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Abstract 

Acid attacks on concrete impart unique set of damage mechanisms and manifestations 

compared to other durability issues of concrete. Up to date, there are still research gaps and 

conflicting data regarding the effects of supplementary cementitious materials (SCMs) at 

improving the resistance of concrete to acidic exposures. Hence, this thesis aims at 

understanding the role of SCMs in the performance of concrete under two different acidic 

environments (sulfuric acid and ammonium sulfate solutions) that produce similar reaction 

products while their damage mechanisms and manifestations are completely different.  

Concrete has long been the most popular choice for constructing key infrastructural 

elements such as sewer pipes, water treatment facilities, industrial floors and foundations, which 

can be chemically vulnerable to damage by sulfuric acid attack. Since high alkalinity is required 

for the stability of the cementitious matrix, concrete is susceptible to attack by acidic media, 

which may disintegrate the hydrated cement paste to various levels based on the prevailing 

exposure conditions and key mixture design parameters of concrete. The aim of this part of 

research was to investigate the response, in terms of phyico-mechanical and microstructural 

features, of concrete comprising different types of cement (general use or portland limestone 

cement [PLC]) with various combinations of SCMs (fly ash, silica fume and nano-silica) to a 

severe sulfuric acid exposure. The project comprised 13 weeks (90 days) of immersing test 

specimens in 5% sulfuric acid solutions with a maximum pH threshold of 2.0. The results 

revealed that the surface degradation (mass loss) of concrete under severe sulfuric acid attack 

was independent of its penetrability (physical resistance), since very dense cementitious matrices 
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(low penetrability) suffered from severe deterioration. Portland limestone cement [PLC] may 

slightly improve the resistance of concrete to sulfuric acid attack, whereas among the blended 

binders tested, binary binders comprising 30% fly ash showed increased resistance of concrete to 

sulfuric acid attack due to an inert filler effect at the exposed surface. 

On the other hand, concrete elements in agricultural, wastewater treatment, mining and 

industrial applications can be vulnerable to chemical attack by ammonium-based solutions. In 

particular, ammonium sulfate (commonly used as a fertilizer) is extremely deleterious to 

concrete due to its dual acid-sulfate action, which may disintegrate the hydrated cement paste to 

various levels based on the prevailing exposure conditions and key mixture design parameters of 

concrete. The aim of the second part of research was to investigate the response, in terms of 

physico-mechanical and microstructural features, of concrete comprising different types of 

cement (general use or PLC) with various combinations of SCMs (fly ash, silica fume and nano-

silica) to a severe ammonium sulfate exposure. This part comprised 12 months of immersing test 

specimens in 5% ammonium sulfate solutions with a pH level of 6.0-8.0. The results revealed 

that the type of binder along with the dosage and nature of SCMs dictated different modes and 

levels of deterioration, and in turn physico-mechanical trends of concrete characterised by 

softening with (single binders) or without (blended binders) significant expansion. PLC may 

slightly improve the resistance of concrete to ammonium attack, whereas among the blended 

binders tested, binary binders comprising 5% silica fume, 5% nano-silica, or 30% fly ash 

particularly improved the resistance of concrete to this type of chemical attack.  
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1. Introduction 

1.1. Overview 

Wastewater collection and treatment, agricultural and industrial facilities are integral parts of 

every community. Due to cost, durability, readily available expert labour force and many other 

factors, concrete continues to represent a crucial component in these infrastructural applications 

for ages. Chemical damage of concrete in these facilities may generate from a number of 

adversaries; however, some are more likely to occur than the others. For instance, acid attack on 

concrete components of wastewater management facilities is very common and the extent of this 

problem is rather global. The recent increase in reported attacks by acidic waters in concrete 

structures of wastewater handling zones has drawn much more attention to this topic. However, 

structures which do not involve wastewater management also suffer from acid attacks. It is 

widely accepted that this adverse situation can be attributed to growing sources of acidic media 

resulting from increased urban activities and industrialisation (Alexander et al. 2013). Similar 

problems may also arise in agricultural zones due to acidic nature of some commonly used 

fertilizers in aquatic solutions. Since concrete is particularly prone to acid attacks (high alkalinity 

is required for the stability of hardened cement matrix), decalcification and disintegration of 

cementitious matrix takes place to various degrees when conventional concrete are exposed to 

acids or salts that acts like acids (House and Weiss 2014; Alexander et al. 2013; Bassuoni and 

Nehdi 2012; Nehdi et al. 2007; Allahverdi and Skvara 2000; Pavlík 1994). 

1.2. Acid Attack on Concrete 

Acid attack on concrete is known since 1895 (Olmstead and Hamlin 1900) and the recent 

increase in reported attacks by acidic media on concrete structures is likely due to the growing 



 

2 

 

sources of acidic media resulting from population growth which is accompanied by increased 

urban activities and industrialisation (Alexander et al. 2013). Acidic media can originate from 

industrial process, natural occurrences and urban or anthropogenic activities including 

agriculture and food production. In general, it is not common to find acids in natural water in 

free form with a few exceptions where sulfurous and sulfuric acids form as a result of the 

oxidation of sulphide minerals (e.g. pyrite). Significant quantities of free acids, in the form of 

leakage and random spillage, may occur in industrial environments. Microbialy induced 

corrosion (MIC), in wastewater collection and treatment systems, is well-documented in North 

America, Europe, the Middle East, South Africa, and Australia (House and Weiss 2014). A 

report in 1991 (U.S. EPA 1991) estimated that the repair or replacement of 25 miles of corroded 

concrete sewer pipe, due to sulfuric acid (H2SO4) attack resulting from bacterial activity, in Los 

Angeles County alone would cost $130 million. The U.S. currently maintains between 700,000 

and 800,000 miles of sewer piping, much of which is still within its design life (ASCE 2013). 

Other strong acids (e.g. nitric acid: HNO3) can be produced by microorganisms as end-products 

of their metabolism in a process which involves the oxidation of ammonia into nitrate ions by 

autotrophic nitrifying bacteria (Sand 1997) and eventually degrade concrete in nitrifying basins 

of wastewater treatment plants, which can increase the risk of clogging and damaging lifting 

pumps (Leemann et al. 2010). In addition, industrial emissions, which is a key source for 

supplying sulphur and nitrogen compounds into atmosphere, often convert to sulphuric and nitric 

acids precipitating in the form of acid rain with a pH level ranging from 5.0 to 3.0 (Pavlík 1994; 

Sersale et al. 1998). Acid rain has brandished the durability of concrete structures in many parts 

of the world. For instance, Zhang and Han (2002) estimated that the direct cost of material loss 

due to acid rain in China in 1999 alone was around three billion Chinese Yuan. The acid rain in 
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China is primarily due to sulfuric acid, with sulfate accounting for 70–90% of the total anions 

(Wang et al. 2000). 

On the other hand, salts such as ammonium nitrate and ammonium sulfate can be 

deleterious to structures in agricultural and industrial areas. Ammonium sulfate, a common 

fertilizer, has been categorized as one of the most aggressive salts to concrete since it triggers an 

‘acid-sulfate’ attack (Bassuoni and Nehdi 2012; Girardi and Maggio 2011; Mbessa and Péra 

2001; Miletić et al. 1999). Concrete elements (e.g. storage silos) in factories producing 

ammonium nitrate (another type of fertilizers) demonstrate signs of damage such as swelling and 

cracks within 3 years after the start of production in the plant (Baxi and Patel 1998). In order to 

produce concrete with better performance in acidic environments, it is imperative to synthesize 

coherent data on sources and types of acids or salts, which commonly degrade concrete 

structures, along with the mechanisms of how cementitious matrices respond to such aggressive 

media. Hence, the current thesis focuses on the effect of deleterious inorganic compounds on 

concrete, namely sulfuric acid and ammonium sulfate attacks. 

1.3. Need for Research 

Significant number of research studies has been conducted focusing on the resistance of concrete 

to some of the most commonly encountered salts of chlorides, sulfates and also a variety of 

acids. In pursuit of overcoming the shortcomings of conventional concrete, research took an 

inevitable shift towards development of new types of concrete with better performance in terms 

of durability and strength. Concrete made of cements containing blended binders has been an 

intriguing topic to researchers. These materials include, fly ash, silica fume, slag, limestone 

fillers, rice husks, metakaolin, fibres, etc. It is widely recognized that incorporation of these 

materials in concrete, brings an array of improved fresh and hardened properties of concrete 
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which include strength, cost-efficiency, enhanced durability and substantial reduction of carbon 

footprint. While it should be acknowledged that adding supplementary cementitious materials 

(SCMs) reportedly empowers strength properties of concrete, difference in opinion exists to a 

great extent regarding their influence on the durability properties of concrete. Furthermore, 

resistance to a particular type of chemical attack does not necessitate resistance to all kinds of 

chemical attack. For instance, damage mechanisms of concretes exposed to nitric acid are 

different compared to attack by sulfuric acid. Hence, understanding the mechanism of each 

chemical attack separately is a prerequisite to comprehending the behaviour of each SCM. 

Currently, the North American, British and European building codes do not provide any 

crisp solution for concrete exposed to acidic media, except for a few discrete indications. The 

available research data, to date, are contradictory regarding the role of SCMs in concrete exposed 

to acidic environments. These contradictions range from damage mechanisms to possible 

remedial measures. It is thus imperative that further research should be conducted to contribute 

to the existing knowledge base that address the resistance of concrete (with or without various 

blends of SCMs) to acidic media.  

1.4. Objectives 

The primary objectives of this thesis are to: 

 Review the up-to-date knowledge on acidic attack of concrete, with a special focus on 

deleterious inorganic compounds, including the mechanisms of damage, test methods, 

influential factors and code provisions in North America and Europe. 

 Investigate the response, in terms of physico-mechanical properties and microstructural 

features, of concrete made with different types of cements (ordinary and Portland 
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limestone cement [PLC] without or with SCMs (fly ash, silica fume and nano-silica) to 

an aggressive sulfuric acid exposure. 

 To investigate the response, in terms of physico-mechanical properties and 

microstructural features, of concrete made with different types of cement (ordinary and 

PLC) without or with SCMs (fly ash, silica fume and nano-silica) to an aggressive 

ammonium sulfate exposure.  

1.5. Scope of the Work 

To assess the resistance of concrete to acidic exposures, this study was divided into two 

experimental phases. In the first phase, an acid attack (sulfuric acid) that would primarily 

produce an insoluble reaction product was used while in the second phase  a salt with similar 

anion (ammonium sulfate) that would produce similar reaction products was used in the second 

phase.  

Sulfuric acid exposure: Laboratory test procedure of the sulfuric acid attack was designed 

to rapidly degrade the specimens representing accidental chemical spillage. It is envisaged that 

the samples that perform well in the most severe conditions would be able to withstand milder 

field conditions. Therefore, based on this 90 day exposure, fourteen different concrete mixtures 

were designed containing general use (GU) cement or PLC with 30% fly ash (F) without or with 

5% silica fume (SF) and/or 5% nano-silica (NS) by mass of the total binder content at a water-to-

binder ratio (w/b) of 0.4. An attempt was made to evaluate the acid resistance of these concrete 

specimens (prismatic and cylindrical) by visual assessment, mass change, and splitting tensile 

test. To identify the underlying mechanisms of damage, the alteration of microstructure in 

deteriorating specimens was investigated by microscopy, thermal and mineralogical analyses. 
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Ammonium sulfate exposure: The same fourteen concrete mixtures were used. This 

exposure was relatively longer (12 months) compared to the sulfuric acid exposure (3 months) 

due to the difference in severity between the two exposures. The lower rate of deterioration of 

samples in this exposure allowed consideration of additional physico-mechanical parameters 

such as dynamic modulus of elasticity and expansion, in comparison to the sulfuric acid 

exposure. Also, in this exposure, flexural strength of the samples was calculated instead of 

splitting tensile strength. The flexural strength was impossible for the sulfuric acid exposure due 

to testing complications. To investigate the alteration of microstructure in deteriorated concrete 

specimens, microscopy, thermal and mineralogical studies were conducted. 

1.6. Thesis structure 

The thesis is divided into six chapters: 

Chapter one contains introduction, overview of acid attack, need for research, research objectives 

and scope of the work. 

Chapter two presents a brief literature review of acidic attack on concrete. This includes a 

discussion of the classification of attacks, reaction products formed, damage manifestations and 

mechanisms, available standardized tests, durability characteristics of various blended binders 

and code provisions relevant to such exposures. 

Chapter three describes the methodology, materials and mixtures used in the test program. It also 

elucidates different exposure regimes for acidic attack experiments, test procedures for physico-

mechanical properties, microstructural, mineralogical and thermal analyses. 
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Chapter four presents result and discussion for the sulfuric acid exposure including mechanisms 

of damage and effects of various SCMs on sulfuric acid resistance of concrete. It also sheds light 

on possible improvements in the existing building code recommendations for similar exposures. 

Chapter five includes test results and discussion of ammonium sulfate attack. In addition, it 

explains the behaviour of various SCM blends and binder systems to an acid sulfate exposure 

with the underlying mechanisms of damage, which bridge the contradiction noticed in the 

literature. 

Chapter six provides a summary of the research program, concluding remarks based on the test 

results and recommendations for future research. 
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2. Literature Review 

In this chapter, a review of the literature pertinent to acidic attack on concrete is presented. The 

effect of various supplementary cementitious materials (SCMs) on the behaviour of cement-

based materials in these acidic exposures is also discussed herein.   

2.1. General Features of Sulfuric Acid Attack  

In general, sulfuric acid H2(SO4) attack on concrete may be identified by excessive 

formation of gypsum on (or in) the concrete in contact with the acidic media (Figure 2.1a), 

gradual disintegration of paste matrix, and consequential loosening of aggregates. Based on the 

origin of the acid itself, sulfuric acid attacks on concrete can be classified as biogenic/microbial 

or chemical attack (De Belie et al. 2004; Monteny et al. 2000, 2001). The ‘biogenic’ sulfuric acid 

attack necessitates the presence of H2S, moisture, and acidophilic microorganisms to form 

sulfuric acid (House and Weiss 2014). Five species of acidophilic microorganisms (Thiobacillus) 

have been found affecting microbially induced corrosion (MIC) in concrete wastewater 

networks: T. thioparus, T. novellus, T. neapolitanus, T. intermedius, and T. thiooxidans (Islander 

et al. 1991). In contrast, the ‘chemical’ sulfuric acid attack can originate from acid rain, chemical 

reaction within the concrete components or simply, accidental spillage of the acid itself. The 

origin of sulfuric acid can also be labeled as ‘external’ or ‘internal’, potentially with different 

damage manifestations. For instance, in a field case study on some sewer pipes (external attack) 

in South Africa, Alexander and Fourie (2011) described biogenic sulfuric acid attack as moist 

corroded concrete surface with white slimy corrosion products (sulfate salts of calcium) with 

corrosion debris and blisters on the surface depending on mixtures designs. Comparatively, in 

another field study (Tagnit-hamou et al. 2005), petrographic analysis showed direct links 
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between severe deterioration (cracking) of foundations and porches of several houses in Canada 

after two years of construction and sulfuric acid generated due to usage of pyrrhotite-containing 

aggregates in concrete. The extent of damage caused by internal attacks are noteworthy and was 

also reported by other researchers (Rodrigues et al. 2012).     

 

Figure 2.1:  Gypsum formation and aggregate disintegration in a laboratory exposure of 

5% sulfuric acid (courtesy of Amin and Bassuoni, 2015). 

 

The most widely reported cases for external sulfuric acid attack on concrete are in sewer 

pipes (e.g. House and Weiss 2014; O’Connell et al. 2010; Islander et al. 1991; Parker 1951), 

which belong to the category of MIC. Chemically external attack can also originate from backfill 

with pyratic or pyrrhotite-bearing aggregates (Tagnit-hamou et al. 2005; Hobbs and Taylor 2000) 

while internal attack is mostly associated with using such aggregates in concrete (Rodrigues et 

al. 2012; Tagnit-hamou et al. 2005). In external attack of concrete, acids can enter the pores of 

cementitious matrix convectively by capillary suction and/or diffusion due to a pH gradient in 

the pore solution between the attack front and inner concrete. In internal attack of concrete, 

oxidation of pyratic or pyrrhotite-bearing aggregates in presence of water produces sulfuric acid 

(e.g. Eq. 2.1 for pyratic aggregates). The formed sulfuric acid reacts with the calcium-bearing 

phases (primarily portlandite and C-S-H, in absence of portlandite) in hydrated cement paste to 
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form gypsum (Eq. 2.2) and possibly ettringite, away from the reaction zone (Eq. 2.3) which is 

similar to conventional sulfate attack. If carbonates are present, thaumasite formation is also 

possible (Eq. 2.4). Thus, the damage manifestations of concrete, in the latter cases, are typified 

by expansion, cracking and softening (Rodrigues et al. 2012; Tagnit-hamou et al. 2005; Monteny 

et al. 2000). 

FeS2+15/4 O2+5/2 H2O → FeOOH+2H2SO4                (Eq. 2.1) 

H2SO4+Ca(OH)2→ CaSO4.2H2O                (Eq. 2.2) 

3CaO.Al2O3+3CaSO4.2H2O+26H2O → 3CaO.Al2O3.3CaSO4.32H2O                      (Eq. 2.3) 

SO4
2- + 3Ca2+ + CO3

2- + SiO3
2- +15H2O → 3CaO.SiO2.CO2.SO3.15H2O             (Eq. 2.4) 

Irrespective of the nature of attack, calcium ions are released (primarily from portlandite 

and C-S-H afterwards) which either diffuse out of the matrix or precipitate as insoluble (water 

solubility of 0.241 (g/100cc) at 0°C) salts of the acid (e.g. gypsum) with little or no contribution 

to strength (Gutberlet et al. 2015). Whether or not this softening process is accompanied by 

expansion, depends on the formation of excessive amount of gypsum (Israel et al. 1997; Torii 

and Kawamura 1994; Attiogbe and Rizkalla 1988) or ‘ettringite’ forming away from acidic front 

(Tagnit-hamou et al. 2005; Monteny et al. 2000). However, given the complex chemistry that 

makes different cementitious systems unique (e.g. variable amount of portlandite, C-S-H, 

physical penetrability, and their role in the process), it is quite difficult to clearly define all 

cementitious systems by one degradation mechanism in sulfuric acid exposures.  

Evidently, the corrosion resistance of concrete is a function of the type and chemical 

composition of the cement as well as the pH of the acid under consideration (Dorner H.W. 
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2000). Therefore, both the corrosion rate and mechanism of degradation are affected by 

concentration of the acid along with composition and amount of the hydration products exposed 

to reaction. Not all the hydration products react with the acids at the same time. Progression of 

acidic corrosion of concrete is linked to the stability of the components of hydrated cement and 

reaction products, which depends on the pH level of the attacking media. According to 

O’Connell et al. 2010, the formation of reaction products, their quantities and their specific 

effects on the cement matrix are still debateable. In light of the available literature, the stability 

of key phases in the hydrated cement paste and expected reaction products from sulfuric acid 

attack at different ranges of pH have been summarized in Table 2.1. From this table, it can be 

deduced that the damage features of acidic attack may vary based on the severity of attacking 

solutions.  

Table 2.1: Stability chart for sulfuric acid attack (Alexander et al. 2013; Gaze and Crammond 

2000; Dorner 2000; Dorner 2002; Hobbs and Taylor 2000; Tazawa et al. 1994; Pavlík 1994a; b; 

Mori et al. 1992) 

Almost unreacted components of 

hardened cement paste  
pH range Stable reaction products 

Portlandite, ettringite, C-S-H*, 

ferrite or aluminate hydrates  
12.6- 14.0 

Thaumasite, ettringite, calcite, gypsum, aluminium, 

and ferric (hydro) oxides 

Ettringite, C-S-H*, ferrite or 

aluminate hydrates 
10.5-12.45 

Thaumasite, calcite, ettringite (at core), gypsum, 

aluminium, and ferric (hydro) oxides 

Ferrite or aluminate hydrates 6.0-10.5 

Thaumasite, calcite, ettringite (at core), gypsum, 

hydrous silica gel**, aluminium, and ferric (hydro) 

oxides 

Ferrite or aluminate hydrates 5.0-6.0 
Calcite, ettringite (at core), gypsum, hydrous silica 

gel, aluminium, and ferric (hydro) oxides 

Ferrite or aluminate hydrates 3.0-5.0 

Ettringite (will be an incidental feature if any), 

gypsum, hydrous silica gel, aluminium, and ferric 

(hydro) oxides 

Ferrite hydrates 1.5-3.0 Gypsum, hydrous silica gel, and ferric (hydro) oxides 

N/A 0.0-1.5 
Gypsum and hydrous silica gel and incidental ferric 

oxides. 
* The C-S-H mentioned in this table does not represent the ones generated from pozzolanic reactions 
** Hydrous silica gel is only produced when C-S-H engages in reaction 
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2.2. General Features of Nitric Acid Attack 

Nitric acid (HNO3) attack on concrete is typified by formation of a thick corroded layer of 

extremely high porosity with different colours and long visible cracks (Pavlík 2000). HNO3 is 

usually formed by nitrifying bacteria of the genera Nitrosomonas (or Nitrosovibrio) and 

Nitrobacter (Gu et al. 1998; Sand 1997). Diercks et al. (1991) reported that Thiobacilli, which 

produces sulfuric acid, could not be detected on building exposures above the soil surface 

because their substrates (sulphur compounds) are lacking whereas nitrifying bacteria persist in 

these environments. Degrading activities caused by nitrifying bacteria has been identified in the 

inner wall of cooling towers (degrading the surface layer of concrete walls) (e.g. Diercks et al. 

1991) and in aerated nitrification basins of wastewater plants (e.g. A. Leemann et al. 2010 (a,b)). 

However, their instability at a pH lower than 5 limits their importance in sewage systems 

(Diercks et al. 1991). A series of studies on deterioration of historic buildings identified 

nitrifying bacteria in deteriorated stones and joints (Webster and May 2006; Spieck et al. 1992; 

Griffin et al. 1991). A laboratory simulation of nitrification activity in water revealed that, 

compared to other materials such as lead, iron or copper, pipes made of concrete tend to enhance 

nitrification via release of essential nutrients (Zhang et al. 2010). The same study also concluded 

that nitrification starts more rapidly as the concrete ages.  

Among inorganic acids, the most aggressive ones are those that are fully ionized and 

produce highly water-soluble calcium salts, such as nitric and hydrochloric acids (Senhadji et al. 

2014; Pavlík and Unčík 1997). The reaction of HNO3 with portlandite can be described by Eq. 

2.5 (Urkel et al. 2007). 

Ca(OH)2 +2HNO3→Ca(NO3)2 +2H2O                       (Eq. 2.5) 
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It has been postulated that, unlike sulfates, nitrate accumulation on the surface of 

concrete can be easily washed away with water (Webster and May 2006). This may be attributed 

to the excessive solubility of the principal reaction product (calcium nitrate; 266 g/100 cc of 

water at 0°C and 660 g/100 cc of water at 30°C). As the attack of HNO3 proceeds, a porous layer 

is created above the sound paste matrix, which allows for more penetrability of the acid into 

concrete. In a series of extensive experiments (Pavlík 1994 a,b; 1996; Pavlík and Unčík 1997), it 

was found that the action of HNO3 solution of concentrations between 0.025 (pH = 1.6) to 0.5 

mol/l (pH = 0.3) produced a corroded layer with extremely low density and longitudinal cracks 

running across it. The corroded layer was reported to be divided into two colours: white 

(composed of 96.7 wt.% SiO2) and a relatively thin brown zone (15.7 wt.% Fe2O3 and 79.1 wt.% 

SiO2) adjacent to the sound cement paste. It was also concluded that the greater percentage of 

SiO2 in the white layer, compared to that in the brown layer, protected the upper white layer from 

acid ingression (Pavlík 1994b). Pavlík and Unčík (1997) documented that for OPC paste with a 

w/c = 0.5, the volume reduction (shrinkage up to 13%) due to leaching of highly soluble calcium 

nitrate was the cause for the formation of observable cracks across the corroded layer. Following 

similar test procedure as (Pavlík 1994a), Shi and Stegemann (2000) studied the resistance of 

cement mortars (ASTM Type I PC, ASC, LFA and HAC) in HNO3 solution (pH 5); However, 

they did not report the formation of such cracks. On the contrary, other studies (e.g. Chatveera 

and Lertwattanaruk 2014) reported expansion of mortar specimens under HNO3 attack. The latter 

study incorporated black rice husk ash at 0, 10, 20, 30, 40 and 50% replacement of ordinary 

cement in mortar with w/c of 0.55, 0.6 and 0.65; however, no explanation for this expansion was 

given. Although a notable number of studies (Chatveera and Lertwattanaruk 2014; Leemann et 

al. 2010b; Shi and Stegemann 2000; Pavlík 1994a; Diercks et al. 1991) have been conducted on 
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the damage of concrete by HNO3, there is dearth of information concerning the damage 

manifestations and underlying mechanisms, especially in field cases. 

2.3. General Features of Hydrochloric Acid Attack 

Hydrochloric acid (HCl) attack on concrete has been described by loosening of fine aggregates 

(Miyamoto et al. 2013), formation of yellow-brownish bands on the surface of specimens (De 

Ceukelaire 1992; Chandra 1988), cracks along the surface of stable degraded layers (Israel et al. 

1997) and complete peeling of the surface layer (Goyal et al. 2009) under a prolonged exposure 

(48 weeks). Studies (Miyamoto et al. 2013; Goyal et al. 2009; Urkel et al. 2007; Xie et al. 2004; 

Okochi et al. 2000) conducted on HCL attack of concrete have often associated this process with 

acid rains or acidified rivers (pH drop in river water). Attacking media such as acid rain or 

acidified river may contain mixture of sulfuric acid, nitric acid, and hydrochloric acid, which 

makes it often challenging to identify individual effects of these acids on damaged concrete 

(Miyamoto et al. 2013).  

The general mechanism of attack by HCl is described by Eq. 2.6 (Miyamoto et al. 2013; 

Urkel et al. 2007):  

Ca(OH)2 +2HCl→CaCl2 +2H2O                          (Eq. 2.6) 

The primary reaction product is calcium chloride, which is a highly soluble compound 

(279.3g/100g of water at 0°C). In addition, formation of Friedel’s salt (below the degraded 

amorphous surface layer), small amount of ettringite (in outer edge of the sound core) and calcite 

(formed due to atmospheric carbon dioxide) have also been reported (Israel et al. 1997) as 

secondary products of the reactions, but they deplete as pH is further reduced (average pH= 3.3). 
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A key difference in the concrete disintegration process between sulfuric and hydrochloric 

acid attacks is the clearly visible separation of sand particles of the latter (Miyamoto et al. 2013). 

Other researchers (Huang et al. 2005) have also illustrated visual damage manifestations of 

concrete exposed to HCL. Since gypsum forms in case of sulfuric acid attack, sand particles are 

not easily dislodged from the matrix. In addition, the porous silica gel layer that forms in the 

concrete surface exposed to hydrochloric acid offers little protection against further attack 

compared to that formed from sulfuric acid attack. Some researchers (e.g. Miyamoto et al. 2013; 

Goyal et al. 2009) reported that the effect of hydrochloric acid on concrete is similar to that of 

nitric acid attack, expect that the strength loss of concrete is more pronounced in the case of HCl. 

This was ascribed to the relatively higher solubility of calcium chloride (279.3g/100g of water at 

0°C) compared to calcium nitrate (266g/100g of water at 0°C). However, it has been postulated 

(Israel et al. 1997) that the presence of brownish belts is a damage manifestation identical to 

nitric acid attack. The same argument also applies to the horizontal cracks on degraded surface 

like the ones previously mentioned for nitric acid attacks. At this stage, review of literature 

indicates that the damage manifestations of acid attack by HCL and HNO3 produce highly 

soluble calcium salts as degraded products with brownish bands and cracks on the degraded 

surface of concrete. 

2.4. Features and Mechanisms of Ammonium Sulfate and Nitrate Attack on Concrete 

Ammonium-based salts are used in agricultural zones, in which concrete elements are vulnerable 

to significant damage by such salts. In addition, it has been reported that concrete in factories 

(e.g. storage silos) that produce ammonium-based fertilizers (ammonium sulfate and nitrate) are 

prone to severe chemical attack (Wong et al. 2015; Alexander et al. 2013; Akman and Guner 

1984). Other ammonium-based salts (chlorides and phosphates) have not been adequately 
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studied till date and thus are not included in this review. In a comparison between concrete 

deterioration by ammonium sulfate and ammonium nitrate, it was stated (Schneider and Chen 

1998) that the ammonium sulfate solution led to an expansive corrosion, whereas the corrosion 

by ammonium nitrate solution was described by a dissolution process. Bassuoni and Nehdi 

(2012) described ammonium sulfate as the most aggressive type of sulfate attack on concrete, 

which is characterized by an acid-sulfate damage resulting in softening, expansion, cracking and 

spalling (e.g. Figure 2.2). The process of concrete degradation under sulfate attack depends on 

the type of associated cation (Miletić et al. 1998). For instance, in an ammonium sulfate attack, 

the damage process is aggravated (Eqs. 2.7-2.9) due to the acidic action of ammonium ions, 

which triggers leaching of portlandite (calcium hydroxide) and thereafter decomposes the C-S-H.  

The combined effect of sulfate and ammonium ions is so severe that even when there is 

an array of different corrosive agents (Na2SO4, (NH4)2SO4, MgSO4, NaCl, KH2PO4) acting 

together, (NH4)2SO4 supersedes the effect of other species (Girardi and Maggio 2011; Mbessa 

and Pe´ra 2001; Miletić et al. 1998) by reacting with portlandite and C–S–H especially in the 

interfacial transition zone resulting in debonding of aggregates due to formation of gypsum or in 

some cases ettringite. These reaction products are very similar to that of sulfuric acid attack as 

discussed previously, but the damage manifestation and mechanisms of (NH4)2SO4 and H2SO4 

are quite different. Comparatively, ammonium nitrate attack is characterised by swelling with 

cracks or very large increase in porosity with a weakening of mechanical properties (Alexander 

et al. 2013). Jauberthie and Rendell (2003) illustrates a relative comparison of damage 

manifestation between ammonium sulfate and ammonium nitrate exposures at early age (4 

months). Ammonium nitrate causes rapid decalcification, which might result in de-passivation of 

steel reinforcement, and consequently provoking electrochemical corrosion of rebars (Schneider 
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and Chen 2005; Jauberthie and Rendell 2003). In the case of ammonium nitrate attack, the 

formation of free hydronium ions reduces pH near the attacking front and creates an acidic 

environment (Equations. 2.7, 2.10 and 2.11). Afterwards, a highly soluble calcium nitrate 

(similar to nitric acid attack) is formed with progressive dissolution of C-S-H, AFm and AFt 

phases. 

NH4
+ ↔NH3 + H+                  (Eq. 2.7) 

Ca(OH)2 + (NH4)2 SO4→ CaSO4 .2 H2O + 2NH3              (Eq. 2.8) 

xCa.SiO2.aq + x(NH4)2SO4 + xH2O → SiO2.aq + xCaSO4. 2H2O + 2xNH3                (Eq. 2.9) 

NH4NO3 ↔ NH4
+ +NO3

-               (Eq. 2.10) 

Ca(OH)2 + 2NH4NO3 →Ca2+ + 2NO3
- + 2(NH3

 . H2O)                                 (Eq. 2.11) 

In the case of ammonium sulfate attack, along with gypsum and consequent ettringite 

formation, there is intensive dissolution of C-S-H with a decrease in the CaO/SiO2 ratio which 

eventually converts to hydrous silica (Bassuoni and Nehdi 2012). Being insoluble, gypsum is 

found inside the pores of the degraded parts of concrete unlike the highly soluble calcium 

nitrates (the case for ammonium nitrate). Akman and Guner (1984) measured pulse velocity, 

resonant frequency, compressive and flexural strengths of cement mortars and found (NH4)2SO4 

less detrimental than NH4NO3.  

The damage of concrete is not necessarily caused by expansive ettringite formation. In 

complete absence of C3A, ammonium sulfate was capable of inducing significant expansion 

(1.28% in 60 days) to alite pastes, which was attributed to excessive formation of gypsum (Tian 

and Cohen 2000). Some researchers (Pepenar 2009) also reported, in rare cases aluminates can 
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react with nitrate ions to form a less soluble calcium nitroaluminate salt, 

3CaO.Al2O3.Ca(NO3)2.10H2O and a double salt CaSO4.(NH4).2SO4. 2H2O in the presence of 

sulfates. 

Ammonium sulfate and nitrate attack on concrete are also associated with the formation 

of gaseous ammonia; however, the role of gaseous ammonia in the damage process is not well 

understood. Some researchers (e.g. Torrenti et al. 2008) ignored the role of gaseous ammonia 

released in the degradation reaction, while others (e.g. Escadeillas and Hornain 2008) stated that 

gaseous ammonia reduces the basicity, prevents the reaction from reaching equilibrium and 

permits total leaching without the any renewal of solution. Another study by Jauberthie and 

Rendell (2003) disclosed that when OPC mortars were washed after immersion in ammonium 

sulfate, rapid cracking took place due to surface shrinkage and possibly the release of ammonium 

gas from the cement matrix.  

              

Figure 2.2: Concrete samples after 1 year of exposure in ammonium sulfate solution (5% 

by weight) with cross section (right) (Courtesy of Amin and Bassuoni). 

 

In light of the literature available till date, the current authors conclude that the damage 

mechanisms and manifestations of various acidic attacks are often distinctive (e.g. sulfuric acid 

attack and nitric acid or ammonium sulfate attack) but can also be hard to distinguish in some 
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cases (nitric acid attack against hydrochloric acid attack). A generic differentiation of various 

acidic attacks on concrete has been demonstrated in Figure 2.3. 
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Figure 2.3: Summary of acid attack by inorganic compounds: damage manifestations and failure mechanisms. 
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2.5. Test Procedures 

2.5.1. Standard Test Methods 

Currently there are only a few standardized tests that might be of interest under the scope of this 

study. ASTM C1012 (2013), which calculates the expansion of mortar prisms due to sulfate 

exposure is one such example. The test requires mortar specimens (25 x 25 x 285 mm) to be 

immersed [without pH control] in 5% (50 g/l) sodium sulfate solution at 23°C, and routine 

measurements of expansion. This test, however, is not a correct representation of corrosion of 

concrete by either sulfuric acid or ammonium sulfate attacks due to the mechanisms involved (as 

discussed in earlier sections). In South Africa, acid-insolubility test SANS 6242 (2002) which is 

an assessment for the suitability of concrete mixtures for sewers systems, is conducted to 

measure the total acid-insoluble residue of a concrete mixture by digestion. However, according 

to Alexander and Fourie (2011), this test gives no information on possible interaction of various 

binders and aggregates nor the kinetics of dissolution. Apart from the ones mentioned above, 

there are limited standardized methods available to determine the amount of detrimental 

chemical agents within the scope of this study such as, ISO 7150-1& 2 (water quality 

determination of ammonium: Manual spectrometric method and automated spectrometric 

method) and German standard DIN 4030-2 (provides guidance to check the soil acidity). 

2.5.2. Non-Standard Test Methods 

The lack of standardized test methods to measure the acidic resistance of concrete has led 

research into different directions. For example, a test was first conducted by Pavlík (1994a, b) on 

cementitious cylindrical specimens (d= 45 mm, h = 75 mm) that were cast in glass tubes open on 

one plane side so that axial attack could take place. The glass tubes containing the cement pastes 

were suspended in the aggressive solutions, plane side downwards. The advantages of this test 
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arrangement, according to the author, were the allowance of constant measurement of the 

corrosion depth through the glass surface and the shrinkage of the degraded layer, along with a 

mass loss measurement referred to a constant reaction area. A few authors (Shi and Stegemann 

2000) followed Pavlík (1994a, b) but reported hardship in maintaining the pH. However, it is 

worth mentioning that for Pavlik’s experiment, the aggressive solution was replaced each time 

the concentration of acid decreased by about 5% which resulted in huge experimental 

requirements since replacement was required every 2 or 3 hours in the first few days. Another 

example of such tests was provided by Mori et al. (1992). The group of Mori simulated biogenic 

sulfuric acid attack and carried out laboratory scale tests in a simulation chamber on mortar 

specimens of 40 × 40 × 160 mm, as well as in a demonstration plant consisting of a pipe with a 

diameter of 150 mm and a length of 20 m. Another study (Leemann et al. 2010a) targeted waste 

water plants showing problems of concrete deterioration and exposed 200 × 200 × 200 mm 

concrete cubes in it. By adding alkaline solutions, pH values were kept at 7, a value required to 

ensure effective nitrification by ensuring the stability of the microorganisms. After reaching an 

age of 90 days, the cubes were immersed in an aerated nitrification basin, suspended at a depth 

of 5.0m (1.2m above the floor) using outriggers. After two years, the exposure was terminated 

and the cubes were investigated in the laboratory by cutting two cores (diameter of 100 mm, 

length of 20 mm) taken from the inner part of the cubes unaffected by acid attack. 

Even though on-field experiments seem to provide more reliable results, majority of the 

researchers have adopted simpler methods such as immersing the test specimens in acid bath 

inside the laboratory rather than taking it out to a real environment. Currently available studies 

vary from each other in terms of mix designs, types of samples, strength of solution, 

concentration of solution, type of immersion, and period of immersion and so on. Among the 
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studies conducted till date, some (Fan and Luan 2013; Leemann et al. 2010a; Bassuoni and 

Nehdi 2007; Ghrici et al. 2007; Gutierrez-Padilla 2007; De Belie et al. 2004; Vincke et al. 2002; 

Gu et al. 1998) have considered concrete samples while others (Chatveera and Lertwattanaruk 

2014; Soleimani et al. 2013; Donatello et al. 2013; Makhloufi et al. 2012; Urkel et al. 2007; 

Okochi et al. 2000; Pavlík 2000; Torii and Kawamura 1994; De Ceukelaire 1992; Chandra 1988) 

are either on hardened cement paste or cement mortars. It should be noted here that research 

carried out on mortar or cement paste specimens cannot always be extrapolated to concrete 

(Cohen and Mather 1991). The exposure periods in literature vary widely from 28 days (Akman 

and Guner 1984) or less to two years (Leemann et al. 2010a,b) if not more. The periods are 

considerably long especially when lower concentration of acidic solutions is used. The sample 

sizes and dimensions are also in a widely varying range from standard size (75mm x 150mm or 

100mm x 200mm) cylinders (Aydın et al. 2007; Bassuoni and Nehdi 2007; Hewayde et al. 2007) 

to completely customized sample shapes and sizes (Chatveera and Lertwattanaruk 2014; Ariffin 

et al. 2013; Ghrici et al. 2007; Allahverdi 2005; De Belie et al. 2004).  Concentrations of the 

attacking solutions also vary widely in the existing literature from 7% by volume (Hewayde et al. 

2007) to 1% by weight (Chang et al. 2005; Attiogbe and Rizkalla 1988), while some (De Belie et 

al. 2004) used concentrations as low as 0.5%. Similarly, pH of the solution varies widely among 

the studies. Recently a drive (Alani and Faramarzi 2014; Beddoe and Dorner 2005; Allahverdi 

and Škvára 2000) towards mathematical modeling has been observed, as a way of predicting 

durability and compressing the time factor without distortion of the underlying mechanisms 

(Glasser et al. 2008). However, some difference between the rate of corrosion of the plain 

cement paste and cement-matrix composites are expected and thus the mathematical equations 

found to express the extent of corrosion of hardened cement paste as a function of time are not 
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recommended to be used directly for simulating the extent of corrosion of concrete or cement 

mortars (Pavlík and Unčík 1997).  

The scale of the test method can have a significant influence on the test results, since it 

may affect factors such as the specimen surface area/liquid ratio, rate of replenishment of 

aggressive substances, presence of an interfacial transition zone (concrete vs. mortar specimens), 

use of real-life or simulated aggressive liquids, choice of an accelerated or close-to-reality test, 

etc. (Alexander et al. 2013). Clearly, there is a need for standardized testing methods for acid 

resistance of concrete which specifies the attacking medium, the pH and concentration of the 

solution, temperature, rate or frequency of solution replenishment, presence and type of 

mechanical action, alternate wetting and drying if any, alternate heating and cooling if any, 

pressure, sample type, shape and size, etc. There is also a need for further research regarding 

sample preparation procedures and the concrete age at the time of testing. But most importantly, 

the choice of the reference should be considered wisely, since test results are often in comparison 

with a reference concrete (Alexander et al. 2013). At present, the available research is somewhat 

scattered. It is thus imperative that a unified test method addressing these issues would soon be 

developed so that results of the performance of different concretes can be judged from a single 

platform rather than comparing apples and oranges. 

2.6. Code provisions 

To date, very general recommendations are found in the latest version of the American Concrete 

Institute (ACI) 201.2R-08 (2008): Guide to Durable Concrete on acidic attacks. The only clear 

recommendation made in the American stipulation is the usage of silica fume to increase the 

resistance of concrete to acids and appropriate protective-barrier system or treatment ACI 

515.1R (1985). The document states that “no hydraulic-cement concrete, regardless of its 
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composition, will long withstand water of high acid concentration (pH of 3 or lower)”. Table 6.2 

in the same document recommends an increased cementitious material content for better 

protection against acids; however, the exact range for the cementitious materials was not 

specified. The damage mechanism in this document oversimplifies the attacks by different types 

of acids while completely overlooks the sulfate acid attacks caused by ammonium sulfate and 

ammonium nitrate exposures. An example of such over simplification is that the code 

recommends that “a dense concrete with a low w/cm provides a degree of protection against mild 

acid attack” but whether this is applicable for acids producing soluble reaction products (HCL 

and HNO3), insoluble reaction products (sulfuric acid) or both, is not understood from this 

statement. Again, Table 6.1 in this document postulates damage by aluminum chloride as more 

severe than ammonium sulfate and nitrate; however, reference to such comparison is absent in 

that document. Nevertheless, this document provides general guidelines for improving the 

resistance of concrete to classical sulfate attack, which as literature suggests, cannot be reliably 

applied to the specific case of sulfuric acid attack (since the attack mechanisms and reaction 

products are quite different) or even the other mineral acids (HCL and HNO3).  

In contrast, Canadian standard CSA A23.1-14/A23.2-14 (CSA 2014), states that sulfate-

resistant cements, like other port-land or blended hydraulic cements, are ‘not’ resistant to most 

acids or other highly corrosive substances. A good explanation and guidance to internal sulfuric 

acid attack by oxidation of iron sulfide containing aggregates can also be found in CSA A23.1-

14/A23.2-14 (CSA 2014). The Canadian stipulation advises that when pyrrhotite (an unstable 

form of iron sulphide FeS) is present in the aggregate, a maximum allowable total sulphur 

content of 0.1% (as S) in the aggregate and filler combined shall apply. It also recommends not 

to use the aggregates once pyrrhotite is detected. The CSA A23.1-14/A23.2-14 (CSA 2014) 
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reveals that dolostones of the St. Lawrence Lowlands (Quebec) and Lake Ontario area contain 

significant amounts of minute cubic pyrite. The presence of other forms of sulphides, such as 

pyrite and marcasite, in the aggregate, has also been considered problematic since volume 

increase or the release of sulphate that produces sulphate attack upon the cement paste, or both 

can occur. The code concludes that if the sulphide sulphur content is less than 0.1%, the 

aggregate may be used without further investigations. Otherwise, the nature of the sulphide 

mineral present should be determined. French standard, NF P18-301, limited the total sulphur 

content to 1% as SO3 (0.4% as S). This threshold was increased in the context of European 

standardization as NF EN 12 620 specified that the total sulfur content (S) of the aggregates and 

fillers, when required, shall not exceed; (a) 2% S by mass for air-cooled blast-furnace slag; and 

(b) 1% S by mass for aggregates other than air-cooled blast-furnace slag.  

For concrete exposed to aggressive industrial chemicals, fertilizers, agricultural wastes, 

and other chemicals, CSA A23.1-14 (CSA 2014) recommends the use of supplementary 

cementing materials, protective coatings, penetrating sealers, or other means (information for 

protective treatment was referred to PCA IS001.11 (2007)). The CSA A23.1-14 (CSA 2014) also 

classifies the sewer pipe (the ‘crown’; most vulnerable part to sulfuric acid attack) as A-XL and 

limits the requirements for concrete as maximum w/c of 0.4, minimum specified compressive 

strength of 50 MPa within 56 days, air content of 3-9% based on aggregate size, a certain curing 

type (based on Table 19 and Table 2) and a chloride ion penetrability of < 1000 coulombs in 91 

days. Thus, both the ACI 201.2R-08 (2008) and CSA A23.1-14/A23.2-14 (CSA 2014) 

recommend lower physical penetrability against acid (especially sulfuric acid) attacks. Similarly, 

British standards relate the effectiveness of concretes chemical attack resistance to a high degree 

with their impermeability. For more than six decades, British standard practices of designing 
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concrete for installation in the ground are required to be resistant to attack from commonly found 

chemicals, including sulfates and acids. BRE Special Digest 1 (2005) provides information on 

sulfuric acid attacks and acknowledges the potential of damage caused by nitrates and 

ammonium based salts but does not provide specific guidance. The British code specify an 

Aggressive Chemical Environment for Concrete (ACEC) classification of sites based on the type 

of ground, water mobility and pH. In section D5.3.2, the code also carefully recommends 

calcium aluminate cement (due to the formation of a resistant surface zone) and supersulfated 

cement (provided the concrete is of high quality) as they have good sulfate resistance and a good 

reputation for acid resistance provided the surface of the concrete is properly cured. According to 

the British specification, well maintained mix proportions, temperature, curing conditions and 

free w/c ratio, can give a good chemical resistance to concrete. However, the only specific 

criterion for acidic exposures mentioned in this code is a minimum cement content of 400 kg/m3 

and a total w/c ratio of not more than 0.40. It also recommends preventing the surface of the 

concrete from drying out during the first day of curing to ensure continued hydration and help to 

maintain the protective surface zone. In a few cases, the BRE Special Digest 1 (2005) also 

exercised oversimplification. For instance, the code completely dissociates expansion from acid 

attack which is subject to debate as discussed in previous sections. It also states that neither 

ettringite nor thaumasite are stable in acid solution which is again an incomplete information 

(See Table. 2.1 of this document). Other documents such as BS EN 206-1 (2005), in its Table 2, 

indicates that a level of NH4 of 15–30 mg/l should be regarded as slightly aggressive, 30–60 mg/l 

as moderately aggressive, and greater than 60 mg/l as highly aggressive. Another document from 

BRE (Garvin et al. 2000) recommends that excavation and removal of ammonium contaminated 

soils (where concrete will be placed) is not generally necessary rather, specifying a good quality 
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concrete with a low permeability to resist ingress of ammonium ions will be enough. An 

exception is a case where there is a possibility of encountering high ammonium concentrations. 

In such cases, coatings or sacrificial layers was recommended for additional protection. Various 

options for protective coating against chemical attacks are also discussed in BS EN 1504-2 (BS 

EN 1504-2 2004) and BS EN 1504-10 (BS EN 1504-10 2003).  

2.7. Role of SCMs, Nanoparticles and Fillers in Resisting Acidic Attack 

There is a lack of a general consensus concerning the effectiveness of substituting cements with 

supplementary cementitious materials (SCMs) and nanoparticles in resisting attack caused by 

acidic media. The difference in opinion expected since the parameters based on which the studies 

were conducted vary widely from each other. For example, Leemann et al. (2010a) found that 

slag lowers the capacity to form calcite upon the ingress of carbonate containing solutions. 

Interestingly, with less calcite formed, not only the porosity of the calcite rich layer (that they 

termed HD) would be higher, but also the buffer capacity against the intruding acidic waste 

water will be lowered. Other research (Chang et al. 2005) also agreed with such conclusions. On 

the contrary, De Belie et al. (2004) concluded that despite previous studies were in favour of slag 

cement in terms of better resistivity against aggressive solution, their experiments found the 

opposite. The authors assumed that a rapid colonisation of microorganisms at the surface of slag 

cement samples was the reason for such discrepancy of previous results. There are also reports 

(H.W. Dorner 2000; Pavlík and Unčík 1997) suggesting that silica fume and fly ash have little 

effect on acid based corrosion resistance. These reports argue that residual volumes of these 

SCMs in the corroded layer and the contribution of their hydration products to neutralisation 

capacity is not influential enough to resist corrosion due to acids. However, it has been observed 

that silica fume and fly ash improve acid resistance of concretes with maximised particle packing 
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(Hüttl and Hillemeier 2000). Goyal et al. (2009) tried to explore the role of SCMs and w/b ratio 

on resistance to various acids (sulfuric, nitric and hydrochloric) by exposing several mixes of 

cements with binary and ternary blends of silica fume and fly ash to acidic media. It was 

concluded that ternary mixes (15% fly ash and 5% silica fume) had the best performance.  

Bassuoni and Nehdi (2007) further explained the beneficial impacts of SCMs in resisting acid 

attacks. The study argues that the better performance of SCMs could be attributed to the 

reduction of calcium hydroxides significantly due to partial OPC replacement accompanied by 

the secondary C-S-H formation from the SCM hydration. The secondary C-S-H, having a lower 

C/S ratio, not only proved to be less reactive to acid attacks but also created a protective 

passivation zone to resist further acid diffusion. Moreover, Shi and Stegemann (2000) also 

defended the same explanation regarding the positive effects of C-S-H with a lower C/S ratio. 

Another way to look at it can be that the replacement of portland cement by SCMs is beneficial 

for acid resistance because this lowers the calcium content of the hardened binder paste. 

Meaning, a reduction in the porosity of the degraded material (Gutberlet et al. 2015). However, it 

is also important to specify that in general, all the beneficial effects of SCMs in resisting 

aggressive acidic media are supposed to be diminished as the severity of chemical attack 

increases (Girardi and Maggio 2011). 

In a recent study by Hooton et al. (2014), it was found that a blend of PLC (15%), 6% 

silica fume and 25% slag had the best performance in rapid chloride permeability ASTM C1202 

test among all the other alternatives (GU, and other binary blends comprising of PLC and slags 

used). The authors used a w/c ratio of 0.4 in their study. It is worth mentioning here that better 

performance in RCPT means less permeability and better packing density and according to some 

researchers (Hüttl and Hillemeier 2000) better packing density enhances the performance of 
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concrete in resisting acid. Shi and Stegemann (2000) studied the acid (nitric and acidic) 

resistance of limestone fly ash cement (80% commercial hydrated high calcium lime with 20% 

class F fly ash), alkali activated slag cement, portland cement and high alumina cement and 

found that limestone fly ash cement had the best performance.  

In some instances, alteration in fresh properties of concrete might enhance the positive 

effects achieved by SCMs in terms of acid resistance. Aydın et al. (2007) studied the effect of 

curing conditions to determine the sulfuric acid resistance of high volume fly as concrete. They 

concluded that incorporation of FA could significantly improve sulfuric acid resistance of steam-

cured concrete. That is because once the replacement level exceeded 40%, weight and strength 

losses of steam-cured concretes were found to be lower than water-cured ones. Even though high 

volume FA introduces the advantage of increasing the workability of cementitious materials and 

might also provide better resistance to acidic attack by reducing the amount of portlandite in the 

paste, it slows down early-age strength gain significantly. This can be overcome by incorporating 

nanosilica. This material has the potential to improve the early strength gain of cement-based 

materials due to high pozzolanic activity resulting in a higher amount of C–S–H gel and more 

densified bulk structure. However, nanosilica has a very high specific surface area which might 

drastically reduce the workability (Kawashima et al. 2013). 

Even though it might appear that using SCMs enhances acid resistance of concrete, Urkel 

et al. (2007) reported that it is not enough to emphasize solely on pozzolanic cements, 

compactability is also important to achieve desired resistance against acid attack. Thus, Urkel et 

al. (2007) suggested that emphasis should be given on producing dense and compacted high 

performance concrete with the inclusion of pozzolanic materials such as fly ash for durable 

concrete under aggressive acidic environments. 
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2.8. Closure 

Extensive research has been done on acidic attack on concrete as reflected by the literature 

review. Some of the acidic exposures (sulfuric acid) has gained more attention compared to 

others (ammonium sulfate, nitrate, and hydrochloric acid) and evolution of code provisions to 

this concrete durability issue has also been insufficient. Although, currently available research 

could explain the basic mechanisms involved in this durability issue, many questions regarding 

the improvement of resistance of concrete to acidic media still remain unresolved and debated. 

Unless these questions are answered, it would be quite impossible for the codes to confidently 

recommend appropriate concrete where risk of such exposures are involved. In absence of a 

reliable solution from conventional concrete with or without supplementary cementitious 

materials to resist acidic exposures, new research is branching towards geo-polymer based 

concrete and chemical coatings to address this durability problem. On the other hand, the advent 

of nanoparticles to the concrete industry has a promising impact to improve the long-term 

performance of concrete infrastructure. However, research on nano-modified concrete is still in 

its infancy and has mainly focused on hydration kinetics and physico-mechanical properties. To 

date, there is dearth of information on the durability characteristics of nano-modified concrete, 

specially its resistance to acidic exposures. The addition of portland limestone cement (PLC, also 

known as green cement for reduced clinker percentage) can also provide promising results 

against acidic media. Hence, this research mainly aims at improving acid resistance of concrete 

by incorporating various blends of SCMs, and thus contributing to updating current code 

provisions for these durability issues.  
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3. Experimental Program 

This chapter describes the materials, mixture designs, exposures and experimental methods in 

this research program.  

3.1. Materials and Mixtures 

The cements used in this study were general use cement (GU) and portland limestone cement 

(PLC), which meet CSA A3001 (CSA, 2013) specifications.  Fourteen mixtures were prepared in 

this study, most of which contained SCMs including Type F fly ash (F) and silica fume (SF) 

conforming to CSA A3001 (CSA, 2013) and nanosilica (NS), as a replacement of the total 

binder. To achieve a constant workability level (slump of 75 to 125 mm) for all mixtures, a high-

range water reducing admixture, based on polycarboxylic acid, and complying with ASTM C494 

(2015): [Standard Specification for Chemical Admixtures for Concrete] Type F, was used at 

dosages in the range of 200 to 400 ml/100 kg of binder. The coarse aggregate was mostly well-

graded natural gravel (maximum aggregate size 9.5 mm) with a small fraction (about 10 to 15% 

by mass) of carbonaceous aggregate. For the used coarse aggregate, the specific gravity and 

absorption were 2.65 and 2%, respectively. The fine aggregate was well-graded river sand with a 

specific gravity, absorption, and fineness modulus of 2.53, 1.5% and 2.9, respectively. The 

chemical and physical properties of the cement and SCMs are listed in Table 3.1. The water-to-

binder ratio (w/b) and total binder content for all mixtures were kept constant at 0.40 and 390 

kg/m3, respectively. Single binder (control) mixtures were prepared from 100% GU or PLC. The 

binary binders incorporated GU or PLC with either 30% fly ash, 5% nano-silica (NS) or 5% 

silica fume (SF) while ternary binders incorporated GU or PLC with 30% fly ash combined with 

5% nano-silica or 5% silica fume. Quaternary binders incorporated GU or PLC with 30% fly ash, 
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5% nano-silica and 5% silica fume. The proportions of the concrete mixtures are given in Table 

3.2. Concrete was mixed in a mechanical mixer to prepare triplicates of prismatic (50×50×285 

mm) and cylindrical (75×150mm) specimens, which were cured at standard conditions (22±2˚C 

and 98% RH) for 28 days according ASTM C192 (2015): [Standard Practice for Making and 

Curing Concrete Test Specimens in the Laboratory]. Both type (cylindrical and prismatic) of 

specimens were used in the sulfuric acid and ammonium sulfate exposures, based on the testing 

requirements of different standardized tests.  

 

Table 3.1: Chemical and physical properties of cement and SCMs 

 GU Cement PLC Fly Ash Silica Fume Nano-silica 

SiO2 % 19.8 19.2 55.2 92.0 99.17 

Al2O3 % 5.0 4.4 23.1 1.0 0.38 

Fe2O3 % 2.4 2.6 3.6 1.0 0.02 

CaO % 63.2 61.5 10.8 0.3 -- 

MgO % 3.3 2.4 1.1 0.6 0.21 

SO3 % 3.0 3.4 0.2 0.2 -- 

Na2Oeq %. 0.1 0.2 3.2 0.2 0.20 

Specific Gravity 3.17 3.13 2.12 2.22 1.40 

Mean Particle Size (µm) 13.15 11.81 16.56 0.15 35×10-3 

Fineness (m2/kg) 390 453 290 20000 80000 

Viscosity (Cp) -- -- -- -- 8 

pH -- -- -- -- 9.5 
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Table 3.2: Proportions of mixtures per cubic meter of concrete 

Mixture 

ID. 

Cement 

(kg/m3) 

Water 

(kg/m3) 

Fly Ash 

(kg/m3) 

Silica 

Fume 

(kg/m3) 

Nano-

silica 

(kg/m3) 

Coarse 

Aggregate 

(kg/m3) 

Fine 

Aggregate 

(kg/m3) 

28 Day 

Compressive 

Strength 

(MPa) 

28 Day 

Flexural 

Strength 

(MPa) 

GU group 

GU 390 156 -- -- -- 1,228 614 55 4.6 

GUF 273 156 117 -- -- 1,200 600 46 4.2 

GUSF 370 156 -- 20 -- 1,212 606 61 4.8 

GUNS 370 137 -- -- 39 1,224 612 65 5.3 

GUFSF 254 156 117 20 -- 1,196 598 54 5.5 

GUFNS 254 137 117 -- 39 1,196 598 59 5.9 

GUFSFNS 234 137 117 20 39 1,180 590 53 6.1 

PLC group 

PLC 390 156 - - - 1,228 614 60 4.8 

PLCF 273 156 117 - - 1,200 600 47 4.4 

PLCSF 370 156 - 20 - 1,212 606 62 5.0 

PLCNS 370 137 - - 39 1,224 612 69 5.4 

PLCFSF 254 156 117 20 - 1,196 598 56 5.4 

PLCFNS 254 137 117 - 39 1,196 598 64 5.6 

PLCFSFNS 234 137 117 20 39 1,180 590 56 6.0 
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3.2. Exposures 

3.2.1. Sulfuric Acid Exposure 

After curing, specimens were fully immersed in a high concentration sulfuric acid solution (5% 

by volume) to provoke accelerated and severe exposure conditions similar to previous studies 

(Roy et al. 2001). The solution-to-specimen volume ratio was kept constant at 2.0. Concrete 

elements such as foundations (due to groundwater containing sulfuric acid resulting from 

oxidization of pyrite in backfill or as an aggregate), industrial floors of chemical plants, 

basement walls of buildings near chemical plants and superstructures (due to acid rain) are 

susceptible to chemical attack by sulfuric acid. While all these exposures can be simulated by 

chemical immersion tests, sewage pipe systems suffer a special type of biogenic sulfuric acid 

corrosion and may require a combination of both chemical and microbiological tests. The present 

study adopted chemical immersion tests to assess, in general, the resistance of concrete made of 

different types of binders comprising PLC, SCMs and nanosilica to the chemical attack of 

sulfuric acid, in order to cover a wide spectrum of applications involving acidic media rather 

than the specific case of biogenic corrosion. Specimens, made of GU and PLC, were fully 

immersed for two consecutive 45-day (i.e. 90 days) time intervals in aggressive sulfuric acid 

solutions with an initial concentration of 5%. After the first time interval (45 days), the solutions 

were renewed with fresh ones. Each group (GU and PLC) of specimens had its own acid bath to 

provide similar acidic environments for the GU and PLC mixtures and isolate the neutralization 

effect (if any) to the PLC mixtures. Upon immersion of specimens (in both time intervals) the 

initial pH of the solution increased and reached a maximum value of 2.0 within each time 

interval (45 days). It is worth mentioning that there is currently no standardized procedure to test 

the resistance of concrete to sulfuric acid attack. However, the ASTM C 267 (2012): [Standard 
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Test Methods for Chemical Resistance of Mortars, Grouts, and Monolithic Surfacings and 

Polymer Concretes] provides general guidelines to test the chemical resistance of mortars and 

polymer concretes. The pH range adopted herein simulates very severe chemical exposure 

conditions that may occur under extreme field conditions. 

3.2.2. Ammonium Sulfate Exposure 

For the ammonium sulfate exposure, specimens were constantly immersed in an aggressive 

solution of 5% ammonium sulphate to investigate their resistance to such a type of chemical 

attack. The exposure lasted for 12 months (54 weeks). Solutions were renewed every 4 week 

which helped maintaining the pH at a range of 6.0–8.0. During the solution change, the samples 

immersed in solution were gently washed (with hand) within the old solution to remove 

superficial products. 

3.3. Tests 

3.3.1. Physico-Mechanical Tests for Sulfuric Acid Exposure 

In the sulfuric acid exposure physico-mechanical properties (i.e., mass and splitting tensile load) 

of concrete were evaluated. At the end of initial curing, concrete specimens from each concrete 

mixture were tested for compressive strength in accordance with ASTM C39 (2012): [Standard 

Test Method for Compressive Strength of Cylindrical Concrete Specimens]. 

To evaluate the penetrability of the pore structure of the concrete mixtures, the rapid 

chloride penetrability test (RCPT) was performed at 28 days on duplicate specimens from all 

mixtures, according to ASTM C1202 (2012): [Standard Test Method for Electrical Indication of 

Concrete’s Ability to Resist Chloride Ion Penetration]. Concrete discs (100×50 mm) were 

mounted between cathodic (3% NaCl solution) and anodic (0.3 N NaOH solution) compartments 
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under a potential difference of 60 V DC for 6 hours. The data acquisition system, connected to 

the cells, automatically collected charges passing through the discs (in coulombs) during the test 

period. An illustration of the test setup is shown in Figure 3.1. To avoid the electrolysis bias of 

this method, the penetration depth of chloride ions into concrete, which better correlates to the 

physical characteristics of the pore structure, was determined according to Bassuoni et al. (2006). 

After the RCPT, the specimens were axially split and sprayed with 0.1 M silver nitrate solution, 

which forms a white precipitate of silver chloride in approximately 15 minutes, to measure the 

physical penetration depth of chloride ions. The average depth of the white precipitate was 

determined by taking readings at five different locations along the diameter of each half 

specimen. This depth is considered to be an indication of the ease of ingress of chloride ions, and 

thus the connectivity of the microstructure (Bassuoni et al. 2006). 

 

 
Figure 3.1: RCPT apparatus. 

 

Before exposure, the initial physico-mechanical properties of the concrete specimens 

were determined. For each concrete prism, the initial mass at 28 days was recorded to calculate 

the cumulative mass change versus time of exposure. Specimens were extracted from the 

Test 

Compartments 
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solution weekly, rinsed three times within the solution to remove loose reaction products, blotted 

with a paper towel and left to dry at 20°C and 50% RH for 30 min before visual assessment and 

mass recording. For each specimen, the cumulative mass loss at the end of each week (MLt) was 

calculated according to Equation 3.1:  

100×=
i

it
t

M

)M-(M
ML                   (Eq. 3.1) 

where, Mt is the mass of the specimen at time t (kg), and Mi is the initial mass of the specimen 

before exposure to sulfuric acid (kg). For the concrete cylinders, the splitting tensile strength was 

done at 28 days according to ASTM C496 (2011) [Standard Test Method for Splitting Tensile 

Strength of Cylindrical Concrete Specimens], to characterize the mechanical strength of the 

specimens from all mixtures. Also, the change in splitting tensile (failure) load of cylindrical 

specimens immersed in the acid solution for 90 days relative to that of companion/control 

specimens stored in the curing chamber (22±2˚C and 98% RH) for the same period of time (90 

days) was calculated according to Equation 3.2:   

 100×
c

ca

L

L-L
=L                      (Eq. 3.2) 

where, L is the change in the splitting tensile load of specimens from a specific mixture, La is the 

splitting tensile load of the specimen after 90 days of immersion in the sulfuric acid solution, and 

Lc is the average splitting tensile load of the corresponding specimens from the same mixture 

stored in standard curing conditions for 90 days.  

3.3.2. Physico-Mechanical Tests for Ammonium Sulfate Exposure 

In this exposure, visual observations and physico-mechanical properties (length change, mass 

change, dynamic modulus of elasticity, flexural strength, and RCPT) of concrete were evaluated. 
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Since the mixture design was same for both exposures, the 28-day compressive strength and 

RCPT test results from sulfuric acid exposures as mentioned in section 3.3.1 applies here. In a 

similar procedure to ASTM C1012 (2015): [Standard Test Method for Length Change of 

Hydraulic-Cement Mortars Exposed to a Sulfate Solution], prismatic specimens were constantly 

immersed in an aggressive solution of 5% ammonium sulphate for 12 months to investigate their 

resistance to this type of chemical attack. Solutions were renewed each four weeks to maintain 

the pH at a neural range of 6.0–8.0. During the solution change, the specimens were gently 

washed within the old solution to remove surface debris. For the concrete prisms, the initial 

mass, length, dynamic modulus of elasticity, Ed [ASTM C 215 (2014), calculated as the square 

of the fundamental transverse frequency as per ASTM C666 (2015) guidelines] and flexural 

strength (ASTM C78 (2016): [Standard Test Method for Flexural Strength of Concrete]) were 

recorded to calculate the relative change in mass, length, and Ed (REd) versus the time of 

exposure, and the residual flexural load of specimens at the end of exposure, respectively. The 

relative flexural load (RF) of specimens was calculated as a percentage by dividing the residual 

flexural load of deteriorating prisms by that of companion (unexposed) prisms stored in the 

curing room for 12 months. Figure 3.2 shows a specimen on the length comparator during the 

test and Figure 3.3 shows the Sonometer apparatus used to determine the dynamic modulus of 

elasticity. 
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Figure 3.2: Length comparator utilized for determining the change in length samples. 

 
Figure 3.3: Sonometer apparatus used to determine the dynamic modulus of elasticity. 
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3.4. Microstructural, Mineralogical and Thermal Analyses 

To identify the underlying mechanisms of damage in both exposures, the alteration of 

microstructure in deteriorating specimens was studied by microscopy, and thermal and 

mineralogical analyses. To detect the mechanism of failure and difference in reaction products, 

fracture concrete surfaces were extracted from the exposed surface (up to 10 mm depth) 

specimens to be examined by scanning electron microscopy (SEM) (Figure 3.4) assisted with 

energy-dispersive X-ray analysis (EDX). The samples were coated with a fine layer of carbon 

before performing the analysis to make the surface conductive and to improve the sample 

imaging. To complement the analysis from the SEM, the reaction products within the 

cementitious matrix, were analyzed by X-ray diffraction (XRD, Cu-Kα) (Figure 3.5). Also, 

differential scanning calorimetry (DSC) (Figure 3.6) on powder samples collected from the 

surface (0-5 mm from the exposed surface) of selected specimens was carried out. This powder 

was prepared from carefully extracted fracture pieces (not including large coarse aggregate) of 

specimens, which were pulverized to fine powder passing through sieve #200 (75 µm). 

Nonetheless, un-exposed samples from the curing chamber at different ages (28, 90 and 365 

days) were used for the same test for the sake of comparison. Samples were collected from the 

deteriorated concrete specimens and pulverized to fine powder to detect the formation of sulfate-

bearing products in cementitious matrix. For XRD, scan speed of 2°/min and sampling interval 

of 0.01° 2θ were used for all the samples. Furthermore, the samples were heated up to 500°C 

with a ramp temperature of 5°C/min in the DSC tests. 
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Figure 3.4: SEM sample chamber where the fracture pieces were mounted. 

 

 
Figure 3.5: XRD instrument where the powder samples were mounted. 
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Figure 3.6: DSC instrument where the powder samples were mounted.
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4. Results and Discussion for Sulfuric Acid Attack 

4.1. Rapid Chloride Penetrability Test 

After completing the RCPT, the physical penetration depth of chloride ions was measured for 

concrete specimens prepared from all the mixtures. The whitish precipitate indicating the 

penetration depth of chloride ions was clearly visible, as for example shown in Figure 4.1. The 

average passing charges, chloride ion penetrability class according to ASTM C1202 and average 

penetration depth of the mixtures are listed in Table 4.1. It can be noted that the trend of passing 

charges and penetrability class is consistent with that of the penetration depth in the sense that 

high passing charges corresponded to large penetration depth and vice versa.  

 
Figure 4.1: Whitish precipitate showing the average penetration depth of chloride ions in 

specimens from: a) PLC, b) PLCF, c) PLCFNS. 
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Table 4.1: RCPT results 

Mixture 

ID. 

Charges Passed 

(coulombs) 

Chloride Ions 

Penetrability Class 

(ASTM C1202) 

Average 

Penetration Depth 

(mm) 

Standard Error of 

Penetration Depth 

GU group 

GU 3456 Moderate 17.6 0.89 

GUF 1508 Low 9.0 0.64 

GUSF 997 Very Low 5.3 0.37 

GUNS 754.5 Very Low 4.2 0.53 

GUFSF 833.5 Very Low 6.8 0.74 

GUFNS 516 Very Low 3.5 0.32 

GUFSFNS 463 Very Low 2.7 0.92 

PLC group 

PLC 3223 Moderate 12.7 1.02 

PLCF 1667 Low 11.9 0.92 

PLCSF 1221.5 Low 5.0 0.45 

PLCNS  617 Very Low 4.0 1.06 

PLCFSF 971.5 Very Low 6.8 0.76 

PLCFNS 475 Very Low 3.2 0.37 

PLCFSFNS 347 Very Low 3.0 0.21 

 

The control specimens from the PLC mixture showed about 28% reduction in the 

penetration depth relative to the control GU specimens. This might be ascribed to the higher 

fineness of the PLC (460 m2/kg) in comparison to the GU cement (390 m2/kg) due to 

intergrinding limestone powder with clinker, which can improve the hydration process and 

microstructural evolution of concrete (Ramezanianpour & Hooton, 2014). In addition, the filler 

effect resulting from the continuous particle size distribution of PLC may yield better particle 

packing in the matrix (Ghiasvand et al. 2015). However, this trend was invalid or diminished for 

the other mixtures due to the predominant effect of SCMs and nanoparticles (e.g. PLCF and 

PLCFSFNS, respectively vs. GUF and GUFSFNS). In general, the incorporation of different 

types of SCMs such as silica fume and/or fly ash had a significant effect (Table 4.1) on reducing 

the penetration depth of specimens within the GU and PLC groups. For instance, adding 30 % fly 

ash and/or 5% silica fume in binary and ternary binders (GUF, GUSF, and GUFSF) led to 49, 70, 

and 61% reduction in the penetration depth of specimens compared to that of the corresponding 
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specimens prepared with GU cement only, which was 17.6 mm. This trend highlights the role of 

SCMs in refining and densifying the pore structure of the matrix and thus reducing its 

penetrability. Moreover, when using an ultrafine pozzolan such as nano-silica in the binder, the 

significantly high specific surface area of the particles led to speeding up the rate of hydration 

and pozzolanic reactions, resulting in refined microstructure, as reflected by the results in Table 

4.1. For example, using the same dosage (5%) of nano-silica (specific surface of 80000 m2/kg) 

compared to silica fume (specific surface of 20000 m2/kg) in binary mixtures (GUNS vs. GUSF), 

the penetration depth was reduced by 21%. Correspondingly, the specimens prepared from the 

quaternary binder incorporating GU, fly ash, silica fume and nano-silica (GUFSFNS) showed 

approximately 85% reduction in the penetration depth when compared to control specimens 

(GU). This indicates that adding SCMs with variable sizes and reactivates was efficient in 

refining the pore structure of concrete and enhancing its discontinuity relative to the control 

specimens. It is worth noting that the penetration depth of these quaternary specimens is 

comparable to that of other specimens from the binary and ternary specimens comprising nano-

silica (GUNS and GUFNS, respectively), which alludes to the predominant effect of this 

ultrafine pozzolan at modifying the microstructure of concrete. These observations are also valid 

for the PLC counterparts. 

4.2. Visual Assessment 

Immediately after immersion in the solution, the acid started to react with all the concrete 

specimens from the GU and PLC groups as indicated by vigorous air bubbles rising up to the 

surface of the solution. Since the first day of exposure, white powdery material (identified as 

gypsum by XRD and DSC) deposited progressively on the surface of all specimens, with no 

notable differences among specimens from the single or blended binders in the GU and PLC 
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groups throughout the entire exposure. Continual leaching of gypsum led to an off-white residue 

in the bottom of containers with a consistency similar to fresh cement paste. At the end of the 

first week of immersion, all the specimens had exposed aggregates, and with the progression of 

acidic reactions, they became significantly exposed with incidental disintegration of coarse 

aggregate. After 45 days of exposure, when the solution was renewed, debonding of aggregate 

from the paste was notable. At the end of exposure (90 days), all specimens generally had 

uneven surfaces (due to using siliceous aggregates) surrounded by soft paste, which implicates 

the decomposition of the cementitious matrix at and near the reaction zone with the acidic 

solution. Figures 4.2a-c depicts the visual progression of damage on the surface of concrete at 

different ages of exposure, while Fig. 4.2d shows that the cross section of specimens at the end 

of exposure consisted mostly of a sound core (pH > 8.5 as indicated by the pink color of 

phenolphthalein) with a very thin reaction zone (0 to 2 mm; colorless part).  At the end of 

exposure, the manifestations of damage were comparable for specimens made from the single 

and blended binders in the GU and PLC groups. Thus, other physico-mechanical parameters and 

microstructural features are needed to evaluate the relative performance of the mixtures. 
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Figure 4.2: Features of damage of concrete specimens immersed in the 5% sulfuric acid solutions 

after: a) 7 days, b) 45 days, c) 90 days, and d) color change of phenolphthalein applied to the 

cross section of various specimens after 90 days in the acidic exposure. 

 

4.3. Mass loss 

The trends of mass loss versus time for specimens from all mixtures exposed to the 5% sulfuric 

acid solutions are shown in Figure 4.3, and the total mass loss of all specimens with standard 

error bars is shown in Figure 4.4. After 90 days of exposure, the mass loss of the GU and PLC 

groups ranged from 18 to 29% and 20 to 26%, respectively. Since the first week of exposure, 

notable mass loss of about 4 to 6% was observed for all the specimens, and the rate of mass loss 

continued to increase up to the fourth week of exposure. Subsequently, the rate of mass loss was 

minimal or unchanged between the fifth and seventh week of exposure, due to absorption of 

solution and the increase of the pH in the solution up to 2.0; however, the rate of mass loss 

increased sharply from the seventh week up to the end of exposure due to renewing the sulfuric 

acid solutions, where the pH did not exceed 2.0 (Figures 4.3a-b). At the end of exposure, 

(a) (b) (c) 

(d) 
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concrete specimens made from the quaternary binder containing GU, fly ash, silica fume and 

nano-silica (GUFSFNS) had the highest mass loss of 29%, while specimens made from the 

binary binder comprising GU and fly ash (GUF) had the lowest total mass loss of 18%. 

Correspondingly, the counterpart specimens from the PLC group had mass losses of 26% and 

20%, respectively. It is notable from Figure 4.4 that except for specimens made with PLC and fly 

ash (PLCF), all PLC specimens had similar or marginally lower mass loss compared to their 

corresponding GU specimens. The effect of PLC can only be regarded as ‘significant’ in the case 

of control (PLC vs. GU) and quaternary specimens (PLCFSFNS vs. GUFSFNS), since there was 

no overlap between the error bars. This slight improvement might be due to the acid 

neutralization effect offered by the higher limestone (12%) component in PLC.  

Within the GU group (Fig. 4.3a), the results indicate that the use of 30% fly ash in a 

binary system (GUF) had a significant effect (Figure 4.4) on reducing the average mass loss 

results by 24% compared to the control specimens (GU), in spite of having a slightly higher 

(bout 7%) volume of paste. Even when fly ash was combined with 5% silica fume in a ternary 

system (GUFSF), the mass loss of specimens decreased by 12%. The results also indicated that 

binary systems containing 5% silica fume showed comparable behaviour to GU specimens, but 

when 5% nano-silica (ultrafine pozzolan) was included in either binary or ternary (with 30% fly 

ash) systems, the mass loss of specimens increased. The quaternary binder (GUFSFNS) 

containing SCMs with variables sizes, dosages and reactivates (30% fly ash, 5% silica fume and 

5% nano-silica) markedly increased (by 26%) the mass loss of specimens relative to the GU 

specimens. For the PLC group, incorporation of 30% fly ash with PLC in binary (PLCF) and 

ternary systems with 5% silica fume (PLCFSF) led to comparable mass loss of specimens to that 

of the control PLC specimens. Comparatively, incorporation of silica fume (PLCSF), nano-silica 
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(PLCNS), combination of fly ash and nano-silica (PLCFNS) and all three SCMs (PLCFSFNS) 

with PLC increased the magnitude of mass loss by 13%, 21%, 23% and 31%, respectively 

compared to the control (PLC) specimens. The higher mass loss of concrete prepared with PLC 

containing 6 to 20% limestone and silica fume under a sulfuric acid exposure had also been 

reported in other studies [e.g. (Girardi et al. 2010)], whereas the effects of nano-silica on sulfuric 

acid resistance of concrete have not been adequately covered in the literature. Considering both 

the GU and PLC groups (Figures 4.3-4.4), it can be noted that incorporation of nano-silica in 

binary, ternary and quaternary systems tended to increase the surface degradation (mass loss) of 

concrete under sulfuric acid attack. 

Figure 4.3: Average mass loss with time for specimens from: a) GU, and b) PLC groups. 
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Figure 4.3 (cont’d): Average mass loss with time for specimens from: a) GU, and b) PLC groups. 
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Figure 4.4: Total mass loss of specimens after 90 days of exposure. 

 

Figure 4.5 illustrates the relationship between the penetrability of specimens (expressed 

by the penetration depth) and their total mass losses after exposure to the sulfuric acid solutions. 

The pattern of data shows mixed and inconsistent trends. For example, some concrete specimens 
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(e.g. GUFSFNS and PLCFSFNS) with high physical resistance owing to matrix densification (as 

expressed by lower penetration depth, Table 4.1) showed higher mass loss in the sulfuric acid 

solution, while other specimens (e.g. GUF and PLCF) with comparatively lower physical 

resistance (higher penetration depth, Table 4.1) yielded lower mass losses in the same acidic 

solution. This does not conform to stipulations of current building codes pertaining to the 

approach of improving the physical resistance to alleviate acidic attack on concrete. The 

Canadian Standards Association (CSA) A23.1 limits the w/b to a maximum of 0.40 and chloride 

ions penetrability to less than 1000 coulombs in 91 days as well as recommending the use of 

SCMs in concrete to improve the resistance of concrete exposed to aggressive chemicals, sewer 

environments and acidic conditions (class of exposure A-XL), which may reach pH values less 

than 2.0; in addition, it states that the resistance of concrete is largely dependent on the resistance 

to the penetration of acids (CSA A23.1-14 2014). Likewise, to mitigate chemical (including 

acidic) attack of concrete, British Research Establishment (BRE) Special Digest 1 (BRE Special 

Digest 1, 2005) advocates the approach of enhancing the physical resistance of concrete by using 

low w/b (not more than 0.40), minimum cement content (380-400 kg/m3), blended cements, and 

dense (well compacted) concrete to discount the infiltration of chemicals in concrete. Additional 

protective measures are recommended when concrete is vulnerable to chemical attack including 

surface protection (BRE Special Digest 1, 2005). These measures are analogous to that in 

European standards EN 206-1 for severe chemical attack (class of exposure XA3) which impose 

limitations on maximum w/b (0.45), minimum cement content (360 kg/m3) and minimum 

strength (35 MPa) of concrete. Also, sulfate-resisting and blended cements are recommended 

when sulfate ions prevail in the exposure (BS EN 206-1 2005). The minimum content of cement 

is specified to improve the physical resistance (lower penetrability) of concrete susceptible to 
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chemical attack; however, it is conceivable that this will increase the volume of paste sensitive to 

acid reactions, which may affect the chemical resistance of concrete. While the concrete 

mixtures in this study closely complied with all the aforementioned codes’ recommendations 

(w/b of 0.4 and binder content of 400 kg/m3), with further improvement of physical resistance by 

addition of fine or ultrafine (silica fume and nano-silica) SCMs in binary, ternary and quaternary 

systems, notable improvement in acidic resistance of concrete was particularly observed for the 

binary systems comprising 30% fly ash, which did not show the lowest penetrability (Table 4.1). 

Observations from this study comply with previous research [e.g. (Leemann et al. 2010, Pavlík 

1996)], which reported that the porosity of concrete had limited control over its performance in 

severe acidic environments, which suggests that degradation of concrete, in this case, is mainly 

related to the chemical nature of the cementitious paste at the exposed surface; as shown by the 

mineralogical, thermal and microscopy studies discussed in Section 4.5. 

After completing the RCPT, the physical penetration depth of chloride ions was 

measured for concrete specimens prepared from all the mixtures. The whitish precipitate 

indicating the penetration depth of chloride ions was clearly visible, as for example shown in 

Figure 4.1. The average passing charges, chloride ion penetrability class according to ASTM 

C1202-12 and average penetration depth of the mixtures are listed in Table 4.1. It can be noted 

that the trend of passing charges and penetrability class is consistent with that of the penetration 

depth in the sense that high passing charges corresponded to large penetration depth and vice 

versa.  
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Figure 4.5: Penetration depth of specimens vs. their total mass losses after exposure to the 5% 

sulfuric acid solutions. 

 

4.4. Change of Splitting Tensile Load 

A common approach to evaluate the resistance of concrete to sulfuric acid attack is to determine 

the mass loss of specimens and their relative compressive strength to that of sound specimens at 

the same age. Since the development pattern of flexural and tensile strengths is similar to that of 

compressive strength and concrete in practice frequently fails under tensile stresses, the current 

study focused on determining the change in splitting tensile load in a similar approach to that 

adopted in previous studies [e.g. (Miletić et al. 1998)]. The average change in splitting tensile 

load (crushing load at failure, Equation 3.2) of all specimens with standard error bars is shown in 

Figure 4.6. At the end of exposure, GU (control) specimens had a slight increase in the splitting 

tensile load (about 6%), while the average splitting tensile load for the PLC specimens was 

almost unchanged but with high variability. The highest loss (36%) in splitting tensile load was 

observed for the GU specimens made from the quaternary binder (GUFSFNS), which showed 

the highest mass loss (29%) among all specimens. Similarly, the PLC specimens comprising fly 

ash, silica fume and nano-silica (PLCFSFNS) had a high loss (34%) in the splitting tensile load, 
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corresponding to a mass loss of 26%. For the GU group, the average loss in splitting tensile load 

increased in the order of GUSF, GUNS, GUF, GUFSF, GUFNS, and GUFSFNS, which appears 

be related to the replacement dosage of SCMs. The PLC specimens had a mixed trend, where all 

binary, ternary and quaternary specimens containing nano-silica had high loss (average of 33%) 

of splitting tensile load, whereas binary specimens had a relatively smaller loss (average of 9%) 

in the splitting load.  

Figure 4.7 illustrates the relationship between the mass loss and change in splitting tensile 

load of specimens after exposure to the sulfuric acid solutions. It can be observed that there is a 

scatter of data among all the mixtures tested herein. While some researchers [e.g. (Chang et al. 

2005)] reported that the use of crushing load provides a more reliable indicator than the mass 

change for assessing the deterioration of concrete in acidic environments, others [e.g. (Bassuoni 

and Nehdi 2007; Miletić et al. 1998)] showed that these two parameters are not correlated. 

Previous studies [e.g. (Bassuoni et al. 2007)] also did not find any specific relationship between 

these parameters and observed strength (compressive) gain, relative to the initial strength before 

exposure, of many mixtures after immersion in acidic solutions.  

The results of the change in splitting tensile load (loss or gain) in this study had been 

affected by multiple factors such as the geometry of specimens tested and type of binder under 

acidic and ideal curing conditions. For example, in contrast to testing unexposed specimens 

stored in the curing room, concrete specimens exposed to the acidic solution had a relatively 

variable geometry (uneven surface, Figure 4.2) along their height leading to planes of stress 

concentration, load eccentricity and non-uniform stress distribution, which might have 

contributed to reducing the crushing load of the specimens. The behaviour of GUF and PLCF 

specimens was also affected by the higher later-age strength gain of the concrete specimens 
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comprising 30% fly ash stored in the curing chamber (i.e. higher loss in the percentage of 

crushing load, Equation 4.2), which is typical of Class F fly ash (Mehta and Monteiro 2014), 

whereas the pozzloanic activity of these binders in the sulfuric acid solution was hindered as 

discussed in Section 4.5. In addition, the crushing load was influenced by the volume of the 

sound concrete core of specimens or the effective volume, relative to the degraded zone (Figure 

4.2d), which was variable among specimens. It was stated that the inner core of concrete may 

undergo significant densification in an acidic medium due to continual hydration of the paste, 

reduction in calcium-to-silicate ratio and polymerisation of C–S–H (Macías et al. 1999). This 

argument may be valid for the GU, GUSF, PLC specimens, which had very limited deteriorated 

zone at the surface and showed comparable or even slightly higher average splitting tensile load 

than that of the corresponding specimens stored in the curing room for the same time interval. 

Conversely, specimens comprising certain combinations of SCMs (e.g. GUFNS, GUFSFNS, 

PLCFNS, PLCFSFNS), which comprised relatively thicker degradation zones, showed notable 

loss of splitting tensile load; the cementitious matrix in these specimens suffered from significant 

decalcification of C-S-H and formation of gypsum in the reaction zone, as discussed in Section 

4.5. Hence, it can be deduced that the mass loss and change in strength of concrete exposed to 

acidic media are two independent parameters; the former reflects the deterioration/decomposition 

that takes place in the exposed surface, while the latter is affected by a number of parameters 

including the texture/geometry of testing surface and alteration of the bulk volume of the sound 

core relative to the features of the degradation zone in specimens. 
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Figure 4.6: Change of the splitting tensile load of all specimens after 90 days of immersion in the 

5% sulfuric acid solutions. 
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Figure 4.7: Mass loss of specimens vs. their change in splitting tensile load after 90 days of 

exposure to the 5% sulfuric acid solutions. 
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4.5. Mineralogical, Thermal and Microstructural Analyses 

The XRD results in Figures 4.8a-b show that almost all mixtures had generally similar dominant 

phases of gypsum (in different calcium sulfate hydrate forms), quartz and dolomite. This uniform 

pattern, irrespective of the type of binder (single, binary, ternary or quaternary) or cement (GU or 

PLC), can be attributed to the governing effect of the severe acidic exposure implemented in this 

study. The peaks of dolomite and calcite likely occurred because the coarse aggregate contained 

a fraction of carboniferous aggregate, while the sources of quartz in the diffractograms originated 

from the siliceous coarse aggregate and sand in all mixtures as well as fly ash in some binders. 

Gypsum was identified in all the samples as the key reaction product between the sulfuric acid 

solution and hydrated cement paste, which conforms to the stability of this product at a pH as 

low as 1.0 (Girardi and Maggio 2011). In the sulfuric acid solution, progressive decomposition 

of portlandite (CH) and decalcification of C-S-H led to formation of calcium sulfate hydrates 

which precipitated within the reaction zone as a whitish and mushy layer (when wet). Portlandite 

peaks were also identified in most specimens after the exposure, especially the ones prepared 

from single (GU and PLC) or binary (e.g. GUSF and PLCSF) binders. The portlandite peaks 

diminished in the ternary (e.g. GUFNS) and quaternary (e.g. PLCFSFNS) systems with the 

increase of SCMs content in the binder, which suggests that the contribution of portlandite in the 

gypsum formation process was ‘secondary’ relative to the decalcification of C-S-H in such 

cementitious systems; in addition, ternary and quaternary samples comprised more products 

within the reaction zone as depicted by the stronger gypsum peaks in Figure 4.8. These trends 

were further corroborated by the DSC and SEM analyses discussed later in the text. Traces of 

ettringite were also noted in certain samples (e.g. GU, GUSF), and some of its characteristic 

peaks were masked by or overlapping with other dominant phases (e.g. gypsum, dolomite). 
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Relative to the other binders, binary systems comprising cement and 30% fly ash (GUF and 

PLCF) showed the presence of fine peaks of ‘melilite’; which is a crystalline compound 

generally present in unhydrated fly ash, although in a smaller quantities (weak reflections) 

(McCarthy et al. 1984).  The presence of this compound might implicate the availability of 

‘unreacted’ fly ash in this binary system, which was also supported by DSC and SEM tests. 

Other studies [e.g. (Chindaprasirt et al. 2007)] also reported the occurrence of unreacted fly ash 

particles in binary systems comprising 20 to 40% fly ash with cement even when initially cured 

for 60 or 90 days.  Although ‘mullite’ is reported as a common phase in Type F fly ash, it was 

harder to resolve in the XRD patterns since its strongest reflections are very close to that of 

quartz (McCarthy et al. 1984). Other systems (ternary and quaternary mixtures in the GU and 

PLC groups) in this study might as well contain unreacted fly ash in relatively small amounts; 

however, quantification of the relative amounts of unreacted fly ash among different binders was 

not possible by XRD due to masking effects by other phases and reaction products. It is also 

worth noting that the reaction zone within all specimens were notably thin (0 to 2 mm, Figure 

4.2d), as the deteriorated surface readily deposited in the bottom of the containers, and thus the 

powder samples prepared for the XRD and DSC contained a considerable proportion of the 

sound matrix. 

The XRD analysis was further complemented by DSC and SEM studies to augment the 

observations made. A semi-quantitative analysis based on the enthalpy concept (integration of 

heat flow peaks over temperature) can determine the relative phase formation, as the enthalpy of 

each phase is directly related to its amount (Brown 1998). Table 4.2 provides a summary of the 

DSC results of the main phases (ettringite, gypsum, portlandite) in the cementitious matrix of all 

mixtures with their corresponding enthalpies, and Figure 4.9 shows exemplar micrographs from 
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the SEM and EDX analyses. After 90 days, micrographs taken from fracture surfaces (0 to 10 

mm from the surface) of the exposed specimens indicated that the surface of concrete underwent 

significant deterioration due to sulfuric acid attack (e.g. Figure 4.9a). As confirmed by EDX, the 

reaction zone (within 0 to 2 mm from the exposed surface) comprised mainly of gypsum crystals 

(e.g. Figure 4.9b) in a coarse and decalcified matrix, while incidental features of ettringite were 

found in areas towards the sound paste [more than 5 mm from the exposed surface] (e.g. Figure 

4.9c), where the pH of the matrix was still sufficiently high (Figure 4.2d) to maintain the stability 

of ettringite. 

Table 4.2: Enthalpies (J/g) of the main phases in the cementitious matrix 

 

 

 

 

 

 

 

 

 

 

Mixture 

ID. 

After 90 days in the sulfuric acid solutions 

After 28 days 

in the curing 

chamber 

After 90 days 

in the curing 

chamber 

Ettringite 

(90-100ºC) 

Gypsum 

(120-135 ºC) 

Portlandite 

(420-440 ºC) 

Portlandite  

(420-440 ºC) 

Portlandite  

(420-440 ºC) 

GU group 

GU 13.9 5.2 58.1  55.4 56.8 

GUF 8.2 3.8 31.3 34.2 16.3 

GUSF 5.3 14.7 38.6 41.9 40.1 

GUNS 2.7 40.9 24.9 26.9 26.8 

GUFSF 3.5 57.6 11.4 26.8 10.2 

GUFNS 2.2 84.5 5.8 14.8 5.6 

GUFSFNS 0.4 78.7 0.4 5.8 0.7 

PLC group 

PLC 5.6 3.7 52.8 54.3 50.9 

PLCF 7.7 5.2 30.7 38.4 18.5 

PLCSF 2.9 4.6 37.8 42.6 38.5 

PLCNS 5.0 32.3 23.2 29.7 29.4 

PLCFSF 3.4 99.1 10.2 25.0 9.2 

PLCFNS 1.3 142.2 2.3 12.1 3.7 

PLCFSFNS 1.1 77.6 0.3 4.2 0.0 
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For both the GU and PLC groups, the portlandite content in the specimens after 28 and 

90 days of standard curing (Table 4.2) decreased with increasing the dosage of SCMs in the 

binders. The depletion of the amount of portlandite in the matrix, even at 28 days, was due to 

dilution of the cement component and increased pozzolanic activity, resulting in production of 

additional/secondary C-S-H gel, as reflected by the matrix densification observed in the RCPT 

results (Table 4.1). However, this led to more volume of cementitious gel vulnerable to 

decomposition in severely aggressive acidic media. In general, mixtures containing nano-silica 

(GUNS, GUFNS, PLCNS, PLCFNS) had more consumption of portlandite compared to the 

corresponding mixtures containing silica fume (GUSF, GUFSF, PLCSF, PLCFSF) (Table 4.2), 

owing to the very high specific surface (80000 m2/kg) and in turn vigorous reactivity of nano-

silica compared to silica fume (20000 m2/kg). Thus, the incorporation of ultrafine SCMs in 

blended binders resulted in a greater proportion of cement gel vulnerable to acid-base reactions 

as reflected by the increased amounts of gypsum in these binders (Figure 4.8 and Table 4.2), 

which corresponds to the trends of physico-mechanical tests in the sense that higher mass and 

tensile load (softening) losses were recorded for specimens incorporating nano-silica, especially 

for the quaternary (GUFSFNS and PLCFSFNS) systems with the least content of portlandite, 

despite having lower penetrability (maximum densification). 

The amounts of portlandite, as expressed by enthalpy, for specimens immersed in the 

acid solutions were comparable to that in the corresponding specimens stored in the curing room 

for 90 days (Table 4.2), except for the binary specimens containing 30% fly ash (GUF and 

PLCF). As indicated earlier, the deteriorated skin readily deposited in the bottom of the 

containers, and thus the powder samples prepared for the XRD and DSC contained a 

considerable proportion of the sound matrix, which generally exhibited similar features to that of 
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specimens stored in the curing room. However, for the binary fly ash mixtures GUF and PLCF, 

the enthalpy of portlandite in the specimens stored in the curing chamber was 40 to 50% of that 

in the corresponding specimens immersed in the acid solution. This implies that there was 

efficient later-age pozzolanic activity of Type F fly ash in the specimens at the curing chamber as 

indicated by the consumption of portlandite, which also supports the argument that alteration of 

the sound/bulk core of specimens may affect the relative change of strength results. In any case, 

the amounts of residual portlandite in all specimens after 90 days of acidic exposure can be 

mostly attributed to the extent of hydration and pozzolanic (in blended binders) reactions taking 

place in the sound matrix (since these values were close to that in specimens stored at standard 

curing conditions) and perhaps partially to the neutralization reaction with acid at the interface of 

the reaction and sound zones in specimens (Figure 4.9a). This imparts that most of the 

portlandite generated in the sound core through hydration of the cement component was 

consumed by the SCMs (with the exception of GUF and PLCF) depending on their types and 

relative reactivates. It also emphasizes that in cementitious systems comprising highly reactive 

SCMs (e.g. nano-silica) and subjected to severe sulfuric acid attack, gypsum formation was due 

to decalcification of C-S-H rather than decomposition of CH (due to lower portlandite contents), 

which had deleterious consequences on concrete. The portlandite contents in the binary 

specimens incorporating 30% fly ash (GUF and PLCF) after 90 days in the acidic exposure were 

close to their initial values before exposure (at 28 days) and much less than that in the 

corresponding specimens stored in the curing chamber for 90 days (Table 4.2). This implies that 

the pozzolanic activity of fly ash in the binary binders was markedly discounted in the acidic 

exposure, which coincides with the occurrence of abundantly unreacted fly ash particles at and 

within the surface of specimens (e.g. Figure 4.9d), especially that these specimens were initially 



 

63 

 

cured for 28 days. This complies with the presence of ‘melilite’ in the diffractograms of GUF 

and PLCF specimens (Figure 4.8a-b). It has been reported that the activity of fly ash can be 

hindered in a system of fly ash and CH (portlandite) if the pH drops below 13 (Li et al. 2000). 

Thus, it appears that the unreacted fly ash found in the reaction zone of GUF and PLCF 

specimens was not engaged in pozzolanic reactions despite having access to adequate amount of 

portlandite from the sound matrix (Table 4.2) due to exposing the surface of specimens to very 

low pH at 28 days, especially that these specimens had the highest penetrability compared to 

specimens prepared from other blended binders (Table 4.1).  Based on these microstructural 

observations (Table 4.2 and Figures. 4.8-4.9), the existence of abundantly unreacted and intact 

fly ash particles within the surface of concrete acted as an inert filler in severely acidic media 

(maximum pH of 2.0) in a similar manner to siliceous aggregates. Consequently, the paste 

surface vulnerable to acidic reactions was reduced and the rate of mass loss of GUF and PLCF 

specimens decreased. These observations agree with the findings of Kim et al. (2003) who 

reported the inertness of Type F fly ash particles/powder when immersed in sulfuric acid 

solutions with a pH of 1.2. On the other hand, in the PLCF specimens, the effect of fly ash was 

not magnified by the neutralization capacity of the limestone component in PLC, as the 

substitution of PLC by 30% fly ash diluted the amount of limestone to about 8%, and the total 

paste volume of PLCF was slightly more (about 6%) than that of PLC; hence, the net effect led 

to a comparable behaviour to that of specimens made from PLC, where the limestone component 

was 12% by mass of cement.   

Perhaps, if the binary specimens comprising 30% fly ash were initially cured for longer 

periods (56 days or more) before exposure, this inert filler effect of fly ash particles might have 

diminished. This is suggested by the behavior of blended binders comprising 30% fly ash with 
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other more reactive pozzolans in ternary or quaternary systems. The combined presence of nano-

silica and to a lesser extent silica fume with fly ash catalyzed the reactivity of fly ash and 

improved the pozzolanic activity of the ternary and quaternary binders, which might be the 

reason for the less pronounced ‘melilite’ peaks in the diffractograms of these samples (Figures. 

4.8a-b). Compared to GUF and PLCF specimens, the presence of silica fume with fly ash 

reduced the initial portlandite contents (at 28 days) by 22% and 35%, respectively (GUFSF and 

PLCFSF), while the presence of nano-silica with fly ash led to a reduction of 57% and 68%, 

respectively (GUFNS and PLCFNS). Correspondingly, the incorporation of fly ash with silica 

fume and nano-silica led to an average reduction of the initial portlandite content in quaternary 

systems (GUFSFNS and PLCFSFNS) of 86%. In addition, the pozzolanic activity in the inner 

part of these specimens, with lower initial penetrability, continued in the acidic exposure as 

indicated by the depletion of portlandite similar to that in corresponding specimens stored in the 

curing chamber for 90 days. As a result, the reaction zones of these ternary and quaternary 

specimens consisted mainly of gypsum and siliceous gel (undetectable by XRD or DSC) in a 

notably porous and coarse matrix with very scarce occurrence of fly ash particles (e.g. Figure 

4.10), which facilitated continual interaction with the acidic solution. Under highly aggressive 

acidic conditions, surfaces of such cementitious matrices with additional proportion of C-S-H, 

lower portlandite content and limited occurrence of unreacted fly ash suffered higher rates of 

mass loss despite having a very low physical penetrability (Table 4.1). These findings conform to 

the notion that the reaction of sulfuric acid with cementitious hydrates occurs mainly at the 

surface of specimens, as gypsum formation at the surface is much faster than the ingress of 

sulfate ions into the specimens (Bouchelaghem 2010, Jahani et al. 2001). 
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Figure 4.8: XRD patterns for specimens made from single, binary, ternary, and quaternary 

binders after 90 days of exposure to the sulfuric acid solution: a) GU, and b) PLC groups. (note: 

C = calcite, D = dolomite, E = ettringite, G = gypsum, M = melilite, P = portlandite, Q = quartz) 
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Figure 4.9: Exemplar micrographs of SEM and EDX analyses: a) deteriorated surface and sound 

matrix in a GUSF specimen (left) with corresponding sulfur mapping showing its concentration 

in a band in the reaction zone (right), b) gypsum in the reaction zone in a PLCSF specimen (left) 

with corresponding EDX (right), c) ettringite rosettes growing in an air void away from the 
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surface in a GU specimen (left) with corresponding EDX (right), and d) unreacted fly ash 

particles within the reaction zone of a PLCF specimen (left) with corresponding EDX (right).  

 

 

Figure 4.10: SEM micrographs of a quaternary (GUFSFNS) specimen: a) deteriorated and 

porous reaction zone of about 1 to 2 mm, b) heterogeneous and decalcified matrix comprising 

micro-cracks [magnified spot in (a)], c) calcium sulfate intermixed with hydrous silica, and d) 

gypsum crystallites 
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5. Results and Discussion for Ammonium Sulfate Attack 

5.1. Results 

5.1.1. Penetrability 

Since many of the well known durability issues of concrete are affected by the penetrability of 

aggressive ions from the surrounding solution into the cementitious matrix; the RCPT results of 

the fourteen different concrete mixtures were included in this experiment. However, since the 

mixture designs are the same in this experiment as well, the results of RCPT test described in the 

previous section (Section 4.1) was also relevant here and thus further explanation was excluded 

from this section tom avoid redundancy. 

5.1.2. Visual Assessment 

The concrete specimens immersed in the 5% ammonium sulphate solution showed notable 

features of damage such as softening, loss of surface, swelling and edge cracking [e.g. Figures 

5.1 (a)-(c)] during the period of exposure, indicating the severity of this solution. However, these 

features alone could not conclusively distinguish the level of damage among specimens from 

different binders (single, binary, ternary or quaternary) or groups (GU or PLC). After one month 

of exposure, crystal formation (identified as gypsum by DSC) on the surface of all specimens 

was observed; however, these crystals tended to disappear from surface with time. After the end 

of exposure, specimens were saw cut and immediately sprayed with 1 N phenolphthalein 

solution to detect the depth of reduction in alkalinity (colorless part in Figure 5.2). This depth 

ranged from 1 to 5 mm depending on the type of binder. The thickness of this zone was smaller 

(1 to 3 mm) for control (GU, PLC) and binary (GUF, GUSF, GUNS, PLCF, PLCSF, PLCNS) 

specimens in comparison to the ternary and quaternary specimens (e.g. GUFNS, PLCFSFNS), 
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despite their low physical penetrability as discussed in Section 4.1. Correspondingly, the cross 

sectional area of the sound core in these specimens was comparably smaller than that in 

specimens from the other binders (colored part in Figure 5.2). Apparently, the role of physical 

resistance of concrete diminished under the ammonium sulphate exposure, and other factors also 

contributed to the degradation process. Thus, other physico-mechanical parameters and 

microstructural features were needed to evaluate the relative performance of the mixtures. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Exemplar features of damage of concrete specimens immersed in the 5% ammonium 

sulphate solution after 12 months: (a) GUFSFNS specimen showing loss of surface, (b) relatively 

intact PLCF specimen with minor edge cracking, and (c) variable levels of swelling and surface 

deterioration of the PLC group mixtures. 
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Figure 5.2: Colour change of phenolphthalein applied to the cross section of various specimens 

after 12 months in the ammonium sulphate exposure: (a) PLCSF, (b) PLCF, (c) PLCFNS, and 

(d) PLCFSFNS. 

 

5.1.3. Mass Change 

Figure 5.3 shows the behaviour of mass change of the prismatic specimens immersed in the 

ammonium sulphate solution for 12 months. Most specimens underwent a continual increase in 

mass followed by a decreasing trend at advanced stages of the test. The former might be due 

solution absorption and deposition of reaction products within the surface of specimens, while 

the latter might be linked to loss of surface and leaching to the surrounding solution. The final 

mass of some specimens (GU, GUNS and GUFNS) was slightly lower than the corresponding 

initial value before exposure (maximum mass loss of 2%). On the other hand, no mass loss was 

calculated for any specimen in the PLC group. It is worth noting that specimens that showed 

high reduction in REd and RF (e.g. GUFSFNS and PLCFSFNS), as will be shown later in the 

text, did not yield severe mass loss. This might suggest that degradation of specimens herein 

mainly consisted of softening and cracking rather than surface scaling. 
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(a) (b) 

 

Figure 5.3: Mass change versus time for groups: (a) GU, and (b) PLC specimens. 

 

5.1.4. Expansion 

The results of expansion of the concrete specimens are shown in Figure 5.4. Control specimens 

from both groups (GU and PLC) demonstrated the highest level of expansion (0.49% and 0.41% 

respectively) followed by specimens from the quaternary binders with an expansion of 0.26% for 

GUFSFNS and 0.22% for PLCFSFNS. Specimens from the ternary binders had expansion in the 

range of 0.1 to 0.2%, while the lowest expansion values (less than 0.1%) were observed for the 

specimens from binary binders of cement (GU or PLC) and 30% fly ash, 5% silica fume or 5% 

nano-silica. It was noted that the expansion trends and results of specimens from the PLC group 

were similar but relatively lower compared to that of GU counterparts. Results indicate that 

SCMs could control expansion of concrete in the ammonium sulphate solution; however, the 

extent of this control depend on the specific combinations and dosages of SCMs where binary 

specimens showed less expansion than that of ternary and quaternary specimens. This does not 

conform to the results of penetrability (RCPT), as will be explained later in the text. 
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Figure 5.4: Expansion of specimens after 12 months of immersion in the ammonium sulphate 

solution. 

 

5.1.5. Relative Dynamic Modulus of Elasticity (REd) 

The results of the relative dynamic modulus of elasticity (REd) versus time of exposure for the 

GU and PLC groups are presented in Figure 5.5, whereas Figure 5.6 shows the total REd of 

specimens after 12 months of exposure. This parameter should indicate the internal degradation 

of concrete specimens exposed to chemical and/or physical attack. Specimens from all mixtures 

showed signs of stiffness gain for the first two to three months followed by a downward trend in 

REd, reflecting the progression of damage with time of exposure. After 12 months of immersion 

in the 5% (NH4)2SO4 solution, the REd of specimens from the GU group ranged between 6% 

(GU) and 66% (GUF). In general, specimens from the binary mixtures had lower drop 

(maximum of 38%) in REd compared to specimens from the control, ternary and quaternary 

mixtures. Specimens from binary and ternary mixtures containing nanosilica (GUNS and 

GUFNS) had more reduction in REd compared to specimens from similar mixtures containing 
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(a) (b) 

silica fume (GUSF and GUFSF); however, only the difference between GUFNS and GUFSF was 

found to be statistically significant (no overlap in the range of error bars, Figure 5.6). In 

comparison to the GU group, the PLC group had lower loss in REd after 12 months, as the values 

ranged from 16% (PLC) to 93% (PLCSF). Similar to the GU group, the control, ternary and 

quaternary specimens in the PLC group yielded less REd values in comparison to the binary 

specimens. Again, the difference between binders containing nanosilica and corresponding 

binders containing silica fume was notable, when the type of cement changed to PLC. In 

addition, the REd results showed that specimens that had the highest (GU and PLC) and lowest 

(GUFSFNS and PLCFSFNS) physical penetrability according to the RCPT trends, yielded more 

loss in terms of stiffness (dynamic modulus of elasticity). This indicates that physical 

penetrability was not the only parameter governing the progression of damage in this chemical 

exposure. 

 

 

Figure 5.5: Relative dynamic 

modulus of elasticity versus time for groups: (a) GU, and (b) PLC specimens. 
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Figure 5.6: REd of specimens after 12 months of immersion in the ammonium sulphate solution. 

 

5.1.6. Relative Flexural load (RF) 

The values of RF (Figure 5.7) represents the relative flexural load of specimens from a specific 

mixture after 12 months of immersion in the ammonium sulphate solution to the corresponding 

specimens from the same mixture stored in standard curing conditions for 12 months. Since there 

were testing complications associated with deteriorated specimens, flexural loads (peak loads at 

failure of specimens) was used herein rather than flexural strength, as the latter includes the cross 

sectional area of specimens in the calculations. Indeed, the geometry of specimens changed from 

its original shape and became irregular after the exposure due to swelling, cracking and loss of 

surface. In general, the RF trends conformed to that of REd in the sense that specimens with high 

RF had high REd and vice versa. At the end of exposure, all specimens underwent various levels 

of loss in flexural load depending on the constituents of binders. The highest losses (93-95%) in 

flexural load was observed for specimens made from the control (GU and PLC) specimens, and 

ternary (GUFNS and PLCFNS) and quaternary specimens (GUFSFNS and PLCFSFNS) 
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comprising 5% nano-silica with other SCMs, without statistical significance among them 

(overlapping error bars). This trend coincides with the high reduction of stiffness of these 

specimens as expressed by the REd values presented in Figure 5.6. Comparatively, specimens 

from the binary binders in both groups achieved significantly lower (8 to 47%) drop in RF values 

indicating better flexural capacity. For example, the RF values for the GUF, PLCSF and PLCNS 

specimens were 56%, 92% and 81%, respectively. Correspondingly, these specimens had REd 

values of 65%, 93% and 83%, respectively after 12 months of exposure to the 5% ammonium 

sulphate solution. 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: RF of specimens after 12 months of immersion in the ammonium sulphate solution. 

 

5.2. Discussion 

5.2.1. Mechanisms of Damage 

The XRD results, Figure 5.8, show that almost all mixtures had generally similar dominant 

phases of gypsum (in various calcium sulphate hydrate forms), quartz, dolomite and traces of 
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ettringite. The peaks of dolomite occurred because the coarse aggregate contained a fraction of 

carboniferous aggregate, while the sources of quartz in the diffractograms originated from the 

siliceous coarse aggregate and sand in all mixtures as well as fly ash in some binders. It is 

important to note that the powder collected for the XRD analysis was mostly representative for 

the reaction front (zone of reduced alkalinity, Figure 5.2) of the exposed samples since the 

powder samples were collected within 0-5 mm from the surface. The consistent XRD pattern, 

irrespective of the type of cement (GU or PLC) or binder (single, binary, ternary, or quaternary), 

can be attributed to the aggression of the ammonium sulphate exposure implemented in this 

study. Gypsum was identified in all samples as the key reaction product between the ammonium 

sulphate solution and hydrated cement paste, which was confirmed by thermal and microscopy 

analyses. In the ammonium sulphate solution, progressive decomposition of portlandite (CH) and 

decalcification of calcium silicate hydrate (C-S-H) led to formation of calcium sulphate hydrates 

which precipitated within the matrix; however, at higher concentrations within the reaction zone. 

Portlandite peaks were almost non-existent in the samples collected from the reaction zone, 

whereas the presence of traces of ettringite in the reaction front of some specimens (e.g. GUF, 

PLCF) was noted. This can be ascribed to the instability of ettringite within the zone of reduced 

alkalinity, as the pH range of the ammonium sulphate solutions was 6.0 to 8.0. 

The XRD data was complemented by DSC and SEM tests to augment the observations 

made. A semi-quantitative analysis based on the enthalpy concept (integration of heat flow peaks 

over temperature) can determine the relative phase formation, as the enthalpy of each phase is 

directly related to its amount (Brown 1998). Table 5.1 provides a summary for the DSC results 

of the gypsum and portlandite in the cementitious matrix, collected from the surface of 

specimens from all mixtures with their corresponding enthalpies. 
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Figure 5.8: XRD patterns for specimens made of single, binary, ternary and quaternary binders 

after 12 months of immersion in the ammonium sulphate solution: (a) GU group and (b) PLC. 

(Note: D= dolomite, E =ettringite, G=gypsum, Q=quartz) 
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Table 5.1: Summery of the DSC results 

 

 

 

 

 

 

 

 

 

Conforming to the results of XRD, ettringite was not observed in the reaction zone by 

thermal analysis. Also, the DSC results for the portlandite contents in all the specimens after 28 

(before exposure) and after 365 days of standard curing are included in Table 5.1, for 

comparison with the exposed specimens. The core (more than 5 mm from the surface; zone of 

high alkalinity in Figure 5.2) of some exposed specimens was also tested by DSC to check for 

ettringite formation (Figure 5.9). The SEM trends conformed to that of XRD and DSC. Exemplar 

micrographs from SEM of fracture surfaces (0 to 10 mm from the surface) taken from the 

exposed specimens (after 12 months) indicated that the surface of concrete underwent significant 

deterioration due to ammonium sulphate attack with deposition of reaction products depending 

on the type of binder (e.g. Figures 5.10-5.14).  

After 365 days in the ammonium sulphate 

solution 

After 28 days 

in the curing 

chamber 

After 365 days 

in the curing 

chamber 

Mixture 

ID. 

Gypsum 

(120-135 ºC) 

Portlandite 

(420-440 ºC) 
Portlandite (420-440 ºC) 

GU group     

GU 310.1 0  55.4 39.2 

GUF 209.6 0 34.2 13.4 

GUSF 235.0 0 41.9 30.4 

GUNS 292.2 0 26.9 24.8 

GUFSF 215.2 0 26.8 6.3 

GUFNS 198.3 0 14.8 7.6 

GUFSFNS 165.8 0 5.8 0.8 

PLC group     

PLC 235.6 0 54.3 40.4 

PLCF 193.2 0 38.4 13.0 

PLCSF 267.0 0 42.6 27.8 

PLCNS 261.4 0 29.7 26.0 

PLCFSF 181.8 0 25.0 4.6 

PLCFNS 230.6 0 12.1 1.1 

PLCFSFNS 198.1 0 4.2 0.0 
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The above trends indicate that ammonium sulphate represents a case of acid-sulphate 

attack on concrete. The damage process was aggravated due to the acidic action of ammonium 

ions, which triggered leaching/consumption of portlandite and production of gypsum (Figure 5.8 

and Table 5.1), resulting in softening of the cementitious matrix and loss of mechanical 

properties, as discussed in the results section. The reactions may be represented by Equations 

5.1-5.3 (Skalny et al. 2002, Nagele et al. 1984). 

NH4
+ ↔NH3 + H+                  (Eq. 5.1) 

Ca(OH)2 + (NH4)2 SO4→ CaSO4 .2 H2O + 2NH3              (Eq. 5.2) 

xCa.SiO2.aq + x(NH4)2SO4 + xH2O → SiO2.aq + xCaSO4. 2H2O + 2xNH3                (Eq. 5.3) 

In addition to total consumption of portlandite to produce gypsum (Table 5.1), there was 

dissolution of C-S-H, which might eventually convert to hydrous silica (Equation 5.3). Due to its 

low solubility and stability at low pH, the primary reaction product ‘gypsum’ was retained in the 

pores of the degraded parts of concrete. Continual deposition of this gypsum might have led to 

expansive pressure in the degraded matrix (Tian and Cohen 2000), resulting in loss of surface, 

debonding of aggregate and cracking, as observed in the SEM micrographs. Migration of 

sulphate ions towards the inner core, where the pH was still high, led to formation of secondary 

ettringite (Figures 5.9 and 5.11), due to reaction with aluminate phases, which amplified the 

damage of specimens made from single binders by expansion, as shown in Section 5.1.4.  
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Reaction zone Sound matrix 
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(a) (b) 

 

 

 

 

 

 

 

 

 

Figure 5.9: DSC results of the core (more than 5 mm from the surface; zone of high alkalinity) of 

some exposed specimens in the: (a) GU, and (b) PLC groups. 

 

Figure 5.10: Deteriorated surface and sound matrix in a PLCFSFNS specimen (left) and 

corresponding sulfur mapping (right).  
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Figure 5.11: Gypsum and ettringite coexisting in a GU specimen towards the inner core and 

corresponding EDX. (G: gypsum and E: ettringite) 

 

 

 

 

 

 

 

 

Figure 5.12 Micro-cracks extending towards the core of a deteriorated PLCFSFNS specimen 

(left), and gypsum formation near inner core cracks (right). 
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5.2.2. Effect of Type of Cement and SCMs 

As expected, in both the GU and PLC groups, the amount of portlandite decreased with 

increasing the dosage of SCMs in the binders. The depletion of portlandite in the matrix 

incorporating SCMs, even at 28 days, was due to dilution of the cement component and/or 

increased pozzolanic activity, resulting in production of additional/secondary C-S-H gel. This is 

reflected by the matrix densification observed in the penetrability results (Table 5.1.1). However, 

the reduction of penetrability (physical resistance), owing to SCMs, was not the only factor 

controlling the damage process of concrete specimens in the ammonium sulphate solution, for 

example as specimens made from the quaternary binders (GUFSFNS and PLCFSFNS) had 

significant loss of mechanical properties. Thus, it seems that the nature of binder constituents and 

hydrated phases also influenced the degradation process. Generally, the physico-mechanical 

results show similar performance among the GU mixtures and corresponding PLC mixtures, with 

marginal improvement in the retention of stiffness (Figure 5.6) and surface skin (i.e. less mass 

loss, Figure 5.3) for the PLC mixtures. This slight improvement may be attributed to the 

individual or combined effects of lower cementitious component (due to dilution of GU cement 

by 12% interground limestone) and acid neutralization capacity of the limestone component in 

PLC. However, the latter effect would diminish, especially with incorporation of higher dosages 

of SCMs (ternary and quaternary binders) due to dilution of cement and in turn the limestone 

component. 

Deteriorating specimens had a reaction zone mainly comprising gypsum crystals in a 

coarse and decalcified matrix (Figure 5.8, Table 5.1, and Figure 5.10). In the control specimens 

(100% GU or PLC), occurrence of ettringite rosettes was observed in fissures, voids and 

interfacial transition zones (ITZ) towards the sound paste coexisting with gypsum (more than 5 
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mm from the exposed surface), as shown in Figure 5.11, where the pH of the matrix was 

sufficiently high (pH > 9.0). Comparatively, ettringite was not encountered in notable amounts in 

the inner core of the other binders according to the DSC and SEM results [e.g. Figures 5.9 and 

5.12]. This indicates that the mechanisms of failure were different for the control and blended 

binders. The control (GU and PLC) mixtures had the highest penetrability (Table 4.1) and CH 

contents (Table 5.1). Also, these 100% GU and PLC binders had the highest aluminate contents 

(C3A of 9 and 7%, respectively). In a highly concentrated sulphate-bearing solution, all these 

parameters are favorable for gypsum and voluminous ettringite formation, towards the inner 

core, as observed in Table 5.1 and Figures 5.9 and 5.11. Consequently, single binder matrices 

suffered significant expansion and loss of mechanical properties. In contrast to single binders, 

the ternary (GUFNS and PLCFNS) and quaternary (GUFSFNS and PLCFSFNS) mixtures had 

the lowest penetrability (Table 4.1) and portlandite contents (Table 5.1) as well as maximum 

dilution of the C3A content, owing to the high dosage of SCM (35 and 40%) incorporating a 

highly reactive pozzolan (nano-silica). While these aspects might appear suitable for mitigating 

sulphate attack on concrete, specimens from these ternary and quaternary showed significant 

deterioration in mechanical properties, but without much expansion, as described in the results 

section. Formation of gypsum in the reaction zone and towards the inner core, with limited 

ettringite, was noted in the XRD and DSC results (Table 5.1, Figures 5.8-5.9). In the hydrated 

pastes of these binders with very limited CH contents at 28 days (Table 5.1) and more volume of 

cementitious gel, the C-S-H was vulnerable to the aggressively acidic action of NH4
+ ions and 

decalcification, resulting in considerable gypsum formation and in turn softening and cracking of 

the reaction zone relative to the sound core as depicted in Figure 5.10. These micro-cracks 

originating from the reaction front extended towards the sound paste (e.g. Figure 5.12), thus 
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facilitating more intrusion of fresh solution with consequent decomposition of cement gel and 

formation of gypsum. Hence, the mode of damage of these ternary and quaternary systems was 

governed by progressive softening and cracking of the paste, rather than expansion.  

Among the binary binders, mixtures containing 5% nano-silica (GUNS and PLCNS) had 

more consumption of portlandite, at 28 days, compared to the corresponding mixtures containing 

silica fume (GUSF and PLCSF) [Table 5.1], due to the very high specific surface (80,000 m2/kg) 

and in turn vigorous reactivity of nano-silica compared to silica fume (20,000 m2/kg). Thus, the 

incorporation of ultrafine SCMs in blended binders led to a relatively higher volume of cement 

gel, which reduced penetrability (Table 4.1); however, additional volume of cement gel might be 

also vulnerable to the acid-base and decalcification reactions, as explained earlier. This could 

explain the relatively better performance of ternary mixtures with SF (GUFSF and PLCFSF) 

compared to the corresponding mixtures with NS (GUFNS and PLCFNS). Comparatively, the 

binary mixtures comprising SF and NS seemed to have achieved a mutual balance between the 

degree of physical penetrability (Table 4.1) to discount the intrusion of the ammonium sulphate 

solution and adequate amount of portlandite available to protect the C-S-H gel from dissolution 

(Table 5.1). These physical and chemical attributes together allowed such binary mixtures to 

perform better than the control, ternary and quaternary mixtures in the GU and PLC groups, as 

reflected by their low expansion and high REd and RF values (Figures 5.4, 5.6 and 5.7).  

In the binders comprising fly ash, especially the binary binders (GUF and PLCF), the 

notable reduction in portlandite contents from 28 to 365 days in the curing chamber (Table 5.1) 

is due to efficient later-age pozzolanic activity of Type F fly ash (Mehta and Monteiro 2014). 

This behaviour affected the RF results for specimens comprising fly ash, as the flexural load of 

deteriorating specimens was compared to that of corresponding specimens in the curing room 
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after 12 months.  In the case of ternary binders, the initial portlandite contents were mainly 

governed by the more reactive SCMs component (silica fume or nano-silica) coexisting with fly 

ash and cement, which dictated the mode of damage as discussed earlier. In the ammonium 

sulphate solution, the later-age pozzolanic property of binary binders comprising 30% fly ash 

initially allowed an adequate supply of Ca(OH)2 to buffer C-S-H from decalcification by 

intruding NH4
+ ions. Indeed, such an effect diminished in the ternary and quaternary systems 

incorporating 30% fly ash with silica fume and/or nano-silica, with less initial portlandite 

contents. The competing actions of ammonium sulphate reactions at the surface of specimens 

and slow pozzolanic activity beyond the zone of reduced alkalinity, allowed the development of 

a dense layer beneath the reaction zone. SEM and EDX analyses (e.g. Figure 5.13 and 5.14) 

showed that this layer comprised silico-aluminous gel (undetectable by XRD and DSC) 

encapsulating extremely small crystallites of gypsum (detectable at high magnification of 5000x) 

and fly ash particles. This passivating layer, which was not observed in other binders, provided a 

protective effect for the sound core in the binary fly ash mixtures allowing their specimens to 

retain mechanical integrity without much expansion, similar to specimens from the other binary 

binders comprising silica fume or nano-silica. 
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Figure 5.13: Protective layer (PLCF) comprised of silico-aluminous gel encapsulating extremely 

small crystallites of gypsum and unreacted fly ash (left) with elemental mapping (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Exemplar micrographs of SEM and EDX analyses of a PLCF specimen: extremely 

small gypsum crystals and unreacted fly ash beads are encapsulated by hydrous silica gel. 
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6. Summary, Conclusions and Recommendations 

6.1. Summary 

In this thesis, two experimental phases were conducted in order to comprehend the behaviour of 

supplementary cementitious materials (SCMs) in concrete exposed to acidic environment. Two 

different acidic environments were selected, sulfuric acid and ammonium sulfate. For both 

exposures, fourteen concrete mixtures were tested where the mixture design variables were the 

type of cement and dosages of various SCMs (type of binder) with different levels of physical 

penetrability, hydration products and acid resistance. The assessment criteria were based on 

physical properties (physical penetrability, visual appearance, mass loss, change in splitting 

tensile load, change in flexural load, expansion and relative dynamic modulus of elasticity). In 

addition, the alteration of microstructure was examined by mineralogical, thermal and 

microscopy studies. The exposure condition for both exposures was full immersion of specimens 

in 5% concentrated solutions of sulfuric acid an ammonium sulfate. The sulfuric acid exposure 

was short (90 days) due to the nature of the solution, and in comparison, the ammonium sulfate 

exposure was longer (365 days). The specific conclusions of both exposures are given in the 

subsequent sections.  

6.2. Conclusions for the Sulfuric Acid Exposure 

Considering the high concentration of sulfuric acid solution, period of exposure, testing methods, 

and the material types as well as proportions used in this thesis, the following conclusions can be 

drawn: 

 The damage manifestations of concrete were represented by white powdery material 

deposited progressively on the surface of all specimens, exposed aggregates and uneven 
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surfaces. In addition, the cross section of specimens at the end of exposure consisted mostly 

of a sound core with a very thin reaction zone (0 to 2 mm). However, visual assessment did 

not show distinctive features of damage among specimens made from the single or blended 

binders in the GU and PLC groups throughout the entire exposure.  

 At the end of exposure, concrete specimens made from the quaternary binder containing GU, 

fly ash, silica fume and nano-silica (GUFSFNS) had the highest mass loss of 29% in the GU 

group, while specimens made from the binary binder comprising GU and fly ash (GUF) had 

the lowest total mass loss of 18%. Correspondingly, the counterpart specimens from the PLC 

group had mass losses of 26% (PLCFSFNS) and 20% (PLCF), respectively.  

 Except for specimens made with PLC and fly ash (PLCF), all PLC specimens had similar or 

marginally lower mass loss compared to their corresponding GU specimens. The effect of 

PLC can only be regarded as ‘significant’ in the case of control (PLC vs. GU) and quaternary 

specimens (PLCFSFNS vs. GUFSFNS). This slight improvement might be due to the acid 

neutralization effect offered by the higher limestone (12%) component in PLC; however, this 

content was diluted in the case of blended binders due to replacement of PLC with SCMs. 

 The mass loss and change in strength of concrete exposed to highly severe acidic media are 

two independent parameters; the former reflects the decomposition that takes place in the 

exposed surface, while the latter is affected by a number of parameters including the 

texture/geometry of testing surface and alteration of the bulk volume of the sound core 

relative to the features of the degradation zone in specimens.  

 For both the GU and PLC groups, the portlandite content in the specimens decreased with 

increasing the dosage of SCMs in the binders due to dilution of the cement component and 

pozzolanic activity, resulting in production of additional/secondary C-S-H gel. Mixtures 



 

89 

 

containing nano-silica had more consumption of portlandite compared to the corresponding 

mixtures containing silica fume. Hence, such blended binders led to more volume of 

cementitious gel vulnerable to decomposition in the sulfuric acid solution, as reflected by the 

increased amounts of gypsum in these binders (detected by XRD and DSC), and 

corresponding higher mass and tensile load (softening) losses. 

 The amounts of residual portlandite in all specimens under acidic exposure can be mostly 

attributed to the extent of hydration and pozzolanic (in blended binders) reactions taking 

place in the sound matrix (since these values were close to that in specimens stored at 

standard curing conditions) and perhaps partially to the neutralization reaction with acid at 

the interface of the reaction and sound zones in specimens. This imparts that most of the 

portlandite generated in the sound core through hydration of the cement component was 

consumed by the SCMs (with the exception of GUF and PLCF) depending on their types and 

relative reactivates. It also emphasizes that in cementitious systems comprising highly 

reactive SCMs (e.g. nano-silica) and subjected to severe sulfuric acid attack, gypsum 

formation was due to significant decalcification of C-S-H rather than decomposition of CH, 

which had deleterious consequences on concrete.  

 The enthalpy of portlandite in the binary specimens with 30% fly ash (GUF and PLCF) 

stored in the curing chamber was 40 to 50% of that in the corresponding specimens 

immersed in the acid solution, which implies that the later-age pozzolanic activity of Type F 

fly ash was remarkably discounted in severely aggressive acidic media. Microstructural 

observations confirmed the existence of abundantly unreacted and intact fly ash particles 

within the surface of concrete which acted as inert filler in severely acidic media (maximum 
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pH of 2.0). Consequently, the paste surface vulnerable to acidic reactions was reduced and 

the rate of mass loss of GUF and PLCF specimens decreased. 

 Ternary and quaternary specimens comprised more products within the reaction zone, which 

consisted mainly of gypsum and hydrous silica (undetectable by XRD or DSC) in a notably 

porous and coarse matrix, which facilitated continual interaction with the acidic solution. 

Under highly aggressive acidic conditions, surfaces of such cementitious matrices with 

additional proportion of C-S-H, lower portlandite content and limited occurrence of 

unreacted fly ash suffered higher rates of mass loss despite having very low physical 

penetrability.  

 Improvement of the physical resistance of concrete by addition of fine or ultrafine (silica 

fume and nano-silica) SCMs in blended systems tended to increase the surface degradation 

(mass loss) of concrete under severe sulfuric acid attack. Comparatively, notable 

improvement in the acidic resistance of concrete was particularly observed for the binary 

systems comprising 30% fly ash, which did not show the lowest penetrability. Therefore, the 

relationship between the penetrability of specimens and their total mass losses (surface 

degradation) after exposure to the sulfuric acid solutions was mixed. The degradation of 

concrete was mainly linked to the chemical nature of the cementitious paste at the exposed 

surface as shown by the mineralogical, thermal and microscopy analyses, which suggests that 

the approach of improving the physical resistance of concrete to mitigate severe acidic attack 

should be reconsidered.  
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6.3. Conclusions for the Ammonium Sulfate Attack Exposures 

Considering the high concentration of ammonium sulfate solution, period of exposure, testing 

methods, and the material types as well as proportions used in this thesis, the following 

conclusions can be drawn: 

 The damage manifestations of ammonium sulfate attack on concrete can be characterized by 

decomposition/softening, expansion, cracking and spalling. The extent and occurrence of 

these features depend on the type of binder, and thus multiple performance parameters along 

with mineralogical and microstructural analyses were needed to assess the performance of 

concrete under such an exposure.  

 The overall results indicate that the resistance of concrete exposed to ammonium sulfate is a 

function of physical penetrability, amount of C3A in cement and content of portlandite 

available for chemical reactions in the hydrated paste, as well as the volume of C-S-H 

vulnerable to decompositions/decalcification by the NH4
+ ions. Depending on the type of 

binder and the dosage and nature of SCMs, the interaction of these parameters dictated 

different modes of deterioration, and in turn physico-mechanical trends.  

 Control specimens with 100% GU cement or PLC showed significant expansion and loss of 

mechanical properties after 12 months of exposure to 5% ammonium sulfate solution; 

however, for specimens made from blended binders the performance was mainly controlled 

by the dosage and type of SCMs with specimens incorporating PLC performing similar to or 

slightly better than corresponding specimens incorporating GU cement. While specimens 

from all the ternary and quaternary binders incorporating nano-silica had marked losses in 

mechanical properties (without much expansion), specimens from all binary binders 

performed much better in terms of physico-mechanical behavior.  
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 The control binders made from 100% GU cement or PLC had the highest physical 

penetrability and C3A contents, facilitating migration of sulfate ions towards the inner core 

and consequently formation of gypsum and expansive ettringite, which amplified the damage 

of specimens made from single binders. Conversely, for blended binders with a high level of 

SCM replacements, which had the lowest penetrability and portlandite contents, more 

volume of cementitious gel was vulnerable to the aggressively acidic action of NH4
+ ions and 

decalcification; thus, the mode of damage of these ternary and quaternary systems was 

governed by progressive softening and cracking of the paste, rather than expansion.  

 Specimens made from the binary binders with 5% silica fume or nano-silica showed good 

performance in the ammonium sulfate solution due to a mutual balance between the degree 

of physical (fairly low penetrability) and chemical (adequate amount of portlandite available 

to protect the cement gel from dissolution) resistances. Comparably, binary binders with 30% 

fly ash (Type F) had good performance in the ammonium sulfate solutions due to the 

availability of portlandite phase in the matrix, and later-age pozzolanic activity. This allowed 

a gradual formation of a passivating layer of silico-aluminous gel encapsulating small 

crystallites of gypsum underneath the surface of concrete, which protected the inner core of 

specimens.   

6.4. Recommendations for Future Work 

The results and discussion presented in this thesis provide many useful insights for the extension 

of this research work. The following are recommendations for further investigations: 

 Repeating the sulfuric acid exposure on the same mixture designs with very slow and gradual 

increase in concentration from a very mild to a harsh exposure to replicate field conditions.  

 Developing a standard test method for sulfuric acid exposures on concrete. 
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 Due to the complex nature of the degradation mechanisms of ammonium sulfate attack on 

concrete, modeling of these interrelated functions may be beneficial for better understanding 

of this durability issue and thus is recommended for future research. 

 Investigating the effect of other types of SCMs and coatings on the performance of concrete 

in the sulfuric acid and ammonium sulfate exposures.  
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Appendix A: Sulfuric Acid Attack
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Figure A.1: Relative dynamic modulus of elasticity versus time for groups: (a) GU, and (b) PLC 

specimens. 
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Figure A.2: Samples with visible color difference GUF(left) and GUSFNS(right). 

  

 

 

 

 

Figure A.3: Plenty of gypsum deposit in acid bath. 
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Appendix B: Ammonium Sulfate Attack 
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Figure B.1: Average change of pH over 52 weeks. 

 

 

 

 

 

 

Figure B.2: Gypsum crystals growing inside a sample (PLCFNS). 
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Figure B.3: Gypsum crystals growing on the surface of a sample after 2 weeks of exposure 

(PLC). 

 

 

 

 

 

 

Figure B.4: Concrete cylinders exposed to 5% ammonium sulfate exposure for 12 months. 


