly augmented by the formation of M-S-H gel, 
brucite and gypsum [63-71]. Sotiriadis et al. (2012), conducted a 
study on mixing additional lime with OPC with a w/binder ratio of 
0.52, making 15% mix (LC1) and 35% mix (LC2). A considerable 
decrease was observed in compressive strength with an increase 
in lime contents (Figure 5) [63]. They observed a greater degree 
of surface deterioration in 15% and 35% lime composite over 
24 months of immersion in water, 2.5% NaCl+ 2.5% MgSO4 Solu-
tion and 5% MgSO4 solutions. The concentrated sulphate solution 
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caused extensive surface damage to cubes of 35% lime, as shown 
in Figures 6 & 7, as compared to the chloride-sulphate solution be-
cause chloride solution dissolves ettringite three times faster and 
thus lesser C3A is left available to react with sulphates [63]. The 
microstructural studies using XRD showed that the cement con-
crete containing 35% lime produced more thaumasite, secondary 

ettringite, gypsum and brucite in sulphate solution at 5 oC, followed 
by samples with 15%, and no thaumasite was observed in OPC sam-
ples at nine months and 18 months. As a result, concrete deteriora-
tion was observed more in samples with more lime contents, and 
sulphate attack by MgSO4 solution was more severe than NaCl+Mg-
SO4 solution, as shown in (Figures 8 & 9) [63].

Figure 5: Compressive strength of 15% and 35% lime-based concrete cubes immersed in the water, 2.5% NaCl+ 2.5% MgSO4 
Solution and 5% MgSO4 solutions for 18 months [63].

Figure 6: Surface deterioration of 15% lime-based concrete cubes immersed in the water, 2.5% NaCl+ 2.5% MgSO4 Solution and 
5% MgSO4 solutions for 24 months [63].

Figure 7: Surface deterioration of 35% lime-based concrete cubes immersed in the water, 2.5% NaCl+ 2.5% MgSO4 Solution and 
5% MgSO4 solutions for 24 months [63].
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Figure 8: XRD study of 15% lime samples in MgSO4 and NaCl+MgSO4 solutions after 18 months (T: thaumasite, c: calcite, BG: 
brucite gypsum, CC: calcium chloride, B: brucite, G: gypsum) [63].

Figure 9: XRD study of 15% & 35% lime samples in water MgSO4 and NaCl+MgSO4 solutions after nine months [63].

a) Use of Partial Cement Replacements (PCRs)

As discussed earlier, the most prominent/ influential products 
obtained by hydration of OPC are calcium hydroxide and C-S-H gel 
[27-30]. The Ca(OH)2 is a highly soluble chemical and dissolves eas-
ily in water even after the hardening of concrete resulting in further 
leaching, porosity and vulnerability to sulphate attack [73]. There-
fore, the presence of more Ca(OH)2  pronounces the vulnerability 
of hardened concrete to external sulphate attack [74]. Research 
findings have identified that using PCR materials with cement ex-
hibits extended defence against sulphate attack and improves com-
pressive strength [63-67]. The PCRs mixed with OPC react with 
excess Ca(OH)2. They produce more C-S-H gel, perform as filler 
material and decrease porosity, prevent ingress of sulphate solu-
tion in hardened concrete and stop the propagation of cracks by 
less formation of ettringite as discussed in earlier section. However, 
using pozzolans beyond an optimum value produces Si(OH)4, which 
has swelling characteristics and weakens concrete structure due to 
expansion [69], as shown in equations 16-20. There are several 
natural PCRs in use like MK (derived from kaolinite) and zeolite, 
industrial PCRs like PFA, GGBS, SF and agricultural pozzolans like 
rice husk ash (RHA), palm ash (PA) and corn cob ash (CCA) which 
all provide silicates, react with Ca(OH)2 and form additional C-S-H 
gel for better performance of composites against sulphate attack 

and strength enhancement [63-83].  Ahmed & Kamau [42] 

Conducted studies on the use of PFA and GGBS to prepare bet-
ter-performing pozzolans-based concrete composites, especially 
in sulphate environments, and they suggested the feasible use of 
30% GGBS and 15% PFA for better compressive strengths and sus-
tainability against sodium/ magnesium sulphate solutions [80] in 
their work on evaluating the performance of PFA-based concrete 
found it beneficial to use 15-25% PFA for better resistance/ dura-
bility of concrete in the aggressive environment against sulphate 
and chloride penetration [78-80].  studied the mixing of 30% and 
50% low and high pulverised fly ash with OPC to produce cubes and 
prisms of composite mortar and cylinders of composite concrete 
containing 300 kg/m3 and 400 kg/m3 binders (Figures 10 & 11). 
The samples were immersed in 5% Na2SO4 solutions for 24 months, 
and tests were conducted to check compressive strength, expan-
sion and relative dynamic elasticity after 6,12,18 and 24 months. 
The study found that the samples with only OPC performed the 
worst and even collapsed after ten months. Whereas samples with 
30%  fly ash with 400 kg/m3 binder perform well in all testing, fol-
lowed by 30% high fly ash with 300 kg/m3. The samples with fly ash 
generally remained stable after six months in sulphate solutions. 
They did not show much deterioration or expansion after the six 
months, elucidating that fly ash-based mortar/ concrete compos-
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ites perform better under sulphate attack due to their tendency to 
absorb Ca(OH)2, form more C-S-H gel and prevent the formation of 
ettringite. However, increased use of fly ash resulted in excessive 

formation of Si(OH)4, which has swelling properties and results in 
weakness of composites (Figures 12 &13) [76].

Figure 10: Expansion of GGBS prisms in Na2SO4 solution after one year [75].

Figure 11: Expansion of prisms in Na2SO4 solution after three years [75].

Figure 12: Compressive strength of low/high PFA-based concrete [76].
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Figure 13: Expansion of low/high PFA-based concrete samples in Na2SO4 solution [76].

Higgis placed prisms of composites of 60% and 70% GGBS with 
40% and 30% OPC along with 2% and 3% CaSO4 and 3% CaCO3 in 
sulphate solutions. Prisms were placed in Na2SO4 solution for 1 year 
and 3 years. OPC prism performed the worst and showed around 
0.1% expansion just after 9 months in Na2SO4. 60% GGBS compos-
ite was the second best performer, and 70% GGBS was the first best 
performer in the Na2SO4 solution Figures 10 & 11 [75] in their stud-
ies on the evaluation of the performance of GGBS-based concrete 
found that 50-60% of GGBS-cement composites performed better 
in resistance against sulphate and chloride attacks in the aggressive 
environment [81-83] elucidated that 100%, 50%GGBS+50%PFA 
and 50% PFA-based geopolymers performed excellent engineer-
ing properties especially 100% GGBS-based geopolymer exhibited 
performance at par OPC. They immersed these pozzolans-based 
geopolymer/ cement concrete cubes in a 5% H2SO4 solution for 91 
days and assessed that a weight loss of 3% was observed in poz-
zolans-based geopolymers composites compared to an 11% weight 
loss in OPC concrete supporting a beneficial use of pozzolanic geo-
polymers/ SCMs over cement concrete [77]. 

Conclusion
Based on the detailed literature review and study of different 

experimental works, this paper suggests the following conclusions:

a) The evolution and improvement of construction materials 
is a continuous process, and more avenues are required to 
explore to produce environmentally friendly, cost-effective, and 
robust materials.

b) Cement is the most used construction material and 
produces around a ton of CO2 per ton of cement during 
manufacturing, equating to 7-10% emission of global CO2 to put 
this into perspective, the commercial aviation sector emits only 
2.9%.

c) The hydration of cement involves the production of the 
two most pronounced compounds, i.e., Ca(OH)2 and C-S-H 

gel. The C-S-H gel is responsible for the strength of concrete 
and is produced by the hydration of C3S, C2S and pozzolans. 
The Portlandite is accountable for an anti-corrosion alkaline 
environment. Still, it causes a reduction in strength by reacting 
with reactive metal cations on sulphate attack and converts to 
gypsum and brucite [23,27-30].

d) The internal sulphate attack is caused by gypsum and 
ettringite, produced during the hydration of cement. The 
external attack is severe and occurs over an extended period 
by absorption of sulphate solutions from the atmosphere and 
soil water, converts monosulphate aluminate hydrates into 
ettringite and causes expansion and cracks leading to ultimate 
failure.

e) The concentration of sulphate solution, permeability, 
period of exposure and cement composition influence the 
degree of sulphate attack/ deterioration.

f) The water-cement (w/c) ratio of more than 0.45 makes 
the concrete susceptible to external sulphate attack. In contrast, 
a w/c ratio of 0.35 and less is the least vulnerable to external 
sulphate attack even after decades of exposure [41-47].

g) Using GGBS & pozzolans as SCMs is considered beneficial 
in reducing CO2 emissions and improving strength by producing 
more C-S-H gel on the chemical reaction of silicates and 
portlandite [63-67]. 

h) Pozzolans-based concrete composites are considered 
better in sulphate resistance due to the depletion of Ca(OH)2 
and decreased porosity [73, 74].

i) The use of high sulphate cement and blending of various 
pozzolanic materials improve the durability of cement concrete 
composites against sulphate attacks [76-82].

        j) The microstructural studies using SEM and XRD support 
the improvement of pore structures and sulphate resistance with 
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pozzolans [63] as per suggested chemical synthesis in hydration 
and sulphate attacks explained by equations 4-21 above.
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