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Abstract 

 
TEST METHODS FOR EVALUATING THE OXIDIZATION POTENTIAL OF 

SULPHIDE –BEARING AGGREGATES AND ITS EFFECTS ON CONCRETE 

DURABILITY 

 
                                                          Doctor of Philosophy 
                                                                        2017 

      

        Bassili Guirguis 

                                         Civil Engineering 

                                                             Ryerson University 

 

This research project focuses on the development and validation of test methods to evaluate the 

potential oxidation of sulphide-bearing aggregates, which can cause severe damage when used in 

concrete. The mechanism of damage is believed to consist of two parts: (a) the oxidation of sulphide 

minerals, which results in the formation of ferric hydroxide, and (b) the formation of sulphuric acid, 

which reacts with calcium hydroxide in concrete leading to an internal sulphate attack. Both parts 

produce a volume increase, damaging the concrete. A simple, quick and economical test method 

was developed and used to test thirty-one aggregates with different sulphur content. This test 

involves soaking the aggregate in an oxidizing agent at room temperature, washing the aggregate on 

a specific sieve, and drying it at 80°C. The soaking and drying cycle is repeated and the disintegration 

of the aggregates is measured as % mass loss. The composition of the oxidizing solution was 

evaluated, and the assessment of the aggregate was related to the presence of iron and sulphur ions 
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in the solution after the test. The aggregate oxidation test developed here is anticipated to be adopted 

as a screening test method by North American standards due to its simplicity and applicability to a 

wide range of aggregates. The expansion of recently developed mortar bar samples containing a 

limited number of aggregates proves that the test can show expansion in aggregates with sulphide as 

well as high silica content; however, the high-silica aggregate did not show significant expansion in 

the second stage of the test, unlike the sulphide-bearing aggregates. The test was examined for its 

ability to evaluate the effects of supplementary cementing materials (SCM`s) on mitigating the 

damage in mortars containing sulphide-bearing aggregates. The results revealed that extended 

exposure to the oxidizing agent caused damage in the bar due to reasons other than the oxidation of 

sulphide phases when SCM with high reactive alumina is used. In addition, the results revealed that 

silica fume and low-calcium fly ash were effective in mitigating the damage, however, the efficacy 

of SCM`s is mainly linked to their ability to reduce the penetration of oxidizing agents into the mortar 

bars. These results need to be validated using field investigations. Concrete samples were tested 

under different conditions in an attempt to replicate the damage mechanisms in concrete samples 

under lab conditions. Some of the testing regimes showed promising results and are recommended 

for future studies.   
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Chapter 1 

Introduction 

 

1.1 Problem Definition 

 

In Trois-Rivieres region (Quebec, Canada), the foundation walls of more than 900 

residential houses were affected by the oxidation of sulphide-bearing aggregates. The concrete 

foundations rapidly deteriorated and severely cracked within the first 3 to 5 years after 

construction, as shown in Figure 1 – 1. The damage took the form of a network of cracks known 

as map cracking. Figure 1 - 2 shows the deteriorated foundation, deck slab, and pop-out in the 

wall. The aggregate used in this concrete was igneous rock with a trace amount of metamorphic 

rock and contained various components of sulphide minerals such as pyrite (FeS2) and pyrrhotite 

(Fe(1-x)S) [2]. A deterioration mechanism involving oxidation and internal sulphate attack is 

believed to have caused swelling and cracking in the concrete. The details of the mechanism and 

the factors that affect the rate and level of damage are not 100% understood; however, sulphate 

attack plays is believed to have the main role in the deterioration. A good understanding of 

deterioration mechanisms essential. 

 

Figure 1 - 3 shows the replacement method used to remove all of the covering stones and 

masonry from the foundations and walls of the homes. The foundations were first demolished and 

then replaced [1]. This problem caused a significant amount of damage to the walls and 

foundations of these homes, resulting considerable economic loss. The home shown in Figure 1 - 
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3 is one of the several houses that have undergone restorations to repair the deterioration caused 

by the sulphide mineral pyrrhotite. 

 

 

 

 

 

 

 

 

  Figure 1 - 1: Cracking in concrete foundation [2]. 

 
  

 

 

 

 

 

 

 

 

Figure 1 - 2: Features of concrete deterioration [2]. 

Figure 1 - 2, (a) Cracking in the concrete foundation of houses; (b) Map cracking in the entrance 
concrete deck slab; (C) Open cracks on the interior side of the concrete foundation, and (d) Pop-

out on the interior side of a wall.
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Figure 1 - 3: Replacement procedures for the foundations and walls [2]
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1.2 Objective and research significance 

 

This thesis was initiated following the case of Trois-Rivieres and focused on developing a 

new test methods and adopting existing tests to evaluate aggregates for their potential to cause 

damage in concrete due to oxidation of sulphide phases. Moreover, the applicability of existing 

tests on evaluating possible preventive measures is evaluated. For developing new test methods, 

emphases were placed on simplicity, practicality and cost of the proposed method. It should be 

noted that the sulphide minerals can be found in many places around the world, so the developed 

test methods and the understanding of the deterioration mechanisms are likely to have global 

positive impacts.  

 

1.3 Thesis Outline 

 

This thesis examines different tests used to evaluate the potential oxidation of aggregates 

from different sources. The goal is to propose a test method or test protocol to evaluate aggregates 

prior to being used in concrete. These tests are classified as: (i) aggregate tests, (ii) mortar bar tests, 

and (iii) concrete prism tests. Within each test, analytical techniques such as scanning electron 

microscopy, thermal analysis, and X-Ray diffraction are used to help explain the findings. Each of 

the above tests (including materials, experimental details, and analytical techniques) is presented 

in a separate chapter.  
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The thesis ends with a summary and conclusion chapter to bring all of the findings together 

and provide recommendations for future research. The thesis chapters are organized as follows: 

 

Chapter 1: Introduction 

 

This chapter introduces the topic and provides historical background regarding the case 

that took place in the Trois-Rivieres region (Quebec, Canada) where more than 900 residential 

houses were affected by the oxidation of sulphide-bearing aggregates. Sulphide-bearing aggregates 

can cause severe deterioration in concrete structures when the aggregates oxidize. In addition, the 

oxidation product can generate sulphate ions, which react with the hydrated cement products to 

form gypsum, ettringite, and thaumasite. These phases are also responsible for extra expansion 

and severe cracking, causing damage to concrete elements. Understanding the oxidation 

mechanism is very important in order to evaluate the potential volume increase responsible for 

expansion and cracking. This damage can decrease the serviceability of concrete elements, leading 

to major economic losses. 

 

Chapter 2: Literature Review 

 

This chapter covers the literature pertaining to the oxidation of sulphide-bearing aggregates 

and sulphate attacks, as well as the properties and formation of other phases in concrete, such as 

Friedel's salt, as this phase was found in some of the samples that were tested. 
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Chapter 3: Aggregate Testing Program 

 

This chapter covers the development of a new screening test to investigate the potential 

oxidation of sulphide–bearing aggregates. The mineralogical composition of aggregates, their filed 

performance, and their total sulphur (Sr %) content was used to assess the test results. 

 

Chapter 4: Mortar Bar Tests 

 

This chapter covers the initial stage of adopting a new oxidation mortar bar test proposed 

by Rodrigues et al, [3].  In addition, the test was used in this thesis with a wide range of aggregates 

from Ontario and Quebec. The test was also used to evaluate possible preventive measures against 

the oxidation of sulphide-bearing aggregates and the subsequent sulphate attack. 

 

Chapter 5: Concrete Prism Tests 

 

This chapter presents attempts to develop a concrete prism test to evaluate the potential 

damage of sulphide-bearing aggregates. While none of the attempted testing regimes are 

recommended as a new concrete test, the information can shed light on new directions to be taken 

in this area of research. 
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Chapter 6: Summary and Conclusions 

 

This chapter brings together all of the results from different tests in an attempt to draw 

conclusions and pave the road for more research on this topic. 

  

Chapter 7: Recommendations 

 

This chapter gives a short overview of the proposed recommendations for future research. 
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Chapter 2 

Literature Review 

 

2.1 Background 

 

Concrete damage is a major issue faced by engineers in both the public and private sectors. 

The deterioration resulting from a disintegration mechanism decreases the durability of the 

concrete, reducing the serviceability of concrete buildings and leading to major economic loss. 

Damage to concrete can occur because of the combined effects of external deleterious factors such 

as de-icing salts, freezing and thawing, and sulphate attacks, or because of internal reactions caused 

by one or more of the concrete ingredients such as the alkali-aggregate reaction or the oxidation 

of sulphide-bearing aggregates [3]. 

 

Many years ago, engineers and researchers discovered that the use of sulphide-bearing 

aggregates in concrete mixing could cause serious deterioration of the concrete [3]. Since then, 

more studies have been conducted in order to investigate and understand the combined deleterious 

mechanisms, which are the oxidation of iron-bearing aggregates followed by sulphate attacks. 

Some studies [4] have attempted to create laboratory testing methods to establish the harmful effect 

of sulphide-bearing aggregates in concrete. The deleterious effects of a sulphate attack on concrete 

can be seen in several places around the world. The primary factor that causes a sulphate attack is 

the type and number of minerals in the sulphide-bearing aggregate. 
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Berard et al. [5] used petrographic analysis to provide evidence of expansive minerals in 

the concrete foundations of several houses that experienced severe deterioration within two to four 

years after construction in a small community located north of Montreal (Canada). At the same 

time and in the same area, several concrete structures related to infrastructure (overpasses and 

bridges) began to deteriorate. These concrete structures were so badly damaged that significant 

parts of the structures fell. In 1969, Berard et al. [5] examined coarse grained gabbro found in the 

fragments of the destroyed concrete foundations. These fragments were collected from an area 

north of Montreal, Canada. The aggregates used in this concrete mixture contained traces of pyrite 

and pyrrhotite. Under the microscope, brownish powdery particles could be seen. The authors 

found that the reaction that caused the expansion and deterioration of the concrete structures was 

the oxidation of the pyrrhotite minerals, followed by sulphuric acid formation which in turn reacts 

with Ca(OH)2 portlandite to form gypsum. This gypsum reacted with the C3A of the cement via 

monosulphoaluminte to form ettringite. 

 

Oberholster and Kruger [6] found that South Africa does not have any standard 

specifications to limit the use of coarse and fine aggregates that contain iron sulphide minerals in 

concrete mixtures. This serious problem was highlighted in 1979 when they encountered severe 

cracking and deterioration in the concrete of houses in the Penge area. They reported that the 

aggregate which was used in the concrete mixture contained a carbonaceous and iron sulphide 

mineral. Petrographic examination revealed a white colour around the aggregate particles, and the 

SEM identified the white colour as thaumasite. The concrete samples made in the laboratory by 

the author with the same aggregates, which also displayed cracks and expansion, contained the 
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crystal formation of ettringite. The authors explained that the deterioration occurred because of the 

oxidation of sulphide minerals in the aggregate, followed by sulphuric acid formation, and finally, 

thaumasite formation. There is concern in South Africa regarding the potential harmful effects of 

the iron sulphide-bearing aggregates in concrete. 

 

Lugg and Probert [7] stated that throughout the period from 1900 to 1950, mundic rock 

was used as a coarse aggregate for concrete blocks in order to reduce the cost of construction in 

the Cornwall and Devon regions of England. Unfortunately, many engineers have since used this 

aggregate in concrete construction. This kind of aggregate was extracted for free or at a very low 

cost since it was readily available. This rock was identified as a sulphide mineral and subsequently 

oxidized, deteriorating the concrete blocks. Additionally, due to the high humidity in the occupied 

homes, the growth of spores was discovered on the inner surfaces of many of these buildings, 

posing a significant hazard to human health. The authors illustrated that pyrite was the most 

problematic sulphide mineral in mundic rock. 

  

In their study, Schmidt et al, [4] examined two types of concrete.  The first type came from 

a dam constructed in Switzerland during the 1970s, while the second was prepared in a laboratory 

and stored in water for five years at 60°C. The laboratory made concrete contained a similar 

aggregate to the one used in the construction of the dam. The petrography analysis for the extracted 

aggregates confirmed that this kind of aggregate contained reactive iron sulphide minerals, which 

mainly consisted of pyrite and pyrrhotite. The authors explained that the oxidation process of both 

iron sulphide minerals started from the surface of the aggregate particles. Moreover, this oxidation 
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led to the formation of a dark patterned layer, which was the main cause of the volume increase 

and expansion in the concrete. As a result, the degradation and displacement occurred in the 

upstream part of the dam. The petrographic analysis of the concrete samples prepared in the 

laboratory was performed after four years of testing under the previous conditions. The reaction 

of iron sulphide minerals in the laboratory specimens was much lower than the concrete from the 

dam. These results indicate that it is very hard to identify the right environments or testing regime 

to reproduce qualitative iron sulphide mineral disintegration in the laboratory. The authors also 

confirmed that the pyrrhotite sulphide-minerals react much faster than the pyrite sulphide-

minerals. 

 

When sulphide minerals are exposed to water and oxygen they oxidize and cause the 

release of sulphate ions which react with water to produce sulphuric acid (H2SO4). The sulphuric 

acid in turn reacts with Ca(OH)2, one of the hydrated cement products, to form gypsum [8]: 

 

Ca(OH)2 + H2SO4                      CaSO4
.2H2O (gypsum) 

 

Gypsum reacts with cement paste causing different forms of sulphate attacks. If gypsum 

resulting from the oxidation of sulphide-bearing aggregates reacts with the aluminate phase of the 

hydration product of cement (or monosulphoaluminate), ettringite is produced as per the following 

equations [9, 10]: 

 

3CSH2 (gypsum) + C3A + 26H2O                      C6AS3H32 (ettringite) 
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2CSH2 (gypsum) + C2AH12 (monosulphoaluminate) + 16H2O                     C6AS3H32 (ettringite) 

 

Thaumasite is another possible product of a sulphate attack and can have deleterious effects 

on concrete structures. Thaumasite is a calcium-silicate-sulphate-carbonate-hydrate, which forms 

at temperatures under 5ºC. The source of sulphate could be ettringite, where thaumasite uses the 

ettringite as a nucleation site, while calcium (CaO) and silica (SiO2) are usually derived from a 

calcium silicate hydrate (C-S-H). The sources of carbonate could be the air, carbonate fillers used 

to produce Portland cement, or the aggregate itself. 

 

Since aggregates represent about 70% of the total concrete volume, it is important to 

identify the proper aggregate to avoid any issues that might cause deterioration in concrete 

structures. Sulphide-bearing aggregates can cause deterioration in concrete structures when the 

sulphide minerals in the aggregate oxidize. In addition, this oxidation product can generate 

sulphate ions, which react with hydrated cement products to form gypsum, ettringite, and 

thaumasite. These phases are responsible for the extra expansion and severe cracking, causing 

damage to concrete elements. 

 

Understanding the oxidation mechanism is critical in order to evaluate the potential volume 

increase, which leads to expansion and light or severe cracking in concrete containing sulphide-

bearing aggregates. There are many factors that affect this reaction, as will be seen in the following 

sections. 
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2.2 Sulphide Minerals 

 

Sulphide minerals are a combination of the element sulphur (atomic number 16) and 

various kinds of metals, such as iron. Sulphide minerals are reactive when exposed to air and 

humidity. Their surface chemistry, controlled by the pH, can be studied using spectroscopic 

methods, especially X-rays, in order to identify the mechanism and reaction rates [11]. Figure 2 - 

1 shows the different types of sulphide minerals. 

 

 

Element Sulphur (So) 
                     
 
                   
 

Sulphides (S2-)                                                              Sulphate (SO4
2-) 

 

 

Figure 2 - 1: Types of Sulphide Minerals. 

 

The crystal structures of sulphide minerals are well known and encompass many classical 

forms of crystal chemistry. For example, the pyrite structure is FeS2 and the pyrrhotite structure is 

Fe(1-x)S. Pyrrhotite oxidizes in the presence of moisture and air and forms iron oxyhydroxides 

(rust). The aggregate that was used to construct the concrete foundations in the Trois-Rivieres 

region contained various proportions of pyrite and pyrrhotite. The overall ratio of sulphides to 

aggregate found in the area ranged from 5-7% of the total aggregate volume [12]. 
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Damage to concrete can occur because of the internal reactions caused by the oxidation of 

sulphide- minerals. The sulphide phases are minor constituents in some rocks. Oxidation of these 

phases can have harmful effects on concrete if such rocks are used as aggregate. Steger [13] 

reported that the oxidation of sulphide-bearing aggregates occurs at a relative humidity of 37%-

75%. Several authors have reported the presence of sulphide-bearing aggregates in deteriorated 

concrete.  

 

2.3 Mechanisms of Sulphide Oxidation 

 

It is common knowledge that iron sulphide aggregates are unstable upon exposure to 

oxygen and air. The iron sulphide aggregate will oxidize and cause acidic formation, after which 

the oxidation of ferrous products produces ferric which can then form ferric hydroxide (rust) in 

accordance with the following equations [14]:  

 

                    Fe1-xS + (2-x/2) O2 + xH2O                      (1-x) Fe2+ + SO4
2- + 2x H+    

                    

                          Fe2+ + 1/4 O2 + 2H+                                               Fe3+ + 1/2H2O    

                              

                                            Fe3+ + 3H2O                   Fe(OH)3 + 3H+                                    

 

The sulphuric acid in turn reacts with one of the hydrated Portland cement paste products 

Ca(OH)2 to form gypsum, as previously mentioned. Shnorhokian [15] demonstrated that the 
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factors that cause sulphide oxidation include new exposure of the surface area of the mineral, the 

presence of oxygen, moisture, and pH. 

 

2.4 Iron Sulphide Aggregates 

 

As mentioned before, the iron rich aggregates are unstable when exposed to humidity and 

oxygen. This process can lead to rust formation associated with volume increase followed by a 

series of reactions that can cause severe concrete deterioration. Pyrrhotite dissolves faster during 

the oxidation process while pyrite dissolves slower [16, 17]. In addition, the solubility of pyrrhotite 

is four times faster than pyrite [4, 18, 19]. Figure 2 - 2 shows the main common iron sulphide 

minerals. 

 

                                                  

                                                        Iron Sulphide Minerals 

 

 

                       
                     Pyrite (FeS2)                                                                Pyrrhotite (Fe(1-x)S) 
 
     Dissolves slower with the oxidation process        Dissolves faster with the oxidation process 
 
 

Figure 2 - 2: Properties of Pyrite and Pyrrhotite 
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Schmidt [4] argues that the higher the pH and oxygen concentration and the smaller the 

particle size, the higher the disintegration of the iron sulphide aggregates. The kinetic reactions of 

the iron sulphide aggregates when used in concrete also rely on various parameters such as 

moisture content, and porosity conditions [20]. 

 

2.5 Pyrite (FeS2) 

 

Pyrite is a mineral in stone and produces sulphuric acid when it oxidizes upon exposure to 

water and oxygen. This phenomenon can cause cracking and heaving in the concrete. Pyrite is also 

defined as a ferrous sulphide (iron sulphide); it is categorized as a sulphide mineral and carries the 

nickname fool's gold due to its resemblance to gold. Its chemical compound is generally written 

as FeS2. The mechanism of concrete deterioration when the coarse aggregate used in concrete 

mixing contains pyrite grains is as follows. 

 

When pyrite grains are exposed to water, oxygen and an alkaline pore water solution of 

concrete, the exposed surface grains of pyrite will consume water and oxygen, causing the 

oxidation of iron sulphate and sulphuric acid. Both mechanisms (rust stains and sulphuric acid) 

cause expansion, and the deterioration of concrete. This internal force can cause cracking, pop-

outs, and micro-cracking in the paste. The latter mechanism causes the internal sulphate attack due 

to the release of sulphate ions associated with the formation of sulphuric acid. Figure 2 - 3 shows 

the main product of pyrite grains when expose to oxygen and water. 
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                                            Pyrite grains       +     Exposure conditions  

 

(FeS2)                             [H2O +O2] 

 

 
Oxidation of pyrite (rust)                                                     Sulphuric acid 

 
                            

(FeO·OH)                                                                     (H2SO4) 
 
 
 

Figure 2 - 3: Products of Pyrite upon Exposure to the Atmosphere. 

 

Shayan [8] examined floor slabs for ten years using X-ray diffraction and a scanning 

electron microscope (SEM) and found that severe blistering and deterioration of a concrete slab 

was due to the oxidation of pyrite (<5%) found in the coarse aggregates. 

 

2.6 Pyrrhotite (Fe1-xS) 

 

Pyrrhotite is an iron sulphide mineral, that when exposed to (i) open air and (ii) moisture 

conditions for a long time, will develop widespread surface oxidation, which may lead to the 

formation of a thin overlying layer of ferric (iron III) oxide/hydroxide [21]. This layer is a brown 

bronze-yellow colour. Over the duration of two years, Tagnit-Hamou et al. [22] examined building 

foundations using X-ray diffraction and a scanning electron microscope. They found that severe 

deterioration in the concrete was due to the oxidation of the pyrrhotite grains found in the coarse 
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aggregates used to produce the concrete. Figure 2 - 4 shows the main product of pyrrhotite grains 

when expose to oxygen and water. 

 

 
                                       Pyrrhotite grains       +      Exposure conditions  

 

(Fe(1-x)S)                             [H2O + O2] 

 

 
Oxidation of pyrrhotite (rust)                                                     Sulphuric acid 

 
                            

   (FeO·OH)                                                                           (H2SO4) 
 
 

Figure 2 - 4: Products of Pyrrhotite and Exposure to the Atmosphere. 

 

Schmidt et al. [4] found that approximately 30- 40% of the pyrrhotite grains found in the 

aggregates used to produce old dam concrete were actively reacting. Furthermore, Chinchon et al. 

[23] reported that throughout the period from 1970 to 1972, some public works and buildings near 

Barcelona were deteriorated and the concrete used for these buildings was comprised of coarse 

aggregates with high pyrrhotite grain content. Pyrrhotite is the most prevalent sulphur-rich 

aggregate in nature after pyrite and can be found in many places around the world, especially 

Canada, Russia, Australia and China. 

  

There are many factors that can affect the oxidation rate. The first factor is temperature; 

the higher the temperature the higher the oxidation of pyrrhotite grains. The second factor is the 
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specific surface area (surface area/volume or m2/m3). Research has shown that the specific surface 

(crystal structure) of crystalline pyrrhotite is 2 - 10 times bigger than the crystalline pyrite and this 

difference could explain why pyrrhotite grains are more reactive and susceptible to faster rates of 

oxidation process [14]. Janzen et al. [24] noted that the chemical formula of pyrrhotite is Fe(1-x)S, 

with x ranging from 0 (FeS) to 0.125 (Fe7S8), and that the Fe7S8 crystal has a monoclinic structure 

while FeS and Fe(1-x)S crystals have orthorhombic and hexagonal structures, respectively. Orlova 

et al. [25] demonstrated that the hexagonal crystal is much more reactive than the monoclinic 

structure. Nevertheless, pyrrhotite generally exists as a mixture of mineral phases (hexagonal and 

monoclinic) and is rarely found as a pure mineral phase. 

 

            The main difference between pyrite and pyrrhotite can be summarized in the following 

paragraphs as follows: 

 

 Pyrite is one of the most common iron sulphides. Chinchon-Paya et al. [16] reported that 

pyrite particles are composed of 49.03% S and 46.37% Fe, and that XRD analysis for pyrite 

produces a sharp single peak at about 33 ̊, 2θ. The Vickers hardness number (VHN) for 

pyrite is between 1505 and 1620, as reported by Craig et al, [26]. Pyrite therefore deforms 

less readily than other iron sulphides. 

 

 Pyrrhotite is composed of 35.18% S and 61.12% Fe, Chinchon-Paya et al. [16]. The XRD 

analysis for pyrrhotite produces a sharp single peak at about 45º, 2θ. The same results were 

obtained by Arnold [27] and Graham [28]. The results obtained by Chinchon-Paya et al. 
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[16] show that the degradation of pyrrhotite is much faster than the degradation of pyrite. 

Pyrrhotite particles generated a larger amount of SO4
2- and Fe2+ than pyrite grains when 

both aggregates were soaked in a water solution with a constant oxygen flow for almost 

two months. The results prove that pyrrhotite grains are very harmful to concrete. 

Moreover, Craig et al. [26] found that the VHN of pyrrhotite is between 230 and 318, which 

indicates that pyrrhotite is much weaker than pyrite. 

 

2.7 Sulphate Attack 

 

The term sulphate attack is generally used to describe the damage that might occur to 

concrete through the effect of sulphate ions [29, 30]. Sulphate attack is defined as one of the 

physical and chemical mechanisms that can attack the concrete. When sulphate ions react with the 

calcium hydroxide hydrated cement product, gypsum formation occurs, followed by ettringite and 

thaumasite formation. All of these final products can cause expansion followed by severe cracking 

in the concrete structure. 

 

Sulphate attack is a complex process and its mechanism depends on several parameters 

including the nature of the aggregates, the Earth's atmosphere (e.g. sulphate release from ground 

water table or fertilizers in the soil), the cement composition, environmental issues (e.g. wet/dry 

cycles), mix proportioning and the water to cement ratio (w/c). Numerous studies have explained 

how sulphate ions are formed, negatively impacting the sustainability and service life of the 

concrete constructions [31 - 35]. 
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As previously mentioned, sulphate attack is the main reason for the formation of ettringite 

[36]. The same author reported that the concrete can expand when exposed to sulphate water or 

sulphate ion concentrations of at least 1000 ppm sulphate. Neville [37] identified the difference 

between the physical and chemical attack. The physical attack involves salt crystallization, while 

the chemical attack involves sulphate ion reacting with cement phases. 

 

2.7.1 Types of Sulphate Attack 

 

            Figure 2 - 5 shows the main types of sulphate attack. This study focuses on the mechanisms 

and reasons for the chemical sulphate attack, especially the internal sources of sulphate attack. In 

other words, this study focuses on the deleterious effects of sulphide minerals in aggregates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - 5: Breakdown of possible types of sulphate attack. 
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- External Sulphate Attack 

 

Sulphate ions may attack concrete when reacting with hydrated cement products. These 

reactions cause enough internal pressure to damage the cement paste, causing severe deterioration 

of the concrete [38]. 

 

 Calcium sulphate (CaSO4) reacts with calcium aluminate hydrate to form                                     

ettringite (C6-A-S3-H32) 

 

 The physical sulphate attack occurred when, sodium sulphate (Na2SO4) reacts with 

calcium aluminate hydrate to form ettringite (C6-A-S3-H32) and gypsum (CaSO4·2H2O 

 

 Magnesium sulphate (MgSO4) when reacting with calcium aluminate hydrate will 

cause ettringite (C6-A-S3-H32), gypsum (CaSO4·2H2O) and brucite [Mg(OH)2] 

formation. 

 

 Thaumasite can form from direct route or woodfordite route as will explained lateer. 

 

- Internal Sulphate Attack 

 

The formation of sulphate phases such as gypsum, ettringite and thaumasite is a process 

that leads to severe damage in concrete constructions. These sulphate phases can result in the 
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softening, cracking, and the complete disintegration of the concrete [39]. Sulphate attacks on 

cementing materials may lead to the formation of new phases that have negative effects on the 

sustainability and life span of concrete constructions. Figure 2 - 6 shows the main products of 

internal sulphate attack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - 6: Internal Products of a Sulphate Attack. 

 

2.8 The Mechanism of an Internal Sulphate Attack 

 

When sulphide-bearing, aggregates oxidize, sulphate ions may be released. The sulphate 

ions react with calcium hydroxide (one of the hydrated cement paste products) to form calcium 
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sulfate hydrate (gypsum). This calcium sulphate hydrate can subsequently react with tri-calcium 

aluminate (C3A), through the formation of monosulphoaluminate, to form ettringite. At a 

temperature of under 5°C and in the presence of carbon dioxide and a high concentration of 

sulphate ions, thaumasite can form. 

 

- Gypsum Formation (CaSO4·H2O) 

 

Herrero et al. [40] illustrated that the chemical formula of gypsum is CaSO4·2H2O. Gypsum is 

considered the largest cause of sulphate attacks, along with ettringite and thaumasite. All three of 

these phases of sulphate attack might cause expansion in the concrete. The formation of these 

different phases can arise from two main sulphate reactions: 

 

- When gypsum is added to the clinker during the manufacturing of Portland cement in the 

cooling phase. This process is necessary to regulate the initial setting time for the concrete 

and the first ettringite crystals may form afterwards. 

 

- When sulphate ions are found in the pore water solution of concrete and react with CH2 

(one of the cement hydration products) to form gypsum, which in turn reacts with 

monosulphate to initiate secondary ettringite formation. 
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Types of Gypsum

Gypsum as a raw 
material

Gypsum interground 
with the clinker

Secondary gypsum 
formation

 

 

 

     

 

        

         Found in many soils         To control the flash set    Diff. views for gypsum formation 

 

Figure 2 - 7: Different types of gypsum formation. 

 

There are two different schools of thought regarding the damage mechanism of gypsum. 

Authors in the first school [41 - 46] report that gypsum may cause disruptive expansion when it 

forms. Meanwhile, authors in the second school [47 - 50] do not believe that gypsum formation 

can cause expansion. Crammond [51] illustrated that the peak of 2 theta value is (11.69) for gypsum 

under the X-Ray diffraction analysis. Gypsum can be found as a raw material in many soils or as 

a rock constituent [40]. Crammond [51] also reported that when gypsum is heated to a temperature 

greater than 105oC, it will become dehydrated gypsum with the chemical composition CaSO4. 

Figure 2 - 7 displays the different types of gypsum. 
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- Ettringite Formation (C6-A-S3-H32) 

 

There are two types of ettringite formation: positive and negative. Mehta [36] notes that 

there are two types of ettringite. The first one is called cementitious ettringite, which forms during 

the hydration process (mainly during the first 14 hours). This ettringite may gradually convert into 

monosulphualuminate if a high concentration of alumina ions is present. The second type of 

ettringite formation is expansive. This occurs when monosulphualuminate becomes unstable in the 

aqueous conditions of a high sulphate ion concentration, where sulphate ions can penetrate the 

paste within the pore water solution and cause secondary ettringite formation (harmful ettringite). 

Phase l ettringite crystals are long (10-100 µm)  [36]. 

 

Brueckner [52] pointed out in his literature review that damage in concrete caused by 

sulphate attack was discovered in 1877. The author cited certain studies in which the water 

enriched compound was found in the damaged matrix and designated as 

3CaO.Al2O3
.3CaSO4

.30H2O and this formation of salt was called ‘cement bacillus, currently 

known as ettringite. Since that time several studies have focused on the effects caused by ettringite 

crystals. Ettringite is the crystal form of calcium sulphate aluminate and is found in cement paste 

[53]. 

  

This primary ettringite can dissolve and recrystallize in any open microcracks or voids. 

Under the SEM, small white crystals, typically 20 to 30 µm long, are often observed in cracks, 

especially in samples taken from old concrete structures. When gypsum is consumed, the 
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remaining C3A will continue to react with the primary ettringite to form calcium 

monosulphoaluminate (3CaO.Al2O3
.CaSO4

.12H2O). This monosulphoaluminate is a solid crystal 

unless additional sulphate ions become available in the cement paste, at which point the sulphate 

can then combine with monosulphoaluminate to reform ettringite, but in an expansive phase. 

 

Wille and Zhong [54] illustrated that the secondary ettringite formation and thaumasite 

could cause expansion, resulting in micro-cracking and a volume increase in the concrete matrix. 

It is well known that primary ettringite formation usually occurs within the first few days of cement 

matrix development. 

 

- Thaumasite Formation 

 

The first person to discover thaumasite was Nordenskiold from Sweden in 1878. The word 

thaumasite is derived from the Greek word (thumazein), which means ‘to be surprised’. This refers 

to thumasite’s unusual structure with sulphate, carbonate and hexahydroxysilicate anions [55]. 

Thaumasite is a calcium carbonate-silicate sulphate hydrate with the following formula [56]:  

 

Ca6[Si(OH)6]2(CO3)2(SO4)2
.24H2O      or         CaSiO3

.CaCO3
.CaSO4

.15H2O. 

 

Thaumasite crystals are very similar to ettringite crystals, and present as a needle with a 

hexagonal structure [56]. Thaumasite crystals have a hardness of 3.5, a specific gravity of 1.9, and 

are usually white in colour [57]. Crammond [58] points out that the deterioration of concrete 
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buildings due to the effect of thaumasite formation has been reported in a great number of countries 

all over the world, including Canada, UK, USA, France, South Africa, Norway, Germany, 

Switzerland, Slovenia, China and Italy [52]. In 1965, thaumasite was identified as one of the 

sulphate attack phases in the USA [59]. Macphee and Diamond [60] state that the special form of 

thaumasite is mentioned in most papers and that around 60 papers were discussed at the first 

International Conference on Cementitious Materials to discover the main paths of thaumasite 

formation. Crammond [58] confirmed that there are two main thaumasite formation paths as shown 

in Figure 2 - 8: 

 

– Thaumasite form of sulphate attack (TSA): The most critical case of this thaumasite 

formation encountered was in the Canadian Arctic [61]. This type of formation is 

characterized by apparent damage in concrete structures where the concrete matrix 

becomes totally or partially replaced by thaumasite and the affected concrete is transformed 

into mush. In this case, TSA causes softening of the concrete members. 

 

– Thaumasite Formation (TF): In this case, thaumasite can form in cracks and voids without 

causing any disturbance to the concrete structure, leaving no apparent trace of a sulphate 

attack. Macphee and Diamond [60] confirmed that not all forms of thaumasite are 

destructive. 
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Figure 2 - 8: Possible Consequences of Thaumasite Presence. 

 

       Bensted [56] proposed two different routes of thaumasite formation as shown in Figure 2 – 9 

 

– The direct route of thaumasite formation: Thaumasite forms due to the reaction of sulphate 

ions with carbonate, silicate and calcium ions in the presence of water. In other words, the 

formation occurs directly from the pore water solution in the concrete matrix. This reaction 

is slow and general reactants contain mainly gypsum, calcium silicate hydrate (C-S-H) and 

calcite (CaCO3). 

 

– The woodfordite route: Thaumasite is formed due to a reaction between silicate (mainly C-

S-H), ettringite, carbonate and an excess amount of water. The formation occurs due to the 

decomposition of ettringite, and thaumasite use the ettringite as an initial nucleation to 

form. This reaction is also very slow. 
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Figure 2 - 9: Theories of Thaumasite Formation. 

 

Woodfordite route vs. direct route: Bensted [56] demonstrated that the direct route is 

relatively slower than the woodfordite route. The key difference is that ettringite can be used as an 

initial source for the woodfordite route. 

 

- Factors promoting thaumasite formation 

 

            Thaumasite formation is dependent upon multiple factors as shown in Figure 2 - 10 

including: 

 

 pH: Gaze and Crammond [62] observed that thaumasite can form between a pH range of 

10.5 and 13. Crammond [58] noted that thaumasite becomes much less stable at a pH lower 

than 7. Sahu et al. [63] reported that thaumasite formation in a concrete matrix occurs 
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between a pH range of 10 and11. 

 

 Temperature: The Thaumasite Expert Group (TEG) [55] emphasized that TSA takes place 

at low temperatures, mainly less than 15oC, while the conventional sulphate attack (with 

gypsum and/or ettringite) takes place at temperatures greater than 15oC. Brueckner [52] 

explained that the main reason for faster formation of thaumasite at lower temperatures is 

the solubility of carbon dioxide; the solubility of CO2 increases to double the amount in a 

solution kept at 0˚C compared to a solution kept at 25oC. It should be noted that the 

solubility of portlandite also increases at low temperatures. Koehler et al., Collett et al., 

and Crammond [58, 64, 65] demonstrated that the deterioration rate in concrete matrices 

increased at lower temperatures. Bensted [56, 66] stated that thaumasite can form by the 

direct route at temperatures below 15oC (preferably 0 - 5˚C). Thaumasite can form by the 

woodfordite route at temperatures below 15oC. A few studies [60, 67] have proposed that 

the thaumasite form of sulphate attack might occur at temperatures greater than 20˚C. 

 

 Source of silicate: The principle source is calcium silicate hydrate (C-S-H), which is one 

of the hardened cement products. It is the main glue in all Portland cement materials. 

 

 Source of sulphate: The main source for external sulphate attack in the form of TSA, as 

postulated by the Thaumasite Expert Group [55], is the groundwater and sulphide-bearing 

soils that are found in vast areas around England. 
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Stability of Thaumasite 

So4 ion

or Ettr.

Co2
3

- ions C-S-H Water pH=10.5-13 T up to 20oC

 Source of carbonate: Carbonate ions are essential for the formation of thaumasite and can 

be derived from the aggregate (calcareous limestone or dolomitic limestone aggregate) [52, 

58] or from cement filler. This source can also be present in water in the form of 

bicarbonate or carbonate ions, or in the atmosphere in the form of CO2. 

 

 Source of water: Most of the free water sources naturally come from the ground. 

 

 Additional factors that can play an important role in reducing the deleterious effect of the 

concrete matrix include W/C ratio, curing and compaction, quantity of the filler and type 

of Portland cement [52]. Thaumasite has received attention [58, 63, 68 - 71] because of its 

deteriorative reaction with the C-S-H, resulting in its decomposition. 

 

 

 

 

 

Figure 2 - 10: Factors promoting thaumasite formation 
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2.9 Chlorides in Concrete 

 

Chloride ions interact with concrete hydration products through chemical or adsorption 

processes. Both produces new phases in concrete as explained below.  

 

2.9.1 Chloride Binding 

 

The expression ‘bound chlorides’ indicates that the chloride ions cannot move freely in the 

pore water or solution of concrete. Chloride binding processes are classified as physical or 

chemical. 

 

Chemical binding describes the process in which the chemical reactions between the 

aluminate content in the paste and chlorides result in the formation of secondary products (e.g. 

Friedel's salt [72] or Kuzel’s salt. Physical binding describes the process in which absorption arises 

and leads to the binding of chloride ions to the hydrated products, for instance, the calcium-silicate- 

hydrate (C-S-H) in the microstructure of the cement paste [73 - 75]. Physical binding is described 

as the result of the physical absorption of chlorides on the surface of the C-S-H hydrates. 

 

This process consists of the adsorption of Cl- ions directly into the calcium silicate hydrate 

C-S-H sheets through Van der Waals forces within the C-S-H interlayer spaces [74]. This occurs 

because C-S-H sheets contain positive charges which have the ability to promote the absorption of 

Cl- ions. 
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The release of sulphate ions that may already be present in the cement is the most important 

factor affecting concrete matrices. When the concentration of sulphate ions increases, the binding 

capability of chloride is reduced due to the formation of AFm group (ettringite or 

monosulphoaluminate) minerals rather than Friedel’s salt [74, 75]. 

 

- Friedel's and Kuzel’s Salts Mechanism 

 

As previously mentioned, chemical binding is the result of chemical reactions between 

cement phases and chlorides, which cause the binding of chloride ions. When the C3A in cement 

reacts with chloride ions, calcium chloroaluminate hydrate, commonly known as Friedel’s salt 

(C3A·CaCl2·10H2O), is formed. The presence of sulphates in the cement paste creates a strong 

competition between the chloride and sulphate ions for the existing C3A. It is thought that C3A 

preferentially reacts with sulphates. 

  

During the hydration process of Portland cement in the presence of chlorides, ettringite 

formed first until all of the sulphate was consumed. Friedel’s salt began to form afterwards. In 

other words, the Friedel’s salt formed after all of the sulphate was consumed because the Al ions 

have an affinity for sulphate ions [75]. 

 

The chemical binding of high chloride concentrations in solutions is mostly attributed to 

the Friedel's salt formation (C3A·CaCl2·10H2O). In summary, Friedel’s salt is defined as the 

formation of calcium chloroaluminate when chlorides react with the tricalcium aluminate (C3A). 
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Brown & Bothe [76] observed that the existence of sulphates in cement paste can cause the 

formation of both ettringite and monosulphate. These stages can subsequently bind chlorides 

through the development of Kuzel’s salt (3CaO·Al2O3·1/2CaSO4·1/2CaCl2·10H2O) or 

(C3A·(0.5CaCl2)(0.5CaSO4)·12H2O) at high chloride capacities. 

 

Suraneni et al. [77] verified that a portion of the Cl- ions may react with the aluminate 

phases in the cement paste, forming Kuzel`s and Friedel`s salts. Brown and Doerr [78] found that 

the ingress of chloride ions led to the formation of Friedel`s salts phase. Wu et al. [79] studied the 

effect of two different types of chloride de-icing on the salt-scaling damage of concrete. They 

demonstrated that the Friedel`s salts, which formed due to the chemical reaction between calcium 

aluminate hydrates and either CaCl2 or NaCl, could cause damage to the concrete. 

 

Wu et al. [79] explained that the deterioration features found during the microstructural 

examination were cracking and surface spalling. They pointed out that the concrete damage 

occurred as a result of the formation of Friedel`s salts and the frost damage actions. 

 

Yee-Ching and Yuan et al. [74, 80] explain that the chemical binding between chloride 

ions and C3A or C4AF in the cement matrix leads to the formation of either calcium chloroferrite 

(C3F·CaCl2·10H2O) or calcium chloroaluminate (C3A·CaCl2·10H2O), also known as Friedel’s 

salt. They confirmed that calcium chloroferrite is a form of Friedel’s salt, which contains iron 

i o n  instead of alumina ions [81]. Zibara [75] illustrated that the formation of calcium 

chloroferrite and Friedel’s salt is reliant on the total amounts of C4AF and C3A in the cement 
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composition. 

 

Farnam et al. [82] demonstrated that the interaction between the cementitious matrix and 

the de-icing salts might cause deterioration in the concrete. This could occur due to the formation 

of Friedel’s salt and Kuzel’s salt. He used the following two equations to illustrate the mechanism 

of Friedel`s salt formation, in the presence of CaCl2: 

 

CaCl2 + C3A + 10 H2O                                  C3A·CaCl2·10 H2O (Friedel’s salt) 

 

CaCl2 + C4ASH12                                              C3A·CaCl2·10 H2O + CSH2 

                        (Monosulphoaluminate)                                (Friedel’s salt)       (Gypsum) 

 

Zibara [75] used the following two equations to illustrate the mechanism of Friedel`s salt 

formation in the presence of NaCl: 

 

Ca(OH)2 + 2NaCl                                         CaCl2 + 2Na + 2OH 

 

C3A + CaCl2 +10H 2O                                   C3A·CaCl2·10H2O 

 

Shayan et al. [83] confirmed that microstructural examination on concrete samples 

revealed evidence of (C3A·CaCl2·10H2O) calcium chloroaluminate or Friedel’s salt formation. 

This evidence was found within the cracks of samples (with dimensions 75*75*285 mm) which 
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were stored at 60oC and 100% RH. These samples were composed of aggregates containing 

different alkali contents. They demonstrated that the expansion found in these samples could be 

attributed to the formation of ettringite crystals and Friedel’s salt. The same researchers [83, 84] 

demonstrated that the expansion occurred in concrete samples stored in NaCl. It should be noted 

that the micro-cracks might have been caused by other mechanisms such as ASR, freezing and 

thawing, sulphate attack phases, dry and wet cycles or the thermal volume change. 

 

It should be noted that many studies have either theoretically or physically proven the 

formation of Friedel`s salts, which they explained through the use of different formation 

mechanisms with different chloride sources; however, none of these studies could determine 

whether or not the presence of Friedel`s salts alone in the cement matrices contributed to the 

expansion. 
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2.10 Supplementary Cementing Materials (SCMs) and their Effect on Concrete  

  

Supplementary cementitious material (SCM) can be used to replace various percentages of 

the Portland cement in concrete mixtures. These materials, combined with the Portland cement, 

will contribute to the hardening of the matrix through pozzolanic activity. These materials are 

sometimes called mineral admixtures. In general, a pozzolan is an aluminosiliceous or siliceous 

material that reacts chemically with CH in the presence of water to form calcium silicate hydrate 

CSH. 

 

SCMs are material by-products from other natural materials or other industrial processes 

that are used to improve the durability of concrete, for example, in the form of a substance used to 

mitigate the effect of a deleterious sulphate attack [85], alkali-aggregate reactivity [86], and a 

chemical resistant, due to its denser pore structure [87]. Kawabata et al. and Dyer [88, 89] 

demonstrated that the addition of supplementary cementitious materials in sufficient quantity could 

form a calcium silicate hydrate gel with a low Ca/Si ratio. This low Ca/Si ratio can reduce the 

availability of hydroxide ions into the pore water solution in the concrete matrix, mitigating the 

deleterious effects of ASR. Mindess et al. [90] explained the mechanism of pozzolanic reactions 

using the following equation: 

 

CH (Calcium hydroxide) + Si (siliceous material) + H (water)                          C-S-H (calcium 

silicate hydrate) 
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Many studies have demonstrated SCM’s role in mitigating the deleterious effect of the 

external sulphate attack. Kunther et al. [91] found that a partial replacement of ordinary Portland 

cement (OPC) blended with SCM`s with slag, fly ash or silica fume leads to better resistance to a 

sulphate attack. The authors listed the following benefits of using SCM`s rich with silica: 1) a 

denser microstructure that results in low permeability of the matrix, 2) Reduce the portlandite (CH) 

by the pozzolanic reactions., and produces CSH of low Ca /Si ratio making it more stable. 

 

Kunther et al. [91] investigated the influence of different Ca/Si ratios on the calcium silicate 

hydrate gel and its relationship with sulphate ions. The authors tested mortar bars of blended 

Portland cement with different Ca/Si ratios (0.83, 1.25 and 1.5) and soaked them in various 

sulphate solutions. The results revealed that the higher the Ca/Si ratio, the higher the expansion 

observed in the mortar bars due to formation of ettringite. They explained that the ettringite forms 

due to the leaching of calcium from portlandite and C-S-H at a high Ca/Si ratio, and the extra 

amount of calcium affects the pore water solution composition in the matrix, which can lead to the 

ettringite crystal formation.  

 

The following paragraphs provide a summary of the common types of SCM used in 

concrete: 

 

2.10.1 Fly Ash Class F 

 

             Fly ash class F is one of the by-products usually produced from coal-fired furnaces and 
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possesses calcium content under 15% [92]. The mean particle size varies between 10 and 15 µm 

and the particles possess a relative density between 1.9 and 2.8 with a surface area ranging from 

300 to 500 m2/kg, and is gray in colour. The chemical composition varies from one material to 

another; an example of the composition is 42% SiO2, 20% Al2O3, 5% CaO and 1.6% Na2O [93]. 

Irassar and Batic [94] illustrated that the fly ash class F has good pozzolan activity, which can 

improve sulphate resistance. The beneficial effects of fly ash are summarized as follows: 1) reacts 

with CH to form C-S-H gel, and 2) Decreases concrete porosity. 

 

2.10.2 Ground Granulated Blast Furnace Slag (GGBFS) 

 

Slag, GGBFS, is a by-product of iron production which can be used as an SCM. The ground 

granulated blast furnace is manufactured from the iron blast furnace; the content essentially 

consists of aluminosilicates and silicates. White in colour, the average slag particle size varies 

between 10 and 20 µm with a relative density between 2.85 and 2.95, and a surface area ranging 

between 400 and 600 m2/kg. a typical oxide composition is 40 % SiO2, 10% Al2O3, 34% CaO, 

0.8% Na2O [93]. Bekir and Turhan [95] demonstrated that the use of slag as an SCM can increase 

the durability of concrete and play an effective role in decreasing the sulphate-inducing damage. 

 

2.10.3 Metakaolin 

 

Metakaolin (MK) is a by-product of high purity kaolin clay obtained through low-

temperature calcination and is used when a very high degree of impermeability is required. It is a 
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special calcined clay with a mean particle size varying between 1 and 2 µm and can normally use 

at a range of 8% to 12% by mass of the cementing materials. Its relative density is around 2.5 and 

the surface area is 19,000 m2/kg. A typical oxide composition is 53 % SiO2, 143% Al2O3, 0.1% 

CaO, 0.05% Na2O [96]. 

 

Al-Akhras [97] investigated the effect of metakaolin in regards to resisting the effects of 

sulphate attacks in concrete using a 5%, 10% and 15% MK replacement. The results revealed that 

the external sulphate resistance in concrete specimens increased along with increases in the MK 

replacement. 

 

2.10.4 High Sulphate Resistance Cement  

 

High silica fume (HSF) cement is blended cement containing about 8% silica fume. Silica 

fume is a very fine powder with a particle size of approximately 1 µm that is used when a very 

high degree of low permeability is required. Silica fume has a relative density between 2.2 and 

2.25 and a surface area of 20,000 m2/kg. It is a by-product of silicon or ferrosilicon. The typical 

oxides of silica fume are 90 % SiO2, 0.4% Al2O3, 1.6% CaO, and 0.5% Na2O [96]. 

 

Moon et al. [98] investigated the performance of four replacement ratios 0%, 5%, 10%, 

15%) of silica fume to cement. The samples were made from mortars and were soaked in 5% 

sodium sulphate. The results revealed that the mortars that were made with 15% silica fume 

showed a greater resistance to deterioration than the samples made with 0% silica fume. 
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2.11 Current Proposed Test Protocol to Evaluate Sulphide-Bearing aggregate  

 

The deteriorated concrete in Trois-Rivieres case showed a network of cracks in the 

foundations and walls [2, 39]. Early investigations of the concrete from the houses suggested that 

sulphate attacks play a primary role in the concrete deterioration. This deterioration results from 

the oxidation of sulphide minerals such as pyrite (FeS2) and pyrrhotite (Fe(1-x)S) [39]. 

 

            Following the case that took place in Trois-Rivieres, Quebec, a collaborative research work 

led by Laval University produced a number of test methods that later on form a proposed testing 

protocol [3, 99, 100]. Microscopic analysis [99] were examined under the SEM for several 

sulphide minerals with grain size from 2.5 mm to 5 mm. These sulphide minerals were tested under 

different conditions as follows: 

 

1. Three different temperatures 4oC, 38oC and 60oC. 

2. 60% RH and 80%. 

3. Two soaking solutions (sodium hypochlorite and hydrogen peroxide) 

 

            The results for this work showed that all sulphide minerals were unstable under the 

oxidizing condition. The rate of oxidation in the sulphide minerals was increased when the 

temperature increased at 60oC. Also, the results illustrated that house-hold bleach (or sodium 

hypochlorite) is a strong oxidizing agent. 
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            In the second study [3], an oxidation mortar bar test was developed in which mortar bars 

are soaked in 6% sodium hypochlorite solution as an oxidizing agent. The samples were tested 

under two phases of different exposure condition. In the first phase, 90 days, the samples were 

soaked for 3 hour in sodium hypochlorite followed by storage the samples in a fume hood at room 

temperature for additional 3 hours. Following this, the samples were transferred to an oven at 

80°C/80% RH. This cycle is repeated twice a week. The second phase, other 90 days, the samples 

were exposed exactly to the same condition as in phase 1 except that the samples stores in a fridge 

at 4°C/100% RH, instead of an oven. Under this testing condition, mortar bar samples made with 

the same aggregate used in the Trios Riveres case showed high expansion above 0.1% by the end 

of phase one, and 0.24% by the end of phase two. This test was carried out at four laboratories 

including Ryerson’s concrete lab where similar expansion was obtained.  

 

            The two stages of the oxidation mortar address the oxidation of the sulphide-bearing 

aggregate (first stage) and the formation of new product resulting from sulphate attack, (gypsum, 

ettringite and thaumasite) in the second stage. These secondary products can cause volume change 

following by cracking and the disintegration to the concrete structures. 

 

In addition to the above, an oxygen consumption test was developed [100] in which 

aggregates is crushed to a specific size and exposed to certain volume of air in a cell. The reduction 

in oxygen within a certain period of time (three hours) is taken as a measure of the potential 

oxidation of the aggregate under evaluation. This test was not investigated in this dissertation; 

however, it is one of the tests that form the suggested testing protocol. 
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            The suggested protocol is summarized in Figure 2 – 11 [100]. The protocol consists of a 

chemical test to assess the total sulphur in aggregate, an oxidation test to evaluate the oxygen 

consumed by aggregate while compacted in a cell with limited volume of air, and an oxidation 

mortar bar test that involves testing mortar bars under conditions that promote aggregate oxidation 

and sulphate attack on the cement paste [99]. 

 

Based on the flow chart in Figure 2 – 11 an aggregate with total sulphur content < 0.10% 

does not need further testing and is considered safe in terms of oxidizable sulphide content. 

Aggregates with total sulphur > 0.10% requires testing using, first, the oxygen consumption test. 

If the aggregate shows high oxygen consumption (> 5%), it is tested using the oxidation mortar 

bar test which is the last test to determine the aggregate’s suitability for use in concrete. The limits 

specified for mortar bar test are currently under revisions based on more analysis that is also 

supported by the work carried out in this dissertation.  
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Figure 2 - 11: A test protocol proposed to assess the probable reactivity of sulphide-bearing 
aggregates [100]. 
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Chapter 3 

Development of a Screening Test for Aggregates 

 

This Chapter focuses on developing a quick and simple screening test to evaluate whether 

or not an aggregate can contain oxidizable sulphide phases. Different aggregates from Quebec and 

Ontario were tested. The mineralogy and total sulphur content (Sr %) of each aggregate are listed 

in Table 3 – 1. The investigation started by an attempt to use a modified version of the rock cylinder 

test developed to test alkali-carbonate reaction in aggregate; however, this initial investigation led 

to the development a new test that is based on exposing the aggregate to an oxidizing solution and 

measure the mass loss due to oxidation.  

 

3.1 Experimental Procedures and Materials 

 

3.1.1 Rock Cylinder Test  

 

The rock cylinder test described in ASTM C586-11 [101] is used to assess the potential 

alkali-carbonate reactivity of aggregates by soaking small prisms (40 mm length and 10 x 10 mm 

cross section) in a 1 N sodium hydroxide solution. In this test, the samples were prepared from a 

sulphide-bearing aggregate with very high sulphide content, MW. The mineralogy and total 

sulphur content (Sr %; determined by combustion) of this aggregate are listed in Table 3 -1. 

Following preparation, the aggregate prisms were soaked in sodium hypochlorite and limewater 

solutions. At the beginning of testing, the prisms shown in Figure 3 - 1 were dried in an oven for 
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24 hours at 100ºC. The samples were then soaked at a temperature of 23°C for seven days and then 

dried in the oven at 100ºC for another seven days. Once the soaking period concluded, the 

expansion in the samples was measured. 

 

 

 

 

 

 

 

 
 
                 
 
 
 
 
 
                           (a)                                                                            (b) 
  

Figure 3 - 1: (a) Standard shape and size, (b) Rock cylinder sample prepared in the lab 

 

Figure 3 - 2 shows the apparatus (length comparator) that was used for the length change 

measurements. The specimens were cut into square prisms with pointed ends and angles of 120º. 
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Figure 3 - 2: Apparatus for sample measurement 

 

3.1.2 Soaking Solutions 

 

A 6% sodium hypochlorite solution with a pH of 12.2 was used in this testing program as 

a strong oxidizing agent in order to investigate the oxidizing of sulphide-bearing aggregates. A 

limewater solution with a pH of 12.39 was used as a reference solution.  

 

3.2 Development of a new Screening Oxidation Test 

 

The aggregate samples were prepared following the processes described in ASTM D 75 

[102] and ASTM C 702 [103]. The representative coarse aggregate sample was crushed to different 

sand-size fractions. From these fractions, 100 g was taken from either the fraction passing 4.75 

mm and retained on 2.36 mm or the fraction passing 2.36 mm and retained on 1.18 mm. For 

aggregates 23 and 46, two samples from the same source (23a and 23b or 46a and 46b) were tested. 
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3.2.1 Test Procedures 

 

Thirty-one different types of coarse aggregates with different sulphur content were used in 

this study. The aggregate oxidation test used here involves soaking a certain mass of aggregates of 

a certain particle size in an oxidizing solution for a given period, followed by washing over a 

designated sieve and drying in an oven at 80ºC for one day to determine the mass loss after each 

cycle of soaking/drying. A 6% concentration sodium hypochlorite solution (household bleach) was 

used as the oxidizing solution. A representative 100 g of each aggregate was exposed to one litre 

of the sodium hypochlorite at a solid to liquid ratio of 1:10. This high ratio was chosen in order to 

accelerate the rate and level of oxidation. 

 

The samples were tested in plastic bottles with a sealed lid in order to prevent evaporation 

when tested at 40ºC, and plastic household containers when tested at room temperature. During 

the first stage of this research study, the test was run at a temperature of 40ºC based on Steger’s 

report [13] that the oxidation rate increases with increasing temperature. 

  

The aggregates were first washed and then dried in an oven at a temperature of 100ºC for 

24 hours. The samples were then allowed to cool down for 5 hours, and the initial or zero-mass 

reading, selected to be 100 g, was then taken. The sample was then soaked in the oxidizing solution 

for 12 days at 40ºC. At the end of the soaking period, the samples were removed from the solution 

by draining and washed over a 600-µm sieve. The remaining aggregates were then placed in an 

oven at 80ºC for one day and then cooled for 5 hours at room temperature. The retained mass was 
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measured following the last stage of the cycle (final sieving). Following mass loss determination, 

the sample was kept at room temperature out of the solution for one day prior to starting the next 

cycle. This resulted in a total cycle of 14 days or 2 weeks.  The mass loss of the aggregates Δm 

(%) after n wetting-drying cycles was calculated as follows: 

 

Δm (%) = [(m0 – mn) / m0] x 100% 

 

Where: m0 (g) = original or zero mass of the aggregate at 0 cycles  

             mn (g) = mass of aggregate after n wetting-drying cycles. 

 

The aggregate B & B was used to evaluate the effect of particle size on mass loss. The 

aggregate MW was tested once in bleach and once in water to assess whether or not oxidation can 

take place without an oxidizing solution (bleach).  Three different B & B particle sizes were tested: 

(i) 9.5 mm to 4.75 mm, (ii) 4.75 mm to 2.36 mm, and (iii) 1.18 mm to 0.600 mm. After testing, 

particle sizes from 4.75 mm to 2.36 mm were selected. In addition to measuring mass loss, selected 

testing solutions were tested for total iron (Fe) and sulphate (SO4
2-) ions in solution after the first 

cycle (two weeks) of the test using spectrophotometry. The solution samples were diluted at 1:100 

to meet the detection limit of the instrument for SO4
2-, which ranges from 0 to 70 mg/L. For the 

detection of total iron ions, the samples were diluted at 1:500, to bring the concentration to the 

detection limit of the instrument, which ranges from 0 to 3 mg/L. According to the United States 

Environmental Protection Agency, the instrument used in this study is acceptable for water, 

wastewater and seawater analysis. 
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After running the test at 40 C and obtaining promising results, the research team thought 

that it might be possible to shorten the testing period. This was investigated using B & B aggregates 

between 4.75 mm to 2.36 mm at three different temperatures: 23°C, 40ºC, and 80°C. A shorter 

cycle consisting of 5 days of soaking at 23°C was investigated. The drying and preparation periods 

remained the same. Once the results were obtained, the same thirty aggregates were re-tested at 

23°C using the shorter cycle (one week). A smaller participle size – 2.36 mm to 1.18 mm – was 

also adopted to accelerate the results. The washing was carried out using 300-m sieve. Selected 

solutions were examined for total iron (Fe) and sulphate (SO4
2-) ions after the first cycle (one week) 

of the test using spectrophotometry. 

 

Finally, the same aggregates were tested without crushing. The representative coarse 

aggregate sample was taken from different size fractions as follows: 

Size  Mass (g) 

19.0 – 13.2 mm 1500 
13.2 – 9.5 mm 1000 
9.5 – 4.75 mm 500 

 

This test was run at 40°C, 23°C, and 5°C for aggregates MAS and C2 to test the effect of 

temperature, where testing at 5°C was found to produce larger mass loss. After that, all the 

remaining aggregates were tested at 5°C. 

 

The length of the cycle was 2 weeks in this test, the solid to solution (sodium hypochlorite) 

ratio was 1: 2. The aggregates were tested in rectangular plastic containers, with airtight lids for 

two weeks.  During the two-week period, the solution was replaced twice by draining the solution 
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and rinsing the aggregate with water over 2.36 mm-sieve. Hence, the aggregates remained in 

solution for three periods of 4 days each. After the last period, the aggregate was dried at 60 °C 

for 24 hours, cooled down for 2 hours, and screened over a sieve two sizes smaller than the 

minimum size of the tested fraction. The mass loss was determined for each tested fraction. 

  

3.2.2 Measuring the Ion Concentrations in Oxidizing Solution 

 

In this testing program, the DR/2010 Spectrophotometer was used for the chemical analysis 

of the total sulphate ion, total iron ion (as will be discussed later in the oxidation test result 

subsection), and silica ion (as discussed in the mortar bar section). This instrument was used to 

investigate the concentration of different dissolved ions in sodium hypochlorite solution after one 

soaking cycle. 

 

This instrument was originally intended for water, wastewater and bio solid quality tests, 

especially for determining different minerals, metals and other parameters. The essential function 

of a spectrophotometer is to convert the percent transmittance into concentration (mg/L), after 

which it is finally possible to read out the converted signal to digital numbers and display it through 

an apparatus screen.  

 

This apparatus was used as an attempt to solve some of the mysteries surrounding 

problematic aggregates, especially when these aggregates react with a strong agent like a sodium 

hypochlorite solution. 
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3.2.3 Aggregate Samples and Properties 

 

The mineralogy and total sulphur content (Sr %), determined by combustion, are listed in Table 

3 - 1. The aggregates are classified into three categories: 

 

 Cat. 1: aggregates that are known to have high sulphide content or have caused 

deterioration when used in concrete  

 Cat. 2: aggregates that are alkali-reactive  

 Cat. 3: aggregates that have no known issues related to sulphide 
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Table 3 - 1: Aggregates mineralogy and Total Sulphur (Sr %) content. 

Cate- 
gory # 

Agg. 
ID 

     Primary 
    Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total 
Sulphur 
(Sr %) 

1 Ore Gabbro Entirely ore 
mineral 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

20 

1 MW Gabbro Entirely ore 
mineral 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

 

20 

1 52a Quartz-biotite schist Quartz 

Feldspar 

Biotite 

Muscovite 

Pyrrhotite 

Pyrite 

Jarosite 

Limonite 

 

1.50 

1  52b Same as 52a from different 
location within the quarry    

         0.54 

1 MAS 
[104] 

Gabbro Plagioclase 

Biotite 

Quartz 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

0.73 - 
1.28 

1 B&B 
[104]  

Gabbro Plagioclase 

Biotite 

Quartz 

K-Feldspar 

Pyrrhotite 

Pyrite 

Chalcopyrite 

 

2.13 - 
4.22 

2 Pitt Dolomitic limestone Calcite 

Dolomite 

- 0 

2 Spr Siliceous limestone Calcite - 0.05-0.09 
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Cate- 
gory # 

Agg. 
ID 

     Primary 
    Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total 
Sulphur 
(Sr %) 

Dolomite 
Chert 

Clay 
minerals 

2 Sud Siliceous gravel Sandstone 

Quartzite 

Granite 

Diabase 

Gneiss 

- 0 

3 20 Dolostone Dolomite Gypsum 

Pyrite 

0.150 

3 22 Limestone Calcite - 0.038 

3 23a Dolostone Dolomite - 0.007 

3 23b Same as 23a but  

different sample 

        0.007 

3 25 Limestone Calcite - 0.046 

3 26 Dolostone Dolomite Gypsum 

Pyrite 

0.140 

3 30 Dolostone Dolomite - 0.017 

3 35 Carbonate dominant gravel 90% 
Carbonate 

10% 
Siliceous 

Pyrite 0.180 

3 43 Mafic gneiss Plagioclase 

Quartz 

Amphibole 

Biotite 

Pyrite 0.110 

3 48 Gabbro Actinolite 

Plagioclase 

Chlorite 

 0.039 
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Cate- 
gory # 

Agg. 
ID 

     Primary 
    Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total 
Sulphur 
(Sr %) 

Magnetite 

3 P [104] Anorthosite Plagioclase 

Hornblende 

Biotite 

- 0.04 - 
0.06 

3 28 Dolostone Dolomite - 0.007 

3 29 Dolostone Dolomite Pyrite 0.30 

3 31 Limestone Calcite - 0.059 

3 44 Gabbro Pyroxene 

Plagioclase 

Amphibole 

Magnetite 

Biotite 

Pyrite 

Pyrrhotite 

 

0.15 

3 

 
 

3 

46a 

 
 
 

Basalt Actinolite 

Plagioclase 

Biotite 

Chlorite 

Magnetite 

- 0.027 

3  46b Same as 46a but  

different sample 

       0.027 

3 49 Quartzite Quartz - 0.024 

3 50 Limestone Calcite - 0.06 

3 51 Granite to granite gneiss K-Feldspar 

Quartz 

Plagioclase 

Biotite 

- 0.009 

3 56 Siliceous gravel Gneiss 

Granite 

Gabbro 

- 0.010 
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Cate- 
gory # 

Agg. 
ID 

     Primary 
    Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total 
Sulphur 
(Sr %) 

3 57 Siliceous gravel Mafic to 
intermediat

e granite 
gneiss 

- 0.050 

*Main rock and/or mineral compositions in decreasing order of abundance (listed most to least 
abundant) 
 

3.3 Results and Discussion 

 

3.3.1 Rock Cylinder Test Results 

 

Figure 3 - 3 shows the expansion results for the MW aggregate when tested in two different 

soaking solutions (sodium hypochlorite and limewater). The testing program was only carried out 

for two cycles because the edges of the samples tested in sodium hypochlorite were disintegrated. 

As a result, the expansion measurements could not be taken. 

 

Figure 3 - 4 shows the samples after only two cycles. The broken edges and oxidation are 

clear and it can also be seen that the disintegration of the rock is mainly in the form of material 

loss. The results indicate that although the sodium hypochlorite solution has a lower pH than the 

limewater solution, the expansion in the prisms soaked in sodium hypochlorite was much higher 

than that of the prisms soaked in limewater. Figure 3 - 4 also shows the precipitation of very tiny 

brown particles (rust) which can easily be seen by the naked eye.  
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It should be noted that this test was carried out for one type of rich sulphide aggregate due 

to the fact that it was very difficult to find large pieces for all the other aggregates. 

 

 
 

Figure 3 - 3: Expansion in the MW aggregate in two different solutions 

 
 
 
 
 
 
 
 

 

 

 

Figure 3 - 4: MW oxidized samples and some iron oxide precipitated onto the container 
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It was clear from this test that the oxidation manifests itself better as a disintegration of the 

rock which can be measured as loss of mass from the original sample. This led to the development 

of the aggregate oxidation test described in the coming subsection. 

 

3.3.2 Aggregate Oxidation Test Results 

 

3.3.2.1 Testing at 40°C Using Two-week Cycles 

 

As previously mentioned, the effect of particle size was evaluated using the B & B 

aggregate. Two MW aggregate samples (size 4.75 mm – 2.36 mm) were tested in a sodium 

hypochlorite solution and water in order to investigate whether the wetting and drying cycle, 

without sodium hypochlorite, can promote oxidation. 

 

Figure 3 - 5 shows that the finer the sample, the higher the oxidation rate, especially at 

early ages. However, the smallest size, 1.18 mm – 0.600 mm, was too hard to handle, sticking to 

the side of the bottles making it more difficult to drain. Based on that, the size 4.75 mm – 2.36 mm 

was chosen. 
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Figure 3 - 5: Effects of particle size on mass loss using the B & B aggregate, tested using a 2-
week cycle at 40°C 

 

Figure 3 - 6 shows that running the test without the sodium hypochlorite solution (in water) 

does not produce considerable mass loss, even when an aggregate with very high level of 

oxidizable sulphide (B & B) is used. 
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Figure 3 - 6: Effects of water and NaClO solution on mass loss of MW aggregate, tested using a 

2-week cycle at 40°C. 

 

The mass loss % results for all thirty aggregates are listed in Table 3 - 2. The aggregates 

were listed in descending order based on the total sulphur content. The mass loss % after two 

weeks (one cycle) ranged from 6.0% to 0.0%. After 14 weeks (seven cycles), the mass loss % 

ranged from 32% to 0.1%. Based on the results of the samples tested, a limit can be set to 

distinguish between aggregates that are known to have oxidizable sulphide and aggregates that do 

not. For instance, a limit of 1.0% can be used after one cycle or two weeks, or 3% at seven cycles 

or 14 weeks. The results reveal that a higher number of cycles increases the range of mass loss. 

  

In addition to the mass loss, the colour change of the sodium hypochlorite solution provides 

a good indication of the presence of oxidizable sulphide, as shown in Figure 3 - 7. The brown 

colour is very clear in all aggregates that have a sulphur content > 0.54% and are known to have 
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oxidizable sulphide minerals. 

Table 3 - 2: Mass loss results and total Sulphur (Sr %) for aggregates tested at 40°C using particle 
size 4.75 mm to 2.36 mm. Each cycle was two weeks, and the solid to solution ratio was 1:10. 

Cat. # Aggregate Total       
sulphur 
(Sr %) 

Mass 
loss% 
Cycle 

1 

Mass 
loss% 
Cycle 

2 

Mass 
loss% 
Cycle 

3 

Mass 
loss% 
Cycle 

7 
1 Ore 20.0 6.0 12.0 20.0 32.0 
1 MW 20.0 4.0 8.0 14.0 28.0 
1 52a 1.50 5.0 9.0 12.0 14.0 
1 MAS 1.00 3.0 6.0 8.0 11.6 
1 52b 0.54 3.1 5.0 6.2 6.5 
3 29 0.30 0.2 0.4 0.7 1.8 
3 35 0.18 0 0 0.5 1.6 
3 20 0.15 0.5 0.5 0.9 1.2 
3 44 0.15 0 0.6 0.6 0.9 
3 26 0.14 0 0 0.5 1.5 
3 43 0.11 1.0 1.4 1.8 2.4 
3 50 0.06 0.2 0.2 0.2 1.2 
3 31 0.059 0 0 0 0.1 
3 57 0.050 1.2 1.2 2.0 1.0 
3 25 0.046 0 0 0 0.2 
3 P 0.04 0 0.3 0.3 1.8 
3 48 0.039 0 0 0 0.3 
3 22 0.038 0 0.1 0.2 0.4 
3 46a 0.027 0 0 0 0.2 
3 46b 0.027 0.3 0.5 0.8 1.2 
3 49 0.024 0 0 0 0.1 
3 30 0.017 0 0 0 0.1 
3 56 0.01 0 0 0 0.1 
3 51 0.009 0 0 0 0.2 
3 23a 0.007 0 0 0 0.3 
3 23b 0.007 0 0 0.4 1.1 
3 28 0.007 0 0 0 0.2 
2 Sud 0 0 0 0 0.4 
2 Pit 0 0 0 0 1.5 
2 Spr 0 1.0 1.0 1.0 1.0 

 
 

 

 



 

63 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - 7: The colour of sodium hypochlorite solution after the first cycle (two-weeks) of the 
test. 

 

The change in pH, Fe, and SO4 ions was also tested and the results are presented in table 3 - 3. 

 

Table 3 - 3: Change in pH, sulphur, and iron in sodium hypochlorite solution after one cycle of 
12 days soaking at 40°C. Initial pH of the solution was 12.2.  

Aggregate Ore MW MAS 52b 29 20 46a 23a P 
Mass loss after 

cycle #1    
6.0 4.0 3.0 3.1 0.2 0.5 0 0 0 

Total Sulphur 
Sr% 

20.0 20.0 1.0 0.54 0.30 0.15 0.027 0.007 0.04 

pH 8.0 8.5 11.9 12.0 12.1 12.1 12.1 12.0 12.0 

Total iron ion 
(Fe) (mg/L) 

600 525 75 29 10 4.5 3.0 1.0 0 

Total sulphate 
ion (SO4

2-) 
(mg/L) 

5200 4500 700 310 160 400 0 0 0 

Sulphate/Iron  8. 7 8.6 9.33 10.7 16 88. 9   
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The results in Table 3 - 3 reveal that the pH of aggregates that are known to have a high 

level of sulphide content (i.e. Ore & MW) dropped significantly. The decrease in the pH of MAS 

and 52b, which contain medium sulphide content, was not significant, suggesting that monitoring 

the pH alone is not suitable for most sulphide aggregates. This might be because the solid to 

solution ratio used in this test was 1:10 (a relatively high volume of solution) which requires a lot 

of oxidation products (sulphuric acid) to produce a significant reduction in the pH. 

  

The results demonstrate that the higher the mass loss, the higher the level of SO4 and iron 

ions in the solution. It is interesting to see that the ratio of sulphate-to-iron is in the range of 8 to 

11 for the sulphide aggregates Ore, MW, MAS, and 52b. The ratio is different for aggregates with 

no sulphide. This ratio does not correspond to the expected mass ratio of S:Fe in pyrite or 

pyrrhotite. This is because the oxidation process produces a ferrous iron that oxides and 

precipitates in different forms, including ferric hydroxide or oxyhydroxides, such as ferrihydrite 

and goethite. 

 

- Repeatability of the test at 40ºC 

 

The repeatability of the oxidation test at 40ºC was examined using two aggregates: MAS and C2 

where MAS represents sulphide-bearing aggregate and C2 represents aggregate with no sulphide. 

The results are presented in Table 3 – 4. 
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Table 3 - 4: The standard deviation and coefficient of variation for MAS and C2 aggregates at 
40ºC. 

    Aggregate size  
4.75 mm – 2.36 mm at 40ºC 

MAS C2 

Samples mass loss (%) 
3.0 0 
3.1 0 
3.3 0 

Mean 3.1 0 
Variance 0.02 0 
Observation 3 3 
Standard deviation 0.13 0 
Coefficient of variation 0.042 0 

    

The results showed very small variability between the three results for both MAS and C2 as reflected 

by the low standard deviation and coefficient of variation. 

 

3.3.2.2 Effects of Testing Temperature and Cycle Length 

 

The test successfully detected the presence of oxidizable sulphide when testing the 

aggregates at a temperature of 40°C; however, it was thought that it would be useful to accelerate 

the test to obtain results in a shorter time. The effects of testing temperature and a shorter soaking 

cycle have been studied using the aggregate B & B. 

 

The effect of temperature is shown in Figure 3 - 8. As the figure shows, the early mass loss 

was higher at 23ºC, and the late mass loss was slightly higher at 40ºC. The work of Frais can be 

used to explain why there wasn’t higher mass loss at higher temperatures. Frais [105] illustrated 

that at high temperatures, hypochlorite anions might decompose into chlorine and chlorate, which 

are less efficient oxidizers than hypochlorite. Based on the obtained results, it was decided to run 
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Figure 3 - 8: Effects of different temperatures on mass loss using B & B aggregate size 4.75 mm 
to 2.36 mm. 

 

The effect of cycle length, shown in Figure 3 - 9 reveals that using a shorter cycle produces 

a higher mass loss. Two weeks on the x-axis of the graph represents one complete two-week cycle 

or two complete one-week cycles.  Based on the obtained results, it was decided to test the samples 

using a one-week cycle at room temperature (23ºC). Additionally, a smaller aggregate, 2.36 mm – 

1.18 mm, was used to accelerate the results. 
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Figure 3 - 9: Effect of cycle length on mass loss using B & B aggregate size 4.75 to 2.36 mm 

 

3.3.2.3 Testing at 23 °C Using one-week Cycle 

 

The mass loss results are listed in Table 3 – 5 and the sodium hypochlorite colour for 

aggregates with and without sulphide are shown in Figure 3 - 10. Finally, the dissolved sulphate 

and iron in the solution are listed in Table 3 - 6. The sulphate-to-iron ratio for aggregates with 

sulphide phases is the same when testing at 40C using the larger size fraction 4.75 mm to 2.36 

mm. 
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Table 3 - 5: Mass loss and total sulphur (Sr %) results for aggregates tested at 23°C using particle 
size from 2.36 mm to 1.18 mm after cycles 1, 2, 4, 7. Each cycle was one week, and the solid to 
solution ratio was 1:10.  

Cat. # 
Aggregate 
     ID 

Total 
sulphur  
   Sr% 

Mass  
loss% 
Cycle 1 

Mass  
loss% 
Cycle 2 

Mass  
loss% 
 Cycle 3 

1 Ore 20.0 14 29.5 41.8 
1 MW 20.0 13 28 40.8 
1 52a 1.50 5.3 9.1 12.4 
1 MAS 1.00 4.5 6.7 8.9 
1 52b 0.54 3.6 5.7 7.1 
3 29 0.30 0 0.2 0.2 
3 35 0.18 0 0 0 
3 20 0.15 0.8 1.0 1.3 
3 44 0.15 0.2 0.4 0.6 
3 26 0.14 0 0 0 
3 43 0.11 0.6 1.0 1.3 
3 50 0.06 0.1 0.2 0.3 
3 31 0.059 0 0 0.1 
3 57 0.05 0.4 0.8 1.2 
3 25 0.046 0 0 0 
3 P 0.040 0 0 0.1 
3 48 0.039 0 0.1 0.2 
3 22 0.038 0 0.2 0.3 
3 46a 0.027 0.2 0.2 0.7 
3 46b 0.027 0.4 0.6 1.6 
3 49 0.024 0 0 0 
3 30 0.017 0 0 0 
3 56 0.01 0 0 0 
3 51 0.009 0 0 0 
3 23a 0.007 0 0 0 
3 23b 0.01 0 0 0 
3 28 0.007 0 0 0 
2 Sud 0 0 0 0.2 
2 Pit 0 0 0 0.1 
2 Spr 0 0 0 0 
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Figure 3 - 10: The colour of each container after the first cycle (one week) of the test 

Table 3 - 6: Change in pH, sulphur, and iron in bleach after one cycle of 5 days soaking at 23°C. 
The cycle reported here is cycle # 1. The initial pH of the solution was 12.4. 

Aggregate Ore MW MAS 52 29 20 46a 46b 23a P 

Mass loss after 
cycle #1  

14 13 4.5 3.6 0 0.8 0.2 0.4 0 0 

Sr% 20.0 20.0 1.0 0.54 0.30 0.15 0.027 0.027 0.007 0.04 

pH 8.2 8.8 12.0 12.2 12.3 12.3 12.4 12.3 12.3 12.3 

Total iron ion 
(Fe) (mg/L) 

685 585 80.5 35 12 5 2 2.5 1.0 0 

Total sulphate 
ion (SO4

2-) 
(mg/L) 

6300 5600 800 400 200 1000 100 200 0 0 

Sulphate/Iron  9.2 9.57 9.94 11.43 16.67 200 50 80   
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- Repeatability of the test at 23ºC 

 

The repeatability of the oxidation test at 23ºC with two different aggregates MAS and C2 was 

carried out in order to validate the results. MAS aggregate represents a sulphide-bearing aggregates, 

while C2 aggregate represents control (non-sulphide aggregates). The results are presented in table 3 - 

7 showing low standard deviation and coefficient of variation which suggest good repeatability of the 

test.  

 

Table 3 - 7: The standard deviation and coefficient of variation for MAS and C2 aggregates at 
23ºC. 

    Aggregate size  
4.75 mm – 2.36 mm at 23ºC 

MAS C2 

Samples mass loss (%) 
4.5 0.1 
4.3 0.2 
4.6 0.1 

Mean 4.5 0.1 
Variance 0.02 0 
Observation 3 3 
Standard deviation 0.13 0 
Coefficient of variation 0.029 0 

 

 

3.3.2.4 Summary of results for the aggregate oxidation test 

 

The results revealed that testing at room temperature provided faster mass loss % compared 

to testing at 40C using a coarser fraction. Figure 3 – 11 and Figure 3 – 12 represent a comparison 

between the long and short cycles. Where Figure 3 – 11 shows the relationship between mass loss 

after 2 weeks of testing of the short cycle – representing 2 cycles – at 23°C using the size 2.36 mm 
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– 1.18 mm versus 2 weeks of testing using the long cycle – representing one cycle – at 40°C using 

the size 4.75 mm - 2.36 mm. 

 

 

 

 

 

 

 

 

 

 

Figure 3 - 11: Comparison between mass loss using 1 long and 2 short cycles 

The aggregates Ore and MW, which are high in sulphide minerals, showed a higher mass 

loss when tested using the short cycle at 23°C with the finer gradation compared to the longer 

cycle at 40°C with coarser gradation. The other aggregates followed a linear trend with a slope of 

1.83 showing that two shorter cycles at room temperature using finer gradation produced almost 

double the mass loss obtained by testing the aggregates for one long cycle – two weeks – at 40°C 

using the coarser gradation. 

 



 

72 

 

 

Figure 3 – 12 shows the same trend observed in Figure 3 - 11. This graph compares the 

mass loss of the two testing regimes using the same number of cycles. The Ore and MW showed 

a much higher mass loss using three shorter cycles (3 weeks) at 23°C and finer gradation. For the 

other aggregates, the relationship followed a linear trend with a slope of almost 1.0, suggesting 

that the mass loss is the same in both testing regimes using the same number of cycles, regardless 

of the length of the cycles. The results show that testing the fraction from 2.36 mm to 1.18 mm at 

23°C provides quicker results and produces more oxidation for materials with very high sulphide 

contents (such as Ore and MW). 

 

 

 

 

 

 

 

 

 

 

Figure 3 - 12: Comparison of mass loss using three long and three short cycles. 

The results revealed that the test presented in this thesis was able to differentiate between 

aggregates with and without oxidizable sulphides, making it a useful test to screen aggregates for 
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their potential to oxidize. Quicker results were obtained when the test was run at room temperature 

using a particle size of 2.36 mm to 1.18 mm. The test was conducted using a sodium hypochlorite 

solution and containers with no observed overheating or issues related to safety. While it was 

successful, this method is open to more optimization. For example, testing larger aggregate sizes 

or testing different fractions of particle sizes and calculating the weighted average of mass loss. 

Testing a mass greater than 100 g may also provide better test result precision. In any case, the test 

in its current form provides an excellent indication of the aggregate’s potential to contain 

oxidizable sulphide. 

 

The test provides two main outputs that can be used together to evaluate aggregates: 

  

(1) changes in the colour of the solution following the test, and (2) mass loss. The results of mass 

loss after one and three cycles of the test at 23C using size 2.36 mm to 1.18 mm are shown in 

Figure 3 - 13 and Figure 3 - 14, respectively. The figures illustrate that a limit of 1.0% can be used 

for the mass loss after one cycle and 2.0% after three cycles. The third cycle can be used if an 

aggregate exceeds the 1.0% after the first cycle. These limits help differentiate between aggregates 

with and without sulphide. While the lowest mass loss obtained after one cycle for aggregates with 

known sulphide was 3.6%, which is more than triple the suggested limit, the authors believe that 

a stricter limit can be adopted until more sulphide-bearing aggregates are tested. A limit of 0.5% 

or 1.0% after one and three cycles, are recommended. Using a limit of 0.5%, only two aggregates 

out of 25 (which are known to have no sulphide) would fail. 



 

74 

 

 

More detailed testing would be recommended for the aggregates that do not show changes 

in colour or mass loss, including looking at the sulphur and iron in the solution, petrographic 

examination, and quantitative determination of sulphide phases. Some forms of iron phases or clay 

minerals within the aggregate can cause mass loss and a change in colour. In such cases, the 

aggregate would be screened as “requires further testing”. More detailed testing can be used to 

identify the cause of the mass loss and change in colour. 

 

The iron and sulphate in the solution should be interpreted with caution. Although certain 

ratios of sulphate to iron were obtained for samples with oxidizable sulphide, this does not mean 

that this is always the case, especially since the ferrous iron produced during oxidation does not 

remain in the solution, as shown in the following two equations: 

 

Fe(1-x)S + (2 - x/2) O2 + xH2O       →        (1-x) Fe2+ + SO4
2- + 2x H+   

                     

Fe3+ + 3H2O          →        Fe(OH)3(S) + 3H+  

                                                            

It should also be mentioned that high sulphate in solution could be due to the presence of 

another form of sulphate, such as gypsum. 

 

 

 

 



 

75 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 - 13: Mass loss of the 30 tested samples after one cycle of testing at 23 C using size 
2.36 mm – 1.18 mm 

 
 

 
 

 

 

 

 

 

 

 

Figure 3 - 14: Mass loss of the 30 tested samples after 3 cycles of testing at 23 C using 2.36 
mm – 1.18 mm aggregates. 
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While a low level of total sulphur in aggregate has been suggested by some standards, e.g. 

0.10% as proposed by Annex P of CSA A23.1-2014 [106], aggregates with a sulphur content larger 

than this value can have little or no oxidizable sulphide. Six of the aggregates tested here with no 

known issues of oxidizable sulphide had a total sulphur > 0.10%. Four of these aggregates met the 

0.50% mass loss limit while the other two had a mass loss between 0.5% and 1.0%. There was no 

direct relationship between mass loss and total sulphur. This shows the benefit of using the 

proposed test as a second step to total sulphur determination. 

  

Aggregates 23a and 23b and 46a and 46b were tested in order to provide an indication of 

anticipated variability between different samples from the same source. Both samples 23a and 23b 

showed zero mass loss; however, sample 46b showed a higher mass loss and higher sulphate and 

iron in the solution compared to 46a. It is not known if this difference is due to minor differences 

in sample compositions or due to the precision of the test method. However, the higher sulphate 

and iron in the solution and higher mass loss for sample 46b suggests that there is a minor 

difference in the composition of the two samples. In any case, the difference in mass loss is not, 

large, particularly after the first cycle. Both samples had a mass loss < 0.5%. 

 

In summary, the aggregate oxidation presented here can serve as a screening test for coarse 

aggregates. Aggregates that do not change the colour of solution or show mass loss < 0.5% after 

one cycle when tested at room temperature for size 2.36 mm to 1.18 mm are likely to have no 

oxidizable sulphide content. 
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3.3.2.5 Application of the test to unprocessed coarse aggregate 

 

In this phase of the program, attempts were made to test coarse aggregate without 

processing to sand-size fractions. To examine the effect of temperature, the test was run at a 

temperature of 5ºC, 23°C and 40°C. The length of testing used in this part of the program was two 

weeks which included three cycles – 4 days each -  as explained in under the experimental program. 

 

The results are presented in Table 3 – 8 showing the mass loss for MAS and C2 aggregates 

with different sizes: (19.0 – 13.2 mm, 13.2 – 9.5 mm, and 9.5 – 4.75 mm). The results showed that 

the smaller the aggregate size the higher the mass loss. In addition, the results confirmed that the 

mass loss for sulphide mineral aggregates (MAS) was much higher than the mass loss for 

aggregates with no sulphide. Finally, testing at 5°C, showed a higher mass loss than the other two 

temperatures. This was thought to be attributable to higher dissolved oxygen at lower temperature 

[107]. 
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Table 3 - 8: Mass loss for coarse-size MAS and C2 aggregates at different temperatures. 

  
 
The test was then carried out at 5°C for all aggregates. The results are listed in Table 3 – 9. The 

results confirmed mass loss for only aggregates with sulphide phases. In addition, the results are 

in line with the results in table 3 -2 and table 3 - 5 for the same aggregate but crushed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mass loss after two weeks (%) 
Aggregate MAS C2 

Size 
19.0 – 13.2   

mm 
13.2 – 9.5    

mm 
9.5 – 4.75   

mm 
19.0 – 13.2 

mm 
13.2 – 9.5 

mm 
9.5 – 4.75 

mm 
40°C 0.84 1.16 1.40 0.02 0.04 0.10 
23°C 0.96 1.34 1.62 0.02 0.06 0.14 
5°C 1.12 1.56 1.82 0.00 0.02 0.12 
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Table 3 - 9: Mass loss and total sulphur (Sr %) results for aggregates tested at 5°C using coarse 
aggregates without crushing after 1 cycles. The cycle was two weeks, and the solid to solution 
ratio was 1:2.  

Aggregate 
     ID 

      Total 
     sulphur  
       Sr% 

     Mass  
     loss% 
19.0 – 13.2 mm 

      Mass  
      loss% 
13.2 – 9.0 mm

     Mass  
     loss%  
9.5 - 4.75 mm 

Ore 20.0 N.A N.A N.A 
MW 20.0 1.38 1.78 2.98 
52a 1.50 2.11 2.42 3.02 
MAS 1.00 1.05 1.46 1.74 
52b 0.54 0.61 0.63 0.80 
29 0.30 0.13 0.11 0.18 
35 0.18 0.03 0.10 0.08 
20 0.15 0.01 0.38 0.46 
44 0.15 0.11 0.07 0.10 
26 0.14 0.01 0.12 0.32 
43 0.11 0.15 0.05 0.22 
50 0.06 0.12 0.06 0.08 
31 0.059 0.08 0.06 0.06 
57 0.05 0.14 0.13 0.28 
25 0.046 0.09 0.07 0.08 
P 0.040 N.A N.A N.A 
48 0.039 0.12 0.08 0.08 
22 0.038 0.16 0.10 00 
46a 0.027 0 0 0.10 
46b 0.027 N.A N.A N.A 
49 0.024 0 0.04 0.04 
30 0.017 0.11 0.13 0.02 
56 0.01 0.05 0.14 0.10 
51 0.009 0.11 0.08 0.06 
23a 0.007 0.04 0.01 0.04 
23b 0.01 N.A N.A N.A 
28 0.007 0.09 0.28 0.04 
Sud 0 0.11 0.09 0.22 
Pit 0 0 0.04 0.04 
Spr 0 0.09 0.28 0.04 
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- Repeatability of the test at 5ºC 

 

The repeatability of the oxidation test at 5ºC was examined using MAS aggregate. The aggregate 

C2 did not show any mass loss. The results in table 3 -10 showed low coefficient of variation 

suggesting a good reputability of the test. 

  

Table 3 - 10: Standard deviation and coefficient of variation for MAS aggregates at 5ºC with 
different sizes. 

MAS aggregate tested at 5ºC 
Size 19.0 – 13.2 mm 13.2 – 9.5 mm 9.5 – 4.75   mm 

Samples mass loss (%) 
1.05 1.46 1.74 
1.12 1.56 1.82 
1.08 1.48 1.76 

Mean 1.08 1.5 1.77 
Observation 3 3 3 
Standard deviation 0.035 0.053 0.042 
Coefficient of variation 0.032 0.035 0.024 
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Chapter 4 

Oxidation Mortar Bar Test 

 

  In this chapter, an oxidation mortar bar test was introduced and used with different 

aggregates and cementing systems. The objective of the test is to evaluate the potential for 

oxidation and subsequent sulphate attacks in mortar bar samples cast with sulphide-bearing 

aggregates. The applicability of the test to different cementing systems was also investigated.   

 

4.1 Test Procedures 

 

            Mortar bar samples with standard dimensions of 25 mm x 25 mm x 285 mm were used in 

this experiment. Sand-size aggregates were used for this test method of gradation similar to that 

used in the accelerated mortar bar test for evaluating alkali-silica reaction [108]. The processed 

aggregates were washed to remove any fine particles and adhering dust and dried in the oven at 

80oC before casting the mortar bar samples. 

 

This study used almost the same exposure condition and procedures employed by 

Rodrigues et al. [3, 100] except for one variation that will be described at the end of this subsection. 

The mortar bar samples were exposed to cycles that promote sulphide oxidation for 13 weeks, 

followed by another 13 weeks under conditions that promote thaumasite formation. The mix 

proportion was 1 part of Portland cement (PC) or cementing materials to 3 parts of aggregates. The 

water-to-cementing material ratio was kept at 0.65 in order to represent the damaged residential 
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concrete in the Québec case. 

After casting and demolding, the samples were cured for three days in a standard curing 

room at a relative humidity (RH) > 95% and temperature of 23ºC. The samples were then moved 

from the curing room and immediately soaked for 3 hours in a 6% sodium hypochlorite solution 

used as an oxidizing solution. After soaking, the samples were exposed to a temperature of 80ºC 

and RH of 80% for three days. The relative humidity was achieved by storing the samples over a 

supersaturated solution of NaCl. After the heating period, the samples were taken from the oven 

and allowed to cool down for half an hour at room temperature, before being soaked again for 

three hours in the oxidizing solution. This complete soaking/heating cycle was repeated twice a 

week; the length change measurements were taken only once per week following the 3 hours of 

soaking while the mortar bars were in a saturated surface dry condition. The same process was 

repeated for 13 weeks with a refrigeration period instead of a heating period; the samples were 

stored in a refrigerator at 5ºC above water (100% RH). 

 

In Rodrigues et al, [3] samples were stored under fume hood for 3 hours at room 

temperature prior to being stored at 80oC/80% RH. These 3 hours under fume hood was adopted 

initially assuming that it would help the samples achieving a RH of 80% in a shorter period of time 

when placed at 80oC/80% RH. The reason for not following this process here was that samples 

were investigated with and without these three-hour periods under fume hood and it was found 

that more expansion was achieved without it, as will be presented later. It should be noted that in 

the method adopted here, the 3 hours cut from maintaining the samples at fume hood, were added 

to the storage at 80% RH and 80 C. 
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4.2 Materials 

 

The materials investigated in this part of the research included cementing materials, 

different aggregates with various sulphide contents, and a 6% sodium hypochlorite solution 

(household bleach). 

 

4.2.1 Cementing Materials 

 

A general use (GU) Portland cement (PC) from Ontario, Canada, a low heat of hydration 

(LH) cement, and high sulphate resisting (HSF) cement were used. The HSF is blended cement 

containing approximately 8% silica fume. Three types of Supplementary Cementing Materials, 

low-calcium fly ash (FA), slag (S) and metakaolin (MK) were also used. The SCMs were used as 

a partial replacement of GU-Portland cement at 25% for FA, 30% for slag, and 10% for MK. The 

chemical and potential phase composition of the cementing materials are listed in Table 4 - 1 as 

determined by X-ray fluorescence (XRF). 

 

            In addition, X-ray Diffraction (XRD) was carried out on powder samples. The 

internal wavelengths from anode material of Copper (Cu) and generator settings of 40 mA and 45 

kV were used in this study. 
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Table 4 - 1: Chemical composition of the Portland cement and SCMs (mass %) determined using 
X-Ray Fluorescence (XRF). 

Material Type PC-GU PC-LH PC-HSF FA S MK 

LOI (1000°C), % 2.71 2.10 6.89  - - -  - - -  - - - 

LOI (750°C), %  - - -       - - -  - - - 2.78 2.90 1.82 

SiO2, % 19.33 20.20 23.38 47.36 37.58 63.10 

Al2O3, % 5.22 4.00 4.22 23.86 8.23 30.69 

Fe2O3, % 2.14 3.60 2.66 17.40 0.50 1.22 

CaO, % 61.97 63.80 54.85 3.67 38.13 0.36 

MgO, % 2.37 2.60 2.28 1.00 10.77 0.50 

SO3, % 3.91 2.90 3.48 0.40 2.72 0.05 

K2O, % 1.14  - - - 0.86 1.84 0.52 1.77 

Na2O, % 0.23 0.54 0.25 0.65 0.32 0.16 

TiO2, % 0.27  - - - 0.23 1.23 0.53 0.68 

SrO, % 0.09  - - - 0.22 0.13  - - - 0.04 

P2O5, % 0.12  - - - 0.21 0.29 0.02 0.03 

Cl, % 0.04  - - - 0.01  - - - 0.61  - - - 

ZnO, % 0.01  - - - 0.06 0.02  - - - 0.01 

Cr2O3, % 0.01  - - - 0.01 0.03  - - - 0.01 

Mn2O3, % 
 

0.06 
 

- - - 
 

0.07 
 

0.04 - - - 
 

0.01 
 

Potential phase compositions calculated using Bogue’s equations   

                C3S (%) 
                C2S (%) 
                C3A (%) 

 C4AF (%) 

      67 
5 
10 
6 

       61 
11 
4 

11 

       
 

   
 
 
 

 
 

 

4.2.2 Aggregates 

 

All coarse aggregates were from Ontario and Quebec. The mineralogy and total sulphur 

content (Sr %) of each aggregate are listed in Table 4 - 2. 
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Table 4 - 2: Mineralogy of aggregates and their total sulphur (Sr %) content 

Agg. 
ID 

Primary 
Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total Sulphur
(ST %) 

Ore Gabbro Entirely ore 
mineral 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

20 

MW Gabbro Entirely ore 
mineral 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

 

20 

52a Quartz-biotite schist Quartz 

Feldspar 

Biotite 

Muscovite 

Pyrrhotite 

Pyrite 

Jarosite 

Limonite 

 

1.50 

 52 Same as 52a from different  

location within the quarry    

         0.54 

MAS 
[104] 

Gabbro Plagioclase 

Biotite 

Quartz 

Pyrrhotite 

Pyrite 

Chalcopyrite 

Pentlandite 

0.73 - 1.28 

G [104]  Granitic gneiss with 

No presence of carbonate material 

Plagioclase 

Quartz 

Hornblende 

Pyrrhotite 

Pyrite 

Chalcopyrite 

 

0.21 – 0.26 

Sud Siliceous gravel Sandstone 

Quartzite 

Granite 

Diabase 

- 0 
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Agg. 
ID 

Primary 
Rock type 

Composit-
ion* 

Iron sulphur 
mineral 

Total Sulphur
(ST %) 

Gneiss 

20 Dolostone Dolomite Gypsum 

Pyrite 

0.150 

C1 Dolostone Dolomite - 0.007 

P [104] Anorthosite Plagioclase 

Hornblende 

Biotite 

- 0.04 - 0.06 

C2 

 
 
 

Basalt Actinolite 

Plagioclase 

Biotite 

Chlorite 

Magnetite 

- 0.027 

 
 

4.2.3 Sodium Hypochlorite Solution 

 

Sodium hypochlorite was used as an oxidizing solution to accelerate the oxidation of the 

sulphide-bearing aggregates. This solution possesses a specific gravity of 1.1 and a pH of 12.2 

[109]. 

 

4.3 Experimental Program 

 

Figure 4 - 1 shows the different stages that took place in this research in adopting the mortar 

bar testing programs. These experimental programs are designed to develop a thorough 

understanding of the factors that affect the results of the test. 
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Figure 4 - 1: Oxidation mortar bar testing programs 

4.3.1 Preliminary Application of the Test Method 

 

In the first part of the study, the test was initially implemented at four laboratories: Ryerson 

University, Laval University, Sherbrooke University, and IREQ (Robotics and Civil Engineering 

department, Hydro-Québec Research Institute). The objective was to find out the effects of sample 

preparation and the source of oxidizing agent on the results. Following the conclusion of the test, 

the group met to evaluate the results and discuss the factors that affect the obtained expansion, 

such as sample preparation and control of relative humidity. The results of this stage are presented 

in this chapter. 

 

 

Oxidation Mortar Bar Test

Preliminary application of 
the test method

Application of the test to a 
broad range of aggregates

Investigating the ability of 
the test to evaluate the 

effects of mix parameters 
(w/c and SCMs)
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In the second part of the study, the MAS aggregates were tested under different conditions. 

This testing program and the associated materials were prepared by Laval University (referred to 

as L) and Ryerson University (referred to as R), as explained in Figure 4 - 2. It should be noted 

that the P control aggregate used in this part of the study was prepared by Ryerson University. In 

this study, the mortar bar samples were moved to dry in the fume hood for 3 hours after the length 

measurements were taken. 

 

 

 

 

 

 

 

 

Figure 4 - 2: Preliminary tests for MAS 

 

In another part of this dissertation, the effect of storing the mortar bar samples in the fume 

hood for 3 hours or half an hour at room temperature were tested. This took place to reach the most 

critical condition that would maximize the expansion of the mortar bar samples. 

 

 

 

M L/L 

 

M L/R 

 

M R/L 

 

M R/R

MAS

Aggregate 
prepared by L

Solution 
provided by L

Solution 
provided by R

Aggregate 
prepared by R

Solution
provided by L

Solution
provided by R
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4.3.2 Application of the Test to Different Aggregates 

 

The scope of work in this testing regime focuses on the expansion of selected aggregates 

using a newly developed mortar bar test [3]. Results from the mortar bar tests are compared to 

those from the aggregate tests and attempts were made to explain the reasons for the lack of 

agreement between the test results. It should be noted that the mortar bar samples were cast with 

different aggregates and divided into two groups. The first group was prepared from aggregates 

that are known to have no sulphide content, C1, C2, P and Sud; The last aggregate, Sud, is an 

alkali-silica reactive aggregate.  The second group consisted of sulphide-bearing aggregates. Five 

aggregates that contain different sulphide mineral contents were used: Ore, MW, MAS, 52 and 20. 

It should be noted that in this part of the study the mortar bar samples were left to dry at room 

temperature for half an hour after the length measurements were taken (after removing the samples 

from the solution and prior to being placed at 80oC/80% RH or 5oC /100% RH). 

 

4.3.3 Investigating the ability of the test to evaluate the effects of mix parameters (SCM and W/C) 

 

This part of the study used the same exposure condition and procedures explained before. 

Also, in this study the mortar bar samples were moved to dry at room temperature for half an hour 

after 3 hours of soaking period. Two different parameters were examined in this testing program 

as follows: 
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- Effect of SCMs and Type of Portland Cement 

 

The applicability of the test to cementing systems containing supplementary cementing 

materials was evaluated. Three SCMs (low calcium fly ash, slag, and Metakaolin) as well as silica 

fume blended cement and a low tri-calcium aluminate (C3A) cement were investigated. A test of 

the penetrability of the oxidizing solution was carried out in order to better understand how SCMs 

work. 

 

Different sets of mortar bars cast with GU cement and different kind of SCMs and 

incorporating aggregates C1, MAS and P were tested to provide a baseline of expansion. The 

mortar bar test was run in the same manner as described before. In addition, samples of the same 

mixtures were tested another time using a longer soaking period of 24 hours. This longer soaking 

duration was used to examine if the SCMs have an effect on reducing the damaging expansion 

beyond that of reducing the penetration of the oxidizing solution, which was thought to be the 

main factor when using a soaking period of 3 hours. 

 

- Mass Gain and ion Penetrability of Mortar bar Samples with Different Cementing Systems 

 

  In order to understand the factors that might lead to different expansions when different 

soaking periods are adopted, the mass gain and penetration of the solution into the mortar bars 

during the soaking period was monitored. For this investigation, mortar bar samples were cured 

for three days in a standard curing room at RH > 95% and temperature of 23ºC. The samples were 
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then moved from the curing room and exposed to one full cycle of soaking/heating (3 hours of 

soaking followed by three days in the oven at 80C/80% RH). After the heating period, the samples 

were taken out of the oven and allowed to cool down for half an hour at 23°C. After that, the mass 

of the samples was taken and used as the initial mass (Wo). The samples were soaked for thirty 

hours in the oxidizing solution, and the mass gain of the samples Δw (%) was calculated every one 

hour as follows: 

Δw (%) = [(wn – w0) / w0] x 100% 

 

Where: w0 (g) = Initial mass of the mortar bars before starting the test.  

             wn (g) = Mass of the mortar bars calculated each one hour for up to 30 hours. 

 

  The same test was repeated using a 20% CaCl2 solution instead of the oxidizing solution 

to allow the detection of the depth of penetration using 0.10 molarity silver nitrate solution.  This 

was done by breaking a part of the bars at different time intervals - 3, 6, and 24 hours - and spraying 

the new cross-section with the 0.10 molarity silver nitrate solution [110]. 

 

- Effect of the w/c Ratio 

 

In this part of the study, two separate groups of mortar bar samples were cast with MAS 

aggregate. The w/c ratio was 0.45 for the first group and 0.65 for the second group. 
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4.3.4 Paste Study to investigate phases produced under the testing conditions  

 

  Paste samples were prepared using GU-Portland cement, GU + 25% FA, and GU + 10% 

MK. This study investigated the effects of the exposure conditions of the mortar bars test, mainly 

the second 13 weeks. The second 13 weeks of testing was chosen as some mortar bar samples only 

showed severe expansion in the second 13 weeks of the test. 

  

  The samples were prepared at a w/c of 0.50 as the 0.65 value used for the mortar bars would 

have produced a very liquid paste that would have suffered excessive segregation and bleeding. 

The paste samples were mixed in a high shear blender for 3 minutes of mixing, followed by two 

minutes of rest, then two minutes of mixing followed by two minutes of rest, and finally one minute 

of mixing. This results in a total mixing time and rest period of 10 minutes. The paste was poured 

into plastic cylinders (50 mm diameter by 100 mm height) and left to cure at RH > 95% and a 

temperature of 23ºC for three days. After the curing period, the samples were crushed to pieces 

passing sieve 9.50 mm and retained on sieve 4.75 mm. The small pieces were then exposed to the 

same conditions used in the second 13-weeks of the mortar bar test method with the exception of 

a soaking period of one day rather than 3 hours. In other words, the samples were soaked in a 6% 

sodium hypochlorite solution for one day and then stored in a fridge at 5oC and 100% RH (above 

water) for two days. These cycles were repeated twice per week. After six weeks, the samples were 

taken out and dried using the solvent replacement method (by exposing the samples to alcohol for 

three days and drying them in a desiccator at 40oC for one week). 
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            The samples were prepared for SEM analysis by impregnating them in epoxy followed by 

preparing polished sections. For thermal analysis and X-Ray Diffraction (XRD), the samples were 

ground to pass sieve 80 µm and stored in an environment free of carbon dioxide and humidity until 

testing. 

 

4.4 Microscopy and Analytical Techniques 

 

4.4.1 Microstructure Characterization 

 

  Samples from the mortar bars and paste were cut, dried under a vacuum, impregnated with 

epoxy, and molded into a polished section for SEM examination. The samples were polished with 

a diamond grade of 0.3 μm. The polished specimens were sputtered with carbon using the Edwards 

Vacuum Coating System Model # 306A. Polished sections were studied in a JEOL JSM6380 LV 

(SEM) operated at 20 kV in backscattered electron imaging mode (BSE). The primary function of 

the SEM is to investigate the compounds developed in the samples under each testing condition. 

 

4.4.2 Differential Thermal Analysis (DTA) 

 

Differential Thermal Analysis (DTA) was carried out on paste samples containing GU PC, 

PC/FA and PC/MK using a Mettler Toledo DSC1 with a heating rate of 10 deg/min from 30oC to 

700oC under grade 5.0 nitrogen. 
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4.4.3 X-ray Diffraction 

 

The XRD was carried out on the same paste samples tested using thermal analysis using 

an X-ray diffractometer. The internal wavelengths from anode material of Copper (Cu) and 

generator settings of 40 mA and 45 kV were used in this study.  

 

4.5 Results and Analysis 

 

4.5.1. Phase composition of the raw SCM 

 

The X-ray diffraction of the raw materials and the XRD patterns and pattern list of fly ash, 

metakaolin and slag are shown in Figure 4 -3 to Figure 4 – 5 suggests that the alumina in the fly 

ash sample used in this study is in the form of non-reactive mullite. This is in agreement with 

previous research that has shown that most of the alumina content of low calcium fly ash is in 

crystalline form; i.e. mullite [111, 112]. 
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Figure 4 - 3: XRD patterns and pattern list of fly ash. 

 

On the other hand, the MK sample shown in Figure 4 – 4 was characterized by a diffused 

amorphous phase between 2-theta that equals 20 – 30º, suggesting the presence of alkali-soluble 

silica and alumina [113]. Appendix A contains the list for each mineral used in the XRD Figures. 
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Figure 4 - 4: XRD patterns and pattern list of metakaolin 
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Figure 4 - 5: XRD patterns and pattern list of slag 

4.5.2 Preliminary Mortar Bar Testing    

 

            In this part of the program, three different aggregates MAS, G, and P were tested using the 

same procedures described for the mortar bar test without controlling the relative humidity at 80%. 

This was not done intentionally but it was found that the containers were improperly-sealed. The 

results are reported here to illustrate the effect of relative humidity on the expansion. Additional 

samples were tested using the same procedures, but the relative humidity was properly controlled 

at 80% when stored in the oven at 80°C during the first 13 weeks of the testing program. 
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Figure 4 - 6: Expansion of mortar bar samples tested at 80C with no control of RH in the first 
13 weeks (improperly sealed container), followed by 13 weeks of testing at 5C and 100% RH. 

 

 

 

 

 

 

 

 

 

Figure 4 - 7: Expansion of mortar bar samples tested at 80C and 80% RH in the first 13 weeks, 
followed by 13 weeks of testing at 5C and 100% RH. 
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  Figure 4 – 6 and Figure 4 – 7 show the expansion of the three aggregates after 26 weeks 

with uncontrolled and controlled humidity, respectively. This part of the testing program showed 

a higher expansion in the samples that were cast with sulphide-bearing aggregates and tested at 

80C and 80% RH, where the companion set of mortar bar samples incorporating the aggregate 

G presented an expansion similar to the expansion in mortar bar samples incorporating the MAS 

aggregate in the first 13 weeks under 80C and 80% RH condition. While the expansion in the 

second 13 weeks for the mortar bar samples cast with the G aggregate under 5C and 100% RH 

condition did not continue. It was very clear that the behavior of the expansion in the companion 

set of G bar was different than the mortar bar samples cast with MAS aggregate in the second 13 

weeks. This suggests that the G aggregate does not contain in its composition any carbonate 

material. Figure 4 – 8 shows the materials and equipment which were used to correct the 

problem and to modify the RH. Tightly sealed containers were used to maintain the RH at 80% 

using a high-quality lid and saran wrap Figure 4 – 8 (a). 

 

 

 

 

 

 

 

                                 (a)                                                                         (b) 

Figure 4 - 8: Containers used at 80C and 80% RH (a) With proper seals and (b) With no control 
of RH 
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  Figure 4 – 9 shows the effects of bleach from different sources and aggregate processing 

on the expansion. It is clear that these have limited effects on the expansion of sulphide-bearing 

aggregates MAS. The figure shows very low expansion for all samples made with P (control), 

which contains almost zero sulphide content. 

           

            Figure 4 – 10 shows the mean expansion and standard deviation for the all mortar bar 

samples tested in Figure 4 – 9 and made with MAS aggregate. This figure reveals that the standard 

deviation for the expansion is very low, indicating that the source of bleach and sample preparation 

at different labs have minimal effects on the test results.  It should be noted that each set of mortar 

bar samples consisted of three specimens. The average and standard deviation in Figure 4 – 10 is 

for the MAS aggregate. 

 

 

 

 

 

 

 

 

 

Figure 4 - 9: Expansion in mortar bar samples made with different sulphide mineral aggregates. 
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Figure 4 - 10: Standard deviation and the expansion mean and for all mortar bar sets made with 
MAS aggregate 

 

            In the last part of this section, Figure 4 - 11 shows that the expansion in mortar bar samples 

named (M n.f) was higher than the samples named (M f). It should be noted that all the mortar bar 

samples were cast with MAS aggregate, and the companion set named (M n.f) were left in room 

temperature for a period of half an hour, while the set samples named (M f) were left in a fume 

hood for a period of 3 hours after the samples were soaked in sodium hypochlorite solution for 

three hours. The higher expansion occurred in the M n.f mortar bar samples could be attributable 

to the longer storing time at 80C/80% RH and perhaps achieving an optimized RH for a longer 

duration compared to the other samples. Also, a longer duration at a temperature of 80C and RH 

of 80% is required in order for oxidation to occur. Based on these results, it was decided to run the 



 

102 

 

 

‐0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 5 10 15 20 25 30

Ex
p
an

si
o
n
 (
%
)

Age (weeks)

M n.f

M f

remainder of the testing without leaving the sample for three hours at room temperature under 

fume hood. 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 11: Expansion of MAS samples which placed in a fume hood for three hours (M f) 
showing a slightly lower expansion than samples placed for half an hour in 23C (M n.f) 

 

4.5.3 Application of the Test to a Wide Range of Aggregates 

 

Figure 4 - 12 shows high expansion in all three sets that were cast with the C2 aggregate 

in the first 13 weeks. The samples only showed expansion in the first stage of the test with no 

subsequent expansion in the second 13 weeks when stored at 5C and 100% RH.  
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The same can be said for Sud, which showed a higher expansion rate in the first 13 weeks 

with a flat curve during the second stage. That is a characteristic of alkali-silica reactive aggregates 

when tested using this method, as previously reported [3]. The same figure shows that the 

expansion rate with the two control aggregates C1 and P was very low. It should be noted that the 

C1, C2 and P aggregates were tested three times to validate the results. The reason for the 

expansion in C2 aggregate is explained later in this Chapter.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 12: Expansion in all control and aggregates with total sulphur < 0.05% 

 

The curves in Figure 4 - 13 reveal a higher expansion for all sulphide aggregates in the first 

stage; this higher expansion is thought to be due to the oxidation process.  Also, the curves revealed 
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continued expansion during the second stage of the mortar bar sample test with the same 

aggregates; this is likely due to the thaumasite formation, which favorably forms at temperatures 

of about 5ºC as previously confirmed [3]. 

 

The main difference between this group of aggregates in Figure 4 - 13 and the aggregates 

in Figure 4 - 12 is the expansion in the second stage of the test. The sulphide aggregates showed 

continued expansion in the second stage while the non-sulphide aggregates did not. This is the 

property that should be used to screen aggregate with oxidizable sulphide content from aggregate 

without.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 13: Expansion in samples with various sulphide contents. 
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-  Microstructural Investigation of Aggregates 

 

The behaviour of aggregate C2 warranted further investigation. The behaviour of this 

aggregate under the effect of an oxidizing agent and in mortar bar was examined using SEM and 

EDS as well as by analyzing the chemical composition of the oxidizing solution after soaking the 

aggregate in it. For comparison, examination of the aggregate C1 was also carried out using SEM. 

 

Figure 4 -14 reveals many white spots in a row C1 stone which are sulphide phases based 

on the EDS. The figure also shows the components of one of the magnified white spots containing 

iron sulphide. The low expansion of this sample suggests that the level of sulphide was not high 

enough to cause expansion or perhaps the sulphide is in a non-oxidizable form. 

 

 

 

 

 

 

 

 

 

Figure 4 - 14: EDS analysis showing sulphide minerals in the C1 aggregate. 
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Figure 4 – 15 shows another type of white spots in the C2 stone under SEM, however, this 

iron is not in the form of sulphide as there is no detected sulphur peak; it is likely in one of the iron 

oxide forms. 

 

 

 

  

 

 

 

 

 

 

 

Figure 4 - 15: Evidence of a white spots in the C2 aggregate containing iron oxide. 

 

Figure 4 - 16 shows the disintegration of the C2 aggregate fabric after the aggregate 

oxidation test (after being exposed to bleach or oxidizing agent). While there is no evidence of 

disintegration prior to the test, there is clear damage to the fabric after the test. It is possible that 

sodium hypochlorite could affect some aggregates like C2 through the dissolution of the silica 

ions. Indeed, this what was found when the oxidizing solutions were analysed for this aggregate 

and other selected aggregates as listed in Table 4 - 3. It is interesting to see that the expansion in 
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the C2 and Sud aggregates is proportional to the amount of dissolved silica. As we can see in Table 

4 - 3, the amount of dissolved silica in Sud was double in the amount of the silica dissolved in C2 

and the expansion was proportional to it as shown in Figure 4 - 12. Also, the amount of Silica ion 

is low for both control aggregates C1 and P. 
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                          Before                                                             After 

Figure 4 - 16: C2 aggregate before & after aggregate oxidation test  
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Table 4 - 3: Silica ion concentration in solution under different temperatures.  

Aggregate C2 C1 P Sud 

 Silica ion (mg/l) at 40oC 3.6 0 0 3.8 

 Silica ion (mg/l) at 80oC 14.4 2 4 28.7 

 

 

Figure 4 – 17 and Figure 4 – 18 show evidence of silica gel in the mortar bar samples with 

C2 and Sud aggregates, respectively when exposed to the sodium hypochlorite solution.  The silica 

gel in both cases was form in an air void. The x-ray mapping in both figures show concentration 

of silicon, sodium and calcium which is a typical composition of alkali-silica gel. This gel is 

formed on the inside perimeter of the air void.  

 

 

 

 

 

 

 

 

 

 



 

110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 17: Evidence of ASR gel inside one of the air void in mortar bars with C2 aggregate 
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Figure 4 - 18: Evidence of ASR gel inside an air void in mortar bars containing Sud aggregates  
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4.5.4 Investigating the ability of the test to evaluate the effects of mix parameters (SCM and w/c) 

 

- Mass Gain and ion Penetrability of Mortar bar Samples with Different Cementing Systems 

 

The mass gain versus soaking time for mortar bars with different cementing blends soaked 

in oxidizing solution is shown in Figure 4 - 19. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 19: Mass gain of mortar bar samples made with P aggregate soaked in 6% sodium 
hypochlorite solution up to 30 hours. 

 

Most of the mass gain was achieved within the first three hours for all samples. The samples 

tested using the CaCl2 solution presented the identical curve. However, the concentration of 
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chloride ions within the samples was changed with time as shown in Figure 4- 20 especially for 

samples with SCM. This happens without a significant change in mass of the bars. This finding 

can be explained based on the conditioning of the samples. Initially, the samples were cured for 

three days in a curing room with RH of almost 100% at room temperature. By the end of the three 

days, the samples condition is expected to be close to saturation. After the three days, the bars 

were maintained at 80% RH and 80°C. This did not permit drying of the samples; rather, it allowed 

maintaining the RH at 80% or above inside the sample. Following this step, the samples were 

placed in the soaking solution. Hence, the mass gain represents how much soaking solution was 

able to penetrate the samples. The increase in ion concentration, without associated mass gain, is 

likely due to the ion diffusion within the sample while the sample is saturated. 

 

Another possible explanation is that the cores of samples with SCM remain at relative 

humidity higher than 80% or close to saturation while in the oven due to enhanced pore structure 

of the samples. When placed in solution, the solution penetrates the outer part of the sample cross 

section, and the ions continue to diffuse within the water-saturated cores of the samples. The 

implication of this on the observed expansion will be discussed in the section below. 
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Figure 4 - 20: Migration of chloride ions into the mortar bar samples after different time of 
exposure. 

  

- Expansion of Mortar Bar Samples without SCM  

 

Figure 4 – 21 (a) to (c) show the condition of the mortar bar samples that were cast with 

GU cement at the end of the testing period.  
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These pictures will be used later on for comparison with samples containing metakaolin. 

Some of the bars were broken at the end of the tests in order to collect samples for SEM evaluation. 

       
 

 

                  

 

(a) Mortar bar samples cast with P aggregate      (b) Mortar bars cast with MAS aggregate                               

 

 

 

 

 

 

(c) Mortar bar samples cast with C1 aggregate 

 
Figure 4 - 21: Condition of different mortar bar samples after 26 weeks with no visible cracks in 

the picture. 
 

 

- Testing Using a Soaking Period of 3 Hours 

 

The expansion of mortar bars incorporating aggregates C1, MAS, and P is shown in Figure 

4 – 22 which provides a baseline of expansions of these aggregates when used without SCM. The 

expansion curves of these samples show high expansion in bars with MAS, and limited expansion 

in bars with the two non-sulphide bearing aggregates C1 and P. Figure 4 – 23 to Figure 4 – 27 

show the expansion of mortar bars with three aggregates MAS, C1, and P when tested with the 
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following cementing blends: low-heat (or low-C3A) PC, GU PC + 30% slag, PC + 25% low-

calcium fly ash, PC +10% metakaolin, high sulphate resisting (HSF) cement (PC blended with 

silica fume). 

 

The low-C3A reduced the expansion compared to samples with only GU PC, as shown in 

Figure 4 – 23. As for SCM, all types and replacement levels reduced the expansion compared to 

the GU PC mix; however, the degree by which each of the SCM reduced the expansion varied 

from one SCM to another, with silica fume-blended cement (8% SF) being the most efficient, slag 

(30%) being the least effective, while low-calcium fly ash (25%) was somewhere in the middle. 

The reduction in expansion was in the range of 50% to 85%.  The sample with 30% slag showed 

lower expansion than samples with GU but higher than samples with other SCM. This is in line 

with the results of the salt migration test illustrated in Figure 4 – 20. The sample with slag has 

more migration of salt, representing more migration of oxidizing solution, within the cross section 

of the samples compared to samples with other SCMs, but less migration compared to the sample 

with only GU cement. 
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Figure 4 - 22: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
GU cement and soaked 3 hours in a sodium hypochlorite solution. 

 

 

 

 

 

 

 

 

 
 

Figure 4 - 23: Expansion of mortar bar samples containing P, MAS and C1 aggregates cast with 
low heat hydration cement and soaked 3 hours in bleach. 

 
 
 



 

118 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 24: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
slag and soaked 3 hours in a sodium hypochlorite solution. 

 

 

 

 

 

 

 

 

 

Figure 4 - 25: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
fly ash and soaked 3 hours in a 6% sodium hypochlorite solution. 
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Figure 4 - 26: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
metakaolin blended cement and soaked 3 hours in a sodium hypochlorite solution. 

 

 

 

 

 

 

 

 

 

Figure 4 - 27: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
high silica fume and soaked 3 hours in sodium hypochlorite. 
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              The sample with 10% MK showed an expansion that is higher than that obtained for 

samples with 25% fly ash or 8% silica fume, but lower than the expansion of the sample with 30% 

slag. It is also interesting to note that the expansion of this sample was close to zero in the first 13 

weeks with a noticeable increase in the second 13-week of the test where the samples were stored 

at 5C. Possible reasons for this trend will be described later. 

 

            It should be noted that when the mortar bar test was performed where the samples were 

soaked in the oxidizing solution for three hours, all tested SCM were able to reduce the expansion 

compared with the sample with sulphide-bearing aggregates and General Use Portland Cement 

(PC GU). The efficacy of SCM in reducing the expansion could likely be attributed to the reduced 

volume of oxidizing solution absorbed by the sample or diffused through it as shown in Figure 4 - 

19 and Figure 4 – 20 resulting in reduced rate of oxidation. 

 

              The reduced expansion of the samples with low-C3A PC is not attributable to enhanced 

pores structure as both types of cement produced a similar mass gain and ion penetration when 

soaked in the testing solution as suggested by the results in Figure 4 - 19, Figure 4 - 20. It is likely 

that the limited amount of C3A has reduced the formation of ettringite, thaumasite, or both. It 

should be noted that while the second stage of the test focuses mainly on promoting thaumasite 

formation, ettringite can also form at 5C [114].  Hence, the expansion in the mortar bars can be 

due to both ettringite and Thaumasite formation.  Some research work suggested that ettringite is 

needed for the formation of thaumasite [58]. Following this view, the lower C3A in the LH PC 

could have reduced ettringite formation, resulting is less Thaumasite. On the other hand, other 
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researchers suggested that thaumasite forms after all alumina is consumed and does not require 

ettringite as a base to form on top of it [115]. Following this view, the reduced expansion in bars 

with LH PC could be due to lower formation of ettringite and its associated expansive force. 

 

- Testing Using a Soaking Period of 24 Hours 

 

             In this part of the study, the same three aggregates MAS, C1, and P and the PC GU were 

used, but only two types/levels of SCMs were examined: 25% FA and 10% MK. The mortar bars 

were subjected to the same testing condition as per the adopted test method [3] except that the 

soaking period was extended to 24 hours during both 13-week stages of the test. This was carried 

out to investigate the expansion when the sodium hypochlorite penetrates the whole cross section 

of samples with SCM, as it does with samples with only GU PC. 

 

            The results presented in Figure 4 - 28 showed that the expansion of the mortar bars with 

GU-PC was much lower when the bars were soaked for 24 hours instead of 3 hours that is likely 

attributable to the shorter period at 80C and 80% RH. Both procedures include two testing cycles 

per week, however, in the case of a soaking period of 24 hours, the samples were exposed to 80C 

and 80% RH for two days instead of 3. Perhaps a longer duration at a temperature of 80C and RH 

of 80% is required in order for oxidation to occur. 
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Figure 4 - 28: Expansions or mortar bar samples containing MAS aggregate and soaked for 3 
hours or 24 hours in sodium hypochlorite solution 

 

            

Figure 4 – 29 to Figure 4 - 31 show the expansion of the mortar bars with the three 

aggregates when tested with GU PC, PC + 25% low-calcium fly ash and PC + 10% metakaolin. 

As shown in Figure 4 – 30 the expansion of the samples containing metakaolin showed a much 

different trend. There was no expansion in the first 13 weeks followed by severe expansion in the 

second 13-week. The expansion took place in samples with all aggregates including P and C1, 

which have no sulphide phases. 
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Figure 4 - 29: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
GU cement and soaked for one day in sodium hypochlorite. 

 

 

 

 

 

 

 

 

 

Figure 4 - 30: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
fly ash and soaked for one day in sodium hypochlorite. 
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Figure 4 - 31: Expansion of mortar bar samples containing P, MAS, and C1 aggregates cast with 
metakaolin and soaked for one day in sodium hypochlorite. 

 

Figure 4 – 32 shows pictures of the mortar bars after the completion of the test, reflecting 

the severe damage and cracking in samples with MAS and P aggregates (P has no sulphide phases). 

The sample with the C1 aggregate did not reveal much damage as the expansion was not as high 

as it was for the other aggregates; however, the expansion was still much higher than the same 

aggregate when tested without MK. 
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                               (a)                                                                             (b) 
 
 
 
 

                                                                       

 

                                                                        (c) 

Figure 4 - 32:  Condition of mortar bar samples containing 10% MK after 26 weeks of testing 

with a soaking period of 24 hours: (a) P aggregate, (b) MAS aggregate, (c) C1 aggregate. 

 

           The results presented so far suggest that the expansion occurs under these two conditions: 

(a) longer soaking period - 24 hours - in the cases examined here, and (b) a system containing 

materials that supply a considerable amount of alumina, such as MK. It should be noted that the 

expansion in case of MK occurred in the second 13 weeks of the test, where samples were kept at 

RH of 100%, either through soaking in for 24 hours at room temperature or stored at 5 ºC above 

water. Much of the mechanistic testing (XRD, SEM and thermal analyses) focused on 

understanding why MK produced higher expansion under the testing condition of the mortar bars. 

The results are presented later on in this Chapter.  
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- Effect of W/C  

 

Two samples of w/c of 0.65 and 0.45 were tested using a soaking period of three hours. In addition 

to evaluating the effect of w/c, this study help determining if refining the pore structure of the 

cement matrix, without using SCM, can have an effect on the expansion. The expansions of these 

samples are shown in Figure 4 - 33. Indeed, the samples with w/c ratio of 0.45 showed much lower 

expansion. The relationship of this to samples under field investigation needs to be investigated. 

The results presented here suggest that the test in its current form may not be suitable for evaluating 

w/c. It is expected that samples with this aggregate would cause expansion or damage if used in 

concrete at lower w/c; however, the damage may take longer to occur. 

 

 

 

 

 

 

 

 

 

Figure 4 - 33: Expansion in mortar bar samples made with different W/C ratios 

 



 

127 

 

 

4.6 Microscopy and Analytical Techniques for the Mortar bar Samples 

 

4.6.1 Mortar Bars Soaked in Sodium Hypochlorite for 3 hours 

  

SEM examination of the mortar bar samples was carried out to identify the mechanisms 

that cause expansion. The samples were prepared using the mortar bar that contained no SCM. 

Figure 4 - 21 shows the expansions at the end of the 26-week testing period. Using Backscattered 

Electron (BSE) imaging and Energy Dispersive X-Ray Analysis (EDS), Figure 4 - 34 (a) shows 

deterioration in the paste around a MAS aggregate particle, while Figure 4 - 34 (b) shows part of 

a MAS aggregate particle with an iron sulphide inclusion. The oxidation of some areas of this 

inclusion is reflected by the gray colour Figure 4 - 34 (d), while the non-oxidized area is 

represented by the white colour Figure 4 - 34 (c).  

Element peaks obtained using EDS are shown on the same figure, identifying iron only in 

the oxidized region and iron and sulphur in the non-oxidized region of the aggregate. 
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                                      (a)                                                            (b) 
 

 

 

 

 

                      

                             (c)                       (d) 

Figure 4 - 34:  BSE image and EDS analysis.  

Figure 4 - 34 showing: (a) deterioration of the paste around the MAS aggregate particles and (b) 
a sulphide phase at the edge of the aggregate with (c) un-oxidized part (white) and (d) oxidized 

part (dark gray). 

 

The oxidation of sulphide minerals in the MAS aggregate is also illustrated in Figure 4 - 

35, which reveals an elemental line mapping of oxidized sulphide inclusion in an MAS aggregate 
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particle. The figure shows a similar concentration of iron elements along the line, while the 

concentration of sulphur and oxygen change when going through the oxidized region in the middle 

of the sample. The oxygen was zero in the non-oxidized region, but increases in the oxidized 

region. All of the sulphur elements disappeared in the oxidized region of the inclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 35: Elemental line scans of a sulphide phase intrusion in an MAS aggregate. 
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Figure 4 – 36 shows BSE images and an EDS spectrum on the mortar bar sample with the 

MAS aggregate. It was not difficult to find the phase shown in the graph, which is believed to be 

a mixture of ettringite and thaumasite. This shows that the expansion in this sample is mainly due 

to a sulphate attack with a mixture formation of ettringite/thaumasite. 

 

There is a possibility that the ettringite was formed during the first 13 weeks when the 

samples were cooled down and soaked in the sodium hypochlorite for three hours at room 

temperature. This ettringite would work as a nucleation site for the formation of thaumasite in the 

second 13-week period of the test when the samples were kept at 5°C and 100% RH [58, 64]. The 

formation of ettringite could also have proceeded at 5°C but at a slower rate. Alternatively, both 

the ettringite and thaumasite could have formed together at a fine scale. Barnett et al. [70] and 

Lachowski et al. [68] showed that ettringite and thaumasite form through intergrowth at a very 

fine scale. 

 

Figure 4 - 37 illustrates the damage in the paste of mortar bars with the sulphide-bearing 

aggregate MAS cast with 10% metakaolin, in which both ettringite and Friedel’s salt were 

detected. It is believed that the MK contributed to the formation of Friedel’s salt, through providing 

alumina. As shown in  

Figure 4 - 4 4 – 4 the XRD of raw MK samples shows presence of reactive aluminosilicate. 
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Figure 4 - 36: Ettringite/thaumasite formed in the paste of mortar bar samples with an MAS 
aggregate cast with GU-Portland cement. 
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Figure 4 - 37: Damage of paste of mortar bars with MAS samples cast with 10% metakaolin 
showing the formation of ettringite and Friedel’s salt. 

 

4.6.2 Mortar Bars Soaked in Sodium Hypochlorite for 24 Hours 

 

Figure 4 – 38 to Figure 4 – 40 show BSE images of mortar bar samples containing MK and 

MAS, P, and C1. All three of the samples showed severe expansion, leading to the belief that the 

expansion was caused by factors other than the oxidation of sulphide and a sulphate attack 

especially with the two control aggregates C1 and P. It is very clear that there was no expansion 

in the first 13 weeks, followed by severe expansion in the second 13 weeks. The expansion took 

place in samples with all aggregates including P and C1, which have no sulphide phases. Friedel’s 

salt was predominantly identified in all samples with evidence of ettringite formation in mortar 
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bar samples cast with the MAS aggregate, which contains sulphide mineral phases. In some cases, 

the ettringite was mixed with chloride ions, forming what is known as Kuzel’s salt [76, 109, 116]. 

 

The formation of Friedel’s salt in the presence of MK is due to the extended period of 

exposure of the sample to chloride ions from the sodium hypochlorite when soaked for one day, 

rather than three hours as proposed in the accelerated mortar bar test method [3, 100]. This high 

volume of chloride ions reacts with the high alumina from MK, forming Friedel’s salt and causing 

severe cracking in all of the mortar bar samples with all aggregates. The chloride ions are available 

from the sodium hypochlorite solution as will be discussed later. 

 

 

 

 

 

 

 

  

 

 

 

  

 

Figure 4 - 38: Damage in mortar bars with MAS aggregate cast with 10% metakaolin. 
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Figure 4 - 39: Formation of Friedel’s salt in a mortar bar with P aggregates and 10% metakaolin. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 40: Damage in a mortar bar with C1 samples cast with 10% metakaolin. 
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4.7 Microscopy and Analytical Techniques for the Paste Samples 

 

4.7.1 SEM and EDS Analysis 

 

The SEM analysis was carried out on paste samples exposed to testing conditions similar 

to the second 13-week testing period under 5°C and 100% RH conditions where high expansion 

was observed for samples with MK. In the paste study, samples cast with 100% PC-GU, PC with 

a 25% replacement of FA, and PC with a 10% replacement of MK were examined. Friedel’s salt 

was clearly detected in the sample with MK, as illustrated in Figure 4 - 41. There was some 

evidence of Friedel’s salt in the sample with FA, however, it was not abundantly available. The 

same can be said about the sample with GU cement. It should be noted that neither ettringite nor 

any other sulphate-bearing phases were observed as there is no source of additional sulphate in 

these samples. The purpose of this part was to investigate the effect of the sodium hypochlorite 

solution on the paste and to isolate that effect from sulphate attacks or the oxidation of sulphide in 

aggregates. 
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Figure 4 - 41:  Friedel’s salt formation in a large area in a MK paste sample exposed for 24 
hours to a sodium hypochlorite solution. 

  

4.7.2 Thermal Analysis 

 

Differential thermal analysis (DTA) was carried out on samples cast with 100% PC GU, 

PC + 25% FA and PC + 10% MK. The results are shown in Figure 4 - 42. The endotherm peaks 

at a temperature of about 130oC and between 180oC and 190oC in the three samples could be due 

to the presence of C-S-H and ettringite, respectively [119, 120]. The same two peaks can also be 

attributable to calcium aluminate hydrate (C4AH13) or monosulphoaluminate [9], as both materials 

have the same peaks.  
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It is clear that the two peaks are much higher in the samples with 10% MK suggesting that 

the sample with MK has higher amounts of one or a combination of the phases ettringite, 

monosulphoaluminate or calcium aluminate hydrate. 

 

 

 

 

 

 

 

 

 

 

 

             *E= Ettringite, F = Friedel’s salt, CA = Calcium Aluminate Hydrate, MS = monosulphoaluminate 

Figure 4 - 42: DTA for the three cement paste samples cast with GU - PC, PC + 25% FA & PC 
+ 10% MK. 

 

It is also noticeable that the samples with PC GU, FA and MK have a peak between 310-

385oC, which is attributable to Friedel’s salt [121]. This peak is larger in the sample with MK 

confirming the findings from SEM carried out on mortar bars with MK. Friedel’s salt can form 

from C4AH13 in the presence of chloride ions [81] or from monosulphoaluminate [110] as will be 

discussed later.  
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Based on that and in addition to the larger peak of Friedel’s salt in MK sample, the C4AH13 

or monosulphoaluminate detected in the paste sample with MK have the potential of transforming 

to Friedel’s salt, given enough chloride and time. The source of chloride ions would be the sodium 

hypochlorite. The formation of Friedel’s salt in cementing system with MK has been reported in 

the literature [122]. 

 

While the oxide composition of the low calcium fly ash used in this study shows the 

presence of alumina, the DTA peaks in Figure 4 - 42 do not reflect the formation of an appreciable 

amount of C4AH13, monosulphoaluminate or Friedel’s salt like the case with MK. This is in line 

with the mortar bar results that did not show significant expansion when fly ash was used. These 

observations could be due to the limited amount of reactive alumina or lower reactivity of alumina 

in fly ash compared to that in MK. The X-ray diffraction of the raw materials Figure 4 - 3 suggests 

that the alumina in the fly ash sample used in this study is in the form non-reactive mullite. This 

is in line with earlier works which showed low calcium fly ash to have most of its alumina content 

in a crystalline form; i.e. mullite [111, 112]. On the other hand, the MK sample was characterized 

by a diffused amorphous phase between 2-theta equals 20 – 30º suggesting the presence of alkali-

soluble silica and alumina [113]. 

 

The high exothermal peak of the sample with PC GU at 630°C could be attributable to 

calcium chloride [81, 122]. This phase could be formed due to the reaction between calcium 

hydroxide as one of Portland cement products of hydration and chloride ions [117] as mentioned 

before, where the source of chlorides would be the sodium hypochlorite. 
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The presence of this peak only in the sample without SCM is not known, as traces of 

calcium chloride were found in XRD of all samples as will be presented later. Perhaps the DTA 

peak was not detected in the paste samples with MK and low-calcium fly ash due to the 

consumption of part of Ca(OH)2 during the pozzolanic reaction, reducing its availability for 

reacting with chloride ions. While Figure 4 - 42 shows Ca(OH)2 in all samples, the amount was 

higher in samples without SCM. 

 

4.7.3 X-ray Diffraction 

 

The x-ray diffraction carried out on hydrated samples exposed to only six weeks as per the 

second stage of the oxidation mortar bar is shown in Figure 4 – 43 to Figure 4 – 45. The results 

revealed the presences of aluminate-based phases in the sample containing MK. These phases 

include ettringite, thaumasite, monosulphoaluminate and Friedel’s salt. There is evidence of the 

presences of the same phases in the GU sample, but the peaks are not as strong. The sample with 

fly ash had the least amount or weakest peaks for these phases.  The results of XRD were in line 

with those obtained using differential thermal analysis. The pattern peaks for each phase are listed 

in Appendix A. 
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Symbol

Z

E

Ms

S

F

P

Cl

T

C

Calcium Chloroaluminate Hydrate Friedel's salt M.D.A. Thomas et al., 2012. [73]

Mineral Name Code No.

Silicon Oxide Hydrate Zeolite 01-073-7924

Calcium Aluminum Sulphate Hydrate Ettringite 00-009-0414

Index name

Calcium Aluminum Monosulphate Hydrate Monosulphate B. Lothenbach et al., 2008 [122]

Silicon Oxide Dealuminated 01-075-3909

Portlandite 00-004-0733

Calcium Chloride Calcium Chloride 00-001-0338

Calcium Carbonate Silicate Sulphate Hydrate Thaumasite 00-002-0061

Calcium Hydroxide

Calcium carbonate Calcite 01-085-0849

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 43: XRD patterns and pattern list of PC-GU hydrated 
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Symbol

Z

E

Ms

S

F

P

Cl

T

C

M

Q

Aluminum Silicon Oxide Mullite 00-001-0613

Silicon Oxide Quartz 01-075-8321

Calcium Carbonate Silicate Sulphate Hydrate Thaumasite 00-002-0061

Calcium carbonate Calcite 01-085-0849

Calcium Hydroxide Portlandite 00-004-0733

Calcium Chloride Calcium Chloride 00-001-0338

Silicon Oxide Dealuminated 01-075-3909

Calcium Chloroaluminate Hydrate Friedel's salt M.D.A. Thomas et al., 2012. [73]

Calcium Aluminum Sulphate Hydrate Ettringite 00-009-0414

Calcium Aluminum Monosulphate Hydrate Monosulphate B. Lothenbach et al., 2008 [122]

Index name Mineral Name Code No.

Silicon Oxide Hydrate Zeolite 01-073-7924

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 44: XRD patterns and pattern list of PC-GU + 25% fly ash hydrated 
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Symbol

Z

E

Ms

S

F

P

Cl

T

C

I

Q

Index name Mineral Name Code No.

Silicon Oxide Hydrate Zeolite 01-073-7924

Calcium Aluminum Sulphate Hydrate Ettringite 00-009-0414

Calcium Aluminum Monosulphate Hydrate Monosulphate B. Lothenbach et al., 2008 [122]

Silicon Oxide Dealuminated 01-075-3909

Calcium Chloroaluminate Hydrate Friedel's salt M.D.A. Thomas et al., 2012. [73]

Calcium Hydroxide Portlandite 00-004-0733

Calcium Chloride Calcium Chloride 00-001-0338

Calcium Carbonate Silicate Sulphate Hydrate Thaumasite 00-002-0061

Calcium carbonate Calcite 01-085-0849

Potassium Magnesium Aluminum Silicate Hydrate Mullite 00-002-0050

Silicon Oxide Quartz 01-075-8321

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - 45: XRD patterns and pattern list of PC-GU + 10% metakaolin hydrated 

 

 



 

143 

 

 

4.7.4 Analyses of the Mechanistic Tests Carried out on Paste samples  

 

Examining paste samples using SEM, thermal analysis, and XRD showed the presence of 

Friedel’s salt and ettringite, monosulphoaluminate and calcium aluminate hydrates in excessive 

amounts in the sample with MK. The formation of Friedel’s salt in the presence of MK is thought 

to be due to the extended period of exposure of the sample to chloride ions produced from the 

sodium hypochlorite when soaked for one day, rather than three hours. This high volume of 

chloride reacts with high aluminate phases formed due to the presence of reactive alumina from 

MK forming Friedel’s salt.  The process is explained in the coming paragraphs. 

 

Initially, the chloride ions become available from the sodium hypochlorite solution 

following these reactions [117, 118]: 

 

NaClO + H2O      →     HOCl (hypochlorous acid) + NaOH (sodium hydroxide)   

                  

2HOCl (hypochlorous acid)    →    2HCl (hydrochloric acid) + O2   

                                       

2 HCl (hydrochloric acid) + Ca(OH)2     →      CaCl2 + 2 H2O                                               

 

When sodium hypochlorite is mixed with water, the reaction produces hypochlorous acid and 

sodium hydroxide [118]. 
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The hypochlorous acid is then converted to hydrochloric acid and oxygen [118]; the hydrochloric 

acid reacts with calcium hydroxide as one of the hydrated Portland cement products to form 

calcium chloride and water [117]. In the case of cementing systems with high alumina content 

such as cementing blend with MK, the sulphur to alumina ratio is relatively low, which favors the 

formation of monosulphoaluminate (MS) rather than ettringite during hydration. In such systems, 

calcium aluminate hydrates also form. In the presence of CaCl2, Friedel’s salt can form following 

the equations: 

 

From Calcium aluminate hydrate:   

                                                                             

C3A.Ca(OH)2.12H2O + CaCl2 → C3A. CaCl2.10H2O + Ca(OH)2 +H2O [124]     

                    

Or, from monosulphoaluminate: 

 

C3A.CaSO4.12H2O + CaCl2 → C3A.CaCl2.10H2O + CaSO4. 2H2O [124] 

                              

             While Friedel’s salt is not reported in the literature to cause expansion, its formation from 

monosulphoaluminate causes the release of sulphate as per in last equation. The produced sulphate 

competes with CaCl2 to react with the abundantly available monosulphoaluminate forming 

ettringite [125]. It should be stated that Ettringite was found to be stable at the moderate level of 

chloride so it could have formed in the presence of chloride ions [126].  
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The obtained expansion in samples with MK when soaked for 24 hours could be attributed to 

internal sulphate attack, where the sulphate would be released from the abundantly available 

monosulphoaluminate during the formation of Friedel’s salt. The thermal analysis and XRD results 

suggested that the sample with MK has more Friedel’s salt and possibility monosulphoaluminate, 

calcium aluminate hydrates, and ettringite compared with the other samples.  Alternatively, the 

excessive amount of Friedel’s salt could have caused swelling of the cementing system. This needs 

further investigation. 
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Chapter 5 

Concrete Expansion Tests 

 

In this chapter, different concrete tests were conducted in order to examine their efficacy 

at evaluating the oxidation potential of sulphide-bearing aggregates. One advantage of these tests 

is that they incorporate coarse aggregates without any crushing.   

 

5.1 Experimental Program 

 

Different testing regimes were conducted. All of the samples used in this testing regime 

consisted of 3 specimens. The concrete prisms that were used in this investigation have standard 

dimensions of 76 mm x 76 mm x 285 mm. In addition, each prism had two end studs made of 

platinum in order to resist rust. All of the concrete samples were prepared as per ASTM C192 

[127]. The samples were exposed to different testing regimes that are listed in Table 5-1. It should 

be noted that the mineralogy and total sulphur content of each aggregates used in this testing were 

listed before in Table 4 – 2. 
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Table 5 - 1: Summary of concrete sample testing exposures 

Exposure #          Summary of the testing 
cycles  

      Testing regime 

  
 

 
1 

 Samples stored in an 
environmental chamber all 
the time at 60°C/80%. 

 Measurements taken each 
week at the same 
temperature (60ºC). 

 After casting and demoulding, the samples were 
cured in a standard curing room at humidity > 95% 
and room temperature for seven days; 

 After the seven days, the samples were placed in the 
environmental chamber for one day at 60°C 
temperature, 80% RH; 

 After one day, the zero reading was immediately 
taken once the samples were removed from the 
chamber at a temperature of close to 60ºC; 

 Following this procedure, measurements were taken 
every seven days as soon as the samples were 
removed from the chamber. 

 
 
 
2 

 4 days in sodium 
hypochlorite solution. 

 2 days at 80°C/80% RH in 
stage I. 

 2 days at 5°C/100% RH in 
stage II. 

 1 day under a fume hood at 
room temperature. 

 After casting and demoulding, the samples were 
cured in a standard curing room at humidity > 95% 
and room temperature for seven days; 

 The samples were kept in a sodium hypochlorite 
solution at room temperature(23°C) for four days; 

 The zero reading was taken while the sample was wet; 
 The samples were kept in the oven at 80°C/80% RH 

for 2 days in stage I up to 13 weeks; 
 While, the samples were kept in the fridge at 

5°C/100% RH for 2 days in stage II up to 26 weeks; 
 The samples were kept in a fume hood for one day; 
 The samples were put back into the solution for four 

days of wet measurement; 
 The cycle was repeated. 

 
 
 
3 

 1 day in solution. 
 5 days in oven at 

60°C. 
 1 day in a fume hood. 

 After casting and demoulding, the samples were 
cured in a standard curing room at humidity > 95% 
and room temperature for seven days; 

 The samples were kept for one day in solution at room 
temperature (23°C); 

 The zero reading was taken while the sample was wet; 
 The samples were kept in the oven for five days at 

60°C with no control of relative humidity; 
 The samples were kept in a fume hood for one day; 
 The samples were placed back into the solution for 

one day for wet measurement; 
 The cycle was repeated. 

*: Room temperature is maintained at 23°C ± 2°C 
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5.2 Samples Tested Under Different Exposures 

 

5.2.1 Exposure 1 

  

The concrete samples were made with aggregates 52a, MW, MAS and C1. No oxidizing 

agent was used in this exposure. The samples were tested in an environmental chamber that 

automatically controls humidity and temperature. Measurements were taken every seven days 

without cooling (temperature close to 60C). 

 

5.2.2 Exposure 2 

  

Samples containing MAS, P, C1 and C2 aggregates were used in this exposure, which 

involved an oxidizing agent, as illustrated in Table 5-1.  

 

5.2.3 Exposure 3 

 

In addition to testing 100% sulphide-bearing aggregates and control aggregate with no sulphide 

phases, this exposure examined blends of sulphide- and non-sulphide aggregates. In addition, the 

effect of w/c was also examined.  
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In the first part of the program, four samples consisting of different blends of non-sulphide and 

sulphide aggregates C1 and MW were used. The purpose of this test was to examine the sensitivity 

of the testing protocol to different sulphide levels. The first sample contained 100% MW, the 

second sample was cast with 90% C1 + 10% MW, the third sample was cast with 80% C1 + 20% 

MW, and the last sample was cast with 100% C1. This exposure involves bleach as an oxidizing 

agent. The second part examined the effect of the w/c ratio on expansion behaviour. Two different 

w/c ratios (0.45 and 0.65) were investigated. Finally, the effect of 30% slag was also investigated. 

The samples were as follows: 

 

Sample 1: containing aggregate 52a, sulphide aggregate, at a w/c of 0.65 

Sample 2: containing aggregate 52a at a w/c of 0.45 

Sample 3: containing aggregate 52a and 30% slag at a w/c of 0.65 

Sample 4: containing aggregate C1, non-sulphide aggregate, at a w/c of 0.65 

 

5.3 Results and Analysis 

 

5.3.1 Exposure 1 

  

This exposure condition did not produce expansion, although some shrinkage recovery 

began to take place after 5 weeks, as illustrated in Figure 5 - 1. It should be noted that these samples 

were removed from a standard curing condition where the RH was above 95% and were placed at 

80% RH and 60˚C after the curing time.  
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This contributed to the observed shrinkage in the first few weeks. In fact, the shrinkage 

value for all samples after 1 day of placing in the chamber was about - 0.014%; this value was 

taken as the zero reading since subsequent readings were taken at 60ºC. The results revealed that 

testing under this condition produces a very slow rate of expansion. 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 5 - 1: Volume change in concrete prisms containing different aggregates and kept at 60°C 
and 80% RH, using exposure 1. 

 

5.3.2 Exposure 2 

 

Figure 5 – 2 shows very low expansion in the first stage up to 13 weeks, and in the second 

stage up to week 26; these results match with Mbonimpa et al. [128]. The author pointed out that 

high relative humidity (in the range of > 85%) reduces the oxidation rate of sulphide minerals. The 
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slow oxidation rate in the first stage may indicate that the samples were not kept in the oven for a 

sufficient period of time. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5 - 2: Expansion of concrete samples made with MAS, C2, C1 and P aggregates using 
exposure 2: 4-days soaking in a 6% sodium hypochlorite solution, 2 days in the oven at 60°C. 

 

5.3.3 Exposure 3 

 

Although the expansion in all cases was low, there was a slightly higher expansion 

observed in the samples with 10% and 20% sulphide aggregates, as seen in Figure 5 - 3. There was 

also a higher expansion with the concrete samples that contained 100% MW (the rich sulphide 
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minerals aggregate). It seems that this testing condition can lead to an expansion that is 

proportional to the level of sulphide in the aggregate. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 - 3: Expansion in MW and C1 aggregates with different replacement ratios using 
exposure 4: 1-day soaking in a 6% sodium hypochlorite solution, 5 days in the oven at 60°C. 

  

Figure 5 - 4 shows the expansions in all of the samples. The figure is divided into four 

stages identified by vertical lines. Each stage represents a different testing condition. None of the 

concrete samples showed high expansion in stage 1. This might indicate that the oxidation of 

sulphide minerals does not cause much expansion. It is also possible that the condition did not lead 

to oxidation. In the second stage, all of the samples were placed in the shrinkage room at room 

temperature and RH of 50%, to see if a lower RH leads to better oxidation.  
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The expansion for all of the concrete samples decreased during the second stage up to week 

65, suggesting that: 

 

a) The oxidation does not cause expansion, but instead produces oxidation products 

without the associated volume change, or: 

  

b) The oxidation did not take place under these conditions. 

  

The expansion was clear when the samples were moved to 100% RH at room 

temperature. The concrete samples with the 52a aggregate at a 0.65 w/c showed a higher 

expansion in the third stage when the samples were stored at room temperature over water 

(100% RH). This might be due to the ettringite formation, which requires a high RH to 

form. The concrete samples with the C1 and 52a aggregates with a 0.45 w/c ratio did not 

reach high expansion until week 78.  

 

The diagram also shows very high expansion in the last stage for concrete samples cast 

with the 52a aggregate with all different w/c ratios after week 78, when the aggregate was 

tested under exposure 3. The reason for this behaviour was not thoroughly investigated in 

this study but more testing is being carried out in this direction. It is likely that oxidation 

took place during the period where the samples were stored at 50% RH. This oxidation 

produces sulfuric acid and possibly gypsum. When the humidity was raised in stage 3, 
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ettringitte formed and expansion was observed. It is interesting to note that the control C1 

aggregate did not show high expansion in any of the stages. 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 

Figure 5 - 4: Expansion of concrete samples incorporating the 52a aggregate using exposure 3 
one day soaking in a 6% sodium hypochlorite solution, 5 days in the oven at 60°C. 
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Chapter 6 

Summary and Conclusions 

 

6.1 Summary 

 

This thesis presents a study into developing a new aggregate test and evaluating the 

recently developed oxidation mortar bar test for its efficacy to test different aggregate composition 

and cementing systems. In addition, attempts were made to a new concrete oxidation test. While 

these attempts did not yield a finalized test method, it paved the road for future research work by 

shedding light on the test conditions that are likely to produce oxidation and expansion in concrete 

samples. Based on a collaborative research project between Ryerson and three research institutions 

in Quebec, a test protocol was proposed [100] as shown in Figure 2-11. 

 

   In this thesis, the total sulphur content and the mortar bar test was carried out on a number 

of aggregates, mainly from Ontario.  In addition, the mortar bar test was examined for its efficacy 

to test different cementing systems. The aggregate screening test is developed here to provide an 

additional test to the protocol to help screen aggregate and minimize the option of using the 

oxidation mortar bar test which requires 6 months to run. In addition, the aggregate oxidation test 

can replace the oxygen consumption test, if the repeatability, reproducibility and interlab study 

results prove its possibility for use as part of the protocol. 
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6.1.1 Aggregate Oxidation test 

  

In developing the screening test for aggregate, the focus was on having a simple test that 

can be carried out in a commercial lab without the need for a sophisticated test set up. The proposed 

test relies on one qualitative measure which is test solution color, and one quantitative measure 

which is the mass loss. The results were found to correlate well with aggregate composition or 

service record (field performance). In summary, coarse aggregate processed to size 2.36 mm to 

1.18 mm and tested at room temperature for one week can be considered to contain no appreciable 

amount of oxidizable sulphide phases if it achieves mass loss < 0.5% and no change in solution 

color. A limit of 1.0% after three cycles can be used for aggregates failing the 0.5% limit at one 

cycle. Aggregates that fail such criteria should be exposed to more testing including the sulphide 

sulphur determined chemically, petrographic analysis, oxygen consumption test, or the oxidation 

mortar bar test. The limits specified here can be relaxed in the future after testing more aggregates 

of different geological composition. While testing coarse aggregates without crushing is more 

practical, the obtained mass loss is smaller, and may not be easy to distinguish aggregates with 

low sulphide content from aggregate with no sulphide. This requires further optimization.  

 

6.1.2 Oxidation Mortar Bar test 

 

The oxidation mortar bar was found to produce expansion in the first 13 weeks or first 

period of the test for aggregate with sulphide content and with some aggregates without sulphide 

content. This first period, phase I, involves soaking the mortar bar samples for 3 hour followed by 
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storing the samples at 80oC /80% RH for three days. However, in the second stage of the test, only 

aggregates with sulphide minerals produces expansion.  

 

 

This second period namely phase II, involves testing the samples under same soaking 

condition in phase I, but samples were stored at 5oC /100% RH for three days, instead of 80oC 

/80% RH adopted in phase I. 

 

The expansion in the first stage for aggregates with no sulphide content was found to be 

related to alkali-silica reaction in case of reactive aggregates and slow dissolution of silica and 

formation of alkali-silica products in aggregates with silica content. This was proven through 

studying the composition of the sodium hypochlorite solution in each aggregate was soaked. 

Dissolved silica was detected in the solution for aggregates with silica content.   

 

In terms of the ability of the oxidation mortar bar test to investigate the effect of different 

cementing systems, the SCMs investigated here (25% FA; 30% slag; 8% silica fume; 10% 

metakaolin) were able to reduce the expansion in mortar bars containing sulphide bearing 

aggregates by 50% to 85%. It is likely that this is due to reduced volume of oxidizing solution 

penetrating the samples with SCM. Another interesting finding here is that extending the soaking 

period to one day instead of 3 hour produced less expansion, likely due to the shorter period during 

which the samples were placed in the oven at 80˚C and 80% humidity. 
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              The significance of the results obtained in this dissertation in relation to actual in-field 

concrete needs to be examined. It can be argued that the way SCM reduces the amount or 

availability of an oxidizing agent in the mortar bar samples would be similar to the availability of 

oxygen to concrete under field conditions. In other words, the enhanced pore structure would 

reduce the availability of oxygen under field conditions. However, this needs validation through 

in situ testing of concrete. Until then the use of the oxidizing mortar bar test to evaluate SCM 

should be treated with caution. Changing the pore structure of the sample may alter the optimized 

conditions needed to promote oxidation in the lab samples using this test. The same change in 

microstructure of concrete under field conditions may not have the same reduction on the rate of 

oxidation. 

 

6.1.3 Concrete tests 

 

Different testing conditions were investigated and the main finding is that producing 

expansion in concrete requires longer time than producing expansion in mortar bars. However, one 

testing condition was found to produce expansion which requires soaking the concrete samples in 

oxidizing solution (sodium hypochlorite) for one day followed by storing the samples in an oven 

at 60°C for five days, then keeping the samples one day at room temperature under fume hood. 

However, it was evident from testing under this condition that a storing period at optimum relative 

humidity, likely lower than 80%, might accelerate the oxidation process. Other conditions 

investigated here did not produce significant expansion in a relatively short period of time.  
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6.1.4 Suggested Aggregate Screening Flow Chart 

 

Based on the aggregate oxidation test developed in this thesis, the following testing flow 

chart as presented in Figure 6 - 1 is recommended to be adopted prior to applying the protocol 

described in Figure 2-11. The idea is to reduce the number of aggregates that need to be tested 

using the protocol in Figure 2-11 through using a simple, quick and economic test method. 

    

The total sulphur test can be skipped as the aggregate oxidation test has the capacity to 

screen aggregate for its potential to oxidize; however, giving the low cost, short time and 

availability the total sulphur test, the author believe that the test provides an additional “safeguard” 

to the oxidation test.  
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Figure 6-1: Suggested aggregate screening flow chart 

Mass loss % > 0.5 % 

Or brown color 

Mass loss % ≤ 0.5 % 

With no color

Save the solution for further chemical analysis if needed 
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6.2 Conclusions 

 

For the range of materials and based on the test conditions carried out in this dissertation, 

the following conclusions can be drawn: 

 

1. An aggregate oxidation test was developed and found to be capable of screening aggregates 

with oxidizable sulphide phase from aggregates with no sulphide phases. 

  

2. In the aggregate oxidation test, the finer the tested aggregate gradation the larger the mass 

loss within a certain period of time. 

 

3. In its present form, the change in color of the test solution and the mass loss after one week 

of testing at room temperature can be used to screen aggregate for its use in concrete. 

   

4. The aggregate oxidation test relies on measuring the mass loss after cycles of soaking in 

oxidizing solution (6% sodium hypochlorite), drying at 80°C. A limit of 0.5% mass loss 

after one cycle of testing at 23C using 2.36 mm – 1.18 mm aggregates can be used, and 

1.0% after three cycles, where the third cycle can be used in case of an aggregate exceeding 

the 0.5% after the first cycle. These limits are conservative based on the results of the 

investigation carried out here. Double these values can be used after more investigation 

particularly in terms of running the test at different labs.   
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5. Testing at higher temperature did not accelerate the oxidation in the aggregate oxidation 

test. This is not related to the oxidation process but to a change in the chemical composition 

of the sodium hypochlorite used as an oxidizing agent at high temperature 

 

6. Aggregate oxidation test can work as a screening test before the oxygen consumption test 

in the protocol as show in Figure 2 - 11 or as replacement of the oxygen consumption and 

oxidation mortar bar tests. More work is needed to finalize this test and establish the 

repeatability and interlab variation. 

 

7. Chemical analysis of the oxidizing solution used in the aggregate oxidation test showed 

the presence of sulphate and iron ions in solution for aggregates with oxidizable sulphide 

phases. 

 

8. In the oxidation mortar bar test, some aggregates have dissolved silica when soaked in 6% 

sodium hypochlorite solution; however, for the materials tested here, this usually takes 

place only in the first 13 weeks of the testing. 

 

9. For the materials tested in the developed mortar bar test, and according to the testing 

procedure, the results showed that the dissolved silica ion increase in solution at high 

temperature. 
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10. The oxidation mortar bar test showed differences in expansions between samples with 

different cementing blends. 

 

11. The low-C3A PC and SCMs investigated here 30% slag, 25% FA 8%, silica fume, and 10% 

metakaolin and were able to reduce the expansion in mortar bars containing sulphide 

bearing aggregates by 50% to 85%. One of the distinct mechanisms behind this finding is 

the enhanced pore structure of samples with SCMs and the reduced C3A in samples with 

low-C3A PC. 

 

12. Mortar bars with low w/c showed lower expansion in the oxidation mortar bar test 

suggesting that the enhanced pore structure has an effect on the expansion. The relationship 

of this to concrete under field conditions needs to be investigated. In addition, the test might 

underestimate the damage if different mix properties are used such as lower w/c. 

 

13. Soaking mortar bar samples in sodium hypochlorite solution can produce Friedel’s salt; 

however, the amount is not large enough if the soaking period is only three hours. This 

Friedel’s salt can release sulphate from monosulphoaluminte and lead to internal sulphate 

attack. 

 

14. Expansion of concrete containing sulphide bearing aggregate could be produced in the lab; 

however, some testing exposures were more effective than others in accelerating the onset 

of expansion. One condition which involves one day of soaking in solution followed by 
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five days in oven at 60°C was found to produce expansion. More work is needed to 

optimize the condition with wide range of aggregate.  
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Chapter 7 

Recommendations for Future work 

 

Based on the findings of this thesis the following are recommendation for future studies: 

 

1. Testing more aggregates with different geological composition are recommended to 

examine the applicability of the aggregate oxidation test to a wide range of aggregate and 

perhaps re-consider the proposed limits. 

 

2. New screening test method is open to more optimization. For instance, testing larger 

aggregate size or testing different fractions of particle sizes and calculating the weighted 

average of mass loss are ideas that can be pursued. 

  

3. The repeatability and the reproducibility of the new screening test in different laboratory 

are important to establish precision statement and proposed limits. 

 

4. For the aggregate oxidation test, testing mass greater than 100 g may provide the better 

precision of the test results. 

 

5. For the aggregate oxidation test, the reduction rate in pH was not significant in this study, 

so it is recommended to reduce the solid to solution ratio to 1:2 instead of 1:10. That might 

produce a measurable reduction in pH with a wide range of sulphide-bearing aggregates. 
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6. Testing a wide range of aggregates with different size in oxygen consumption test is 

suggested to confirm the proposed limits. 

 

7. Although, the higher temperature can promote the oxidation process. This higher 

temperature can cause the decomposition of ettringite crystal. So, using 70oC as the max 

temperature for future work might be helpful. 

 

8. Considering the results of this work, chloride ion seems to be affecting the stability of ettringite, 

and promote the Friedel’s salts formation. So, using any oxidizing agent that does not contain 

chlorides would prevent the complications arising when chlorides reacting with the different 

phases inside concrete. 

 

9. The results obtained here using the mortar bar test needs to be validated using in-situ 

concrete with sulphide-bearing aggregates and SCMs. 

 

10. Developing test method by using 60ºC, 60% RH and limewater as a soaking solution with 

the flow of oxygen gas might be helpful to promote the potential oxidation of sulphide 

minerals, and hence the expansion in mortar bars and concrete samples. 

 

11. It is recommended to continue working on developing a test method for concrete.  The 

results obtained in this dissertation can help the selection and optimization of future testing 

protocol that are likely to work.  
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12. Although, both water and air are essential in order to increase the oxidation rate for sulphide 

minerals, the limited results in concrete samples suggested that the high RH at 80% might 

reduce the rate of reaction. 

 

13. More experimental tests are needed to investigate the relation between ettringite, 

monosulphoaluminate, Kuzel’s salt and Friedel’s salt formation under the testing 

conditions used here. 

 

14. More studies are highly recommended to investigate whether or not Friedel’s salt formation 

can cause expansion in concrete.   
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Appendix A 

 

Table A-1: XRD Peak list [2 Theta & Intensity (I %)] for each mineral: 
Symbol Mineral name Ref. Code Figure 2 Theta I % 

Z Zeolite 01-073-7924 
Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

6.347 100 

E Ettringite 00-009-0414 
Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

9.081 
 

100 
 

E Ettringite 00-002-0059 

Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

18.089 60 

Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

22.962 80 

Fig. 4 – 43 
Fig. 4 – 45 

24.710 30 

S Silicon Oxide 01-075-3909 
Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

6.088 100 

P Portlandite 00-004-0733 
Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

18.089 
34.089 

74 
100 

Cl 
Calcium 

chloride 
00-001-0338 

Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

29.258 
80 

T Thaumasite 00-002-0061 

Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

18.354 
36.191 
 

50 
80 
 

Fig. 4 - 43 
Fig. 4 – 45 

39.673 
40 

C 
Calcium 
carbonate 

01-085-0849 
Fig. 4 - 43 
Fig. 4 – 44 
Fig. 4 – 45 

29.466 
100 

M Mullite 00-001-0613 
Fig. 4 - 3 

16.372 
35.165 
33.280 

50 
83 
75 

Fig. 4 – 3 
Fig. 4 - 44 

26.268 
100 
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   Fig. 4 – 3 
Fig. 4 - 44 

39.135 33 
 
 

I Illite 00-002-0050 

Fig. 4 – 45 8.836 100 

   Fig. 4 – 4 
19.891 
36.806 

100 
40 

   Fig. 4 – 45 
   Fig. 4 – 4 

26.750 
70 

Q Quartz 01-075-8321 

Fig. 4 – 44 
Fig. 4 – 45 

   Fig. 4 – 3 
   Fig. 4 – 4 

26.621 

100 

Fig. 4 – 45 
   Fig. 4 – 3 
   Fig. 4 – 4 

20.840 
21 
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