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Highlights 

 A test method was proposed to assess the possible oxidation of sulphide-bearing 

aggregates. 

 The proposed method produces two outputs to screen aggregates. 

 The test was applicable for the thirty aggregates tested in this study. 

 Possible improvements to the test methods are discussed. 

Abstract 

A simple screening test was proposed in order to test coarse aggregates for their potential to cause 

damage when used in concrete due to the oxidation of sulphide phases. The test involves 

submerging an aggregate sample in an oxidizing agent and measuring the mass loss. Samples with 

no known oxidizable sulphides showed a mass loss of < 1.0% after one week of testing at room 

temperature. Samples of oxidizable sulphides showed a mass loss higher than 3.5% and changes 

in the colour of the test solution. It is proposed that aggregates which achieve a mass loss of less 

than 0.50% and no colour change in the test solution be accepted.  
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1. Introduction 

Sulphide-bearing aggregates can cause severe deterioration to concrete if the sulphide phases 

oxidize. Sulphide phases are minor constituents found in some rocks. During the period from 1900 

to 1950 [1], mundic rock was used as a coarse aggregate for concrete blocks to reduce the cost of 
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construction in the Cornwall and Devon areas of England, as reported by Lugg and Probert [1]. 

Many engineers used this aggregate in concrete construction. This rock contained a sulphide 

mineral, which subsequently oxidized and proceeded to deteriorate the concrete. Chinchon et al. 

[2] 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 containing a high content of pyrrhotite grains. In 1974, Berard et al. [3] investigated a 

concrete deterioration case in Montreal, Canada and reported that the petrographic analysis 

provided evidence of expansive minerals in the concrete foundations. In 1979 in South Africa, 

severe cracking and deterioration of concrete was reported in houses in the Penge area [4]. 

Oberholster and Kruger [4] reported that the aggregate used in the concrete mix contained a 

carbonaceous and iron sulphide mineral. In the last decade, a case of concrete damage due to 

oxidation of sulphide phases has been reported in Trois-Rivieres, Quebec, Canada [5, 6, 7, 8, 9, 

10]. The aggregates contained various proportions of pyrite and pyrrhotite [8]. The deteriorated 

concrete showed pop-outs and a network of cracks known as map cracking on the foundations and 

walls [11]. Recently, a case of sulphide-related deterioration in the foundations of more than 400 

homes was reported in Eastern Connecticut, USA [12].  

Steger [13] reported that the oxidation of sulphide-bearing aggregates occurs at a relative humidity 

of 37%-75%. The incorporation of this kind of rock as a concrete aggregate may lead to severe 

damage in concrete structures. The oxidation products can generate sulphate ions, which react with 

the hydrated cement products to form gypsum [14, 15, 16], ettringite [14, 17] and thaumasite [16, 

18, 4]. These phases cause disruptions in the concrete [5]. The most common types of sulphide 

minerals are pyrite, FeS2, and pyrrhotite, Fe(1-x)S).  
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The general chemical formula of pyrite is (FeS2) [10, 19] with a molecular mass of 119.98 g/mol. 

It is composed of 53.4% sulphur (S) and 46.6% iron (Fe) [10]. The chemical formula of pyrrhotite 

is (Fe 1-x S) [9, 19], with x ranging from 0 to 0.125 [9, 20]. This results in a range from the form 

(FeS) with a molecular mass of 87.87 g/mol, (S) of 36.5 %, and (Fe) of 63.5%, to (Fe7S8) with a 

molecular mass of 647.16 g/mol, (S) of 39.6 %, and (Fe) of 60.4 %. Chinchon-Paya [21] 

demonstrated that pyrite particles are composed of 49.03% sulphur and 46.37% iron, while 

pyrrhotite particles are composed of 35.18% sulphur and 61.12% iron.   

The oxidation of sulphide phases can be summarized as follows: 

Equation (1) shows the oxidation of pyrite minerals following exposure to water and oxygen [6]: 

FeS2 + 15/4 O2 + 5/2 H2O   →   FeOOH (goethite) + 2H2SO4 (sulfuric acid)          (1) 

For pyrrhotite, a sulphate-rich solution and iron by-products are formed as follows [19]:  

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

Then, following equations (3) and (4), the ferrous iron Fe2+ oxidizes to form ferric iron (Fe3+) 

which can precipitate out of solution to form ferric hydroxide if the pH is above 3.5 [9]. 

        Fe2+ + 1/4 O2 + 2H+        →        Fe3+ + 1/2H2O                                                          (3) 

Fe3+ + 3H2O          →        Fe(OH)3(S) + 3H+                                                              (4) 

The Ferrous iron can also get oxidized and precipitated as ferric oxyhydroxides, principally 

ferrihydrite and goethite [19]. Ferric iron can also participate in the oxidation process and oxidize 

more Pyrrhotite following equation (5) [19]: 

Fe(1-x)S + (8 - 2x) Fe3+ + 4H2O            →           (9 - 3x) Fe2+ + SO4
2- + 8H+           (5) 

If the aggregate is used in concrete, the sulphuric acid reacts with one of the hydrated Portland 

cement paste products - Ca(OH)2 - to form gypsum following equation (6) [15, 22]: 

Ca(OH)2 + H2SO4           →          CaSO4.2H2O (gypsum)                                       (6) 
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The gypsum can then lead to more forms of sulphate attack. 

Shnorhokian [23] established that the factors that lead to increases in the rate of oxidation include 

the exposure of new surface areas of the mineral, and the presence of oxygen and moisture. While 

pyrite and pyrrhotite are oxidizable phases, pyrrhotite is known to oxidize at a faster rate [21, 24]. 

Schmidt [25] illustrated that higher concentrations of oxygen, higher pH, and smaller particle sizes 

lead to higher disintegration of iron sulphide phases. Craig [26] reported that the Vickers Hardness 

Number of Pyrite is 1505-1620 and 230-318 for Pyrrhotite.  

Following the case that took place in Trois-Rivieres, Quebec, a protocol was developed to evaluate 

the potential oxidation of sulphide-bearing aggregates prior to being used in concrete [6]. The 

protocol consists of a chemical test to assess the total sulphur in the aggregate, an oxidation test to 

evaluate the oxygen consumed by the aggregate while kept in a cell with a limited volume of air, 

and an oxidation mortar bar test that involves testing mortar bars under conditions that promote 

aggregate oxidation and sulphate attack in the cement paste [27].  

 In terms of aggregate testing, a method proposed by Midgley was used to evaluate the presence 

of deleterious iron sulphide bearing aggregates in concrete [28]. In the test, the aggregates were 

spread over a Petri dish, covered with filter paper, and submerged in a limewater solution. If the 

aggregate contains oxidizable sulphide, bluish-green ferrous sulphides will begin to form after 30 

minutes. When removed from the solution and exposed to the air, the formations oxidize and turn 

brown.  

The ASTM C 641 iron-staining test, [29] uses iron staining to detect the presence of deleterious 

sulphide minerals, as reported by Seaton [30]. The test procedure involves enclosing the aggregate 

sample in filter paper and exposing it to a steam bath for 16 hours, after which the aggregate is 

removed. The stained filter is then visually examined using a standard stain index. A chemical test 
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can be performed on the stains to quantify the results.  The sample is considered to contain a 

deleterious amount of sulphide if the amount of  Fe2O3 equals or exceeds 1.5 mg/200-g.  

Ramos et al, [11] modified the Midgley test and ASTM C641 iron-staining test and used the 

modified tests to evaluate aggregates.  For the Midgley test, a 3% NaCl, 3% H2O2, 6% NaClO, 

and lime solution were used to oxidize 20 grams of each aggregate prepared in a 9.5 mm sieve and 

retained over a 0.600 mm sieve. The samples were left in the solution for up to one week. The 

following results were obtained: (i) the limewater solution produced very weak stains for all of the 

aggregates - after 30 minutes no ferrous sulphides were observed, (ii) the NaCl produced weak 

staining after four days, (iii) the H2O2 produced visible stains after three days, and (iv) the 6% 

NaClO solution produced observable staining after 30 minutes and heavy staining by day three. 

By the end of the test, the filter papers were almost entirely destroyed. 

2. Materials and Experimental Details 

2.1. Materials 

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

study. The primary rock type, composition, and total sulphur content (ST %) (determined by 

combustion) are listed in Table 1. The aggregates are divided into three categories:  

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

when used in concrete.  

2. Cat. 2: aggregates that are alkali-reactive (LIM 1 is alkali-carbonate reactive while LIM2 and 

GRAV1 are alkali-silica reactive). 

3. Cat. 3: aggregates that have no known issues related to sulphide. 
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Table 1: Aggregate Mineralogy and total sulphur (ST %) content. 

Cate-

gory # 
Agg. ID Primary rock type Composition* Iron sulphur mineral 

Total sulphur 

(ST %) 

1 GAB 1 Gabbro Entirely ore mineral Po, Py, Ccp, Pn** 20 

1 GAB 2 Gabbro Entirely ore mineral Po, Py, Ccp, Pn 20 

1 QTZ 1a Quartz-biotite schist Qz, Fsp, Bt, Ms Po, Py, Jrs, Lm 1.50 

1 QTZ 1b Quartz-biotite schist Qz, Fsp, Bt, Ms Po, Py, Jrs, Lm 0.54 

1 GAB 3*** Gabbro Pl, Bt, Qz Po, Py, Ccp, Pn 0.73 - 1.28 

1 GAB 4*** Gabbro Pl, Bt, Qz, K-Fsp Po, Py, Ccp 2.13 - 4.22 

2 LIM 1 Dolomitic limestone 

Cal, Dol, 

Clay minerals 

 

- 0 

2 LIM 2 Siliceous limestone 

Cal, Dolomite Cht, 

Clay minerals 

 

- 0 

2 GRAV 1 Siliceous gravel 
Sst, Qz, Grt, Db, Gns 

 
- 0 

3 DOL 1 Dolostone Dol Gp, Py 0.150 

3 LIM 3 Limestone Cal - 0.038 

3 DOL 2a**** Dolostone Dol - 0.007 

3 DOL 2b**** Dolostone Dol - 0.007 

3 LIM 4 Limestone Cal - 0.046 

3 DOL 3 Dolostone Dol Gp, Py 0.140 

3 DOL 4 Dolostone Dol - 0.017 

3 GRAV 2 
Carbonate dominant 

gravel 

90% Cb, 

10% Siliceous 

 

Py 0.180 

3 GNS 1 Mafic gneiss Pl, Bt, Qz, Amb Py 0.110 

3 GAB 5 Gabbro Act, Pl, Chl, Mag  0.039 

3 ANRS*** Anorthosite Pl, Hbl, Bt - 0.04 - 0.06 

3 DOL 5 Dolostone Dol - 0.007 

3 DOL 6 Dolostone Dol Py 0.30 

3 LIM 5 Limestone Cal - 0.059 

3 GAB 6 Gabbro Amp, Pl, Mag, Bt Po, Py 0.15 

3 BAS 1a **** Basalt Act, Pl, Bt, Chl, Mag - 0.027 

3 BAS 1b**** Basalt Act, Pl, Bt, Chl, Mag - 0.027 

3 QTZT Quartzite Qz - 0.024 

3 LIM 6 Limestone Cal - 0.06 

3 GNS 2 
Granite to granite 

gneiss 
K-Fsp, Qz, Pl, Bt - 0.009 

3 GRAV 3 Siliceous gravel Gns, Grt, Gab - 0.010 

3 GRAV 4 Siliceous gravel 

Mafic to intermediate 

granite gneiss 

 

- 0.050 

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

gory # 
Agg. ID Primary rock type Composition* Iron sulphur mineral 

Total sulphur 

(ST %) 

**Minerals abbreviations [31]: Pyrrhotite = Po, Pyrite = Py, Chalcopyrite = Ccp, Pentlandite = Pn, Quartz = Qz, Feldspar = Fsp, Biotite 

= Bt, Muscovite = Ms, Jarosite = Jrs, Limonite = Lm, Plagioclase = Pl, Calcite = Cal, Dolomite = Dol, Chert = Cht, Sandstone = Sst, 

Granite = Grt, Diabase = Db, Gneiss = Gns, Gypsum = Gp, Carbonate = Cb, Amphibole = Amp, Actinolite = Act, Chlorite = Chl, Magetite 

= Mag, Hornblende = Hbl. 

***GAB 3, GAB 4 and ANRS aggregates are the same aggregates defined as MAS, B&B, and P, respectively in Ref  [11] 

****DOL 2a and DOL 2b are from the same source but different samples; this is also the case for BAS 1a and BAS 1b 

2.2. Experimental Details  

2.2.1. Aggregate Processing 

The aggregate samples were prepared following the procedures described in ASTM D 75 [32] and 

ASTM C 702 [33]. The representative coarse aggregate sample was crushed into different sand-

size fractions as those used in the accelerated mortar bar test - ASTM C1260 [34]. 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, and tested as described below. For 

aggregates DOL 2 and BAS 1, two samples from the same source - DOL 2a and DOL 2b or BAS 

1a and BAS 1b - were tested.  

2.2.2. Aggregate Oxidation Testing Procedures 

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% sodium hypochlorite solution (household bleach) was used as the oxidizing 

solution. A mass of 100 g - of a specific particle size - from each aggregate was exposed to one 

liter of the solution at a solid to liquid ratio of 1:10. This high ratio was chosen 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. 
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During the first stage of this research, the test was run using a temperature of 40ºC due to the 

assumption that higher temperatures would accelerate the oxidation, based on Steger’s report [13] 

that the oxidation rate increases with increasing temperature. The aggregates were first washed 

and then oven-dried at 100ºC for 24 hours. The samples were then allowed to cool for 5 hours, and 

the initial or zero-mass reading was taken (selected to be 100 g). After that, the sample was soaked 

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

taken out of the solution via draining then washed over a 600-µm sieve. The aggregates were then 

placed in an oven at a temperature of 80ºC for one day followed by 5 hours of cooling at room 

temperature. The last stage of the cycle would be the final sieving on a 600-µm sieve and the 

determination of the retained mass. Following mass loss determination, the sample was kept at 

room temperature out of the solution for one day prior to the start of 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 – m1) / m0] x 100% 

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

             m1 (g) = mass of aggregate after n wetting-drying cycles 

The aggregate GAB 4 was used to evaluate the effect of particle size on mass loss. The aggregate 

GAB 2 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 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 with GAB 4, 

the 4.75 mm to 2.36 mm particle size was chosen for testing.  

In addition to measuring mass loss, selected 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 
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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 - 0 to 3 mg/L. The instrument 

used in this study is acceptable for water, wastewater and seawater analysis, according to the 

United States Environmental Protection Agency.  

After running the test at 40C and obtaining promising results, the testing period was shortened. 

The GAB 4 aggregate (size 4.75 mm to 2.36 mm) was tested at three different temperatures: 23°C, 

40ºC, and 80°C. The soaking period was changed from 12 to 5 days at 23°C. The drying and 

preparation periods remain the same. After obtaining promising results with the GAB 4 aggregate, 

all 30 aggregates were re-tested at 23°C using the shorter cycle (one week). Moreover, a smaller 

particle size (2.36 mm to 1.18 mm) was also adopted in order to accelerate the results. The 

aggregate washing was carried out on a 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. 

3. Results  

3.1. Testing at 40°C Using Two-week Cycles  

As previously mentioned, the effect of particle size was evaluated using the GAB 4 aggregate.  

Two samples of the aggregate GAB 2 (4.75 mm – 2.36 mm) were also tested in a sodium 

hypochlorite solution and water in order to investigate whether or not wetting and drying cycles, 

can promote oxidation without bleach. The results are illustrated in Fig.1 a and b. In Fig.1a, it is 

clear that the finer the sample, the higher the oxidation rate, especially at the beginning. The 

smallest size, 1.18 mm – 0.600 mm, was harder to handle as it stuck to the sides of the bottles, 
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making it more difficult to drain. As a result, the 4.75 mm –2.36 mm size was chosen. Fig.1b 

shows that running the test without bleach (in water) does not produce significant mass loss, even 

when an aggregate with a very high level of oxidizable Sulphide (GAB 2) is tested. 

 

Fig. 1. (a) Effect of particle size on mass loss using GAB 4 aggregate, tested using 2-week cycles 

at 40°C, (b) Effect of water and bleach (NaClO solution) on mass loss using the GAB 2 aggregate. 

The mass loss results for all thirty aggregates tested are listed in Table 2 (GAB 4 was not tested). 

The aggregates in this table are listed in descending order based on 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 samples tested, a limit can be set to differentiate 

between aggregates that are known to contain oxidizable sulphide and aggregates that do not. For 

example, a limit of 1.0% can be used after two weeks or one cycle, or a limit of 3% after 14 weeks 

or seven cycles. In any case, the results reveal that a higher number of cycles leads to a larger range 

of mass loss. In addition to the mass loss, the changes in the colour of the bleach provided an 

excellent indication of the presence of oxidizable Sulphide, as shown in Fig. 2. The brown colour, 

following the first cycle, is obvious in all of the aggregates which contain oxidizable sulphide and 

sulphur content ≥ 0.54%. Samples were also taken from the solution shown in Fig. 2 and tested for 

pH, Fe and SO4 ions. The results are presented in Table 3. 
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Table 2: Mass loss results and total Sulphur (ST %) for aggregates tested at 40°C using particle 

size 4.75 mm to 2.36 mm. Each cycle was two weeks (long cycle), and the solid to solution ratio 

was 1:10.  

Cat # Aggregate 
Total sulphur 

(ST %) 

Mass loss % 

Cycle1 

Mass loss % 

Cycle 2 

Mass loss % 

Cycle 3 

Mass loss % 

Cycle 7 

1 GAB 1 20.00 6.0 12.0 20.0 32.0 

1 GAB 2 20.00 4.0 8.00 14.0 28.0 

1 QTZ 1a 1.500 5.0 9.00 12.0 14.0 

1 GAB 3 1.000 3.0 6.00 8.00 11.6 

1 QTZ 1b 0.540 3.1 5.00 6.20 6.50 

3 DOL 6 0.300 0.2 0.40 0.70 1.80 

3 GRAV 2 0.180 0.0 0.00 0.50 1.60 

3 DOL 1 0.150 0.5 0.50 0.90 1.20 

3 GAB 6 0.150 0.0 0.60 0.60 0.90 

3 DOL 3 0.140 0.0 0.00 0.50 1.50 

3 GNS 1 0.110 1.0 1.40 1.80 2.40 

3 LIM 6 0.060 0.2 0.20 0.20 1.20 

3 LIM 5 0.059 0.0 0.00 0.00 0.10 

3 GRAV 3 0.050 1.2 1.20 2.00 1.00 

3 LIM 4 0.046 0.0 0.00 0.00 0.20 

3 ANRS 0.040 0.0 0.30 0.30 1.80 

3 GAB 5 0.039 0.0 0.00 0.00 0.30 

3 LIM 3 0.038 0.0 0.10 0.20 0.40 

3 BAS 1a 0.027 0.0 0.00 0.00 0.20 

3 BAS 1b 0.027 0.3 0.50 0.80 1.20 

3 QUTZT 0.024 0.0 0.00 0.00 0.10 

3 DOL 4 0.017 0.0 0.00 0.00 0.10 

3 GRAV 3 0.010 0.0 0.00 0.00 0.10 

3 GNS 2 0.009 0.0 0.00 0.00 0.20 

3 DOL 2a 0.007 0.0 0.00 0.00 0.30 

3 DOL 2b 0.007 0.0 0.00 0.40 1.10 

3 DOL 5 0.007 0.0 0.00 0.00 0.20 

2 GRAV 1 0.000 0.0 0.00 0.00 0.40 

2 LIM 1 0.000 0.0 0.00 0.00 1.50 

2 LIM 2 0.000 1.0 1.00 1.00 1.00 
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Agg. 
GAB 

1 

GAB 

2 

GAB 

3 

QTZ 

1b 

DOL 

6 

DOL 

1 

DOL 

2a 

BAS 

1a 
ANRS 

ST%    20     20     1 0.54 0.30 0.15 0.007 0.027 0.04 

 

Fig. 2. The colour of the bleach after the first cycle (two-weeks) of the test. The brown colour is 

clear in all aggregates containing oxidizable Sulphur.  

Table 3: Change in pH, sulphur and iron in bleach after one cycle of 12 days soaking at 40°C. The 

cycle reported here is cycle # 1. The initial pH of the solution was 12.2.  

 

Aggregate 
GAB 

1 

GAB 

2 

GAB 

3 

QTZ 

1b 

DOL  

6 

DOL 

1 

BAS 

1a 

DOL 

2a 
ANRS 

Total Sulphur 

ST% 

20.0 20.0 1.0 0.54 0.30 0.15 0.027 0.007 0.04 

Mass loss after 

cycle #1 

6.0 4.0 3.0 3.1 0.2 0.5 0 0 0 

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 0 0 0 

 

As shown in Table 3, the pH dropped significantly for aggregates that are known to have a high 

level of sulphide; i.e. GAB 1, and GAB 2. For GAB 3 and QTZ 1b, which are also known to have 

sulphide, the reduction in pH was not significant; suggesting that monitoring the pH is not suitable 
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for all sulphide-bearing aggregates. This is because the solid to solution ratio used in this test is 

1:10 (relatively high volume of solution) which requires many oxidation products (sulphuric acid) 

to produce a measurable reduction in pH.  It is clear that the higher the mass loss, the higher the 

level of sulphate and iron ions in solution. It is also interesting to see that the ratio of sulphate-to-

iron is in the range of 8 to 11 for aggregates with sulphide phases GAB 1, GAB 2, GAB 3, and 

QTZ 1b. For aggregates not known to contain sulphide, the ratio is different. 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, as per equations (3) and (4), and oxyhydroxides, such as ferrihydrite and goethite. The 

amount of dissolved iron determined using this test could be a limited amount of ferrous iron that 

has yet to be precipitated from the solution. 

3.2. Effects of Testing Temperature and Cycle Length 

The results from the tests conducted at a temperature of 40°C revealed promising results in terms 

of detecting the presence of oxidizable Sulphide; however, it was thought that it would be 

beneficial to accelerate the test in order to obtain results in a shorter time. The effects of testing 

temperature and a shorter soaking cycle were studied using the aggregate GAB 4. The effect of 

temperature is shown in Fig.3a. As the figure shows, the early mass loss was higher at 23ºC, and 

the late mass loss was slightly higher at 40ºC. The reason for not obtaining a higher mass loss at a 

higher temperature can be explained using the work of Frais [35], who illustrated that at high 

temperatures, hypochlorite anions can decompose to chlorine and chlorate, which are less efficient 

oxidizers than hypochlorite. Based on the obtained results, it was decided to run the test at room 

temperature (23ºC).  
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The effect of cycle length is shown in Fig.3b. The results reveal 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). Moreover, a smaller aggregate, 2.36 mm – 

1.18 mm, was used to accelerate the results.  

 

Fig. 3. (a) Effect of different temperatures on mass loss, (b) Effect of cycle length on mass loss. 

The tests were carried out using the GAB 4 aggregate, size 4.75 mm to 2.36 mm. 

3.3. Testing at 23°C Using one-week Cycle 

The mass loss results are listed in Table 4 and the bleach colour for aggregates with and without 

sulphide are shown in Fig. 4. Finally, the dissolved sulphate and iron in solution are listed in Table 

5. The sulphate-to-iron ratio for aggregates with sulphide phases is similar to the values obtained 

when testing at 40C using the larger size fraction (4.75 mm to 2.36 mm). 
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Table 4: Mass loss results and total Sulphur (ST %) for aggregates tested at 23°C using particle 

size from 2.36 mm to 1.18 mm after cycles 1, 2, 3. Each cycle was one week (short cycle), and the 

solid to solution ratio was 1:10.  

 

Cat. # Aggregate ID 
Total sulphur 

(ST %) 

Mass loss % 

Cycle 1 

Mass loss % 

Cycle 2 

Mass loss % 

Cycle 3 

1 GAB 1 20.00 14 29.5 41.8 

1 GAB 2 20.00 13 28.0 40.8 

1 QTZ 1a 1.500 5.3 9.10 12.4 

1 GAB 3 1.000 4.5 6.70 8.90 

1 QTZ 1b 0.540 3.6 5.70 7.10 

3 DOL 6 0.300 0.0 0.20 0.20 

3 GRAV 2 0.180 0.0 0.00 0.00 

3 DOL 1 0.150 0.8 1.00 1.30 

3 GAB 6 0.150 0.2 0.40 0.60 

3 DOL 3 0.140 0.0 0.00 0.00 

3 GNS 1 0.110 0.6 1.00 1.30 

3 LIM 6 0.060 0.1 0.20 0.30 

3 LIM 5 0.059 0.0 0.00 0.10 

3 GRAV 3 0.050 0.4 0.80 1.20 

3 LIM 4 0.046 0.0 0.00 0.00 

3 ANRS 0.040 0.0 0.00 0.10 

3 GAB 5 0.039 0.0 0.10 0.20 

3 LIM 3 0.038 0.0 0.20 0.30 

3 BAS 1a 0.027 0.2 0.20 0.70 

3 BAS 1b 0.027 0.4 0.60 1.60 

3 QUTZT 0.024 0.0 0.00 0.00 

3 DOL 4 0.017 0.0 0.00 0.00 

3 GRAV 3 0.010 0.0 0.00 0.00 

3 GNS 2 0.009 0.0 0.00 0.00 

3 DOL 2a 0.007 0.0 0.00 0.00 

3 DOL 2b 0.007 0.0 0.00 0.00 

3 DOL 5 0.007 0.0 0.00 0.00 

2 GRAV 1 0.000 0.0 0.00 0.20 

2 LIM 1 0.000 0.0 0.00 0.10 

2 LIM 2 0.000 0.0 0.00 0.00 
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Fig. 4: Colour of the test solution after the first cycle (one week) of the test at room temperature. 

 

The results revealed that testing at room temperature (23°C) provided faster oxidation or mass loss 

compared to a temperature of 40C using a coarser fraction. A comparison between the long and 

short cycles is provided in Fig.5 (a and b). Fig.5a illustrates the relationship between mass loss 

after 2 weeks of testing using the short cycle – representing 2 cycles – at 23°C using size 2.36 mm 

– 1.18 mm versus 2 weeks of testing using the long cycle – representing one cycle – at 40°C using 
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size 4.75 mm - 2.36 mm. The aggregates GAB 1 and GAB 2, which consist mainly of sulphide 

phases, showed a much higher mass loss when tested using the short cycle at room temperature 

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.  

Table 5: Changes 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 
GAB  

1 

GAB 

2 

GAB 

3 

QTZ 

1b 

DOL  

6 

DOL  

1 

BAS 

1a 

BAS 

1b 

DOL 

2a 
ANRS 

Total Sulphur      

ST% 

20.0 20.0 1.0 0.54 0.30 0.15 0.027 0.027 0.007 0.04 

Mass loss after 

cycle #1 

14 13 4.5 3.6 0 0.8 0.2 0.4 0 0 

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 11.4 16.6 200 50 80 0 0 

 

Fig. 5b emphasizes the same trend observed in Fig. 5a This graph compares mass loss using the 

two testing regimes for the same number of cycles. GAB 1 and GAB 2 showed much higher mass 

loss using three shorter cycles (3 weeks) at room temperature using the 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 for both testing regimes using the same number of cycles, regardless 

of the length of the cycles. The results in Fig. 5 suggest that testing the fraction from 2.36 mm to 

1.18 mm at room temperature provides quicker results and may result in more oxidation for 

materials with very high sulphide contents such as GAB 1 and GAB 2. 
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Fig. 5: Comparison of mass loss using the long and short cycle. 

4. Discussion 

The proposed test method presented in this paper can serve as a quick test to screen aggregates for 

their potential to oxidize. The results revealed that the test was able to distinguish aggregates with 

oxidizable sulphide from those without. 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 carried out using 

household bleach and containers with no observed overheating or issues related to safety. That 

being said, this method is open to optimization. For instance, testing a larger aggregate size or 

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

ideas that can be pursued. In addition, testing masses greater than 100 g may provide better test 

result precision. In any case, the test in its current form provides an excellent indication of an 

aggregates potential to contain oxidizable sulphide. 

The test provides two main outputs that can be used together to evaluate an aggregate: changes in 

the colour of the solution following the test, and mass loss. The mass loss results following one 

and three cycles of the test at 23C using size 2.36 mm to 1.18 mm are shown in Fig.6 (a and b), 

respectively. The figures suggest that a limit of 1.0% can be used for the mass loss after one cycle 
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and 2.0% after three cycles. The third cycle can be used if an aggregate exceeds the 1.0% limit 

after the first cycle. These limits help differentiate between aggregates with and without sulphide. 

While the lowest mass loss obtained for aggregates with known sulphide following one cycle 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 0.5% limit following one cycle and 

a 1.0% limit following three cycles are recommended. Only two out of 25 aggregates containing 

no sulphide would fail to meet a 0.5% limit. More detailed testing, including looking at the sulphur 

and iron in solution, petrographic examination, and quantitative determination of sulphide phases, 

would be recommended for aggregates that do not show changes in colour or mass loss. While not 

found in the aggregates tested here, some forms of iron phases or clay minerals within the 

aggregate may cause mass loss and a change in colour. In such cases, this aggregate will be 

screened as “requires further testing”. More detailed testing can be used to identify the cause of 

the mass loss and change in colour. It should be noted that, two of the aggregates tested contain 

clay mineral, LIM 1 and LIM 2, and did not show mass loss or changes in the colour of the solution. 

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

sulphate to iron were obtained here for samples with oxidizable sulphide, this does not mean that 

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

solution as per equations (2) to (4). However, the presence of an appreciable amount of iron in 

solution (> 20 mg/L based on this study) may indicate that the aggregate has oxidizable sulphide 

phases. A lack of sulphate in solution is a strong indication that mass loss, if any, is not due to 

oxidation of sulphide phase. On the other hand, high sulphate in solution does not indicate the 

presence of oxidizable sulphide as this can be caused by another form of sulphate such as gypsum. 
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Fig. 6: Mass loss for the 30 tested samples after (a) one cycle or (b) three cycles of testing at 23C 

using 2.36 mm – 1.18 mm aggregates. 

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 [36], aggregate with higher sulphur content can have 

little or no oxidizable sulphide. Six of the aggregates tested here with no known oxidizable 

sulphide had a total sulphur content > 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 after total sulphur determination.  

Testing the aggregates DOL 2a and DOL 2b as well as BAS 1a and BAS 1b provided some 

indication of the anticipated variability between different samples from the same source. Both the 

DOL 2a and DOL 2b samples showed zero mass loss; however, sample BAS 1b showed a higher 

mass loss and higher sulphate and iron in solution compared to BAS 1a. It is not known whether 

this is due to minor differences in the sample compositions or the precision of the test method. The 

higher sulphate and iron in solution associated with higher mass loss for sample BAS 1b suggests 
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that there is a minor difference in the composition of the two samples. In any case, the difference 

in mass loss was not large, particularly after the first cycle (both samples had mass loss < 0.5%). 

In summary, the test proposed in this study can be used as a screening tool. Aggregates with a 

limited mass loss (< 0.5% after one cycle) and no change in the colour of the solution can be 

considered to contain no appreciable amount of oxidizable sulphide phases. A limit of 1.0% can 

be used after three cycles for aggregates failing the 0.5% limit after cycle 1. Aggregates that fail 

such criteria should be exposed to more testing, including the total sulphide sulphur determined 

chemically, petrographic analysis, or the test protocol described by Rodrigues [6]. It is 

recommended that more aggregates of different geological compositions be tested in order to 

examine the applicability of the test to a wide range of aggregates and perhaps revisit the 

acceptance limits. Moreover, using different particle sizes or larger sample mass are also options 

for enhancing the test method. 

5. Conclusions 

The following conclusions were drawn from the materials investigated in this study: 

 The proposed test method is able to differentiate between aggregates with and without 

oxidizable sulphide phases. 

 The finer the tested aggregate gradation, the larger the mass loss within a certain period of 

time. 

 Testing at higher temperatures did not accelerate the oxidation. 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. 
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 In its present form, the change in colour of the test solution and the mass loss after one week 

of testing at room temperature can be used to screen aggregates for their use in concrete:  

aggregate samples with a mass loss < 0.50% and no change in the test solution is considered 

safe for use in concrete.  

 It is recommended to test more aggregates using the proposed method to identify if the test is 

not applicable to certain types of aggregates. 
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