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A special type of reinforced concrete structure exposed to different forms of sulfate attack is 

the sulfur storage structure, typically referred to as “Sulfur Pit”. Sulfur Pit is an essential part 

of oil and gas processing facilities where the sulfur after extraction from the hydrocarbons in 

Sulfur Recovery Units is stored and maintained in liquid phase at temperatures ranging from 

130°C to 160°C. The reinforced concrete sulfur pits are exposed to a very corrosive 

environment and subject to frequent deterioration in a short span of time, especially the roof 

slab which is exposed to acidic gases/vapor fumes. This research presents field and laboratory 

investigation of the deterioration mechanism of special reinforced concrete structures used to 

store molten sulfur. In addition, it presents laboratory experimental investigation of eight 

different types of concrete mixes exposed to sulfuric acid at ambient as well as elevated 

temperature (100oC) temperature. The scope includes evaluation of the physical and 

mechanical properties (compressive strength, mass loss, permeability, acid penetration and 

modulus of elasticity) as well as material analysis including SEM, EDX, XRD and FTIR for 

concrete samples before and after exposure to sulfuric acid. Numerical modeling of the 

damage was developed and a parametric study was performed to evaluate the role of various 

parameters in the damage and compared to actual experimental obtained data. 
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  ملخص الرسالة

 
 

 حسن بن علي بن عبدهللا الخليفة :الكاملاالسم 
 

 لتدهور الخرسانة المعرضة للكبريت المصهور يةددالع مذجةوالن مخبريالتحقيق ال :عنوان الرسالة
 

 الهندسة المدنية التخصص:
 

01/05/1440 :تاريخ الدرجة العلمية   

 

جزء أساسي من مرافق معالجة النفط والغاز حيث يتم تخزين الكبريت بعد  تعتبر منشآت تخزين الكبريت المبنية من الخرسانة المسلحة

 130من الهيدروكربونات في وحدات استرداد الكبريت والحفاظ عليها في المرحلة السائلة في درجات حرارة تتراوح من  هاستخراج

ألشكال  ةالمعرضمنشآت من الخاص وفريد  منشآت تخزين الكبريت المبنية من الخرسانة المسلحة نوع تعتبر درجة مئوية. 160إلى 

تتعرض الخرسانة المسلحة لبيئة شديدة التآكل وتخضع للتدهور المتكرر في فترة زمنية  .اتالكبريت التدهور الذي تسببهمختلفة من 

يقدم هذا البحث تحقيقات ميدانية ومعملية آللية التآكل الخاصة  .وخصوصا لألجزاء المعرضة للغازات الحمضية واالبخرة قصيرة

إلضافة إلى ذلك، فإنه يقدم تحقيقات تجريبية مختبرية لثمانية أنواع بهياكل الخرسانة المسلحة المستخدمة لتخزين الكبريت المنصهر. با

 100درجة الحرارة المرتفعة )في مختلفة من الخلطات الخرسانية المعرضة لحمض الكبريتيك في درجة الحرارة المحيطة وكذلك 

)قوة االنضغاط، فقدان الكتلة، النفاذية، اختراق الحمض ومعامل  الميكانيكيةالفيزيائية و يشمل البحث تقييم الخواص. درجة مئوية(

لعينات الخرسانة قبل وبعد التعرض لحمض  FTIRو XRDو EDXو SEMالمرونة( باإلضافة إلى تحليل المواد بما في ذلك 

 المختلفة في من عناصر النمذجةالعديد وتم إجراء دراسة لتقييم دور  ةمحاكات تدهور الخرسانتم تطوير النمذجة العددية ل. الكبريتيك

 .ا مختبرياومقارنتها بالبيانات التجريبية الفعلية التي تم الحصول عليه تدهور الخرسانة تحديد مدى
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1 CHAPTER 1 

INTRODUCTION 

Concrete is an essential structural material that has long been used for the construction of 

buildings, bridges, foundations, tanks, pavements, tunnels, dams and other structures. Owing 

to its physical properties and economical use, concrete has been the backbone of any country’s 

infrastructure. It has also been the backbone of the Oil and Gas facilities infrastructures for 

building more challenging structures exposed to highly aggressive environment.  Concrete is 

subject to various forms of deterioration mechanisms which affects its ability for the intended 

use and limit its service life. In general, concrete has a low resistance to chemical attacks. The 

most common forms of chemical attack on concrete are the corrosion of steel reinforcement 

due to chloride attack and due to carbonation (carbon dioxide), sulfate attack on the concrete, 

Alkali-aggregate reactions and acid attacks. 

Sulfate attack on concrete has been considered one of the major deterioration mechanisms in 

concrete structures. Sulphates present in soils, underground water and seawater ingress 

through the concrete, reacts with its components and form expansive compounds. The 

reaction leads to an increase in volume of the products resulting in disintegration of the 

concrete matrix. Traditionally, Sulfate resisting cement (ASTM Type V cement) has been 

specified by international standards for exposure conditions involving high sulphate. 
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Although various forms of the attack have been investigated extensively in literature, Neville 

(2004) referred to the existing debate and understanding of the phenomena. Nevil in his 

review referred to the various opposing researchers’ views of the phenomena and emphasized 

the need for more field-based research/investigation rather than the laboratory research which 

in his view has already been addressed extensively. 

The main forms of concrete chemical attacks classified as sulfate attack are the internal sulfate 

attack (ISA) and the external attack (ESA). On the other hand, sulfate attack on concrete due 

to oxidation of iron sulfide, such as pyrite, in the soil, is another form of chemical attack that 

involves sulphate but largely referred to as an acid attack because sulfuric acid is formed 

(Cefis 2014). 

In the internal sulfate attack (ISA) the sulfate ions are already present within the material 

through the mixed cement or aggregate. The external attack on the other hand, sulfate from 

external source penetrate into the concrete through its porous microstructure. Eventually, 

sulfate will react with hydrated products of the cement leads to the formation of gypsum and 

secondary ettringite. The product formed increase in volume and exerts an internal pressure 

resulting cracking and material degradation Cefis (2014). 

Another mechanism of concrete deterioration involving sulfate is the sulfuric acid attack. The 

sulfuric acid reduces the concrete alkalinity, destroying the passivity protecting steel and 

causing corrosion. Sulfuric acid exists naturally in groundwater or formed in sewage waste 

water and chemical waste from industrial sources (Hobbs & Taylor 2000, Fattuhi & Hughes 

1988) leads to degradation of concrete. Sulfuric acid damage in concrete is durability issue 
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that affects the life cycle performance and maintenance cost of vital civil infrastructures 

(Bassuoni & Nehdi 2007).  

A special type of reinforced concrete structure exposed to different forms of sulfate attack is 

the sulfur storage structure, typically referred to as “Sulfur Pit”. Sulfur Pit is an essential part 

of oil and gas processing facilities where the sulfur after extraction from the hydrocarbons in 

Sulfur Recovery Units is stored and maintained in liquid phase at temperatures ranging 

from130 °C to 160 °C.   

     

 

Figure 1-1: Deterioration of the roof of a concrete sulfur pit structure 

The reinforced concrete sulfur pits are exposed to a very corrosive environment and subject 

to frequent deterioration in a short span of time. Corrosion of reinforcing steel and sulfate 

attack are prominent forms of deterioration leading to delamination spalling of concrete cover 
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in the walls and the roof of the sulfur pit. Heavy deterioration is more prominent in the soffit 

of the roof slab and the upper part of the walls (vapor zone). The extracted molten sulfur 

contains some moisture in addition to the ingress of moisture from external sources as well as 

from the steam coil used to heat the sulfur to maintain the liquid phase. The sulfuric acid and 

fumes, which are formed when the molten sulfur is combined with moisture, in addition to 

the residual sulfuric acid and gases which remains after recovery process attack the 

reinforcing steel causing corrosion.  

Investigation of a typical sulfur pit (Figure 1-1) was conducted including, visual inspection, 

carbonation depth, chloride and sulfate content, compressive strength, corrosion potential. 

Extensive cracking in the upper part of the walls and the bottom of the roof slab have been 

noticed along with stains and sign of corrosion. Delamination of the concrete cover and 

Spalling has been noticed at 60% of the roof soffit. Chloride quantities found were within or 

lower than threshold (<0.08% by weight of cement). The depth of carbonation measured with 

a pH color indicating solution (Phenolphthalein) on a sample core, revealed significant 

carbonation covering almost the full depth of the core. 

Although a very high sulfur content was identified through the cores extracted from the 

submerged part of the walls, a significant increase has been noticed the compressive strength 

of these cores. From the loading prospective, the reinforced concrete structure is also 

subjected to extreme stresses due to temperature gradient across the concrete walls and the 

roof slab. This creates tensile stresses which cause micro and macro cracks and provides 

pathways for more ingress of sulfur/sulfuric acid, and water from external sources (such as 

ground water, wash water and steam pipes. 
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Although sulfuric acid attack has been recognized as a major cause of concrete distress, it 

remains less understood how the distress develop in reinforced concrete structures exposed to 

molten sulfur along with moisture and high temperature environment typically encountered 

in oil and gas facilities.  

1.1 Research Significance  

Sulfur storage reinforced concrete structures are essential part of oil and gas processing 

facilities and are subject to frequent deterioration which disturb operations and requires 

frequent shutdown of the facility to conduct repairs. Moreover, it is a very specialized 

engineering application that has not been addressed specifically in literature before. Providing 

an understanding of the problem and developing solution will lead to proper specification and 

construction of such structures with extended service life to minimize repairs and operation 

interruptions. This will result in great economic benefit to the Oil/Gas operating facilities. 

1.2 Research Objective 

The objectives of this research are: 

▪ Analyze and understand the exposure environment and deterioration mechanisms of 

concrete structures subject to molten sulfur. 

▪ Evaluate the performance of various types of concrete subjected to this environment.  

▪ Develop numerical modeling of the sulfuric acid damage mechanism  

▪ Provide recommendations for building sulfur pit structures for the oil and gas industry 
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The proposed research will further develop the understanding of the mechanisms of sulfuric 

acid attack by laboratory and field investigating of concrete exposed to molten sulfur/sulfuric 

acid at microstructural level. 

1.3 Research Methodology 

The research will be conducted as follows: 

▪ Literature review of the mechanisms of various forms of sulfate attack and analysis of 

the exposure environment and various loadings present in sulfur pit structures. Focus 

of the research will be on sulfuric acid attack which is the prominent form in sulfur pit 

structures.  

▪ Field investigation of actual sulfur pit structures using visual inspection, 

nondestructive (NDT) and semi-destructive testing (SDT), which include acoustic 

impact testing, ground penetrating radar (GPR) testing and ultrasonic Impact echo 

testing. Laboratory testing on field collected samples (Core and powder samples) 

include chloride content, sulfate content, depth of carbonation, and concrete 

compressive strength. 

▪ Experimental program will be established to evaluate the performance of eight 

different types of concrete exposed to sulfuric acid environment. Laboratory 

investigation of the physical and mechanical properties and microstructural 

investigation will be conducted to understand the damage mechanism. 

▪ Numerical modeling of the damage will be developed and a parametric study 

performed to evaluate the role of various parameters in the damage and compared to 

actual experimental obtained data. In the multi-physics numerical simulation, both 
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chemical and physical processes taking place through the concrete body can be 

simulated. In addition, the resulting distress in the concrete and the subsequent 

cracking could be determined. The model will be validated by experimental actual 

data. 

1.4 Thesis Outline  

Chapter 1 provides and overview of the of the problem and the significance and objectives 

for conducting this research. Also, it provides general plan for the work to be conducted and 

the methodology followed.  

Chapter 2 provides a literature review to develop understanding of the principles behind the 

behavior of concrete. It starts by an overview about the material composition of cement and 

various types of supplementary material used in concrete as well as some special types of 

concrete. This chapter also provide understanding of the concrete composition and its 

microstructure. This is followed by discussion of the deterioration mechanism of concrete 

subjected to sulfate/sulfuric acid and previous attempts by researchers to address the problem. 

Also, the concept of modeling the deterioration mechanism in order to predict damage and 

determine service life is discussed. 

Chapter 3 provides afield investigation of existing sulfur storage reinforced concrete 

structures.  Laboratory testing on samples obtained from the field is conducted to understand 

the deterioration mechanism. 

Chapter 4 is a description of the experimental program set to evaluate various types of 

concrete materials subjected to sulfuric acid at different conditions. Detail of the materials 
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used is discussed in addition on the sulfuric acid exposure set up. This chapter also provide 

detail of the performance monitoring and testing. Results are presented and discussed in 

chapter 5. 

Chapter 6 provide a description of the numerical modeling for the sulfate/sulfuric acid attack 

on concrete. Parametric study illustrates the effect of the various model parameters on the 

damage of concrete. Numerical obtained results are compared with experimental data and 

discussed. 

Chapter 7 provides a concluding remark on the research findings and recommended future 

work. 
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2  CHAPTER 2      

  LITERATURE REVIEW 

2.1 Introduction 

Concrete is the most widely used material in construction due to its mechanical and chemical 

properties as well as to its economical use for many applications. Hydration of cement is the 

primary mechanism by which fresh and hardened concrete obtain its properties. The physical 

and chemical composition of cement has direct effect on determining the resulting fresh and 

hardened concrete properties, and determining its resistant to the exposure environment. 

Supplementary cement materials such as Silica Fume (SF), Fly Ash (FA), Glass Granulated 

Blast Furnace Slag (GGBFS) have been widely used as partial replacement to cement due to 

beneficial physical and chemical properties to concrete. Special formulated cement such as 

Calcium Aluminate cement and Alkali Activated (Polymer) concrete based on the concept of 

using alkali activators have been proposed for beneficial application is sulfuric acid exposure. 

This chapter provides an overview of the chemical composition of ordinary Portland cement 

and the formed compounds out of the hydration process in concrete. Other cementitious 

materials such as GGBFS, FA and SF and their beneficial effect and impact on concrete 

microstructure is discussed in detail. This chapter also provide detail of some special types of 

concrete proposed in literature for their resistance to sulfate and sulfuric acid such as Alkali 

Activated (polymer) concrete and Calcium Aluminate concrete (CAC). 
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2.2 Composition of Portland Cement  

Portland cement is produced by chemical reactions at high temperature of raw material mainly 

limestone and clay and involving calcium oxide (CaO), silica (SiO2), alumina (Al2O3), and 

iron oxide (FeO3) to form what is known as clinker which subsequently is pulverized with a 

small amount of gypsum. Clinker is composed primarily of Tricalcium silicate (C3S), 

Dicalcium silicate (C2S), Tricalcium aluminate (C3A), and Tetracalcium aluminoferrite 

(C4AF). Compounds and their corresponding Abbreviations are given in Table 2-1 and Table 

2-2 (Mehta and Monterio 2006). Composition of OPC and SRPC cements is presented in  

 

Table 2-3. 

Table 2-1: Composition of Portland Cement (Mehta and Monterio 2006). 

Chemical Name Oxide 

Composition 

Abbreviated 

Formula 

Tricalcium silicate 3CaO.SiO2 C3S 

 

Dicalcium silicate 2CaO.SiO2 

 

C2S 

 

Tricalcium aluminate 3CaO.Al2O3 

 

C3A 

Tetracalcium 

aluminoferrite 

4CaO.Al2O3.Fe2O3 C4AF 

 

Table 2-2: Oxides Composition of Portland cement (Mehta and Monterio 2006). 

Oxide Content % 

CaO 60-67 

SiO2 17-25 

Al2O3 3-8 

Fe2O3 0.5-6.0 

MgO 0.5-4.0 

Na2O 0.3-1.2 

SO3 2.0-3.5 
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Table 2-3: Composition of OPC and SRPC cements 

ASTM 

Type 

Description Compound Composition Range (%) 

  C3S C2S C3A C4AF 

I Ordinary 50-55 15-20 5-12 6-10 

V Sulphate Resistant 40-50 25-35 0-4 10-15 

 

Alite (C3S) constitute the largest portion of cement, reacts quickly and has the highest impact 

on the initial set and early strength development of concrete. Belite (C2S) is the second largest 

constituent, hydrates slowly and responsible for the later development of strength. Celite 

(C3A) on the other hand, is not directly responsible for strength development, but it has an 

important role is facilitating the hydration process. brownmillerite (C4AF), contributes has a 

slight contribution to strength gain and very important role as flux in the manufacturing. 

(JUMATE 2011). 

The hydration process involving the four mentioned cement compounds can be explained by 

the following reactions.  

Alite reaction 2C3S + 6H → C3S2H3 + 3CH 

 

Belite Reaction 

 

2C2S + 6H →  C3S2H3 + CH 

 

Calcium Ferro aluminate Reaction C3A + 3CSH2 + 26H → C6AS3H32 

in absence of gypsum: 

2C3A + C6AS3H32 + 4H → 3C4ASH18 

Calcium Aluminate Reaction C4AF + 3CSH2 + 21H → C6(A,F)S3H32 + (A,F)H3 

in absence of gypsum: 

C4AF + C6(A,F)S3H32 + 7H → C4(A,F)SH18 + (A,F)H3 
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C=CaO,  A=Al2O3, S = SO3,  H=H2O 

2.2.1 Calcium Silicate Hydrate (C-S-H) 

The calcium silicate hydrate phase (C-S-H) constitutes the largest solids volume of hydrated 

Portland cement paste (%50-60) and considered the most important phase determining the 

properties of the paste. Its morphology can be described as poorly crystalline. Due to their 

colloidal dimensions and a tendency to cluster, C-S-H crystals could only be resolved with 

the advent of electron microscopy and is largely denoted to as C-S-H gel in literature. Its 

chemical composition depends on various parameters such as the w/c ratio, hydration age, 

and temperature. Hence, it widely referenced as C-S-H, a notation that does not imply a fixed 

chemical composition. On complete hydration, the approximate composition of the material 

may be assumed as C3S2H3; this composition is therefore used for stoichiometric calculations. 

2.2.2 Calcium Hydroxide 

Calcium hydroxide crystals (also called Portlandite) constitutes 20 to 25 percent of the volume 

of solids in the hydrated paste. In contrast to the C-S-H, calcium hydroxide is a compound 

with a definite stoichiometry, Ca(OH)2. It tends to form large crystals with distinctive 

hexagonal-prism morphology. The morphology usually varies from nondescript to stacks of 

large plates, and is affected by the available space, temperature of hydration, and impurities 

present in the system. Compared with C-S-H, the strength-contributing potential of calcium 

hydroxide is limited as a result of considerably lower surface area.  

2.2.3 Calcium Sulphoaluminates Hydrates 

Calcium sulphoaluminate hydrates constitute 15 to 20 percent of the solid volume in the 

hydrated paste and, therefore, play only a minor role in the microstructure-property 
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relationships. It has already been stated that during the early stages of hydration the 

sulfate/alumina ionic ratio of the solution phase generally favors the formation of trisulphate 

hydrate, C6AS3H32, also called ettringite, which forms needle-shaped prismatic crystals. In 

pastes of ordinary Portland cement, ettringite eventually transforms to the monosulphate 

hydrate, C4ASH18, which forms hexagonal-plate crystals. The presence of the monosulphate 

hydrate in Portland cement concrete makes the concrete vulnerable to sulfate attack. It should 

be noted that both ettringite and the monosulphate contain small amounts of iron, which can 

substitute for the aluminum ions in the crystal structure. 

2.3 Supplementary Cementitious Materials (SCMS)  

Due to their beneficial impact on the mechanical and durability properties of concrete and 

driven by the need for sustainability, the use of supplementary cementitious materials (SCMs) 

has been increasing in the construction industry throughout the world. SCMs such as fly ash, 

silica fume, ground granulated blast-furnace slag (GGBFS) are waste or by-products of other 

industries and their use can lead to more sustainability in addition to the economic gain. Their 

beneficial effect on mechanical and durability properties is due to the pozzolanic reactions 

nature or due to their effect as a filler (Mehta & Monteiro 2006). Use of SCMs has been 

adopted and encouraged by most international concrete specifications/standards. 

Pozzolana is described as a siliceous or siliceous and aluminous material which by itself 

possesses little or no cementitious value but will, in finely divided form and in the presence 

of moisture, chemically react with calcium hydroxide at ordinary temperatures to form 

compounds possessing cementitious properties (ASTM 618). The reaction leads to formation 

of more CSH and contribute to enhanced strength and pore structure. 
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Pozzolanic redaction is a slow reaction which slows the strength development and associated 

rates of heat liberation. Moreover, it is lime-consuming which enhance the concrete resistance 

to acidic environments. The reaction products filling effect of capillary makes the concrete 

matrix less permeable and therefore improves both the strength and durability of concrete. 

(Mehta 2006) 

The specific benefits of SCMs in durability of concrete subjected to sulfate or sulfuric acid 

environment can be attributed to the reduction in concrete permeability which slows the 

diffusion of sulfate ions into the concrete, and to the reduction of calcium hydroxide phases 

which is subject to quick dissolution in acidic environment. (Osama 2013). 

In a research study by (Janina 2013), the pozzolanic reaction effect on durability of concrete 

subjected to sulphate ion containing solution was investigated in microstructure level. The 

study described the mechanism by silica contained in FA react with calcium hydroxide to 

form CSH and confirmed the positive effect on reducing permeability and reduction of 

calcium hydroxide to form more CSH. (Fang 2017) referred to the same benefit in pozzolanic 

reaction of GGBFS and FA in reducing Ca(OH)2 and calcium aluminate hydrate in the cement 

paste to form CSH in addition to the filler effect. He concluded that both would lead to denser  

matrix and reduce ingress of sulfate ions. 
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2.3.1 Fly Ash (FA)  

Fly ash (FA) is a by-product of coal burning, precipitated from the exhaust gases of coal-

burning power generation plants (Neville 1996). It is the most widely used SCM in 

construction products (Siddique 2004; Vessalas 2009). It consists of four major oxides 

namely; calcium oxide (CaO), alumina (Al2O3), silica (SiO2), and iron oxide (Fe2O3). Silica 

constitute the largest portion (%40-60), followed by alumina (%20-30). Based on the source 

of FA, the content of iron is found in wide range. And many researchers have reported 

associated qualities issues due to this variation. (Kumar & Mehrotra 2007, (Noushini, Babaee 

& Castel 2015, Sarkar et al. 2005; Vessalas 2009; Woolley & Coombs 1996). 

FA particles are spherical in shape and have a size in the range of 1μm and 100 μm which has 

a positive impact on properties of fresh and hardened concrete (Neville 1996, Malhotra, V. 

M. 1990; Meyer 2009; Siddique 2004). 

The beneficial mechanical and durability benefits depend largely on the percentage 

replacement of cement. Replacement in excess of %30 could have an adverse effect (Aydın 

et al. 2007) on both short and long mechanical properties and durability 

2.3.2 Silica Fume (SF)  

Silica fume (SF) is a by-product from the silicon and ferrosilicon industry. The escaping 

gaseous SiO oxidizes in the submerged-arc electric furnace, condenses in the form of 

extremely fine (0.03 and 0.3 μm) and spherical shaped particles of amorphous silica (SiO2), 

that is highly reactive and accelerate the calcium hydroxide reaction produced by the 

hydration of Portland cement (Neville 1996). SF has been widely researched and reported to 
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improve both mechanical properties and durability of concrete (Massoud, Mohamed & 

Hassan 2003).  

2.3.3 Ground Granulated Blast-Furnace Slag (GGBFS) 

Blast furnace slag is a by-product generated during the production of iron, classified as an 

amorphous material. Unlike FA and SF, it has a self-cementing property (CaO calcium 

content of %35-40 and does not require calcium hydroxide to form cementitious products 

such as C-S-H. Its particles are angular and have a size around 45μm (Mehta & Monteiro 

2005). GGBFS is, known to improves both mechanical and durability properties of concrete. 

Its low heat of hydration (Meyer 2009) makes it ideal for mass concrete applications. GGBFS 

was found to improve concrete resistance to sulfate attack. (Higgins and Crammond 2003)  

2.3.4 Calcium Aluminate Cements (CAC) 

Calcium Aluminate cement (CAC) was initially developed to resist sulfate attack. Unlike 

Portland cement, the hydration reaction of CAC, doesn’t form calcium hydroxide which is the 

reason it has a better resistance to sulfate and acidic environments and to elevated temperature 

exposure (Bassouni and Nehdi 2007). The hydration reaction of CAC forms mainly Alumina 

gel. (Neville 1996). CAC is the product obtained by pulverizing calcium aluminate cement 

clinker (hydraulic calcium aluminates). It contains monocalcium aluminate (CA) as the 

principal cementing compound with C12A7, CA, C2AS, C2S, as minor compounds. Al2O3 in 

the range of (%50-80) (ASTM C 219).  

Evolution of the hydration reaction and products formed are dependent on both time and 

temperature, causing a phenomenon that is called “Conversion” where the CAC hydrates and 

gains strength which drops again after some period of time and temperature rise. Initially at a 
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temperature of 20oC it will form CAH10, convert to C2AH8 between 21 and 30°C, and finally 

to C3AH6 at higher temperature. Under conditions of elevated temperature C3AH6 will form 

which is the most stable and least soluble.  

2.3.5 Alkali Activated (Polymer) Concrete  

Polymer concrete is based on aluminosilicate rich material (Such as GGBFS, FA) mixed with 

a high alkaline solution that is usually composed of an alkali hydroxide and alkali silicate 

(Borges 2016). The aluminosilicate dissolves in the high pH of the activating solution and 

undergoes a series of chemical reactions that leads to the formation of solidified material, 

which hardens and develops mechanical strength comparable to or higher than that of Portland 

cement-based materials (Borges 2016). The final product of the alkaline activation reaction 

of aluminosilicates, low-calcium or calcium-free materials produces a matrix composed of a 

Na2O-Al2O3-SiO2-H2O gel (N-A-S-(H)), also described as geopolymer gel. On the other hand, 

calcium-rich activated materials will also produce a CaO-Al2O3-SiO2-H2O gel (C-A-S-H), 

resembling the composition of Portland cement paste (C-S-H gel like structure) (Yep 2005). 

GGBFS is an example of the calcium rich activated material. (Borges 2016). Activation of 

two components Aluminosilicate materials to ensure more of calcium availability has been 

reported advantageous due to acceleration of hardening and setting time and improved 

mechanical properties (Buchwald 2009). (Zhang 2018) reported that addition of slag leads to 

more compact microstructure in alkali activated concrete. It has been found that incorporating 

Additional calcium has a profound beneficial effect on enhancing the strength and 

microstructure of AAC. (Suwan 2014, Pangdaeng 2014, Mehta 2017). 
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2.4 Material Characterization of Concrete 

Characterization is an essential aspect of materials research that involves the determination of 

the composition and microstructure of the material. Various techniques have been utilized by 

researchers in the characterization of cementitious materials, the reactions occurring in the 

cement hydration process, the hardened concrete microstructure and knowledge of the 

evolution of the different mechanical and durability properties. Many research studies have 

examined the microstructure of cementitious materials subjected to sulfuric acid (Shamila, 

2016). The main focus of the microstructural analysis in these studies has been on the 

formation of gypsum and/or ettringite in different areas and crack and micro crack formation 

and their patterns as it can explain changes of mechanical and structural properties of concrete. 

Each of these techniques describes different aspects of the material. These techniques and the 

specific purpose of their use are as follows:  

▪ Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry 

(EDS) provide magnified images and morphology of the microstructure in addition to 

quantitative estimation of the elemental composition such as Ca, Si, Al and S. 

▪ X-ray fluorescence (XRF) determines the elemental composition of materials in 

oxides form. Oxides such as CaO, SiO2, Al2O3, Fe2O3 are examples of very 

important elements of the cementitious material composition that can be detected by 

this technique. 

▪ X-ray Diffraction (XRD) determines the compounds crystalline phases such as 

Portlandite, Calcite, Quarts, gypsum, ettringite, CSH, C2S and C3S. Phases that are 

amorphous in nature are difficult to detect by this technique. 

▪ Fourier-transform infrared spectroscopy (FTIR) describes the material composition 

based on the type of bonds detected. 

 

Scanning Electron Microscopy (SEM) provides microscale imaging using high-energy beam 

of electrons in a raster scan pattern. Typical sample of SEM-EDS Output, obtained for OPC 
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is shown in Figure 2-1. Electron beam is generated by a crystal of Lanthanum hexaboride 

heated by an electric field. The electrons are accelerated by a tension of 20 KV and suitably 

collimated toward the sample placed in the vacuum chamber. The interaction between the 

primary electrons and the atoms of the material investigated generates different particles and 

in particular secondary electrons and X-ray. Secondary electrons are captured by detector and 

converted into electrical impulses(signals). These signals are transformed in image on a 

computer monitor. Photons X are used to perform the Energy Dispersive X-ray Spectrometry 

(EDS). These rays, emitted as a consequence of excitation of the outer electrons of the 

material, collide with a crystal generating electric currents. The value of the energy allows a 

qualitative evaluation of the chemical composition of the investigated material portion. 

    
 

Figure 2-1: Typical sample of SEM-EDS output, obtained for Ordinary Portland Cement (OPC)     

 

X-ray diffraction peaks (XRD) are produced by constructive interference of a monochromatic 

beam of x-rays scattered at specific angles from each set of lattice planes in a sample and 

finally, the phases are identified by searching a standard data base (Sharma 2012). 
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XRF (X-ray Fluorescence). XRF analyzers determine the chemistry of a sample by measuring 

the fluorescent X-ray emitted from a sample when it is excited by a primary X-ray source. 

Fourier-transform infrared spectroscopy (FTIR). The FTIR analysis method uses infrared 

light to scan test samples and observe chemical properties. FTIR is used to obtain an infrared 

spectrum of absorption or emission of a solid, liquid or gas. A change in the characteristic 

pattern of absorption bands clearly indicates a change in the composition of the material or 

the presence of contamination action, the origin is typically determined by FTIR 

microanalysis.  

2.5 Degradation Mechanism of Concrete Subjected to Sulfate/Sulfuric Acid  

Sulfate and sulfuric attack have been discussed extensively in literature and researchers 

presented different views of the degradation mechanism. Nevil in his paper “The confused 

world of sulfate attack on concrete” (2004) discussed extensively some of these views and 

reported that it is not yet a completely understood phenomena. Most of the research conducted 

was addressing either the sulfate attack or the sulfuric attack on concrete as a separate and 

different form of attack. One of the best descriptions of the attack was relating the two forms 

together was provided by Mehta and Monterio (2006) in their book Microstructure of 

Concrete. They defined the process of sulfate attack as a degradation of concrete resulting 

from chemical reactions between hydrated Portland cement and sulfate ions from an outside 

source. The attack can take place in two different forms, the predominant form is determined 

by concentration and source of sulfate ions (i.e., the associated cation) in the contact water, 

and composition of the cement paste in concrete. According to the form of attack taking place 

the damage in concrete will manifest in the form of cracking and expansion (sulfate attack), 
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or in the form of mass and strength loss (acid attack). In the first, Calcium hydroxide and 

alumina-bearing phases (C3A, C3ACSH18 and C4AF) react with sulfate ions in presence of 

calcium hydroxide converted to form gypsum and subsequently ettringite (C3ACSH32) which 

is 7 times larger in volume than hydrated cement paste.  

Cefis (2014) described the mechanism by the sulfates penetration and reaction with CH and 

CSH to form gypsum which in turn react with aluminates phases to form ettringite. He 

provided that the kinetic of the reaction depends on the concentration of sulfate, pH of the 

solution, humidity, temperature and material properties (Cement composition, and in 

particular aluminate content, pore distribution and diffusivity). Cefis (2014) described the 

reaction taking place as follow: 

C4AH13+3CSH2+14H → C6ASH32+CH 

C4ASH12+2CSH2+16H→ C6ASH32 

C3A+3CSH2+26H→ C6ASH32 

The second form of the attack (acidic attack), manifested by loos of mass and strength is 

described by gypsum formation as a result of cation-exchange reaction (leaching of Ca++ ions 

as soluble product). It starts with a pH reduction of the system and loss in the stiffness and 

strength, followed by expansion and cracking, and eventually transformation of the concrete 

into a mushy or cohesive mass. Both phases of portlandite and CSH in concrete will be 

attacked. This form of attack was the focus of most of the research conducted on sulfuric 

attack on concrete. The damage can be characterized by the following reactions, (Salik 2016, 

Vincke et. al, 2002): 

Gypsum Formation       Ca(OH)2+ H2SO4→CaSO4.2H2O  

Decalcification              C3S2H3+ H2SO4→CaSO4.2H2O + C2S2H2  
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(Compose 2016) described the sulfuric acid attack by the fact that sulfuric acid diffuses and 

react with CH to form gypsum which in turn react with calcium aluminates to form ettringite. 

(Emmanuel 1998) described the sulfuric acid corrosion mechanism for concrete as the result 

of a combined action of dissolved corrosion caused by hydrogen ion (H+) and expanded 

corrosion caused by SO4
2− (sulphate ion). (Men 2018) described the acid effect as 

Ca(OH)2 (calcium hydroxide) in concrete dissolves in water to form the saturated 

Ca(OH)2 solution, which produces Ca2+ (calcium ion) and OH− by ionization. Because of the 

existence of concentration gradient, Ca2+and OH− diffuse into the soaking solution through 

the corrosion layer from the inner concrete. while H+(hydrogen ion) and SO4
2− diffuse into the 

inner concrete. (Dorner 2002) described the acid attack by similar mechanism and added that 

speed of the corrosion depends on the diffusion rate as well as the reaction rate. Moreover, he 

reported that phases of concrete will decompose gradually as the pH drop, Ca(OH)2 

decompose at a pH of 12.5, Ettringite at pH pf 10.7, CSH at pH of 9, and Aluminate and ferrite 

hydrates at pH of 4.6, only a silica gel layer remains at pH of 2. The different forms of 

sulfate/sulfuric acid attack are illustrated in Figure 2-2. 

 

Figure 2-2: Combined Sulfate/sulfuric acid attack 
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Recent increase in reported attacks by acidic media on concrete structures is due to the 

growing sources of acidic media resulting from population growth accompanied by increased 

urban activities and industrialization (Alexander et al. 2013). Acidic environment resulting 

from the industrial process, natural occurrences and urban activities including agriculture and 

food production. 

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, 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. 

2003; Monteny et al. 2001). The ‘biogenic’ sulfuric acid attack necessitates the presence of 

H2S, moisture, and acidophilic microorganisms to form sulfuric acid (House and Weiss 2014). 

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. 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 

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). Whether or 

not this softening process is accompanied by expansion, depends on the formation of 
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excessive amount of gypsum (Torii and Kawamura 1994; Attiogbe and Rizkalla 1988) or 

‘ettringite’ forming away from acidic front (Tagnit-hamou et al. 2005; Monteny et al. 2001). 

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). 

The corrosion resistance of concrete is dependent on the type and chemical composition of 

the concrete as well as the pH of the acid under consideration (Dorner H. 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.  

2.5.1 Deterioration of Concrete in Sulfur Storage Structure 

A special type of reinforced concrete structure exposed to different forms of sulfate attack is 

the sulfur storage structure, typically referred to as “Sulfur Pit”. Sulfur Pit is an essential part 

of oil and gas processing facilities where the sulfur after extraction from the hydrocarbons in 

Sulfur Recovery Units is stored and maintained in liquid phase at temperatures ranging 

from130 °C to 160 °C.  

             

Figure 2-3: Deterioration of the roof of a concrete sulfur pit structure 
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The reinforced concrete sulfur pits are exposed to a very corrosive environment and subject 

to frequent deterioration in a short span of time. Corrosion of reinforcing steel and sulfate 

attack are prominent forms of deterioration. Moreover, the extracted molten sulfur contains 

some amount of sulfuric acid, in addition to the ingress of moisture from external sources as 

well as from the steam coil used to heat the sulfur to maintain the liquid phase which react 

with sulfur at high temperature to form more sulfuric acid. The sulfuric acid gases and fumes 

have a significant role in accelerating the corrosion process of reinforcing steel (Rahman et. 

al., 2016). From the loading prospective, the reinforced concrete structure is also subjected to 

extreme stresses due to temperature gradient across the concrete walls and the roof slab. 

2.5.2 Standard Test Methods 

 

There hasn’t been any standard test developed specifically to evaluate the performance of 

concrete in sulfuric acid environment (Girardi & Maggio 2011; Girardi et. al 2010). ASTM 

C1012 which calculates the expansion of mortar prisms due to sulfate exposure is one such 

example. The test requires mortar specimens immersed without pH control in %5 Na2SO4, 

and routine measurements of expansion. This test address only the expansive form of the 

attack without consideration of acid effect. In addition, it only evaluates the expansion of a 

mortar which doesn’t replicate the actual concrete with aggregates. (Girardi & Maggio 2011).  

Researchers addressing the sulfuric acid effect on concrete have employed accelerated 

laboratory testing subjecting concrete specimens to various concentration of sulfuric acid 

represented by (%H2SO4) or its pH. Researchers have conducted observations and testing for 

various physical and mechanical properties as well as material analysis to investigate the 
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performance. These include Mass Loss, Visual Appearance, Compressive and tensile 

strength, corrosion depth and material analysis (SEM, EDX, XRD and FTIR). 

Among the studies conducted till date, Fan and Luan 2013; Leemann et al. 2010a; Bassuoni 

and Nehdi 2007; Ghrici et al. 2007; Gutierrez-Padilla 2007; De Belie et al. 2003; Vincke et 

al. 2002; Gu et al. 1998) have considered concrete samples while others considered mortar 

(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) 

2.5.3 Code Provisions 

The American Concrete Institute specification for concrete based on exposure condition 

(ACI318, chapter 4) does not include specific category for acid exposure while ACI 201.2R- 

(2008) provides only very general recommendations. 

Canadian standard (CSA 2014), on the other hand, emphasize that both ordinary Portland 

cement sulfate resistant cements are not resistant to acid or highly corrosive environment. it 

recommends the use of SCMs, protective coatings, penetrating sealers, or other means for 

concrete exposed to such environment. 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 

and a chloride ion penetrability of < 1000 coulombs in 91 days. Thus, both the ACI 201.2R-

(2008) and CSA A23.1-14/A23.2-14 (CSA 2014) recommend lower physical penetrability 

against acid (especially sulfuric acid) attacks. 



27 
 
 

Similarly, British standards relate the effectiveness of concretes chemical attack resistance to 

a high degree with their impermeability. 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. 

German standard DIN EN 206-1 provide classification (Table 2-4) for the severity of acid 

attack based on the pH. 

Table 2-4: Classification of exposure based on chemical attack per DIN EN 206-1 

Property XA1 XA2 XA3 

pH 5.5-6.5 4.5-5.5 4.0-4.5 

Severity Weak Medium Strong 

 

2.6 Previous efforts to Improve Resistance of Concrete to Acid attack 

For improving the chemical resistance of concrete to sulfuric acid, many researchers have 

studied the effect of various parameter and properties pf concrete on its resistance to sulfate 

and sulfuric acid attack. These include the type of cement and the effect of using SCMs, type 

of aggregate and special types of concrete such alkali activated polymer concrete and calcium 

aluminate concrete. (Roy et. Al 2001, Shamila 2016, Ehrich et. Monteny et. Al 2001, Vincke 

et. al, 2002). In this section we discuss the previous attempts of various researcher to evaluate 

different methods for improving the concrete resistance to sulfuric acid attack.  
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2.6.1 Effect of Cement type and Content 

Many researchers have studied the effect of cement type and content on the performance of 

mortar and concrete in sulfuric acid environment (Fattuhi and Hughes (1988). Ehrich et. al 

1999). The effect of lower C3A content (Type V) cement on the performance of concrete 

subjected to sulfuric acid was investigated by Fattuhi and Hughes (1988).  The focus of this 

study was specifically on the acidic form of attack and the main evaluation parameter was on 

mass stability of the mortar specimens. The results did not reveal any significant improvement 

compared to that of ordinary Portland cement (Type I) in reducing the mass loss of mortar or 

concrete specimens. Reduction of the cement content in concrete specimen was found to be 

beneficial in reducing the deterioration cause by acid. 

2.6.2 Effect of Supplementary Cementitious Materials (SCMS) 

The effect of SCMs use on the resistance of concrete to sulfuric acid attack is debatable. Some 

researchers have reported a beneficial effect when SCMs are incorporated in concrete and 

attributed this to the pozzolanic reaction where portlandite is minimized and more CSH is 

formed and due to the reduction in concrete permeability (Janina 2013), Durning and Hicks 

(1991), Mehta (1985). In line with this view Chang (2005), Tamimi (1997) and Girardi et. al 

(2010), reported similar finding when using SF and FA. Conversely, other researchers 

reported a negative effect and attribute that to the refinement of capillary pores which allow 

deeper ingress of the acid ions and higher surface area of reaction. Monteny (2001), Bassuoni 

and Nahdi (2007) 

Several authors reported that the beneficial effect of SCMs in concrete exposed to acid with 

low concentration, but not when concentrated acids are involved (Attal et al 1992, Santhanam 
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et al 2003, Glasser et al 2008). Researchers concluded that in general, all the beneficial effects 

of SCMs in resisting aggressive acidic attack are supposed to be diminished with increase in 

the severity of chemical attack. Bassuoni and Nahdi (2007), Girardi et al. (2011). 

2.6.3 Calcium Aluminate Cement 

Calcium Aluminate cement (CAC) was initially developed to resist sulphate attack. Unlike 

Portland cement, the hydration reaction of CAC, doesn’t form calcium hydroxide which is the 

reason it has a better resistance to sulfate and acidic environments and to elevated temperature 

exposure (Bassouni and Nehdi 2007). The hydration reaction of CAC forms mainly Alumina 

gel. (Neville 1996).  The final hydration product of CAC is in the form of C3AH6 which is the 

most stable and least soluble which make it ideal for acidic environment. 

2.6.4 Change of Aggregate Types  

Acid resistant aggregates (quartz) are advantageous in resistance to dissolution but the overall 

concrete neutralization capacity is reduced. Limestone aggregates on the other hand have 

more neutralization capacity but subject to higher dissolution (CaCO3). The neutralization 

capacity provided by the aggregate which dissolves at a slower rate than the paste matrix can 

result in concrete corrosion rates which are slower than those with acid resistant quartz. 

(Beddo 2016). Beddo reported that factors such as reaction surface area, grading of aggregates 

and diffusion can be optimized to increase performance of concrete exposed to acid. Girardi 

(2011) investigated the effect of aggregate type on concrete resistance to acid and concluded 

that limestone aggerate demonstrated better performance when compared to natural 

aggregate. 
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2.6.5 Variation of Water to Cement Ratio  

Because acid specifically attacks cementitious constituents, concretes with a high w/c ratio 

and a high cementitious volume fraction are more vulnerable to greater mass loss. The effect 

of reducing the w/c ratio on improving the resistance of concrete to sulfuric acid attack was 

only significant at lower acid concentrations of %1.0 N. Fattuhi, B. Hughes, (1988). Low 

permeability was found to have a positive impact on concrete resistance to sulfate attack. 

Khatri (1997), Young (1998). 

2.6.6 Alkali Activated (Polymer) Concrete  

Since its early development, alkali activated binders have been widely reported as highly 

resistant to acid attack (salami et. al 2017). Polymer concrete has shown positive effect in 

resistance to sulfuric as well as lactic and acetic acids as reported by many researchers 

(Kaempfer and Berndt, 1998, De Belie et al., 1998, De Belie and Monteny, 1998). Polymer 

concrete materials improving the resistance of mortar or concrete to sulfuric acid attack in 

specific (Monteny et. al 2001, Vincke et. al, 2002). In addition to its positive durability 

improvement effect polymer concrete was encouraged for its environmental effect since it is 

based on utilization of waste raw materials, such as GGBFS and Fly ash. Few alkali-activated 

materials have been reported to undergo binder degradation due to acid attack (Pacheco et. al 

2014). Shamila (2016) indicated significant better performance of the polymer-based concrete 

when compared to conventional concrete in terms of mass and compressive strength retained. 

Mehta (2017) evaluated sulfuric acid resistance of fly ash based geopolymer concrete with 

various amount of OPC (0, 10, 20 & %30). Based on Aluminum-silicate bonds, polymer 

concrete have demonstrated better durability properties in terms of resistance against 
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aggressive acids and sulfates. The results indicate that the inclusion of OPC improves the 

compressive strength of fly ash-based polymer concrete significantly. 

Ariffin et. al (2013) studied the sulfuric acid resistance of blended ash geopolymer concrete 

exposed to %2 solution of sulfuric acid for up to 18 months. The study focus was on 

mechanical properties, mass and changes in chemical composition. Results indicated that 

geopolymer concrete based demonstrated high resistance to sulfuric acid when compared with 

ordinary Portland cement. The resistance is attributed to the stronger bonds in aluminosilicate 

polymer structure. 

Some durability aspects of alkali-activated were studied by many researchers. Salami et. al 

2017 studies the POFA polymer binder activated by various molarity NaOH subjected to %10 

H2SO4, HNO3 and HCl for 9 months. Salami et. Al (2017) found the best performance in term 

of compressive strength retention in the samples exposure to sulfuric acid as compared to 

nitric and hydrochloric acids. Bakharev (2005) studied the resistance of fly ash alkali-

activated binder subjected to %5 carbonic acid solutions (CH3COOH ) and %5 sulfuric acid 

(H2SO4) for two months. The performance of alkali-activated concrete compared to OPC 

concrete was found to be superior in resisting deterioration effect of the acid. Similar findings 

were reported by Thokchom et. Al. (2009) when he investigated the effect of %10 sulfuric 

acid solution on fly ash-based polymer concrete for 18 weeks. Sreevidya (2012) has also 

studied acid resistance of fly ash-based alkali-activated mortar for 14 weeks in terms of 

compressive strength and mass loss. The fly ash-based alkali-activated concrete was reported 

to be highly resistant against H2SO4 and HCL. Similar conclusion was provided out of 

Ariffin’s study for alkali-activated concrete with POFA blended with pulverized fuel ash 
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exposed to %2 sulfuric acid. The study revealed a better durability performance in comparison 

to OPC concrete (Ariffinin et. Al. 2013). 

Various factors have been reported to influence the mechanical and durability aspects of 

geopolymer concrete including the quality of the raw materials, their fineness, concentration 

of the activator and curing conditions. (Huajun et. Al 2013, Rattanasak and Chindaprasirt 

2009, Chindaprasirt et. Al. 2009). 

2.7 Modeling Deterioration of Concrete  

Service life modeling has emerged in the field of infrastructure design to address the 

challenges associated with decaying structures and to assist engineers in designing structures 

with specific intended service life. International standards (AASHTO 2013) specification for 

transportation infrastructure elements, such as bridge decks require minimum 75-year service 

life.  It is not practical to do field testing to monitor and very difficult to anticipate the 

performance of various/different concrete mix designs (proportions and materials). Therefore, 

engineers and designers make use of the service life models to support their structural design 

decisions and satisfy the project demanded service life. Many researchers have investigated 

the use of numerical modeling to simulate the deterioration of various multi-physics 

phenomena including chloride ingress, corrosion, and carbonation in addition to the sulfate 

attack. 

Tixier and Mobasher (2003) developed a diffusion-reaction-damage model to simulate the 

sulfate attack on concrete. The model is based on diffusion of sulfate ions in accordance to 

Ficks law, coupled with reaction taking place between calcium aluminates (C3A, C4AH13, and 
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C4ASH12) and sulfate to form gypsum and ettringite. The reaction results in an increase in 

volume (constitutive response) and subsequently create internal tensile stresses/strains. When 

these exceed the concrete tensile strength, it cracks and subsequently reduce stiffness. These 

cracks further increase the diffusion at the crack location (layer). Because of change in 

diffusivity throughout the depth of concrete, the problem is treated as a moving boundary. 

Tixier and Mubasher’s model has been widely adopted and verified with actual data. Figure 

2-4. provide an illustration of the flow of the model progression. model parameters are 

summarized in Table 2-5.  

Table 2-5:Tixier and Mubasher’s Model Parameters 

Initial Material Properties Computed material parameters 

Geometry of the concrete structure Mechanical properties 

Cement content and composition Capillary porosity  

w/c ratio C3A and Sulfate content cross the 

depth 

Degree of hydration Reduced Stiffness 

Diffusion, D Linear Expansion 

Sulfate surface concentration Internal strains 

E, F’t  

Diffusion of cracked/uncracked (D1/D2)  

Reaction Rate  
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Figure 2-4: Illustration diagram of Tixier and Mubasher model 

 

calcium aluminate phases are represented in the model Pi with i=1-3, and defined as 

P1=C4AH13, P2=C4ASH12 calcium aluminate monosulfate hydrate and P3= C3A. The relative 

proportions are calculated based on material input data. Volumetric calculations are calculated 

based on stoichiometry considering the reaction between these phases and sulphate. 

 

where dk, Mk, and mv k are respectively the density, molar mass, and molar volume of a 

given compound. The reacted and unreacted aluminate phase are denoted as Car and are 

calculated as function of time and space. Cau(x,t), according to 

 
Volumetric strain is calculated based on the total reacted Aluminate phases 

Sulfate Ions Diffusion 

Chemical Reaction 
forming Expansive 
Products (Gypsum, 

Ettringite} 

Volumetric strains 
develop 

Linear expansion 
stress 

Cracking 
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The capillary porosity, ɸ, is calculated from material properties. Capillary porosity plays an 

important role in accommodating the expansive material. The percentage of this porosity that 

can be filled is controlled through the input parameter “% of porosity that can be filled with 

expansive material”, the higher this value the more time it will take for the damage to take 

place. This is incorporated into the model through time delay to the evolution of volumetric 

strain. 

 
 

      
Degradation in stiffness is introduced through a damage function ɷ applied to the uniaxial 

strain. In the linear elastic range ɷ=0, meaning there is no damage. In the non-linear elastic 

range cracks initiate imposing a damage to the stiffness calculated as function of the crack 

density ɷ =16/9*Cd, ɛth is threshold strain 

 

E= E0 x (1-ɷ) 

In the post peak zone where, maximum stress is reached the damage function is expressed by 

the relation presented by Nemat-Nasser and Hori (1993).  
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Where ɷ0 is the accumulated damage at the peak stress. The deformation at peak is w0 and 

obtained as w0=ɛpxH, where H is the gauge length of the specimen and ɛp is the strain at peak. 

Modulus is calculated as: 

 

Average expansion throughout the cross section based on average E can be expressed as: 

 
Diffusion-reaction based on Fick’s law expressed as: 

  
The sulfate concentration (U) is function of both diffusion and reaction. The Numerical 

solution is obtained using finite difference.  

Cefis [11] proposed a diffusion-reaction-damage model in concrete subject to sulfate attack. 

The model is based on diffusion of sulfate ions and reaction with aluminate phases to form 

gypsum and ettringite. Volumetric strains develop and lead to damage. Cefis reported various 

parameters that could affect the reaction and therefore the accuracy of the model. These 

include the acid effect, concentration of sulfate ions on the surface, temperature and the 

composition of the concrete (cement content, Aluminates, diffusion, capillary pores). 
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Figure 2-5: 3D Simulation of ettringite formation and mechanical damage Cefis (2014) 

 

Qingke (2015) proposed an extended version of Tixier and Mubasher’s model to simulate fly 

ash concrete. Diffusion-Reaction-damage model. The effect of pozzolanic reaction imposed 

by fly ash   addition was introduced through the chemical reaction model with revised 

stochiometric calculations for the formation of ettringite and gypsum. Diffusion is based on 

Fick’s law. The model reasonably predicted the linear expansion when compared with field 

data up to 20 years. However, the perdition after 20 years was much higher.  

 Yuan et. al (2013) proposed a model to simulate the dissolution of portlandite (CH) and 

calcium silicate hydrates (C–S–H) based on mass action law. A mechanical damage model 

based on volumetric expansion due to gypsum formation was considered. As the reaction 

progress, the porosity of the concrete matrix is decreased and accounted for in the model. The 

diffusion is based on Nerst-plank equation. Simulation of experimental exposure condition to 

acid for 90 days at pH of 1did not provide accurate prediction of the damage. Yuan et. al, 

suggested the need for more accurate prediction of the diffusion of sulfate ions and 

precipitation of gypsum. 
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Dorner (2002) introduced a model for the prediction of the corrosion of concrete under acid 

attack at pH values between 4.0 and 6.5. the model is based on diffusion-reaction and takes 

in account change in porosity. Reaction considered in the dissolution of the portlandite and 

CSH phases. Effect of the pH of attacking acid was considered through the rate of the reaction. 

Liberation of Ca2+, Fe3+, Al3+ to the solution was simulated. Diffusion was based on Fick’s 

second law. Beddoe (2016) proposed a modeling following similar approach.   
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3        CHAPTER 3                 

FIELD INVESTIGATION OF SULFUR PIT STRUCTURES 

3.1 Introduction 

Sulfur pits reinforced concrete structures are subject to aggressive environment involving 

exposure to sulfur, sulfuric acid, vapor and moisture and elevated operating temperature. The 

roof slab of the sulfur pit is the primary element, which suffers from major deterioration due 

to reinforcing steel corrosion. corrosion of reinforcement and spalling of concrete on the 

underside of the slab have been observed, resulting in severe reduction in load carrying 

capacity. Figure 3-1 Provides a Schematic sectional view typical sulfur pit structure. 

This chapter presents analysis for field investigations of several existing reinforced concrete 

sulfur pit structures. The scope includes visual inspection and laboratory studies on field 

concrete samples collected from the structure to investigate the sulfate/sulfuric acid attack on 

the concrete.  

The sulfur pits under assessment have been in service for periods ranging from 4 to 30 years. 

The sulfur pit is inspected every two years and conventional repair of the deteriorated concrete 

areas were carried out inside the pit. It is a reinforced concrete structure constructed below 

grade level consists of retaining wall on the periphery covered with a concrete roof. The layout 

plan of the sulfur pit longitudinal and transverse sections are shown in Figure 3-2. The overall 
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length of a typical sulfur pit is about 206.5 feet (63 m) and the width of the sulfur pit is about 

48 feet (14.7 m).  

The roof slab of the sulfur pit is a flat plate slab supported on column (with capital) in the 

center and retaining walls at the edges. The clear height of the sulfur pit is 7.5 feet. The 

reinforced concrete walls and columns are supported on a raft foundation about 18 inches 

thick. The walls of the sulfur pit are 16-inch-thick and the roof slab is about 15 inches thick. 

The base slab has reinforcement at the top and bottom.  The reinforcement is #7 bars spaced 

at 10 in c/c both ways. The walls of the pit are also reinforced with 2-layers of reinforcement 

at the front and the back face. The reinforcement is #8 bars at 8 in c/c in the vertical direction 

and #7 at 8 in c/c in the horizontal direction both at the front and back face. bars at 6 in c/c at 

the bottom. The clear cover to the reinforcement on all exposed faces inside the sulfur pit is 3 

inches (75 mm). The surfaces exposed to the soil also have 75 mm cover on the reinforcement. 

At the top surface of the roof slab the reinforcement is at a clear cover of 50 mm. 

 

 

 

 

 

 

 

 

 

Figure 3-1:. Schematic sectional view typical sulfur pit structure 
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3.2 Methodology 

Field and laboratory studies have been conducted to evaluate the deterioration mechanism. 

laboratory investigations on the concrete core and powder samples obtained from the walls 

and slabs of the sulfur pit including visual inspection, compressive strength of concrete, 

carbonation depth, petrography, chloride and sulfate profile across the depth of concrete 

elements. Non-destructive testing (NDT) including GPR and impact echo and half-cell 

corrosion potential. Assessment conducted on sulfur pits SP1, SP2, SP3, SP4 and SP5, SP6 

and SP7. Detail of sulfur pits investigated are provided in Figure 3-2.  

3-1: Detail of sulfur pits investigated 

Sulfur Pit 

No. 

Service 

Life 
Condition Structural System Size 

Specified Concrete 

Compressive 

Strength 

Cement 

Type 

SP1 30 Sever 

RC Slab (350-

400mm) Supported 

on RC columns and 

retaining walls 

(300-400mm) thick.  

63x 14x 2.34 

m 

24.5 SRPC 

SP2 30 Sever 24.5 SRPC 

SP3 30 Sever 24.5 SRPC 

SP4 20 Sever 

54.8 x 13.8 x 

2.6 m 28 
 

      

SP5 30 Sever 63x 14x 2.34 

m 

24.5 SRPC 

SP6 15 Moderate 24.5 SRPC 

SP7 4 Moderate 
 

35 SRPC+SF 
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Figure 3-2: Typical Plan view, longitudinal and transverse sections of the SF structure. 

 

3.3 Field Investigation Results and Findings 

3.3.1 Visual Inspection and Delamination Survey 

A walk-through visual inspection of the roof slab was carried out to record distresses such as 

delamination and spalling. All the defects observed during the visual inspection were 
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measured, documented and indicated on the drawings. The visual survey also included 

photographic evidence of the distresses found in the structural components of the sulfur pit. 

The delamination survey was conducted by hammer sounding. A hollow sound indicated the 

presence of delamination. Visual survey for sulfur pits, SP1, SP2, SP3, SP4, SP5, SP6 and 

SP7 are presented in Figures 3.3-3.9. Mapped cracks and delamination of a typical wall and 

roof sections are shown in Figures 3.10 and 3.11. 

 

  

 

Figure 3-3: SP1 Delamination of the roof slab due to reinforcement corrosion and vertical parallel cracks 

throughout the walls 
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Figure 3-4:SP2 Cracking, delamination and bulging at the roof soffit.  
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Figure 3-5: SP3- Delamination of the roof slab due to reinforcement corrosion 

 

 

 

 



46 
 
 

 

 

Figure 3-6: SP4 Sever corrosion of the reinforcement specially vapor zone. 
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Figure 3-7: SP5 Zoom-in view of the bulging of underside of roof slab due to delamination of concrete. 
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Figure 3-8: SP6 Deterioration on walls of the sulfur pit 
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Figure 3-9: SP7 Note the horizontal and vertical cracking extending beyond the top layer of reinforcing steel. 
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Figure 3-10:sample mapping of cracks and delamination on a) top side of the roof slab and b) the bottom side of the 

roof slab. 

 

 

Figure 3-11:sample mapping of cracks and delamination on segment of the wall 
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3.3.2 Retrieval of Concrete Cores and Powder Samples 

Concrete core specimens were obtained from the walls, foundation and roof slab of the sulfur 

pits for determining the compressive strength and carbonation and petrographic analysis of 

the hardened concrete in order to determine, cement content utilized in the production of 

concrete, aggregate gradation and water content. Powder samples by drilling were retrieved 

for determining the chloride and sulfate profile at selected locations of walls, foundation and 

roof slab. Before retrieving the cores, steel reinforcement was located using concrete cover 

meter and core barrel was located in a position to avoid reinforcement in either direction.  

Powder samples were collected at each location from various depths. The samples were 

further crushed to powder passing # 100 sieves. The powder samples were dissolved in acid 

and hot distilled water and the solution was filtered over a fine filter paper. The filtrate was 

utilized to determine the acid soluble chloride and sulfate concentration. The chloride 

concentration was determined by the spectrophotometric method (Vogel 1985) while the 

sulfate concentration was determined by the method suggested by the American Public Health 

Association (1985). 

3.3.3 Compressive Strength of Concrete 

Compressive strength of cored samples was determined according to ASTM C 39. Prior to 

the testing samples were saw cut on both sides to make the surface smooth capped with the 

sulfur as illustrated in Figure 3-12. Compressive strength of core samples obtained from the 

wall, roof slab and foundations are summarized in Figure 3-13: Compressive strength of 

cores obtained from the walls -3.16. 
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Figure 3-12: Cored concrete samples after saw cutting and capping. 

 

Figure 3-13: Compressive strength of cores obtained from the walls 

 

Figure 3-14: Compressive strength of cores obtained from the roof slabs 
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Figure 3-15: Compressive strength of cores obtained from the foundations 

 

3.3.4 Chloride and Sulfate Content in Concrete 

Acid soluble chloride content in concrete was measured using the procedure in accordance 

with ASTM 1152 or BS 1881 Part 6. For this purpose, powder samples were collected from 

the structural components of the sulfur pit at depths 0-5, 10-15, 25-30, 45-50 and 95-100 mm 

to obtain chloride content profile at these depths. The powder sample was dissolved in 

concentrated nitric acid followed by hot distilled water. The contents were boiled to extract 

bound chlorides, subsequently, the solution was filtered in a flask and the filtrate was made 

100 ml. The chloride content was subsequently measured using spectrophotometer. The unit 

of the values obtained was percent chloride by weight of concrete.  
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Figure 3-16: Chloride profile for samples obtained from the walls 

 

 

Figure 3-17: Chloride profile for samples obtained from the roof 
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Figure 3-18: Chloride profile for samples obtained from the walls 

 

Chloride profiles were plotted using the chloride contents at various depths to indicate the 

variation of the chloride concentration in the concrete with depth. The significance of the 

chloride content in concrete is that passivity of reinforcement in concrete is broken down and 

corrosion of the reinforcing steel is initiated if chloride exceed threshold value. Thus, chloride 

content values at the reinforcement level greater than the threshold value indicate whether the 

steel reinforcement corrosion has initiated.  Chloride threshold for corrosion initiation 

suggested to be in the range of 0.6 kg/m3 Cl- by weight of cement (%0.08 by weight of 

concrete). (CEB 1992), (ACI 222.0R 2010). Chloride profiles for samples obtained from the 

walls, roofs and foundations at different sulfur pits are shown on Figure 3-16-3.18. 

Chloride profile for the SP foundations indicates that the all chloride concentration at the rebar 

level (75 mm from the surface) are higher than the threshold value of %0.08. The chloride 

concentration at the rebar levels were %0.2 and %0.12 for sulfur pits SP5 and SP6 

respectively. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00

C
O

N
C

EN
TR

A
TI

O
N

  %
 B

Y 
W

T 
O

F 
C

O
N

C
R

ET
E

DEPTH MM

CHLORIDE PROFILE - FOUNDATION

sp5

sp6

Chloride Threshold



56 
 
 

Chloride profile for the SP roof slabs indicates that the all chloride concentration at the rebar 

level (75 mm from the surface) are less than the threshold value of %0.08. The chloride 

concentration at the rebar levels were 0.075, 0.05 and %0.016 for sulfur pits SP5, SP6 and 

SP7 respectively. 

Chloride profile for the walls on the other hand indicates that the all chloride concentration at 

the rebar level (75 mm from the surface) are less than the threshold value of %0.08. The 

chloride concentration at the rebar levels were 0.075, 0.05 and %0.016 for sulfur pits SP5, 

SP6 and SP7 respectively.  

Similarly, sulfate content of concrete is measured using the filtrate obtained in the same 

manner and analyzed using spectrophotometer method. In this case the powder is dissolved 

in hydrochloric acid. A threshold value of %4 sulfate content by weight of cement is used 

which is equivalent to %0.6 by weight of concrete. Acid soluble sulfate contents were 

measured at depths 0-5, 10-15, 25-30, 45-50 and 95-100 mm from the surface. Sulfate profile 

for samples obtained from the walls, roof and foundation at different sulfur pits are shown on  

Figure 3-19 to Figure 3-21. 
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Figure 3-19: Sulfate profile for samples obtained from the walls 

 

 

Figure 3-20: Sulfate profile for samples obtained from the roof slab 
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Figure 3-21: Sulfate profile in concrete samples retrieved from foundations 

 

Sulfate concentration reduced as the depth increased from the surface in all the samples 

collected. A threshold value of acid soluble sulfate concentration of %0.6 by weight of 

concrete is used in this study. The sulfate concentration was very high on the surface at all 

collected specimens collected from the walls. The concentration was of the order %6.6, %3.0, 

%5.1, %3.1, %3.6 and %3.0, respectively, in the walls for SP1to SP6 respectively. This shows 

that the sulfate concentration on the surface was about 5-10 times the threshold value of %0.6 

by weight of concrete. Even though the sulfate concentration reduced with the depth, it 

remained higher at all levels as compared to the threshold concentration. Similar results were 

observed for the foundation. This result show that there exists a potential threat of sulfate 

attack to the cementitious matrix of the concrete. 

Sulfate concentration at the bottom surface of the roof slab was found to be %1.4 and %1.25 

by weight of concrete for SP5 and SP6 respectively. It is much higher than the threshold 
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concentration. Concentration at the rebar levels were marginally less than threshold values at 

%0.45 and %0.4. this is attributed to the fact that slabs are not in direct contact to molten 

sulfur like the walls and the foundations.  

At the surface of the foundation the sulfate concentration was %4.80, %3.8 and %0.6 for SP5 

to SP7 respectively. As the sulfate concentration at different depths in the foundation is very 

high, there exists a strong possibility of sulfate attack occurring to the cementitious matrix of 

foundations. 

3.3.5 Corroded Layer of Concrete (pH Drop) 

pH of concrete was measured by spraying phenolphthalein indicator on the freshly cut 

concrete surface. The area on the surface shows no color change has a pH less than 10.0 while 

the areas with higher pH exhibit pink color (Figure 3-22). The depth from the surface of the 

area showing no color change was measured and reported depth in millimeters. The test was 

done on the surface of freshly cored concrete specimens on the field immediately after 

retrieving.  

 

Figure 3-22: Phenolphthalein indicator on the freshly cut concrete surface 

 

The depth at which pH dropped below 10.0 was measured on the cores taken from roof slabs. 

Measurement was taken on the site as soon as the cored sample was retrieved by spraying 

phenolphthalein. The depths at which pH dropped below 10.0 are provided in Figure 3-23. 
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pH drop below 10.0 at the rebar level in the core retrieved from the roof slabs at SP3 and SP4. 

The concrete cover to the reinforcement is about 75 mm (3 inch) in these components. 

 

Figure 3-23: Corrosion depth of concrete samples retrieved from roof slab 

3.3.6 Ultrasonic Impact ECHO 

Ultrasonic impact echo technique is used to detect flaws in the hardened concrete such as, 

delamination, cracks, honeycombing and voids. The ultrasonic impact echo measurements 

were carried out on roof slabs at a predetermined grid spacing of 2 feet in both horizontal and 

vertical directions. Ultrasonic impact echo technique is based on the propagation and 

reflection of shear waves using 50 kHz transducers. The antenna has dry contact transducers 

in an array divided into two groups one transmitting the waves and the other receiving them. 

The average signal recorded by receiving transducers is stored in the hand-held digital touch 

screen unit as a time domain waveform presented as a 2D picture. The results of impact echo 

tests were plotted in a 2D format and the irregularities in the concrete were identified based 

on the shear wave intensity as shown in Table 3-2. 
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Table 3-2: Criteria for concrete quality based on shear wave speed. 

Speed (m/s) Concrete Quality 

X<2000 Bad 

2000>X>3000 Moderate 

3000>X>4000 Very Good 

 

Impact Echo contours of a sample roof slab (SP5) is presented in Figure 3-24. The contours 

show very weak reflection of the shear waves around the openings. On the contrary, as we 

move from the openings the shear wave reflection was stronger. This shows that the concrete 

around the opening is weak and, in some cases, it may be delaminated. The shear wave 

velocity in these regions was in the range of 200 to 800 m/s. In the sound areas, the shear 

wave velocity noted was more than 2000 m/s indicating that the concrete is in good condition. 

The yellow colors indicating very good quality concrete can also be seen (> 3000 m/s). The 

ultrasonic impact echo results are in good agreement with the hammer survey carried out to 

determine delamination of concrete. 

 
Figure 3-24: Impact Echo contours of roof slab SP5. 
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3.3.7 Corrosion Potential 

The potential monitoring is the most commonly used method for detecting reinforcement 

corrosion in concrete structures based on ASTM C876. The corrosion potentials were 

measured at a grid spacing of 2 x 2 feet, both in the longitudinal and transverse directions on 

the top of the roof slab. These measurements provide information on the state of passivity of 

the reinforcing steel. Interpretation of the half-cell potential values, vis-a-vis the corrosion 

status, is shown in Table 3-3. 

Table 3-3:. Corrosion potential and their interpretation according to ASTM C876. 

 

 

Figure 3-25: Corrosion potential mapping for roof slab SP5. 

 

The corrosion potential measurements carried out on a typical roof slab (Figure 3-25)  were 

more negative than the threshold value of -350 mV (Max -500 mV) in wide areas indicating 

high probability of corrosion throughout the roof slab and more prominent around the 

openings. The contours show that the western portion of roof slab has higher potentials. 
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Higher potential indicates that there is an active corrosion of reinforcing steel in these areas 

particularly near the openings and in some areas away from it. This is also manifested by 

cracking and delamination of concrete. Corrosion potentials recorded were less negative than 

the threshold value of -350 mV in many areas, indicating that the reinforcing steel in these 

areas is still in passive state of corrosion. 

3.3.8 Ground Penetration Radar Survey 

Ground Penetrating Radar (GPR) is an effective method for mapping the subsurface 

anomalies up to a depth of 5 meters. These anomalies show electrical properties that are 

distinctive compared to the surrounding media. The GPR emits a short duration 

electromagnetic (EM) pulse from a transmitter antenna, which propagates in the subsurface 

until it encounters a material having different electrical and magnetic properties, resulting in 

partial reflection of wave recorded by a receiver antenna. The other part of the wave refracts 

to the next media according to the Snell’s law. The receiver antenna is recording the amplitude 

of the reflected waves and their traveling time which can be transformed into depth if the EM 

wave’s velocity is known. The velocity is known for common materials but can also be 

calculated from diffracted waves. As compared with other geophysical methods, GPR has 

many advantages, including lightweight and portability. One major limitation of the 

application of GPR in concrete testing is the depth of penetration versus resolution.  

The GPR employed in this project is a high frequency 1600 MHz GPR, which can penetrate 

into the concrete to a depth of 500 mm. The overall thickness of the roof slab is 400 mm. GPR 

was also used to locate reinforcement in the concrete slab before extracting cores. The GPR 
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scans 2D and 3D were carried out at accessible places on the top of the slab. The GPR data 

was processed using RADAN software. 

After the visual observations, accessible rectangular areas were identified and lines were 

marked to conduct survey with GPR. In each area GPR line scans were run two feet apart and 

analyzed to identify any anomalies in the substrate. 

The GPR survey scans of the roof slab were conducted using Structure Scan Mini Radar from 

GSSI and the data was analyzed using RADAN software. The subsurface anomalies shown 

in Figure 3-27. Figure 3-26 presents a mapping of the corrosion over the roof slab. Dark red 

colored contours indicate severe reinforcement corrosion, whereas, yellow and green 

represent moderate and no corrosion, respectively. According to these results, severe to 

moderate corrosion of reinforcing steel noted on the slab. These results are in good agreement 

with the other non-destructive techniques. GPR clearly identifies the corrosion state of the top 

reinforcement in the slab.  

 

Figure 3-26: Estimated corrosion of reinforcing steel of the roof slab with GPR (white areas are either opening or 

inaccessible) SP5. 
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Figure 3-27: Reflection from a) normal and b) corroded reinforcing steel with GPR 

 

GPR survey, impact echo as well as corrosion potential mapping suggested delamination due 

to corrosion of reinforcing steel at several locations at the top of the roof slab. GPR and other 

techniques provide an excellent indication of the reinforcement corrosion and delamination 

in the top reinforcement of the roof slab. It does also give an indication of deterioration in the 

bottom reinforcement in only the locations where the top layer of the steel is not corroded. A 

mapping of repairs carried out on the roof slab shows that in many locations they exist at the 

same location as the top slab. 

3.3.9 Petrographic Analysis of Concrete 

Specimens extracted from the vapor zone and the from submerged zone (bottom of wall) were 

subjected to petrographic examination according to ASTM C856. The petrographic 

examination of the hardened concrete was performed to determine, aggregate gradation, water 

to cement ratio and cement content. The hardened concrete cored specimens from the West 

wall, outer and inner surfaces of concrete specimens extracted from the cores are shown in 

Figure 3-28. 
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Figure 3-28: Sample retrieved from the west wall for petrographic examination 

 

According to the results of the petrographic examination of the hardened concrete the 

following are the observations: 

1. The coarse aggregates are moderately hard, light brown/cream LIMESTONE, including 

detrital quartz grains (partially coated by iron oxides/hydroxides) and opaque minerals. Some 

of the limestone aggregate particles exhibit evidence of calcination. 

2. The course aggregate particles, particularly those near the outer surface (those within the 

outer 100 mm) exhibit internal stress cracks and regular sulfur infilled cracks. 

3. The fine aggregate are natural sand, 4.75 mm nominal maximum sized, subrounded to sub-

angular, evenly distributed and randomly orientated particles. Fine aggregate particles, 

particularly those near the outer surface (those within the outer 100 mm) regular sulfate 

infilled cracks. 

4. The concrete exhibited multiple sub-parallel cracks running through both the cement matrix 

and coarse aggregate particles. Most cracks are infilled with hardened sulfur, although some 

cracks are still open. It is likely that the cracks could result from a combination of sulfate 
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attack, extreme temperature gradient and stresses, and cracks resulting from reinforcement 

corrosion (Figure 3-29).  

5. The outer surface of the concrete exhibited a surface coating that appears largely intact. 

6. The inner (fracture) end surface of the core exhibited a white sulfur coating. More probably, 

it is due to the formation of the gypsum.  

7. The air voids are 3 mm maximum, typically <2 mm sized, irregular, evenly distributed and 

randomly orientated entrapped air voids. The estimated excess void is %0.5. 

8. The cement pastes typically exhibited low micro porosity, indicative of an overall original 

water/cement ratio in the low range. It is likely that the high temperatures that the concrete 

has been subject to have driven off some of the pore waters. 

9. The uncarbonated cement matrix exhibited rare, small sized, portlandite crystallites that 

were evenly distributed. It is possible that the intense temperature that the concrete has been 

subject to has led to dehydration of any original portlandite. 

10. The outer surface of the concrete was coated by a multi-layered coating (approximately 

2mm thick). The coating appeared to comprise crushed igneous rock fragments bound by a 

cementitious binder. The binder was well-bonded to the underlying concrete, although it did 

de-bond during the thin-section making process. 

11. Figure 3-30 shows the photomicrograph obtained from the concrete cores. Cracks through 

the cement matrix, coarse aggregate and fine aggregate filled with sulfur is clearly evident. 
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The petrographic examination of concrete shows nominal 19mm, crushed limestone/dolomite 

coarse aggregate and quartzitic sand fine aggregate, bound by a probable Portland-type 

cement matrix. It is likely that the dark color of the cement matrix is the result of chemical 

alteration and some degree of polymerization. The coarse aggregate particles, particularly 

those near the outer surface (those within the outer 100 mm) exhibit internal stress cracks and 

also regular sulfur infilled cracks. The concrete exhibits multiple cracks and air voids infilled 

with sulfur that run sub-parallel to the outer surface. These cracks run through the cement 

matrix and coarse and fine aggregate particles. The cracking, could be a combination of sulfate 

attack, extreme temperature gradient and stresses, and cracks resulting from reinforcement 

corrosion. The outer surface of the concrete exhibited a surface coating that appears largely 

intact. The inner (fracture) end surface of the core exhibited a white sulfur coating. 

 

Figure 3-29: View of the core extracted from the West wall of SP5 showing multiple cracks 
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Figure 3-30: Petrographic analysis indicating crack filled with sulfur running through limestone 

 

3.4 Concluding Remarks 

Visual surveys indicate sever deterioration on the sulfur pits structures mainly in the form of 

cracking, delamination and active corrosion. The deterioration mechanism is different 

between the walls, roof slab and the foundation. Considering the walls, tests indicated high 

sulfate content in concrete (5-10 times allowable), however there has not been wide damage 

in the form of expansion typically associated with sulfate attack.  In all sulfur pits surveyed 

the walls have similar pattern of cracking parallel lines that are caused by thermal expansion 

as the structure is subjected to elevated temperature of 130-160oC. similar observations have 

been found for the foundations. In both foundations and walls the compressive strength has 
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increased significantly due to ingress of sulfur (densification of the matrix) reaching 4 times 

the original specified concrete compressive strength (24.5MPa).  

Roof slab is the part which has undergone extensive damage in almost all the sulfur pits in the 

form of cracking, delamination and active corrosion. Visual as well as hummer sounding and 

impact echo all have indicated delamination which has been confirmed after removal of part 

of the roof slab (Figure 1-1). The removed part has also confirmed the active corrosion which 

reduced the reinforcing steel by more than %50 and caused delamination due to expansion. 

The chloride level is typically known to be the major cause of corrosion in reinforced concrete 

structures, however it was within allowable limits at the roof slabs. The second well known 

contributor to corrosion is carbonation (carbon dioxide and lead to the formation of calcium 

carbonate CaCO3). Carbonation reduces the pH value of the concrete matrix and destroy the 

passivation around steel reinforcement which leads to corrosion. However, carbon dioxide is 

not expected to be present in a sulfur storage tank. Also, petrography analysis did not indicate 

formation of CaCO3. This brings the investigation toward another source that might leads to 

reduction of the pH value in the concrete matrix. Among the components of the molten sulfur 

there exist certain percentage of sulfuric acid as a residual from the recovery process, in 

addition to the acidic gases and fumes that could possibly be the cause of this pH reduction. 

At elevated temperature and in the presence of moisture and molten sulfur more of this 

sulfuric acid fumes might form. This has been supported by the fact that most of the damage 

has been observed in the roof slabs as well as the top part of the walls. 

This research is intended to investigate the damage caused by sulfuric acid at both normal and 

elevated temperature on eight different types of concrete incorporating the use of sulfate 

resistant cement, Calcium Aluminate Concrete, SCMs and Alkali Activated Concrete.  
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4          CHAPTER 4      

 EXPERIMENTAL PROGRAM 

4.1 Methodology 

In this experimental program the performance of eight different types of concrete will be 

investigated in accelerated testing by exposure to sulfuric acid at different conditions over a 

period of 12 weeks. The concrete types investigated are Ordinary Portland Cement (OPC) and 

Sulfate Resistant Portland Cement (SRPC), Supplementary Cement Materials (GGBFS, FA, 

SF), Alkali Activated Polymer Concrete, Calcium Aluminate Concrete (CAC) and Ultra 

High-Performance Concrete (UHPC).  Performance of each type of concrete will be 

investigated based on physical and mechanical properties in addition to material 

characterization. Results of various test will be analyzed and correlated collectively to 

understand the mechanism of damage.  

 

4.2 Materials 

The concrete types investigated as part of this experimental program are described and 

designated in Table 4-1. Detailed mix design is provided in Table 4-2. XRF test of raw 

materials provides the percentage of elements oxides is shown in Table 4-3. Raw materials 

chemical composition as identified by EDS is provided in  Table 4-4. SEM and XRD analysis 

of the raw materials are shown in Figure 4-4 to Figure 4-10.   
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Table 4-1: Description of the concrete types investigated part of the experimental program 

Mix type Designation Remark Group 

Ordinary Portland 

Cement (OPC) 

M1    

  

 

Conventional 

Sulfate Resistant 

Portland Cement 

(SRPC) 

M2   

 

Supplementary Cement 

Materials 

M3 

(GGBFS) 

  

M4 (FA) 

  

  
SCMs 

Alkali Activated 

Polymer Concrete 

M5  

 

 

M8 

GGBFS and FA activated 

with NaOH and Na
2
SiO

3
 

Commercial Acid 

Resistant Polymer based  

Polymer 

Aluminate Concrete 

(CAC) 

M7 Commercial dry mixed 

concrete 

 

 

Special Concrete 

Ultra-High-

Performance Concrete 

(UHPC) 

M6  

Reinforced with steel 

fibers 

 

    

 

Concrete cylinder samples of 3x6in and 4x8in sizes in addition to paste cubes of 2x2in were 

cast and cured for 28 days and tested for initial physical and mechanical properties including 

compressive and tensile strength, modulus of elasticity, mass, absorption, density, air voids 

and material analysis (SEM, EDX, XRD, FTIR).  Exposed as well as cured samples retrieved 

at 2, 4, 8 and 12 weeks were observed and tested for compressive and tensile strength, mass 

loss, penetration/corrosion depth and visual appearance. Material analysis (SEM, EDX, XRD, 

FTIR) was conducted again at the end of exposure period of 12 weeks. 

 

To evaluate the performance of the various concrete mixes to sulfuric acid, samples were 

exposed to sulfuric acid and monitored for 12 weeks. Exposure conditions are as follows: 

▪ Exposure of concrete and past specimens to %5 sulfuric acid 
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▪ Exposure of concrete and past specimens to %5 sulfuric acid at high temperature 

(100oC) 

▪ Exposure of concrete to %10 sulfuric acid 

▪ Exposure of concrete with higher w/c ratio to %5 sulfuric acid at ambient and high 

temperature 

Two protective coating systems were investigated as part of this research. The first is a novel 

developed application using a liner of Glass Fiber Reinforced Plastic (GFRP) with high grade 

vinyl ester resin to sustain the elevated temperature. The second is commercially available 

high-performance industrial polymer coating based on three-dimensional high cross link 

structure through Ether bonds (C-O-C). Coating was performed by the manufacturer 

specialized team. 

Concentration of the sulfuric acid was monitored through pH measurements as well as through 

titration with a base (NaOH).  The titration process is based on chemical reaction between 

acid (H2SO4) and a base (NaOH) in the presence of a color indicator (phenolphthalein).  Base 

is added to the acid until color change to pink indicating a neutralized solution (Figure 4-1: 

Titration process to determine sulfuric acid concentration).  Acid was added regularly to 

keep the sulfuric acid concertation constant at %5.  
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Figure 4-1: Titration process to determine sulfuric acid concentration 

Table 4-2: Concrete Mix Proportions 

 Concrete Component (kg/m3) 

Mix 

No.   Cement GGBSF FA SF 

W/binder 

ratio Sand Aggregate 

Superplasticizer 

(L) 

M1  370    0.4 & 0.6 776 1121 3.7 

M2  370 V    0.4 & 0.6 776 1121 3.7 

M3  165 340  45 0.3& 0.5 696 1006 5.5 

M4  335  160 37 0.3 & 0.5 629 1119 6.0 

M5   340 145  (34 L water +65L NaOH and 162L Na2SiO3     3.7  

M6  900   220 0.15 1005 171 St. Fib 11.2 

M7  Pre packed %9.30   

M8   Pre packed 0.4  405  

       

P1   370 0.4   3.7 

P2   370  V 0.4   3.7 

P3   165             340                       45              0.3   5.5 

P4  335                           160         37 0.3   6.0 

P5                      340        145     3.7 

 

 

Figure 4-2: Concrete cylinder Specimens before exposure to sulfuric acid. M1 to M8 from left 
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Figure 4-3: Paste cube Specimens before exposure to sulfuric acid. P1 to P5 from left 

Table 4-3: Raw Materials Chemical Oxides Composition, XRF 

  Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 

SF 0.0038 96.16 0.6826 0.509 0.6179 0.00271 0.07951 

CAC 44.58 4.711 1.045 0.3196 37.12 1.649 4.701 

FLY 

ASH 
16.13 39.39 0.8329 1.131 1.087 1.584 6.67 

GGBFS 11.3 31.31 0.889 0.54 41.93 0.423 0.6528 

SRPC 3.651 19.27 0.9553 0.6609 64.51 0.195 4.048 

OPC 4.366 17.3 0.95 0.61 63.19 0.27 2.92 

ARC 7.7 28.56 0.83 0.6 16.51 0.56 3.64 

 
 
Table 4-4: Raw Materials Chemical Composition, EDS 

  Ca Si Fe Al S  Mg Na K 

M1 62 24 3.9 4.3 2.6 2.2 0.4 0.3 

M2 56.6 35 2.6 2.1 2 1.4 0.2 0.1 

M3 37.4 47.2 1.3 5.7 2.9 3.1 0.6 
 

M4 53.2 28 6.9 8.5 1.2 0 1.9 0.4 

M5 17.7 60.9 3.6 9.3 0.6 1.6 4.2 2.1 

M6 49.7 40.2 4.3 1.9 0.9 0.8 0.6 1.5 

M7 50.8 4.3 4.2 39.8 0 0.5 0.2 0.2 

M8 39.6 34 9.4 11.7 1.3 2.2 0 1.7 
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Ordinary Portland Cement (OPC) 

 
 

Figure 4-4: Material Analysis of OPC raw cement 

  
 Sulfate Resistant Portland Cement (SRPC) 

 

 
Figure 4-5: Material Analysis of SRPC Cement 
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FLY ASH (FA) 

 
 

Figure 4-6: Material Analysis of FLY ASH 

      
Ground Granulated Blast-Furnace Slag (GGBFS)             

 
Figure 4-7: Material Analysis of GGBFS 
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SILICA FUME 

 
 

Figure 4-8: Material Analysis of Silica Fume 

 
 Calcium Aluminate Cement 

 
  

Figure 4-9: Material Analysis of Calcium Aluminate Cement 
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Alkali Activated Concrete (Pre-Packed)          

 
 

Figure 4-10: Material Analysis of AAC  

  
 Polymer concrete include concrete mixes with Fly Ash and GGBFS (M5). Alkali activated 

concrete based on FA, GGBFS and SF with %10 OPC and enhanced with polymer fibers 

(M8).  M5 mix included use of Laboratory grade Na2SiO3 and NaOH as alkali activators. The 

percentage composition of Na2O %8.7, SiO2 %29, H2O %62. All the available water was from 

added water.  Fly ash and GGBFS were first mixed together and then fine and course 

aggregates were added and mixed thoroughly. Activator in the liquid form was then added 

and mixed again with the additional water being added during mixing together with the 

superplasticizer. material was consolidated in the mold with aid of vibration table. Molds were 

removed the second day and samples were left to cure at room temperature (24oC). 
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Figure 4-11: Concrete Mixing and slump measurement  

   

Figure 4-12: Demolded Concrete specimens ready for curing  
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Figure 4-13: Special mixer used for the UHPC concrete and spread measurement 

 

   
 

Figure 4-14: Curing of concrete samples at 24C 

Experimental setup for the elevated temperature exposure was established after evaluation 

and testing of several combination of coated carbon steel and polymers. Most of them have 

failed to withstand the high temperature combined with acidity. A specially manufactured 

Glass Fiber Reinforced Polymer (GFRP) tank shown in Figure 4-15. was manufactured for 

testing samples exposed to acid at elevated temperature (100oC). The GFRP was based on 

Vinyl ester resin which has the resistance to %5 sulfuric acid. GFRP gratings and support 

tubes were used to stack the samples. External heating jacket was used to achieved the 

required temperature. Figure 4-15 illustrate the experimental setup for high temperature 

exposure. 

Samples exposed to sulfuric acid at ambient temperature were placed in polypropylene 

containers. Figure 4-16 to Figure 4-18. illustrate the experimental setup for exposure at 

ambient temperature. 
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Figure 4-15: Experimental Setup for exposing concrete samples to sulfuric acid at elevated temperature 

 

 

   
 

Figure 4-16: Concrete Specimens exposed to sulfuric acid after 4 weeks of exposure. M1, M2, M3 and M4 
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Figure 4-17: Concrete Specimens exposed to sulfuric acid after 4 weeks of exposure. M5, M6, M73 and M8 

 

 

   
 
 
Figure 4-18: high w/c Concrete and paste Specimens exposed to sulfuric acid after 4 weeks of exposure and samples 

exposed to %10 sulfuric acid concentration 
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Figure 4-19: Concrete Specimens retrieved from the acid exposure and brushed to remove the loose outer layer. 2, 4 

and 8 weeks. 

4.3 Testing Methods 

Preliminary testing of the mechanical properties including compressive strength, tensile 

strength, modulus of elasticity, rapid chloride permeability, migration, density, permeability 

and air voids. In addition to the material analysis (SEM, EDX, XRD and FTIR). 

4.3.1 Density Air Voids and Absorption 

Density, Absorption and Voids were measured according to ASTM C-642. Oven-dry mass 

was first determined after drying specimens in an oven at a temperature of 100 to 110°C for 

a period not less than 24 h. 
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Figure 4-20: Concrete specimens placed in ventilated oven to obtain the oven dry mass 

Saturated mass after immersion (SSD) was determined after Immersing the specimen in water 

at approximately 21°C for 48 h. Saturated mass after boiling was then determined after placing 

the specimen in water and boil for 5 h. Finally, immersed apparent mass of concrete specimens 

were determined by suspending the specimens in water. Calculation of the density, air voids 

and absorption were then determined in accordance to ASTM C-642. 

4.3.2 Mass Reduction 

Mass of concrete was monitored by measuring weight of the samples before and after 

exposure to sulfuric acid. Mass loss expressed as a percentage of original mass at different 

exposure time for specimens from all mixtures exposed to the sulfuric acid solutions in 

accordance to the following equation:  

𝑀𝐿 =
𝑀𝑖 − 𝑀𝑓

𝑀𝑖
𝑋100  

Where ML is the mass loss percentage, Mi is the initial mass measured after 28 days curing, 

and Mf is the final mass measured after exposure to sulfuric acid. 



86 
 
 

4.3.3 Compressive and Tensile Strength 

Compressive strength was conducted in accordance to ASTM C39. Split tensile strength was 

conducted in accordance to ASTM C496. Average of 3 Cylinders 3x6in size was considered 

for compressive strength. Samples were capped with sulfur to ensure smooth surface. Samples 

tested for 7 days, 28 days before starting the exposure to sulfuric acid. Exposed samples were 

retrieved and tested for periods of 2, 4, 8 and 12 weeks. Each retrieved samples include both 

water cured (continuous curing) and acid exposed in order to make comparison.  

𝑓′𝑐 𝐿𝑜𝑠𝑠 =
𝑓′𝑐𝑖 − 𝑓′𝑐𝑎

𝑓′𝑐𝑖
 

Where f’c loss is the percentage reduction in compressive strength, f’ci is the compressive 

strength of unexposed samples (water curing), f’ca is the compressive strength after exposure 

to sulfuric acid. 

 

 

 

 

 

 

 

 

 

Figure 4-21: Crushed Concrete Specimens after two weeks of exposure to sulfuric acid 
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4.3.4 Modulus of Elasticity 

Modulus of elasticity was tested in accordance to ASTM C 469-02. Two sets of tests were 

conducted using strain gauges as well as LVDTs to establish the stress-strain curves. Data 

logger was used to record the data.  

  
 

Figure 4-22: Concrete Specimens tested for modulus of elasticity after curing. LVDT and train gauges and data 

acquisition 

4.3.5 Permeability and Migration Coefficients 

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

penetrability test (RCPT) was performed in accordance to according to ASTM C1202 (2012). 

Concrete disks cut from 4”x8” cylinders (100×50 mm disk size) were utilized for this test. 

Average of three samples for each mix. Concrete disks were placed in vacuum for 2hr + 

soaked in water for more than 24 hr. Using 30g/l NaCl and 10 g/l NaOH with 60 V electric 

potential and run for 6 hrs. Permeability of each type of concrete was classified in accordance 

to the criteria provided by ASTM-1202 shown in Table 4-5. 
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Table 4-5. Chloride ion penetrability classification. ASTM 1202-12 

 
 

 
 

Figure 4-23: 50 mm desks cut from 6”x12” Concrete Cylinders to conduct RCPT and Migration tests 

 

 
 

Figure 4-24: Setup measure Rapid Chloride Permeability (RCPT)  

 

Migration coefficients were measured in accordance to NT Build 492. Germann Instrument 

was used with setting time duration and applied voltage as per manufacturer’s 

recommendation shown in Table 4-6. After completion of the applied electric potential, the 
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sample is cut and sprayed with silver nitrate to indicate the depth of penetration. Migration 

coefficient is then calculated as per the following equation (NT Build 492):  

 
 
   Table 4-6: Voltage and duration for Migration coff. Measurement. NT Build 492 

 
 

4.3.6 Acid Penetration (Corrosion Depth) 

After each period of exposure, the acid affected layer as defined by the layer through which 

acid penetrated was measured by testing the pH cross the depth of the concrete sample (sample 
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from split tensile test is utilized). Phenolphthalein color indicator was used to evaluate the pH. 

Phenolphthalein is colorless below 8 and pink Above 10. Corrosion depth is defined as the 

acid affected layer plus the depth of dissolved layer (reduction in specimens’ diameter). The 

behavior of the various types of concrete is different for both acid affected layer and dissolved 

layer and sometimes inversely related. This will be demonstrated in the discussion of 

corrosion depth for each group below. The concept of corrosion depth is illustrated in Figure 

4-25. 

 

 

 

 

      

 

 

 

   

 

 

 

Figure 4-25 Illustration of the Corroded Layer Concept 

 

4.3.7 Material Characterization 

Characterization is an essential aspect of materials research that involves the determination of 

the composition and microstructure of the material. Various techniques have been utilized by 

researchers in the characterizing of cementitious materials, the reactions occurring in the 

cement hydration process, the hardened concrete microstructure and knowledge of the 

Acid Affected Layer 

Dissolved Layer 
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evolution of the different mechanical and durability properties. Many research studies have 

examined the microstructure of cementitious materials subjected to sulfuric acid (Shamila, 

2016). Primarily focused in identification of formed reaction products to explain changes of 

mechanical and structural properties of concrete. Each of these techniques describes different 

aspects of the material. This experimental program involves extensive microstructural studies 

for the 8 different concrete mixes before and after exposure to %5 sulfuric acid solution, at 

normal and elevated temperature. These studies are conducted to understand the change in 

chemical composition for each type of concrete under such environment and consequently its 

relation to the degradation of the mechanical properties. The techniques used and the specific 

purpose of their use are as follows:  

XRF (X-ray fluorescence) determines the elemental composition of materials in oxides form. 

Oxides such as CaO, SiO2, Al2O3, Fe2O3 are examples of very important elements of the 

cementitious material composition that can be detected by this technique. 

XRD determines the compounds crystalline phases such as Portlandite, Calcite, Quarts, 

gypsum, ettringite, CSH, C2S and C3S. Phases that are amorphous in nature are difficult to 

detect by this Tanique. A Bruker D8 Advance powder diffractometer (XRD) instrument was 

utilized in this study. Powder Samples were taken from the surface of specimens. 
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Figure 4-26: XRD ULTIMA IV, XRF SPECTRO XEPOS – KFUPM_RI 

SEM and EDS provide magnified images and morphology of the microstructure in addition 

to quantitate estimation of the elemental composition such as Ca, Fe, Na, Si and Al. The 

observations were carried out through microscope JOEL JSM-6610LV (Figure 4-27). 

Analysis was conducted on fresh fractured surface after coating with Au. 

 

Figure 4-27: SEM-EDS JOEL JSM-6610LV – KFUPM_RI 
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Fourier-transform infrared spectroscopy (FTIR) describes the material composition based on 

the type of bonds detected. It is useful to identify amorphous materials that are not detected 

by XRD. 

 

Figure 4-28: samples preparation and Au coating to conduct SEM, EDS 
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5         CHAPTER 5                      

RESULTS AND DISCUSSION 

5.1 Density Air Voids and Absorption 

Density, water absorption and volume of permeable voids were measured according to ASTM 

C-642. Oven-dry mass was determined after drying specimens at a temperature of 100 to 110 

°C for 24 hrs.  Saturated mass was determined after immersing the specimen in water at 

approximately 21 °C for 48 h.  Saturated mass after boiling was then determined after placing 

the specimen in water and boil for 5 h.  Apparent mass of concrete specimens was measured 

for samples immersed in water. Table 5-1 shows the measured mass values for all concrete 

types. 

Table 5-1: Measured Mass of concrete specimens 

  

 
Oven-Dry Mass g 
(A) 

Saturated Mass After 
Immersion g (B) 

Saturated Mass 
After Boiling g (C) 

Immersed Apparent 
Mass g (D) 

Mix no 
 

24hrs in oven 
SSD after 48 hrs in 

Water 
SSD After boiling 

24 hrs 
 

M1  1625.4 1687.4 1691.5 985.4 

M2  1667.4 1725.9 1738.2 1027 

M3  1684.1 1714.5 1718.7 1009.9 

M4  1631.7 1675.8 1678.8 984.4 

M5  1535.4 1636.2 1664.4 946.1 

M6  1633 1641.5 1647.8 958.2 

M7  1941.8 2009.7 2019.3 1281.4 

M8  1448 1471.4 1486.8 772.2 

      

 
Absorption, density and voids were calculated after measuring the weight in accordance to 

the method described in to ASTM C-642 and presented in Table 5-2. 
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In general, the density of all groups was in the range 2011-2630kg/m3. The lower density 

obtained in M8 is due to the less aggregates proportion used in this mix (binder to aggregate 

ratio 0.675 vs 0.3 in M5). The Alumina Aggregates used within the CAC (M7) concrete has 

contributed to this increase in density. Denser concrete matrix in the SCM group (M3, M4) 

resulted in a relatively higher density than conventional concrete. 

It can be clearly seen that M5 had significantly higher absorption and volume of permeable 

voids (%12.93) as compared to all other groups, and specifically compared to the polymer 

concrete M8 (%4.7). Higher calcium content in M8 lead to more hydration and formation of 

C-S-H gel that filled the pores (Yep 2005, Borges 2016, Buchwald 2009). the Calcium 

Aluminate Concrete (M7) comes second highest in volume of permeable voids with %7.47 

and then OPC (M1), SRPC (M2), Followed by the SCM group GGBFS (M3) and FA (M4) 

with %3.61 and %4.81 respectively. The lowest among all in absorption and volume of voids 

was the UHPC with only %1.89. 

Volume of permeable voids results are in line with the rapid chloride permeability test. In the 

case of polymer concrete group, it indicates total charge passing through M5 samples of 1100 

Coulombs which is classified as “low” in accordance to ASTM C-1202 vs 284 in M8 which 

is classified very low. Similar result was obtained by (Rajamane et. al. 2011) 
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Table 5-2: Density Air Voids and Absorption 

 

 
 

 
 

Figure 5-1: Concrete Absorption after immersion and boiling. M1-M8 
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Figure 5-2: Concrete Density 

 

 
 

Figure 5-3: Volume of permeable pore space (voids), % 
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(Table 5-3). UHPC on the other hand had the lowest permeability with a rating “negligible, 

followed by the SCM group M3 and M4 “very low” and followed by CAC and polymer “low 

and very low” rating.   

Table 5-3: Concrete Permeability rating per ASTM C-1202 

  COLUMBS 
Rating per ASTM 

C1202 

M1 2284 Moderate 

M2 3552 Moderate 

M3 138 Very Low 

M4 272 Very Low 

M5 1100 Low 

M6 32 Negligible 

M7 1003 Low 

M8 284 V. Low 

 

 
 

Figure 5-4: Charge Passes (Columbus) FOR Rapid Chloride Permeability (RCPT) 

 

Migration coefficients calculated per NT Build 492 are provided in Table 5-4.  The results 

indicate that the highest penetration and diffusion coefficients was found in the conventional 
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0.399 x10^-12 m2/s, followed by the SCM group M3 and M4, CAC and polymer in range of 

1.0-1.83 x10^-12 m2/s. In general, the incorporation of different types of SCMs such as silica 

fume, GGBFS and fly ash had a significant effect on reducing permeability. Similar findings 

were reported by (Mahmud Amin, 2017).  Mahmoud explained this by the SCMs role in 

refining the pore structure of concrete and enhancing its discontinuity. Measurements and 

calculation of diffusion coefficient are provided in Table 5-4. 

 

 
 
 

Figure 5-5: Discs retrieved from the cell, cut and sprayed with silver nitrate solution to measure the penetration 

depth  

 
Table 5-4: Measurements and calculation of Migration coefficients 

  Initial 
current 

Volt 
initial 
temp. 

final 
temp. 

Avg. 
Temp. 

penetration 
depth (mm) 

Time 
(hrs) 

Avg Diff. Coff 
x10^-12 m2/S 

M1 
50 30 23 25 24 40 24 

15.489 
54 30 23 25 24 39.5 24 

M2 
50 30 23 26 24.5 38 24 

15.018 
46 30 24 26 25 39 24 

M3 
3.1 60 22 24 23 12 48 

1.004 
3.2 60 22 24 23 10 48 

M4 
6.6 60 23 25 24 20 48 

1.689 
6 60 23 25 24 16 48 

M6 
19 60 22 23 22.5 3 24 

0.399 
13 60 22 24 23 2 24 

M7 
20 60 24 26 25 9 24 

1.826 
25 60 24 26 25 11 24 

M8 
4.5 60 22 24 23 8 24 

1.526 
6 60 22 24 23 9 24 
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Figure 5-6: Calculated Diffusion Coff x10^-12 m2/s per NT BULD 492 

 

5.3 Modulus of Elasticity 

Modulus of elasticity results revealed wide variation among the different types of concrete.  

The calculated modulus of elasticity for all groups are provided in Table 5-5. The stress vs 

strain curves are provided in Figure 5-7-5.15. The highest modulus was obtained for the CAC 

M7 group of 58.9 GPa followed by UHPC M6 group 52.3 GPa. The lowest was the polymer 

concrete M5 with 8.18 GPa. Lower modulus obtained in M5 is an indicator of decreased 

hardness caused by the incorporation of low calcium content and less formation of C-S-H in 

polymer concrete as reported by Buchwald (2009). 
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 Table 5-5: Calculation of modulus of elasticity 

  Max Stress S2 S1 ɛ1 ɛ2 E (GPa) 

M1 53.94 21.58 1.82 0.00005 0.00053 41.33 

M2 58.04 23.22 4.17 0.00005 0.00041 53.05 

M3 63.42 25.37 6.80 0.00005 0.00042 50.88 

M4 66.61 26.64 2.35 0.00005 0.00054 50.09 

M5 18.81 7.53 0.68 0.00005 0.00089 8.18 

M6 91.42 36.57 2.40 0.00005 0.00070 52.32 

M7 89.05 35.6 3.2 0.00005 0.0006 58.94 

M8 38.09 15.23 1.50 0.00005 0.00076 19.32 

 
 
 

 
 

Figure 5-7: Stress-Strain Curve (M1-OPC) 
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Figure 5-8: Stress-Strain Curve (M2-SRPC) 

 

 
Figure 5-9: Stress-Strain Curve (M3-GGBFS) 
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Figure 5-10: Stress Strain Curve (M4-FA) 

 

 
Figure 5-11: Stress-Strain Curve (M5-AAC) 
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Figure 5-12: Stress-Strain Curve (M6-UHPC) 

 

 
Figure 5-13: Stress-Strain Curve (M7-CAC) 
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Figure 5-14: Stress-Strain (M8-AAC) 
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Figure 5-15: Stress-Strain Curve (all concrete types) 
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concrete specimens over the 12 weeks period of exposure to sulfuric acid.  
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aggregate which loosen and fall apart. Visual appearance of high w/c ratio specimens and 

those exposed to high temperature from this group demonstrated similar pattern in color as 

well as deposited soft layer. 

No notable change in color among specimens in the SCM group M3-GGBFS and M4-FA. M3 

showed more resistant to disintegration during the early few weeks with only visually 

observable crack, while M4 showed quick deposition of the outer layer in dark gray color 

which also was identified by XRD as gypsum. Similar pattern was observed for specimens 

exposed to high temperature from this group in terms of color as well as deposited soft layer. 

Polymer concrete group (M5 and M8) also showed no sign of change in color. The outer layer 

remained intact and starting disintegrating after 8 weeks. Microcracks were noticed in both 

types and more prominent in the high temperature exposure. 

The special concrete groups involving M6-UHPC and M7-CAC did not show sign of color 

change as well. The UHPC demonstrated large softening of the outer layer in dark gray color, 

with no signs of cracks. CAC on the other hand showed only very minor outer layer softening 

which did not even cause aggregate loosening. 

The specimens coated with high performance polymer coating demonstrated large 

degradation of the coating material when exposed to sulfuric acid at high temperature 

followed by degradation of the concrete. Specimens coated with GFRP liner on the other hand 

remained on perfect condition with no sign of liner disintegration.  
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         M1   M2  M3  M4 

    
        M5   M6  M7    M8 

            
 M1      M2         M3      M4 

        
  M5      M6      M7       M8 

Figure 5-16: Visual Appearance after 2 weeks of exposure to %5 sulfuric acid. Specimens and enlarge sections. 
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   M1  M2  M3  M4 

    
   M5  M6  M7  M8 

    
 M1       M2       M3       M4 

    
 M5       M6      M7       M8 

Figure 5-17: Visual Appearance after 4 weeks of exposure to %5 sulfuric acid. Specimens and enlarge sections. 
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   M1  M2  M3  M4 

    
 M1      M2       M3          M4 
Figure 5-18: Visual Appearance of concrete specimens with high w/c ratio after 4 weeks of exposure to %5 sulfuric 

acid. Enlarge sections from the specimens. 
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           M1  M2  M3  M4 

       
   M5  M6  M7  M8 

    
 M1   M2      M3        M4 

    
  M5    M6      M7        M8 

Figure 5-19: Visual Appearance after 4 weeks of exposure to %5 sulfuric acid at elevated temperature. Specimens 

and enlarge sections. 
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            M1  M2  M3   M4 

       
         M5   M6  M7     M8 

Figure 5-20: Visual Appearance after 8 weeks of exposure to %5 sulfuric acid. 

        
           M1  M2    M3    M4 

          
         M5   M6  M7     M8 

Figure 5-21: Visual Appearance after 12 weeks of exposure to %5 sulfuric acid. 
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   M1  M2  M3          M4 
Figure 5-22: Visual Appearance of concrete specimens with high w/c ratio after 12 weeks of exposure to %5 sulfuric 

acid.  

 
          M5  M6       M7  M8 
          M1  M2       M3  M4 

Figure 5-23: Visual Appearance after 12 weeks of exposure to %10 sulfuric acid.  
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Figure 5-24: Visual Appearance paste cube specimens after 12 weeks of exposure to %5 sulfuric acid.  

 

 
 M5  M6               M7  M8 

                 M1  M2                M3  M4 
 

Figure 5-25: Visual Appearance of concrete specimens placed in the vapor zone after 12 weeks of exposure to %5 

sulfuric acid at elevated temperature. 
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   M4  M3  M2  M1 
Figure 5-26: Visual Appearance of concrete specimens with high w/c ratio after 12 weeks of exposure to %5 sulfuric 

acid at elevated temperature. 

 

 
 

Figure 5-27: GFRP coated concrete specimens after 12 weeks exposure to %5 sulfuric acid at elevated temperature 
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Figure 5-28: Concrete Specimens coated with industrial polymer coating after 4 weeks of exposure to %5 sulfuric 

acid at elevated temperature 

 

5.5 Mass Loss 

Mass was measured for samples before and after exposure to sulfuric acid. Mass loss as a 

percentage of original mass at different exposure time for specimens from all mixtures 

exposed to the %5 sulfuric acid solutions are calculated and presented in Table 5-6 and shown 

in Figure 5-29 to Figure 5-36. 

Conventional Concrete Group (M1, M2) 

The outer layer white color converted to gypsum and deposited leaving the aggregate exposed 

and over time loosening and removed. Similar observation was reported by (Hill et al 2003) 

and (Yang et. al 2012). For the first 4 weeks both mixes have undergone a slow reduction in 

mass in the range of %6.5 and %5.8 for M1 and M2 respectively. The pattern increased 

sharply in over the period from 4 to 12 months reaching %21.4 and %20.6. Similar results 
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were also reported in the previous studies as well. (Thokchom 2014 and Mehta 2017). The 

%10 acid concentration significantly increased the mass loss to %31.5 in the case of M1 vs 

%27.4 in M2. This is expected as the increase of acid concentration lead to more ions 

exchange and bleaching of Ca++ ions to react and form gypsum. This was demonstrated by 

the studies conducted with higher concentration acid such as (Hewayde et al 2007, Freidin 

1999, Aydin et al 2005, Shamila 2016) as compared to those with less concentration (Yuan et 

al 2013, Shengyuan et. al 2012, Chang et al 2005, Hill et al 2003).  

At elevated temperature %5 acid exposure on the other hand both M1 and M2 demonstrated 

an accelerated mass loss similar to the %10 exposure normal temperature, losing %31.7 and 

%27.4 for M1 and M2 respectively after 12 weeks. This can be explained by the acceleration 

of the reaction (kinetics) at high temperature. 

The effect of increased w/c cement ratio was prominent at the early stage of exposure (4 

weeks) were the mass loss %11.8 compared to %6.5 in M2 and %8.8 compared to %5.8 in 

M2. This difference has diminished over time and no significant difference was observed after 

12 weeks of exposure. In Yuan’s study (2013) he observed that the degradation rate for 

samples with high porosity is greater than that with low porosity. He attributed this to the 

diffusion of sulfate is very fast and too sensitive to the porosity. (Kawai et. Al. 2005) on the 

other hand reported preferential effect of increased porosity. 

Polymer Concrete Group (M5, M8) 

Unlike Portland cement, no gypsum deposition was observed on the surface of the specimens. 

Some Expansion and microcracks were found. The outer layer remained intact in the case of 

M8 and started softening and pealing after 8 weeks in M5. Similar observation was reported 
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by (ALI 2005) and (Yang et. al 2012). For the first 60 days both mixes have undergone an 

increase in mass which continue for the case of M8 and reached %3.3 at 90 day. The pattern 

reserved sharply in M5 to become %11.9 mass loss When specimens were exposed to sulfuric 

acid solution, the pores absorbed the solution and therefore increased mass. Similar results 

were also reported in the previous studies (Thokchom 2014 and Mehta 2017). The %10 acid 

concentration significantly increased the mass loss to %21 in the case of M5 while M8 

demonstrated %1 mass gain. 

At elevated temperature on the other hand M5 followed similar pattern of initial increased 

mass but significantly higher reduction at 90 days of %21. However, in the case of M8 it has 

experienced the only mass loss in all exposure conditions at elevated temperature after 90 

days (%3). 

All polymer concrete specimens have undergone increase in volume (2mm in diameter) at 8 

weeks. Soroka (1979) reported the same pattern at 28days and explained this increase in 

volume by the absorption of acid. (Davidovits 1994) reported the high resistance of 

geopolymer concrete with average mass loss of %6.5 in comparison to %45 for conventional 

concrete specimens in an acidic environment 
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Table 5-6: Mass Reduction (%) 

Mix 

No. 
2W 4W 8W 12W 

4W H. 

Temp 

4W H 

W/C 

12W H. 

W/C 

12W 

10% 

12W 

H.Temp 

12W H. 

Temp H. 

W/C 

ratio 

M1 6.5 6.2 12.4 21.4 9.3 11.8 22.1 31.5 31.7 28.4 

M2 5.8 5.9 12.3 20.6 8.8 8.8 21.3 27.4 27.3 27.7 

M3 -3.1 3.3 11.1 21.9 8.8 7.4 39.2 23.3 36.1 39.6 

M4 6.3 6.5 15.2 28.2 10.8 11.3 31.5 31.3 36.4 47.2 

M5 -0.4 -0.6 -0.9 11.9 -1.4   21.0 5.9  

M6 6.7 8.5 18.5 31.0 13.6   52.9 76.0  

M7 -0.3 -0.6 0.7 6.1 -2.1   13.3 13.7  

M8 -0.7 -1.3 -2.6 -3.3 -5.3     -1.0 -3.3   

           

P1   21.4% 21.1     69.4  

P2   20.6% 14.0     60.7  

P3   21.9% 37.6     81.7  

P4   28.2% 32.2     100.0  

P5     11.9% 1.7         48.4   

 

SCMs Group M3-GGBFS, M4-FA 

Some expansion and microcracks were found on the surface starting from the first week. The 

outer layer gray color converted to gypsum and deposited leaving the aggregate exposed and 

over time loosening and removed. For the first 4 weeks both mixes have undergone a slow 

reduction in mass in the range of %3.3 and %6.5 for M3 and M4 respectively. The pattern 

increased sharply over the period from 4 to 12 months reaching %21.9 and %28.2. The %10 

acid concentration increased the mass loss to %23.3 in the case of M3 vs %31.3 in M4. This 

is expected as the increase of acid concentration lead to more ions exchange and bleaching of 

Ca++ ions to react and form gypsum. 

At elevated temperature 5% acid exposure on the other hand both mixes followed similar 

pattern in mass loss as the 10% normal temperature, losing %36.1 and %36.4 for M3 and M4 
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respectively after 12 weeks. This can be explained by the acceleration of the reaction 

(kinetics) at high temperature. 

The effect of increased w/c cement ratio was prominent in the case of M3 where the mass loss 

was %7.4 in 4 weeks and %39.2 at 12 weeks. This is significantly higher than the mass 

compared to the same mix with lower w/c ratio which was %21.9. M4 on the other hand lost 

%8.8 and %31.5 for 4 and 12 weeks respectively which is not far from the low w/c ratio. 

Special Concrete Group M6-UHPC and M7-CAC 

The two concrete types under this group performed in a totally different manner. UHPC, 

although has the highest performance among all groups in the mechanical properties, it 

performed negatively in term of mass stability when exposed to sulfuric acid. Mass loss 

especially at high temperature where it lost %76 in mass. The outer layer gray color converted 

to gypsum and deposited uniformly. This is attributed to the fact that this mix did not include 

aggregate which did not experience reduction in mass throughout the other mixes. Moreover, 

higher reaction surface presented in UHPC had led to accelerated reaction. The high inclusion 

of silica fume reduced significantly the permeability and diffusion coefficients but it did not 

prevent or reduce the reaction with sulfuric acid. UHPC had a 12 weeks mass reduction of 

%31 and %52.9 for the acid concentration exposure of %5 and %10 respectively. 

CAC on the other hand demonstrated the best performance among all groups in term of 

integrity and mass reduction. The outer surface remains highly intact with only small amount 

of soft layer deposition which again determined by XRD to be gypsum. 12 weeks mass 

reduction of %6.1, and %13.7 at high temperature. No signs of color change or cracking was 

identified. Unlike Portland cement, the hydration product of CAC is based on CAH (Calcium 
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Aluminate Hydrate) phases which are not easy to break by sulfuric acid. Moreover, absence 

of calcium hydroxide (the most vulnerable phase to acid attack) made it resistant to sulfuric 

acid. 

 
Figure 5-29:Mass Reduction After Exposure to %5 Sulfuric Acid 

 

 
Figure 5-30: Mass Reduction After 4W Exposure to %5 Sulfuric Acid Normal vs High Temp  
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Figure 5-31: Mass Reduction After 12W Exposure to %5 Sulfuric Acid Normal vs High Temp  

 

 
Figure 5-32: Mass Reduction After 4W Exposure to %5 Sulfuric Acid Low vs High w/c ratio 

 

 
Figure 5-33: Mass Reduction After 12W Exposure to %5 vs %10 Sulfuric Acid at Normal Temp. 
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Figure 5-34: Mass Reduction After Exposure to %5 Sulfuric Acid at High Temp 

 

 
Figure 5-35: Mass Reduction in Paste After 12W Exposure to %5 Sulfuric Acid Normal vs High Temp  

 

 
Figure 5-36: Mass Reduction After 12 W Exposure to %5 Sulfuric Acid 
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5.6 Compressive Strength 

Compressive strength was conducted in accordance to ASTM C39. Average of 3 Cylinders 

3x6in size was considered. Samples were capped with sulfur to ensure smooth surface. 

Samples tested for 7 days, 28 days before starting the exposure to sulfuric acid. Exposed 

samples were retrieved and tested for periods of 2, 4, 8 and 12 weeks. Each retrieved sample 

include both water cured (reference) and acid exposed in order to make comparison. 

Compressive strength results of the water cured samples are shown in Figure 5-37-5.45 and 

Table 5-7. Results for samples under acid exposure at normal and high temperature are 

provided in Table 5-8 and Table 5-9. 

Table 5-7: Compressive Strength of sample under curing 

    7days 28 days 2W curing 4W curing 8W curing 
12W 

curing 

   7 28 42 56 84 112 

M1  41.70 49.96 53.401 54.00 52.99 56.5 

M2  38.84 43.39 49.325 52.00 55.26 56.0 

M3  63.21 81.36 84.000 85.00 84.02 82.8 

M4  47.60 68.32 69.000 71.00 77.23 77.0 

M5  24.43 22.00 22.760 20.00 19.25 20.2 

M6  94.59 101.6 105.0 100.78 100.55 100.0 

M7  51.70 74.08 70.000 66.00 62.00 60.0 

M8  22.10 28.56 37.209 40.00 39.63 39.4 
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Table 5-8: Compressive Strength of sample exposed to %5 sulfuric acid at normal temperature 

 28 days 2W Acid 4W Acid 8W Acid 12W Acid 

M1 49.96 47.7 50.0 47.0 26.7 

M2 43.39 45.1 45.0 45.5 32.1 

M3 81.36 57.3 62.0 45.7 39.7 

M4 68.32 57.3 62.4 48.0 22.4 

M5 22.00 21.0 20.8 18.3 16.3 

M6 101.6 101.6 87.0 79.0 54.7 

M7 74.08 57.4 74.8 57.1 55.1 

M8 28.56 35.7 35.4 34.9 38.6 

 
 
Table 5-9: Compressive Strength of sample exposed to %5 sulfuric acid at high temperature 

 28 days 4W Acid H.temp 12W Acid H.temp 

M1 49.96 42.79 21 

M2 43.39 44.61 20 

M3 81.36 62.78 25 

M4 68.32 55.39 16 

M5 22.00 24.91 14 

M6 101.6 93.87 19 

M7 74.08 54.81 45 

M8 28.56 41.50 32 

 
Conventional Concrete Group (M1-OPC, M2-SRPC) 

Compressive strength of unexposed specimens at 28 days of curing were 50.3 MPa and 43.2 

MPa for M1 and M2 respectively as shown in Figure 5-38 and Figure 5-39. Compressive 

strength of exposed specimens at ambient temperature indicated a significant reduction from 

56.4MPa to 26.7MPa (%53) in the case of M1 after 12 weeks while reduction was from 56.0 

to 32.14 (%39) in the case of M2. At elevated temperature (100oC) on the other hand indicated 

a drop in strength by %63.0 and %62.0 for M1 and M2 respectively. Loss of compressive 

strength is attributed to the softening of the corroded outer layer and the breakage of the CSH 

hydrated cement phase which is the primary contributor to the strength of concrete in addition 

to the cracking due to formation of expansive products formed by sulphate reaction with 
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aluminate phases. Similar observation of mass loss was reported by Mehta (2017). Hewayde 

et. Al (2007) has attributed the strength reduction to the loss of cement paste and its structural 

integrity, weakening of the concrete matrix, as well as a reduction in the specimen’s diameter. 

Xie (2004) attributed it to changing crystal structure and internal expansion. There is a direct 

but not proportional relationship between mass loss and compressive strength in the case of 

M1 (R2=0.8) and M2 (R2=0.9) as indicated in Figure 5-48 and Figure 5-49. In the case of M1 

mass loss %21.4 vs a compressive strength loss of %53. While in the case of M2 mass loss of 

%20.6 vs a compressive strength of %39. This explains the fact that the degradation extends 

far beyond the outer surface.  

Alkali Activated Polymer Concrete Group (M5, M8) 

Compressive strength of unexposed specimens at 28 days of curing were 23 MPa and 28 MPa 

for M5 and M8 respectively. Compressive strength of exposed specimens at ambient 

temperature indicated a small reduction from 20MPa to 16MPa (%20) in the case of M5 after 

12 weeks while reduction was very minor in the case of M8 (%2). At elevated temperature 

(100oC) on the other hand indicated a drop in strength of %30, and %12.5 for M5 and M8 

respectively. Figure 5-42 and Figure 5-45 illustrate the compressive strength loss for M5 and 

M8. Incorporation of OPC cement (%10) in M8 lead to the improved strength as compared to 

the case of M5 which only included GGBFS and FA. 

The availability of more calcium content in the form of OPC in M8 lead to significantly higher 

compressive strength of unexposed specimens. The increase in calcium content initiates the 

hydration mechanism which results in the formation of calcium-based hydrated products C-

S-H. Moreover, liberation of more heat during hydration provide better curing which further 
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increased the geo-polymeric alumina-silicate bonds. Improvement in the microstructure with 

less porosity has also contributed to the increase compressive strength (Skyara et. Al 2006). 

The strong alumina-silicate bonds which are not easily broken by acid resulted in better 

performance in term of strength. (Mehta 2017, Bakharev 2005). No direct relationship 

between mass loss and compressive strength loss identified as illustrated in Figure 5-52 and 

Figure 5-55. 

SCMs Group (M3-GGBFS, M4-FA) 

In general, incorporation of supplementary cementitious materials (SEMs), including 

GGBFS, FA, and SF had led to increased compressive strength of water cured concrete 

specimens. Compressive strength of unexposed specimens at 28 days of curing were 81.36 

MPa and 68.32 MPa for M3 and M4 respectively as shown in Figure 5-40 and Figure 5-41. 

The advantage of added SCMs is either due to the pores filling effect by very fine particles or 

due to pozzolanic reaction in which they react with calcium hydroxide to form a reaction 

product that is similar in composition and properties to C-S-H as discussed in Section 2.3. 

Compressive strength of exposed specimens at ambient temperature indicated a significant 

reduction from by %52 and %67 in M3 and M4 respectively after 12 weeks. At elevated 

temperature (100oC) on the other hand indicated a drop-in strength %70 and %76 for M3 and 

M4 respectively. Loss of compressive strength is attributed to the softening of the corroded 

outer layer and the breakage of the CSH hydrated cement phase which is the primary 

contributor to the strength of concrete. There is direct proportional relationship between mass 

loss and compressive strength in the case of M4 (R2=0.9) while M4 did not establish clear 

relationship (R2=0.3) as indicated in Figure 5-50 and Figure 5-51. 
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Special Concrete Group (M6-UHPC, M7-CAC) 

UHPC had the highest performance among all groups in the mechanical properties with 

compressive strength of 101.6 MPa at 28 days curing (Figure 5-43). This has been achieved 

by the incorporation of SF and steel fibers in the concrete mix. However, this concrete was 

among the highest in reduction in compressive strength, losing %74 after 12 weeks acid 

exposure at high temperature. As explained before this concrete had performed the worst in 

term of mass stability when exposed to sulfuric acid. It did not establish clear relationship 

between mass and compressive strength (R2=0.09) as indicated in Figure 5-53. 

CAC came third among the highest compressive strength among all groups in the mechanical 

properties with compressive strength of 74.08 MPa at 28 days curing (Figure 5-44). In 

addition, CAC demonstrated great resistant to sulfuric acid with only %8.0 reduction after 

12W exposure and %25 after 12W exposure at high temperature. Figure 5-46 and Figure 5-47 

illustrate the compressive strength loss for both concrete types. As explained before, absence 

of calcium hydroxide in the hydration product of CAC increased resistance to acid. It did not 

establish clear relationship between mass and compressive strength (R2=0.06) as indicated in 

Figure 5-54. 
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Figure 5-37: Compressive strength of concrete specimens under continuous water curing. M1-M8 

 

 
 

Figure 5-38: Compressive Strength of M1-OPC under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT) 

0

20

40

60

80

100

120

0 20 40 60 80 100

C
O

M
P

R
ES

SI
V

E 
ST

R
EN

G
TH

 M
P

A

TIME (DAYS)

M1 M2 M3 M4 M5 M6 M7 M8

0

10

20

30

40

50

60

70

80

90

100

28 48 68 88 108 128

C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 M

p
a

Time (days)

M1 Curing M1 Acid M1 Acid H.T



130 
 
 

 
 

Figure 5-39: Compressive Strength of M2-SRPC under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT) 

 

 
 

Figure 5-40: Compressive Strength of M3-GGBFS under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT) 
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Figure 5-41: Compressive Strength of M4-FA under water curing and under sulfuric acid exposure at normal (NT) 

and elevated temperature (HT) 

 

 
 

Figure 5-42: Compressive Strength of M5-AAC under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT) 
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Figure 5-43: Compressive Strength of M6-UHPC under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT)) 

 

 
 

Figure 5-44:  Compressive Strength of M7-CAC under water curing and under sulfuric acid exposure at normal 

(NT) and elevated temperature (HT) 
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Figure 5-45: Compressive Strength of M8-Acid Resistant under water curing and under sulfuric acid exposure at 

normal (NT) and elevated temperature (HT) 
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Figure 5-46: % Loss of Compressive Strength-Normal Temp 

 

 
 

Figure 5-47: % Loss of Compressive Strength-High Temperature 
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Figure 5-48: Correlation between % loss of mass and strength, (M1). 

 

 
 

Figure 5-49: Correlation between % loss of mass and strength, M2. 
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Figure 5-50: Correlation between % loss of mass and strength, M3. 

 

 
 

Figure 5-51: Correlation between % loss of mass and strength, M4 
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Figure 5-52: Correlation between % loss of mass and strength, M5 

 

 
 

Figure 5-53: Correlation between % loss of mass and strength, M6 
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Figure 5-54: Correlation between % loss of mass and strength, M7 

 

 
 

Figure 5-55: Correlation between % loss of mass and strength, M8 
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The results presented are for the exposure up to 8 weeks. As the specimen’s outer surface 

loose, the paste and expose aggregate, it becomes rough which make it difficult to evenly 

distribute the load. A rubber mat was used to allow uniform load distribution over the surface. 

However, after 8 weeks of exposure it became difficult to accommodate and obtain accurate 

and reliable results. 

Results of the split tensile strength before exposure to acid are consistent with the compressive 

strength results. Reduction in split tensile strength after exposure ranges from %18 to %34 

was found in the conventional and SCM groups. In the case of UHPC it was %13, while in 

CAC and AAC concrete demonstrated an increase in split tensile strength in the range %5 to 

%22.  

 

  
Figure 5-56: Split tensile strength of concrete specimens 
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Figure 5-57: Split tensile strength of concrete under water curing and under sulfuric acid exposure 
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Figure 5-58: Illustration of the Corroded Layer Concept 

 
 

Conventional Concrete Group (M1, M2) 

From the penetration analysis as shown in Figure 5-59, it is clearly noticed that the pH affected 

region is just the extreme outer surface meaning that the sulfuric acid doesn’t penetrates into 

concrete. The reaction between the various phases in concrete and the sulfuric acid takes place 

only in the surface portion of specimens. Similar finding was reported by (Ueda et al. 1996). 

Corrosion depth provided in Figure 5-63 indicates a similar pattern for both M1 and M2 with 

a maximum corrosion depth of 7mm and 8mm for M1 and M2 respectively, occurred at 12 

weeks exposure to %5 sulfuric acid at high temperature. 

SCMs Group (M3-GGBFS, M4-FA) 

Incorporation of SCMs did not change the mechanism of acid penetration into the concrete. 

Figure 5-60 indicates that the pH affected region is just the extreme outer surface and that 

Acid Affected Layer 

Dissolved Layer 
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acid doesn’t penetrate into concrete. Corrosion depth provided in Figure 5-64 indicates a 

similar pattern for both M3 and M4 with a maximum corrosion depth of 7mm and 7.5mm for 

M3 and M4 respectively, occurred at 12 weeks exposure to %5 sulfuric acid at high 

temperature. 

Polymer Concrete Group (M5, M8) 

Unlike other types of concrete, the behavior of alkali activated polymer concrete was different 

in the manner that it had stronger resistance to dissolution of the outer layer, however this 

type of concrete experienced the highest acid penetration. This can be clearly seen from the 

penetration depth (Figure 5-61). Overall corrosion depth was 25mm for M5 and 15mm for 

M8 (Figure 5-65). 

Special Concrete Group M6-UHPC, M7-CAC 

From the penetration analysis as shown in Figure 5-62, it is clearly noticed that the pH affected 

region is just the extreme outer surface meaning that the sulfuric acid hardly penetrated into 

hardened cement. However, corrosion depth manifested by the dissolution of outer layer was 

very significant in the case of M6-UHPC which is the highest compared to all other groups. 

Corrosion depth provided in Figure 5-66 indicates an 18mm corrosion depth in M6 after 12 

weeks exposure to %10 sulfuric acid while the maximum corrosion depth in CAC-M7 was 

only 2.5mm, which is the lowest among all other groups as well. 
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M1-OPC      Ambient Temperature  M2-SRPC 
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Figure 5-59:Corroded layer of concrete sample M1(left) and M2 (Right) after 2, 4, 8 and 12 Weeks at Ambient and 

high Temperature and at %10 concentration exposure indicated by sprayed phenolphthalein 
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M3-GGBFS  Ambient Temperature  M4-FA 
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Figure 5-60:Corroded layer of concrete sample M3(left) and M4 (Right) after 2, 4, 8 and 12 Weeks at Ambient and 

high Temperature and at %10 concentration exposure indicated by sprayed phenolphthalein 
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M5-AAC      Ambient Temperature M8-Acid Resistant 

 

    
 

    
 

    
 

    
 

 

High Temperature 

    
 

    
 

 

%10 Concentration 

    
 

Figure 5-61:Corroded layer of concrete sample M5(left) and M8 (Right) after 2, 4, 8 and 12 Weeks at Ambient and 

high Temperature and at %10 concentration exposure indicated by sprayed phenolphthalein 
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M6-UHPC     Ambient Temperature M7-CAC 
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Figure 5-62:Corroded layer of concrete sample M6(left) and M7 (Right) after 2, 4, 8 and 12 Weeks at Ambient and 

high Temperature and at %10 concentration exposure indicated by sprayed phenolphthalein 
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Figure 5-63: Corroded depth for M1 and M2 specimens after 2, 4, 8 and 12 Weeks at Ambient and high 

Temperature and at %10 concentration exposure 

 

 

 

 
 

Figure 5-64: Corroded depth for M3 and M4specimens after 2, 4, 8 and 12 Weeks at Ambient and high 

Temperature and at %10 concentration exposure 
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Figure 5-65: Corroded depth for M5 and M8 specimens after 2, 4, 8 and 12 Weeks at Ambient and high 

Temperature and at %10 concentration exposure 

 

 
 

 
 

Figure 5-66: Corroded depth for M6 and M7 specimens after 2, 4, 8 and 12 Weeks at Ambient and high 

Temperature and at %10 concentration exposure 
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5.9 Material Characterization – SEM and EDS 

Samples obtained from each type of concrete before exposure to sulfuric acid in addition to 

samples obtained from the outer surface of specimens after 12 weeks of exposure were 

investigated with the aid of scanning electron microscopy (SEM/EDX), X-ray diffraction 

(XRD), infrared spectroscopy (FTIR). Moreover, samples obtained from the specimens 

exposed at elevated temperature and paste were analyzed to understand the variation in 

microstructure due to variation in these parameters. 

Examinations made by SEM and EDX were conducted on small pieces cut from the specimens 

before and after exposure to acid. For the exposed specimens the pieces were taken from the 

corroded microstructure at regions very close to the acid-exposed surface. SEM and EDX are 

presented in Figure 5-67 . In general, the results confirmed the presence of gypsum crystals 

in the corroding outer layer in almost all the mix groups. This gypsum and its expansive 

reaction seem to be responsible for aggregates becoming loose and falling out in acid affected 

layers. Sulfur content has significantly increased. Similar finding was reported by (ALI2005) 

confirming that all the sulfur and calcium in the corroded layer are present in the form of 

gypsum. Moreover, formation of microcracks and increased porosity of the outer layer was 

observed in the SEM images in line with other reported results by (Zhang 2018).  
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M3      M4 

  
M5      M6 
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Figure 5-67: low magnification SEM image for exposed concrete specimens showing the interface between affected 

and intact concrete layer 
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Table 5-11: EDX before and after exposure to sulfuric acid 

Before Exposure 

 Ca Si Fe Al S Mg Na K  NA/AL AL/Si Ca/Si 

M1 62 24 3.9 4.3 2.6 2.2 0.4 0.3  0.09 0.18 2.58 
M2 56.6 35 2.6 2.1 2 1.4 0.2 0.1  0.10 0.06 1.62 
M3 37.4 47.2 1.3 5.7 2.9 3.1 0.6   0.11 0.12 0.79 
M4 53.2 28 6.9 8.5 1.2 0 1.9 0.4  0.22 0.30 1.90 
M5 17.7 60.9 3.6 9.3 0.6 1.6 4.2 2.1  0.45 0.15 0.29 
M6 49.7 40.2 4.3 1.9 0.9 0.8 0.6 1.5  0.32 0.05 1.24 
M7 50.8 4.3 4.2 39.8 0 0.5 0.2 0.2  0.01 9.26 11.81 
M8 39.6 34 9.4 11.7 1.3 2.2 0.2 1.7  0.02 0.34 1.16 

             

After Exposure          

 Ca Si Fe Al S Mg Na K  NA/AL AL/Si Ca/Si 

M1 35.8 18.1 3.1 2.7 30.5 0.6 0.3 0  0.11 0.15 1.98 
M2 39.2 20.4 1.5 1.4 35.7 0.4 0.8 0.5  0.57 0.07 1.92 
M3 30 15 3 4 30 1.5 1 0.5  0.25 0.27 2.00 
M4 49.9 7.7 4.6 3.7 34 0 0.1 0  0.03 0.48 6.48 
M5 12.6 49 3.4 16.4 12.7 0.5 0.8 1.3  0.05 0.33 0.26 
M6 40.4 50.9 1 2.4 3.4 0.8 0 1.1  0.00 0.05 0.79 
M7 36.2 1.9 16.9 9.7 32.3 0.3 0.7 0  0.07 5.11 19.05 
M8 17.2 49.3 4 4.9 26 0.4 0.4 1.2  0.08 0.10 0.35 

             

 

Conventional Concrete Group (M1, M2) 

Sulfur content has significantly increased from 1.7 to 30.5 in M1 and from 2.0 to 35.7 in M2. 

(Table 5-11). Na/Al and Al/Si ratio in uncorroded sample is 0.09 and 018 for M1 and 0.1 and 

0.06 for M2 respectively.  Higher Al/Si in M1 is expected since OPC has a higher Aluminum 

(C3A) content than SRPC. Ca/Si ratio on the other hand is 2.58 for M1 and 1.62 in M2 

uncorroded layer. This ratio dropped to 1.98/1.92 after exposure, confirming the ions 

exchange and bleaching of ca ions to react and form gypsum. This was demonstrated by the 

studies conducted by (Hewayde et al 2007, Arrifin 2013, Aydin et al 2005). Shamila 2016 

attributed this to decalcification. 
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Polymer Concrete Group (M5, M8) 

The results confirmed the presence of gypsum crystals in the corroding outer layer surrounded 

by phases mainly containing silica and aluminum gel (Figure 5-72). Sulfur content has 

significantly increased from 0.5 to 9.8 in M5 and from 3.5 to 26 in M8. SEM Images indicate 

the formation of a barrier gel in polymer concrete mixes. Similar finding was reported by 

Shamila 2016. Polymer and carbon fibers in M8 clearly shown in SEM image. These fibers 

remained intact and were not affected by the acid, which might have contributed to holding 

the outer layer of the concrete intact. Na/Al and Al/Si ratio of the detected N-A-S-H type gel 

in uncorroded sample is 0.45 and 0.15 respectively. The measured ratio is inconsistent with 

results reported by Zhang 2018 where the range of Na/Al ratio and Al/Si ratio distributed over 

a range of 0.26 and 0.66, respectively (Table 5-11). This could be explained by the variation 

of these elements in the fly ash and GGBFS raw material. M8 which contains more Ca had a 

higher Ca/Si of 1.16 compared to 0.29 in M5. The Ca/Si ration dropped to 0.35 and 0.26 in 

M8 and M5 respectively after exposure to sulfuric acid. Al/Si ratio increased in M5 and 

decreased M8. Similar finding was reported by (Zhang 2018) which he had confirmed by the 

FTIR analysis.  He explained that by the fact of aluminum removal from gel structure due to 

the protons attack on the Si–O–Al bonds (Allahverdi 2001). SEM and EDX od unexposed 

samples indicated large number of voids and microcracks which create weak links in the 

microstructure in M5. M8 on the other hand has a relatively denser matrix with fewer cracks. 

EDS analysis also confirmed the existence of additional calcium based hydrated products in 

M8 specimens.  Mehta 2016 reported that with increasing OPC (as fly ash replacement) Ca/Al 

ratio and Ca/Si ratio increased. 

SCMs Group (M3-GGBFS, M4-FA) 
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SEM images from fracture surfaces of the exposed specimens indicated that the surface of 

concrete underwent significant deterioration due to sulfuric acid attack with clear gypsum 

formation on the surface. Sulfur content has significantly increased from 2.9 to 30 in M3 and 

from 1.2 to 34 in M4. Ca/Si and Al/Si ratio in uncorroded sample are 0.79 and 0.12 for M3 

and 1.9 and 0.3 for M4 respectively (Table 5-11).  Higher Al/Si and less Ca/Si when compared 

to OPC M1 is expected. However, this ratio has not dropped after exposure to sulfuric acid 

which is supposed to happen though ions exchange and bleaching of ca ions to react and form 

gypsum. SEM and EDX of unexposed samples indicated a relatively dense matrix. Calcium 

based hydrated products (C-S-H) was seen which is primary contributor to strength properties. 

Special Concrete Group (M6-UHPC, M7-CAC) 

SEM images from fracture surfaces of the exposed specimens indicated clear presence of 

gypsum formation on the surface. SEM and EDX of unexposed samples indicated relatively 

dense matrix. Ca/Si ratio dropped from 1.2 to 0.69 and while Al/Si ratio remained at 0.05.  

Higher Al/Si and less Ca/Si when compared to OPC M1 is expected. 

5.10 Material Characterization – XRD 

The X-ray diffractogram (XRD) of the material before exposure to acid indicates peaks 

corresponding to CSH, portlandite (P), quarts (Q), Calcite (C) and gypsum (G) phases. 

Gypsum phase (CaSO4.2H2O) dominated the diffractogram of exposed specimens both at low 

and at high temperature as well as paste samples. These peaks identified at 11.5, 29.2, 33.3, 

37.2 2-theta. Gypsum was identified in all the samples (Figure 5-68-5.80) as the key reaction 

product between the sulfuric acid solution and hydrated cement paste (Girardi and Maggio 
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2011). Common peaks of calcite are likely occurred from the coarse aggregate contained a 

fraction of carboniferous aggregate, while the sources of quartz in the diffractograms 

originated from sand. 

Conventional Concrete Group (M1, M2) 

XRD diffractogram of M1and M2 samples (Figure 5-68, Figure 5-69) before exposure to acid 

indicates phases of portlandite, CSH, and Quartz. After exposure to acid the main phase 

identified in XRD is gypsum with small low intensity peaks of quartz and CSH. The formation 

of gypsum has been reported in previous works when the OPC containing calcium-rich 

material were exposed to sulfuric acid. This is due to the reaction between the dissolved 

calcium cation and the sulfate anion. the calcium present in pore solution or part from 

portlandite, CSH or CaO is the major source of gypsum formation. (Hill et al. 2003).  

Polymer Concrete Group (M5, M8) 

The X-ray diffractogram of the material before exposure showing phases of Quartz and 

Mullite (3Al2O3.2SiO2), similar to that of fly ash used. Peaks corresponding to C–S–H phase 

that occurs in systems with a high content of Ca (Figure 5-73, Figure 5-76). Similar finding 

was reported by Zhang 2018, Lloyd et al 2012 and Mehta 2016).  Peaks corresponding to C-

S-H, N-A-S-H and C-A-S-H were identified as also reported in previous studies in polymer 

concrete (Salami et. al 2017, Borges 2016 and, Buchwald 2009). Although it involves strong 

aluminum-silicate bonds which will take longer time to break, the ultimate reaction taking 

place will result in formation of gypsum. These bonds provided higher resistant to sulfuric 

acid and therefore contributed to the high mass and strength stability of polymer concrete as 

compared to conventional concrete.  



155 
 
 

SCMs Group (M3-GGBFS, M4-FA) 

The X-ray diffractogram of concrete incorporating fly ash and GGBFS showed the presence 

of phases such as CSH, Quartz, CASH. Melilite which is a crystalline compound generally 

present in unhydrated fly ash (McCarthy et al. 1984, Mahmud 2017)). Portlandite peaks with 

less intensity is an indication of less content in the specimens incorporating SCMs was due 

pozzolanic activity, resulting in production of additional/secondary C-S-H gel as discussed in 

previous sections. Similar finding was reported by (Mahmud 2017).  

Some researchers (Mahmoud 2017, Li et al. 2000, Fang 2017) reported that the activity of fly 

ash (pozzolanic reaction with portlandite) will be hindered if the pH drops below 13. Thus, it 

appears that the unreacted fly ash found in the reaction zone of the specimen’s act as an inert 

filler for samples exposed to sulfuric, unless the concrete is cured for long period of time (>56 

days), long enough for pozzolanic reaction to take place. The ultimate phases identified after 

exposure to sulfuric acid both at low and high temperature was mainly gypsum with low 

quantity of calcite, quartz and CSH.  

Special Concrete Group M6-UHPC, CAC M7 CAC 
 
 

XRD diffractogram of UHPC samples (Figure 5-68) before exposure to acid indicates phases 

of portlandite, CSH, and Quartz. Phases identified in CAC on the other hand indicated 

presence of calcium aluminate hydrate phases. After exposure to acid the main phase 

identified in XRD is gypsum with small low intensity peaks of quartz and CSH in the case of 

UHPC.  
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M1 (ordinary portland cement) 

Before Exposure     After Exposure 

       

           

     

 
Figure 5-68: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature, M1. 
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M2 (sulfate resistant cement) 

Before Exposure     After Exposure 

       

    

   

 
Figure 5-69: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M2 
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M3 (GGBFS) 

Before Exposure     After Exposure 

       

          

     

 
Figure 5-70: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M3 
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M4 (Fly Ash) 

Before Exposure     After Exposure 

          

   

   

 
Figure 5-71: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M4 
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M5 (Polymer-AAC)  

Before Exposure     After Exposure 

      

      

   

 
Figure 5-72: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M5 
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M6 (UHPC) 

Before Exposure     After Exposure 

     

      

    

 
Figure 5-73: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5sulfuric acid at high temperature. M6 
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M7 (CAC) 

Before Exposure     After Exposure 

     

      

                      

 
Figure 5-74: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M7 
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M8 (Polymer-Acid Resistant) 

Before Exposure     After Exposure 

        

        

     

Figure 5-75: SEM, EDX and XRD Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and 

(c). sample exposed to %5 sulfuric acid at high temperature. M8 
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P1 (OPC Paste) 

Before Exposure     After Exposure 

        

       

     
Figure 5-76: SEM, EDX Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). sample 

exposed to %5 sulfuric acid at high temperature. P1 
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P2 (SRPC Paste) 

Before Exposure     After Exposure 

       

        

     
 
Figure 5-77: SEM, EDX Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). sample 

exposed to %5 sulfuric acid at high temperature. P2 
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P3 (GGBFS Paste) 

Before Exposure     After Exposure 

     

    

                             
 
Figure 5-78: SEM, EDX Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). sample 

exposed to %5 sulfuric acid at high temperature. P3 
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P4 (FA Paste) 

Before Exposure     After Exposure 

       

      

     
 
Figure 5-79: SEM, EDX Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). sample 

exposed to %5 sulfuric acid at high temperature. P4 
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P5 (Polymer Paste) 

Before Exposure     After Exposure 

    

    

    
 

Figure 5-80: SEM, EDX Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). sample 

exposed to %5 sulfuric acid at high temperature. P5 
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5.11 Material Characterization – FTIR 

As a further confirmation of the formed phases identified in XRD, Infrared (FTIR) 

spectroscopy technique was used which provides insights into the molecular framework of 

the sample structures. Powder samples obtained from the specimens before exposure and after 

from the outer surface after 12 weeks of exposure were tested by FTIR. The IR spectra of all 

concrete specimens before and after exposure to sulfuric acid is presented in Figure 5-81-

5.88. Peaks at around 600 cm-1,620 cm-1 and 1100 cm-1 are indicative of SO4
2- groups, which 

belong to sulfate phases such as ettringite and gypsum (Stark 2003). Th Peaks at 600 and 670 

corresponds specifically to S-O bond of SO4
2- while peaks at 1620, 3400 and 3540 

corresponds to hydrogen bonded hydroxyl group of H2O molecules in dehydrated gypsum 

(Yang 2018). Other metal oxides presented in the sample have bands of M-O bonds at 465, 

550 and 660 cm−1. This includes the bands for the SiO2 in quartz at 550. It is worth 

mentioning that the characteristics of IR bands associated with quartz includes (i) Si–O 

asymmetrical bending vibration at 465 cm−1; (ii) Si–O symmetrical stretching vibration at 

780–800 cm−1; (iii) Si–O symmetrical bending vibration at 695 cm−1; and (iv) Si–O 

asymmetrical stretching vibration at IR Frequency of 1080–1175 cm−1. The bands between 

1400 and 1450 cm−1 correspond to the symmetric stretching vibration of calcium carbonate. 

This could be present from the limestone aggregates. 

Spectroscopy of all samples after exposure to sulfuric acid indicates a similar product formed 

in both ambient and elevated temperature exposure condition. Th Peaks formed and identified 

at 600 and 670 and 1100 corresponds to S-O bond of SO4
2- while peaks at 1620, 3400 and 
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3540 corresponds to hydrogen bonded hydroxyl group of H2O molecules in dehydrated 

gypsum. This further confirm the results obtained by XRD. 

 

Figure 5-81: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M1 

 

Figure 5-82: FTIR spectra of a)Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M2 
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Figure 5-83: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M3 

 

 
Figure 5-84: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M4 
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Figure 5-85: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M5 

 
Figure 5-86: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M6 
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Figure 5-87: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M7 

 

 
Figure 5-88: FTIR spectra of Unexposed sample, (b)sample exposed to %5 acid at normal temperature, and (c). 

sample exposed to %5 sulfuric acid at high temperature. M8 
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6          CHAPTER 6     

MODELING DEGRADATION OF CONCRETE 

6.1 Description of the Damage Model 

The diffusion-reaction-damage model developed by Tixier and Mobasher (2003) was adopted 

to simulate the combined sulfate and sulfuric acid attack. The model is based on diffusion of 

sulfate ions in accordance to Ficks law, coupled with reaction taking place between calcium 

aluminates and sulfate to form gypsum and ettringite. The reaction results in an increase in 

volume and subsequently create internal tensile stresses/strains. When these exceed the 

concrete tensile strength, it cracks and subsequently reduce stiffness. These cracks further 

increase the diffusion at the crack location (layer). Because of change in diffusivity throughout 

the depth of concrete, the problem is treated as a moving boundary. Parameters considered 

are as follow: 

Initial Material Properties Computed material parameters 

Geometry of the concrete structure Mechanical properties 

Cement content and composition Capillary porosity  

w/c ratio C3A and Sulfate content cross the 

depth 

Degree of hydration Reduced Stiffness 

Diffusion, D Linear Expansion 

Sulfate surface concentration Internal strains 

E, F’t  

Diffusion of cracked/uncracked (D1/D2)  

Reaction Rate  
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The model is extended to take in consideration the effect of increased porosity at the surface 

due to acid effect (dissolution of portlandite and decomposition of CSH). The numerical 

simulation was conducted by a MATLAB program and solved as a 2D problem. A parametric 

study was conducted to simulate the effect of variation of various parameters and to analyze 

the behavior of the diffusion, reaction and damage mechanisms. These parameters include 

diffusion, diffusion of cracked/uncracked material, volume of pores that can be filled with 

expansive material, C3A content, reaction rate, modulus of elasticity. 

calcium aluminate phases are represented in the model Pi with i=1..3, and defined as 

P1=C4AH13,  P2=C4ASH12 calcium aluminate monosulfate hydrate and P3= C3A. The relative 

proportions are calculated based on material input data. Volumetric calculations are calculated 

based on stoichiometry with the following reactions taking place. 

C4AH13+3CSH2+14H → C6ASH32+CH 

C4ASH12+2CSH2+16H→ C6ASH32 

C3A+3CSH2+26H→ C6ASH32 

 

where dk, Mk, and mv
k are respectively the density, molar mass, and molar volume of a given 

compound. The reacted and unreacted aluminate phase are denoted as Car and are calculated 

as function of time and space. Cau(x,t), according to 

 
Volumetric strain is calculated based on the total reacted aluminate phases 
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The capillary porosity, ɸ, is estimated according to the Powers model approach (Hoglund 

1992) with w/c as the water/cement ratio, Vc the volumetric fraction of cement in the concrete, 

and aα the degree of hydration of the cement. Capillary porosity plays an important role in 

accommodating the expansive material. The percentage of this porosity that can be filled is 

controlled through the input parameter “% of porosity that can be filled with expansive 

material”, the higher this value the more time it will take for the damage to take place. This is 

incorporated into the model through time delay to the evolution of volumetric strain. 

 
 

      
Degradation in stiffness is introduced through a damage function ɷ applied to the uniaxial 

strain. In the linear elastic range ɷ=0, meaning there is no damage. In the non-linear elastic 

range cracks initiate imposing a damage to the stiffness calculated as function of the crack 

density ɷ =16/9*Cd, ɛth is threshold strain 

 

E= E0 x (1-ɷ) 
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In the post peak zone where, maximum stress is reached the damage function is expressed by 

the relation presented by Nemat-Nasser and Hori (1993)   

 

Where ɷ0 is the accumulated damage at the peak stress. The deformation at peak is w0 and 

obtained as w0=ɛpxH, where H is the gauge length of the specimen and ɛp is the strain at peak. 

Modulus of elasticity is calculated as: 

 

Average expansion throughout the cross section based on average E can be expressed as: 

 
 

Diffusion-reaction: 

  
The sulfate concentration is represented as U and the diffusion constant as D. Parameter k 

represents the rate of take up of sulfates and may be considered as the solubility rate. 

Numerical solution is obtained using finite difference. 

6.2 Parametric Study 

A parametric study was conducted to simulate the effect of variation of various parameters 

and to analyze the behavior of the diffusion, reaction and damage mechanisms. These 

parameters include diffusion, diffusion of cracked/uncracked material, volume of pores that 
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can be filled with expansive material, Surface concentration of SO4
2- mol/m3 and modulus of 

elasticity. Initial input parameters are presented in Table 6-1: 

Table 6-1: Initial Input Parameters 

Thickness of the specimen (meters) L 0.075 

Length of the specimen (meters) H 0.15 

diffusion coefficient of uncracked material_(m^2/s)_D2 9.00E-13 

Ratio of diffusion coefficient for a cracked material to the uncracked D1/D2_(>1); 20 

Sulphate boundary concentration_(mol/m^3_of_material),_U0; 500 

Cement dosage_(kg/m^3_of_material),Cement content; 370 

BSG of cement, MVC; 3.15 

water/cement ratio, wc; 0.4 

Degree of hydration of cement, DRcement; 0.9 

Fraction of capillary porosity that can be filled, phi frac; 0.45 

C3A content of cement, CC3Ai; 0.06 

Gypsum content of cement, Gypsum; 0.06 

Degree of reaction of C3A, DRC3A; 0.9 

Rate constant of reaction between sulfates and aluminates (m^3/mol.s),_k; 3.00E-10 

Young's modulus of material (MPa),_E0; 41000 

Tensile strength of material (MPa), ft; 4 

Residual hydrostatic expansive stress in the pore microstructure_(MPa), residual stress; 10 

 
Variation of various parameters  
 

Case Diffusion 
Coefficient 
(m^2/s) 

Diffusion coefficient of 
cracked/uncracked  

Surface 
concentration 
of SO42- 
mol/m3 

%of capillary 
voids filled 

Modulus of 
Elasticity 
(GPa) 

1 2E-13 5 10 0.1 10 
2 4E-13 6 25 0.2 15 
3 6E-13 7 50 0.3 20 
4 8E-13 8 100 0.4 25 
5 1E-12 9 200 0.5 30 
6 3E-12 10 300 0.6 35 
7 5E-12 12 500 0.7 40 
8 7E-12 14 550 0.8 45 
9 8E-12 18 600 0.9 50 

10 9E-12 20 650 0.99 55 
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The effect of variation in the diffusion coefficient (D2) is illustrated in Figure 6-1 Strain 

profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation in diffusion (D2) parameter. The simulation indicates that a 

higher diffusion coefficient will result in higher diffusion of sulphate ions toward the inside 

of the specimens. Sulfate content of 350 mol/m3 at the full depth of specimens was indicated 

in the case of highest diffusion (9E-12(m^2/s) vs 25 mol/m3 in the case of lowest diffusion 

(1E-13(m^2/s)) Consequently, more sulphate ions available to react with calcium aluminate 

phases leads to more expansion that can be seen in the larger volumetric strain and linear 

expansion developed. Looking at the penetration depth which is an indication of the cracked 

depth, it also reveals that higher diffusion result in faster penetration and consequently faster 

degradation of stiffness (700 days for full degradation in case with lowest diffusion vs 100 

days for the case of highest diffusion). It can be concluded that the diffusion parameter has a 

detrimental effect on the modeling of the sulphate and sulfuric acid attack on concrete. 
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Figure 6-1 Strain profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation in diffusion (D2) parameter. 
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The effect of variation in the ratio of diffusion coefficient of cracked/uncracked (D1/D2) 

material illustrated in Figure 6-2. The simulation indicates that a higher diffusion coefficient 

will result in higher diffusion of sulphate ions toward the inside of the specimens. However, 

it is not as significant as the diffusion coefficient. Sulfate content of 75 mol/m3 was indicated 

in the case of highest D1/D2 (20) vs 10 mol/m3 in the case of lowest diffusion D1/D2 (5). 

More sulphate ions available to react with calcium aluminate phases leads to more expansion 

that can be seen in the larger volumetric strain and linear expansion developed. Looking at 

the penetration depth which is an indication of the cracked depth, it also reveals that higher 

diffusion result in faster penetration and consequently faster degradation of stiffness (900 days 

for full degradation in case with lowest D1/D2 vs 350days for the case of highest D1/D2). It 

can be concluded that the diffusion parameter has an important effect on the modeling of the 

sulphate and sulfuric acid attack on concrete but less significant when compared to the 

diffusion parameter D2. 
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Figure 6-2 : Strain profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation in diffusion cracked to uncracked (D1/D2) material  parameter. 
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The effect of variation in the surface concentration of sulfate ions is illustrated in Figure 6-3. 

The simulation indicates higher sulfate content only at intermediate depth that doesn’t extend 

toward the full extent of specimen’s depth. This can be explained by the fact that penetration 

will be controlled by the reaction rate. Sulfate content of in the range of 0-30 mol/m3 was 

indicated at the full depth. At intermediate depth more sulphate ions available to react with 

calcium aluminate phases leads to more expansion that can be seen in the larger volumetric 

strain and linear expansion developed. Looking at the penetration depth which is an indication 

of the cracked depth, it also reveals that higher diffusion result in faster penetration and 

consequently faster degradation of stiffness (900 days for full degradation in case with highest 

surface concentration vs 1300 days for the case of lowest surface concentration). It can be 

concluded that the surface concentration of sulphate ions has an important effect on the 

modeling of the sulphate and sulfuric acid attack on concrete that is more significant at 

intermediate depth. 
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Figure 6-3:Strain profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation surface concentration of sulphate parameter. 
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Capillary voids provide space of expansive products to fill (buffer effect). Once these pores 

are filled the expansion and degradation of the concrete will take place. Effect of variation in 

the surface concentration of sulfate ions is illustrated in Figure 6-4. The simulation indicates 

that providing higher percentage of the capillary voids to be filled with expansive material 

will significantly slow down the degradation process. Looking at the penetration depth which 

is an indication of the cracked depth, it also reveals that capillary voids result in slower 

penetration and consequently slower degradation of stiffness (2200 days for full degradation 

in case with highest volume of capillary voids (0.99) vs 500 days for the case of capillary 

voids (0.1). It can be concluded that the Capillary voids of sulphate ions has an important 

effect on the modeling of the sulphate and sulfuric acid attack on concrete that is more 

significant at intermediate depth. 
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Figure 6-4: Strain profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation in capillary voids parameter. 
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Modulus of elasticity play an important role in the damage propagation through the concrete 

matrix. Since the damage is triggered by expansion and development of internal strains, a 

more rigid material will behave more like brittle material allowing less deformation to take 

place before failure. Inversely a more flexible material will withstand more deformation 

before failure. Variation of the elastic modulus parameter revealed an important effect on the 

damage of concrete attacked by sulphate and sulfuric acid. This can be observed in Figure 

6-5 which shows that the material with highest stiffness failed at a faster time than the flexible 

material. Looking at the penetration depth which is an indication of the cracked depth, it also 

reveals that lower elastic modulus result in slower degradation (4000 days for full degradation 

in case with lowest modulus (10GPa) vs 2200 days for the case of highest modulus (55GPa). 

It can be concluded that the modulus of elasticity has an important effect on the modeling of 

the sulphate and sulfuric acid attack on concrete. 
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Figure 6-5: Strain profile, degradation of elastic modulus, penetration depth, linear expansion and sulfate 

concentration with variation in modulus of elasticity. 
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6.3 Modeling the Experimental Work  

After conducting the parametric study and understanding the behavior of the material and the 

damage due to various parameters, a calibrated model was developed to simulate and compare 

with the actual data obtained from the experimental work. Ordinary Portland cement (M1) 

concrete was selected to be compared with simulation. Simulation for a period of 12 weeks 

was considered. 

The following input parameters were specified for the model. 

Thickness of the specimen (meters) L 0.075 

Length of the specimen (meters) H 0.15 

diffusion coefficient of uncracked material_(m^2/s)_D2 9.00E-13 

Ratio of diffusion coefficient for a cracked material to the uncracked D1/D2_(>1); 20 

Sulphate boundary concentration_(mol/m^3_of_material),_U0; 500 

Cement dosage_(kg/m^3_of_material),Cement content; 370 

BSG of cement, MVC; 3.15 

water/cement ratio, wc; 0.4 

Degree of hydration of cement, DRcement; 0.9 

Fraction of capillary porosity that can be filled, phi frac; 0.35 

C3A content of cement, CC3Ai; 0.06 

Gypsum content of cement, Gypsum; 0.06 

Degree of reaction of C3A, DRC3A; 0.9 

Rate constant of reaction between sulfates and aluminates (m^3/mol.s),_k; 3.00E-10 

Young's modulus of material (MPa),_E0; 41000 

Tensile strength of material (MPa), ft; 4.5 

Residual hydrostatic expansive stress in the pore microstructure_(MPa), residual stress; 10 
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The model predicted reasonably the sulfate content through the depth of the concrete 

specimen as compared with the data obtained from experiment (Figure 6-6). The model has 

slightly over estimated the penetration depth as compared with the depth of damaged 

encountered in the experiment. The compressive strength loss of concrete type M1 was %52.1, 

corresponding to a theoretical loss of 20mm in the concrete cylinder diameter. (Figure 6-7-

6.9) 

 

Figure 6-6: Comparison between simulated and measure sulfate content in type M1-OPC concrete after 12 weeks of 

exposure  

Experimental 



191 
 
 

 

Figure 6-7: Simulated degradation of elastic modulus  

 

Figure 6-8:simulated linear expansion  
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Figure 6-9: Simulated depth of penetration 
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7                              CHAPTER 7     

 CONCLUSIONS AND RECOMMENDATIONS 

Sulfur Pit is an essential part of oil and gas processing facilities where the sulfur after 

extraction from the hydrocarbons in Sulfur Recovery Units is stored and maintained in liquid 

phase at temperatures ranging from 130 °C to 160 °C. The molten sulfur reacts with water 

vapor in a sealed sulfur pit resulting in the formation of acidic vapors in the pit. These acidic 

vapors are primarily sulfurous and sulfuric acid vapors. These acidic vapors at high 

temperature results in damage to the concrete slab and walls above the zone of sulfur 

immersion in the sulfur pit. Literature review of the mechanisms of various forms of sulfate 

and sulfuric acid attack was conducted and previous work on performance of various types of 

concrete developed for sulfuric acid exposed structure mainly focused on sewage transmission 

and treatment facilities. Sulfur pit is a specialized concrete structure subjected to combined 

sulfur/sulfuric acid exposure at high temperature which has not been addressed.  

In order to determine the damage mechanism, a detailed analysis of the field investigations 

carried out on  existing sulfur pit structures was conducted and the exposure environment and 

loading to which a sulfur pit structure is subjected was ascertained.  Results of visual 

inspection, semi-destructive testing (SDT), nondestructive testing (NDT) and laboratory tests 

on concrete core and powder samples from the pits were analyzed. Based on the analysis of 

field investigations, it has been determined that sulfuric acid vapors is a major cause of 

concrete deterioration in sulfur pits and it accelerates the reinforcement corrosion process by 

damaging the concrete cover to the reinforcement.  
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A comprehensive experimental program was established to evaluate the performance of eight 

different types of concrete in an accelerated testing scheme, by exposure of concrete 

specimens to dilute sulfuric acid solution under normal and high temperature conditions. The 

concrete mixes investigated includes using Ordinary Portland Cement (OPC) concrete, 

Sulfate Resistant Portland Cement (SRPC) concrete, concrete with Supplementary Cement 

Materials (GGBFS, FA, SF), Alkali Activated Polymer Concrete, Calcium Aluminate 

Concrete (CAC) and Ultra High-Performance Concrete (UHPC).  

Moreover, two protective coating systems were investigated as part of this research. The first 

system uses a Glass Fiber Reinforced Plastic (GFRP) liner with high grade vinyl ester resin 

to sustain the elevated temperature. The second system is a commercially available high-

performance industrial polymer coating based on three-dimensional high cross link structure 

through Ether bonds (C-O-C). To evaluate the performance of the various concrete mixes 

subjected to dilute sulfuric acid, concrete cylinder samples were exposed to %5 sulfuric acid 

solution at normal and elevated temperature for a period of 12 weeks. Concrete specimens 

retrieved at selected ages were tested for mechanical properties and microstructural 

investigations. 

Numerical modeling using diffusion-reaction damage was developed as an extension of the 

Tixier and Mubasher’s model (2003) to predict the behavior of concrete subject to sulfuric 

acid. Parametric study was conducted to understand the effect of variation in different 

parameters on the deterioration of concrete. Subsequently, the actual deterioration of ordinary 

Portland cement as obtained from experimental work was simulated and compared. 
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7.1 Conclusions from Field Investigation 

1. Visual Surveys indicate severe deterioration of concrete structural element in the 

sulfur pits mainly in the form of cracking, delamination and reinforcing steel 

corrosion, being more prominent in the ceiling of the sulfur pit.  

2. The deterioration mechanism varies in the walls, roof slab and the foundation. A 

significant increase in compressive strength (2 to 3 times the original specified 

compressive strength) is indicated in the base slab and the portion of the walls which 

are immersed in molten sulfur. Petrography examination indicated microcracks filled 

with sulfur which could be the reason for such increase in strength.  

3. No significant damage and corrosion were observed in the base slab and portions of 

walls immersed in molten sulfur. However, in all sulfur pits surveyed, the walls have 

similar pattern of cracking parallel lines that are caused by thermal expansion as the 

structure is subjected to elevated temperature up to 160 ᵒC.  

4. Ceiling of the roof slab, which is subjected to sulfuric acid vapor fumes undergone 

extensive damage in almost all the sulfur pits in the form of cracking, delamination 

and active corrosion of reinforcing steel. Portions of roof slab have collapsed in some 

sulfur pits. pH reduction in roof slabs could be attributed to the sulfuric acid vapors. 

5. The top part of the walls in the sulfur pit, which are also subjected to sulfuric acid 

vapors show similar deterioration. 
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7.2 Conclusions from the Experimental Program 

1. From the eight concrete mixes investigated in the experimental program, the best 

performance in terms of mechanical properties and resistance to chemical attack and 

acid penetration was the calcium aluminate concrete.  

2. SCMs group did not show any improvement as compared to conventional concrete as 

has been indicated by many researchers. The beneficial effect of enhance concrete 

microstructure provided by pozzolanic reaction and pores filling effect diminishes at 

high concentration sulfuric acid exposure 

3. Alkali activated concrete investigated extensively in the literature for its resistance to 

sulfuric acid, demonstrated a relatively high resistance to sulfuric acid in terms of 

retained mass and strength in this research also. However, it has also been 

demonstrated that the deep acidification depth, makes it unfavorable from the 

reinforcement corrosion protection aspect.  

4. Although UHPC concrete had the highest performance in mechanical properties and 

minimum permeability as indicated by absorption test, RCPT and NT BULD 492 it 

demonstrated the maximum loss in strength and mass. 

5. Material characterization techniques (SEM, EDX, XRD and FTIR) provided valuable 

insights toward understanding the changes in material after exposure to sulfuric acid. 

In general, the acid reaction with concrete takes place at the extreme outer surface and 

the ultimate product formed is gypsum.  

6. The reaction speed depends on the chemical composition of the concrete and their 

relative resistance to the acid.  
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7. Portlandite is the fastest reacting phase to form gypsum, followed by calcium silicate 

hydrate phase, Quartz and calcite. These are typical phases found at different 

percentage in conventional concrete and SCMs.  

8. Polymer concrete on the other hand contain aluminum silicate bonds formed through 

the polymerization process which are not easy to break which makes it more resistance 

to acid. Likewise, Calcium aluminate concrete contains calcium aluminate hydrate 

(CAH) phases which are not easily broken by sulfuric acid.  

9. The effect of exposure to sulfuric acid at elevated temperature was increase in rate of 

the deterioration (kinetics of the reaction). Loss of mass and strength in samples 

exposed to %5 sulfuric acid at elevated temperature is very comparable to that of 

samples exposed to %10 sulfuric acid at an ambient temperature (25 oC). 

10. Glass Fiber Reinforced Plastic (GFRP) applied as a coating material has shown great 

resistance to sulfuric acid at normal and at elevated temperature (No sign of damage). 

On the other hand, high-performance industrial polymer coating based on three-

dimensional high cross link structure through Ether bonds (C-O-C) failed in just 4 

weeks when applied on concrete exposed to sulfuric acid at high temperature.  

7.3 Conclusions from the Numerical Modeling 

1. Numerical modeling using diffusion-reaction damage was developed as an extension 

to Tixier and Mubasher’s model (2003) to predict the behavior of concrete subject to 

sulfuric acid.  

2. The model is based on the combined sulfate and sulfuric acid attack taking place 

concurrently, with acid acting on the surface. Sulfate ions penetrates through the 

concrete and causes expansion  
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3. The parametric study provided an insight into the understanding of the degradation 

mechanism and the effect of variation in different parameters on the performance of 

concrete.  

4. The model provided reasonable prediction of the sulfate diffusion when compared to 

actual data from experimental work but overestimated the cracking and degradation 

of concrete of the elastic modulus. 

7.4 Recommendations 

1. Calcium Aluminate Cement Concrete (CAC) demonstrated high resistance to sulfuric 

acid and demonstrated best performance among all concrete mixes investigated in the 

experimental program. CAC is therefore recommended for sulfur storage structures. 

CAC can be utilized for construction of the structural system provided that the ultimate 

long-term compressive strength of CAC after “conversion” is specified.  

2. More economical solution would be to use CAC as a liner (75mm thick) inside a 

conventional reinforced concrete sulfur storage structure for the walls, columns and 

foundation.  

3. Externally applied Glass Fiber Reinforced Plastic (GFRP) liner with high grade resin 

to is a potential candidate for protection of concrete in a sulfur pit as a liner. However, 

further investigations need to be carried out this system. 
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7.5 Future Work 

1. Long term study should be considered to expose and monitor the performance of 

concrete specimens in molten sulfur inside an actual sulfur storage tank and monitor 

frequently over several number of years.  

2. Exploring the viability and investigating of the performance of Glass Fiber Reinforced 

Plastic (GFRP) manufactured sulfur storage tanks in molten sulfur environment.  

3. Further investigation of the GFRP liner as a protection system in sulfur storage 

structures. 
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