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Abstract  

Sulfate attack can occur in concrete due to external sulfate ions reacting with hydrated 
cement paste. The sulfate attack resistance of portland-limestone cements (PLCs) has been 
questioned due to their high limestone content, which has the potential to initiate a rare 
type of sulfate attack that forms thaumasite. This research evaluates the performance of 
portland-limestone cements in sulfate prone environments by investigating changes in the 
physical, chemical, and mechanical properties of specimens. Mortar and paste specimens 
prepared by replacing Type I/II and Type V cement with 4.4, 10, 14.6 and 20 percent of 
calcitic and dolomitic limestone powders and fly ash are examined for their sulfate 
resistance. An accelerated cube test for measuring strength loss due to sulfate attack was 
developed using 33,800 ppm sodium and magnesium sulfate solutions at 5°C and 23°C. 
Results from this testing are compared to ASTM C1012 expansion measurements. The 
physical and chemical transformation in paste specimens are analyzed using visual 
observation, mass loss measurements, and X-ray diffraction. 
 
All mixtures prematurely exceeded the ASTM C1157 12–month expansion limit. Results 
revealed higher expansion of Type I/II cement with increased calcitic limestone contents, 
especially in sodium sulfate solution. Type V cement showed greater sulfate resistance in 
both expansion and strength measurements compared to Type I/II, and the addition of 
calcitic limestone to Type V cement decreased its expansion. Increased calcitic limestone 
contents did not significantly impact strength loss for either cement. The addition of a small 
dosage (4.1% by mass) of dolomitic limestone improved sulfate resistance by exhibiting 
less strength loss in magnesium sulfate and lower expansion in both solutions in part due 
to ettringite stabilization. The incorporation of Class F fly ash with 14.6% PLCs showed 
higher sulfate resistance than other mixtures. Higher expansion (up to 80%) at 180 days 
and greater strength loss (up to 62%) at 120 days was observed in sodium sulfate compared 
to magnesium sulfate. Higher strength loss (up to 62%) was observed at 5°C compared to 
23°C for most mixes in both solutions, especially for magnesium sulfate exposure. More 
surface deterioration, including extensive cracking at the corners and along the edges, 
bulging on the surfaces, and spalling was found in the paste samples at 5°C. Samples with 
higher limestone contents, in general, showed greater deterioration. At 5°C, thaumasite was 
detected in all samples in addition to gypsum and ettringite.  
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1. Introduction  
 

1.1 Overview of portland-limestone cement usage  
 

During the last few decades, portland-limestone cement (PLC) has been widely used in the 

cement industry to accomplish the goal of reducing the use of raw materials (e.g., calcium 

carbonate, silica, alumina, and iron ore), saving fuel energy, and curtailing CO2 emissions. 

Portland cement clinker is manufactured through an energy-intensive process which 

produces a considerable amount of greenhouse gases, particularly CO2 that annually 

contributes more than 5% of global anthropogenic CO2 discharge [1]. CO2 release is 

primarily a result of decalcination of the limestone during clinkering in addition to the fuel 

consumption needed to generate the high temperatures necessary to form clinker. The 

reduction of portland cement clinker will substantially cut back the environmental impacts 

associated with concrete by reducing carbon emissions. To reduce the environmental 

impact of cement, most cement plants have produced blended cements, containing 

supplementary cementitious materials like slag, silica fume, and fly ash. Cement that is 

partially replaced with uncalcined limestone requires comparatively less clinker to produce 

an equivalent amount of cement, and therefore less energy is consumed, and CO2 emissions 

and other greenhouse gases are reduced. PLCs have been formally adopted by many 

specifications around the world.  

 
The majority of the portland cement specifications permit adding up to 5% limestone (by 

mass) in portland cement mixtures. Above this allowable limit, PLCs are classified 

depending on the proportion of limestone added to the parent cement. The European 
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Standard (EN 197-1-2011) has designated 5% limestone as a minor additional component. 

It also identifies four types of PLC containing 6 – 20% limestone (types II/A-L and II/A-

LL) and 21-35 % limestone (types II/B-L and II/B-LL) respectively [2]. Canadian 

Standards Association (CSA) CSA 3001 has allowed the inclusion of 5-15% limestone 

whereas China and Russia both have permitted up to 10% of limestone as a filler material 

in PLCs. In the U.S., the ASTM C 150M – 17 [3] standard currently permits up to 5% 

limestone content as a filler material. On the other hand, ASTM C595M - 17 [4] (hydraulic 

cement) classifies cement based on its performance requirement which allows up to 15% 

limestone replacement. This specification classified limestone cement as Type IL 

(Portland-Limestone Cement) which is considered a binary blended cement (a blend of 

ordinary portland cement and limestone filler).  

 
1.2 Sulfate attack on portland-limestone cement  
 

One important concern with the use of PLCs is the potential development of sulfate attack 

due to the presence of limestone. Research has shown that the amount of limestone in PLCs 

can have an impact on the sulfate attack of cementitious materials, particularly through the 

formation of thaumasite. Sulfate attack in concrete and mortar is the chemical reaction that 

can either be caused by internal or external sulfate sources. Internal sulfate attack occurs 

where the source of sulfate-rich aggregates or higher amounts of gypsum in the cement 

may result in such an attack. One common internal sulfate attack issue is delayed ettringite 

formation (DEF). External sulfate attack is caused when sulfates ingress into concrete from 

a sulfate-rich environment like soil, seawater, decaying organic matter, and industrial 

effluent [5]. These external sulfate ions react with the components of cement paste resulting 
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in concrete deterioration over time where significant microstructural changes weaken the 

cement paste binder. Some important factors that increases influence permeability of 

concrete includes w/cm, properties of cement and aggregates, absorption and homogeneity 

of concrete, curing, maturity of concrete and use of admixtures. Sulfate attack in concrete 

can manifest in the form of expansion and cracking, which increases the permeability of 

concrete and thus accelerates the aggressive penetration of deleterious ions (including 

chloride ions) into the concrete. Sulfate attack can also cause the concrete to become mushy 

and lose its strength.  

 
In this study, cement mortars and pastes specimens will be made of 4.4%, 10%, 14.6% and 

20% limestone filler used to replace control Type I/II and Type V cements. These 

percentages were selected to evaluate the degree of sulfate attack at varying limestone 

replacement levels in different sulfate environments. The mortar and paste specimens will 

be immersed in sodium and magnesium sulfate solutions having a concentration of 5% 

(w/w) in room (23°C) and cold temperature (5°C). The mortar specimens will be tested for 

expansion for at least a period of 12 months. The paste specimens will be tested for mass 

and strength loss, and changes in appearance. Selected specimens will be tested to identify 

the mineralogical formation of different products formed in the hardened matrix due to 

sulfate ingression using X-ray diffraction (XRD).  

 
1.3 Significance of the study  
 
Numerous studies have already been conducted on sulfate attack on PLCs with a variety of 

cementitious materials in different sulfate environments. The majority of the research 
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conducted on sulfate attack either used Type I/II cement to make PLCs or mixed PLCs 

with different SCMs [6-8]. In most studies, calcitic limestone (CaCO3) was used to 

produce/replace the PLCs for the research conducted thus far because of the purity and 

availability of the limestone. Further, calcitic limestone is more desirable to use for cement 

clinker manufacturing. Another common research aspect is the use of sodium sulfate as the 

primary sulfate exposure specified in ASTM C1012 [9]. Larger samples including cement 

mortars (2 in cube samples) and concrete cylinders (4-in × 8-in) were primarily used for 

strength testing in sulfate environments [10].  

Based on the literature search on the materials and test methods used to study sulfate attack 

in PLCs, some new or much less studied research directions are included in this study. The 

new aspects added in this research are: 

1. The use of limestone to replace high sulfate resistant Type V cement. 

2. Incorporation of dolomitic limestone as a cement replacing material. 

3. The use of MgSO4 solution (same sulfate concentration as Na2SO4) to compare the 

effect of sulfate attack in different exposures. 

4. The use of 0.5 - in cube specimens for strength testing following a modified 

accelerated test method [11] at 5°C.  
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2. Literature Review 
 
2.1 External sulfate attack  
 

Generally, external sulfate attack is classified into two categories: (1) classical sulfate 

attack and (2) thaumasite sulfate attack. There are mainly two types of classical form of 

sulfate attack: (1) ettringite formation and (2) gypsum formation. Thaumasite type of 

sulfate attack is considered as the most deleterious form of sulfate attack that can 

completely destroy the concrete matrix and turned it into a non-cementitious material.  

 
2.1.1 Ettringite formation  
 
 
Ettringite is the mineral name of calcium sulfoaluminate (3CaO    O), 

which is a hydration product of portland cement. It has a needle-like morphology and 

contributes to stiffening of the mixture at early ages. If it is formed at later ages in the 

system, it can lead to significant damages to the concrete. 

Alumina phases in portland cement clinker, tricalcium aluminate (C3A) and tetra calcium 

aluminoferrite (C4AF), are susceptible to this form of sulfate attack. In the presence of 

calcium hydroxide (CH) and water (H), monosulfate hydrate (C3A٠CS̅٠H18) and calcium 

aluminate hydrate (C3A٠CH٠H18) react with sulfate (S̅) to produce ettringite in the 

following reactions shown in cement chemistry notation1 [12].  

C3A٠CH٠H18 + 2CH + 3CS̅ + 11H → C3A٠3CS̅٠H32 

                                                           
1C=CaO, CH=Ca(OH)2, M=MgO, H=H2O, S=SiO2, A=Al2O3, F=Fe2O3, C̃=CO2, S̅=SO3 
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C3A٠CS̅٠H18 + 2CH + 2CS̅ + 12H → C3A٠3CS̅٠H32 

The formation of a limited amount of ettringite may be acceptable; however, excessive 

amounts of this mineral may cause expansion and cracking of the hardened cement paste. 

Even though the expansion mechanism due to ettringite formation is still not fully known, 

two particular mechanisms have been widely published: (1) the topochemical reaction 

mechanism and (2) the swelling mechanism [13]. In the topochemical reaction mechanism, 

the reaction between C3A and the sulfate and calcium ions in the concrete pore fluid is 

topochemical (i.e., in solid state) [14]. According to swelling theory poorly crystalline 

ettringite leads to expansion by adsorption of water [12]. 

 
2.1.2 Gypsum formation 
 

The formation of gypsum takes place when the hydration product calcium hydroxide (CH) 

reacts with sodium (Na+), magnesium (Mg2+), or potassium (K+) sulfates in the presence 

of water. Gypsum formation occurs due to cation exchange reaction between sulfates and 

CH. Calcium silicate hydrate (C-S-H) is also prone to conversion into gypsum by external 

sulfate attack in the presence of magnesium sulfate, which additionally forms brucite 

(Mg(OH)2). These reactions are as described as follows [12].  

Na2SO4 + CH + 2H2O → CaSO4٠2H2O (Gypsum) + 2NaOH 

MgSO4 + CH + 2H2O → CaSO4٠2H2O (Gypsum) + 2Mg(OH)2 

3MgSO4 + 3C-S-H + 8H2O → 3(CaSO4٠2H2O) + 3Mg(OH)2 + 2S2H 
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In the gypsum formation process, the pH of the system is initially reduced and there is a 

significant loss in stiffness and strength in concrete. As the damage from the strength and 

loss of adhesion progresses, the concrete is eventually transformed into a non-cohesive 

mass. The exact process and nature of disintegration caused by gypsum, however, is not 

completely understood. Gypsum is primarily observed close to the surface in concrete that 

is deteriorated by sulfate, especially in cracks and voids [15, 16]. 

 
Likely the formation of gypsum does not lead to significant expansion of the samples [17-

19] although some research has shown that with the right conditions gypsum formation can 

lead to some expansion and cracking [20]. The precise measurement of mechanical damage 

due to gypsum formation is difficult because it sometimes masked by the formation of 

ettringite during sulfate attack [15]. The ASTM C1012 [21] test does not really capture the 

damage from gypsum, because it only measures expansion. Therefore, compressive 

strength testing is a better tool to assess this form of sulfate attack. 

 
2.1.3 Thaumasite sulfate attack 
 
 
Thaumasite (C3SS̅C̃H15) is a type of mineral that has a complex hexagonal crystal 

structure of sulfate salt and is usually found in metamorphic rocks and limestone [22]. 

During thaumasite sulfate attack in concrete, calcium-silicate-sulfate-carbonate hydrates 

(CaSiO3٠ CaCO3 ٠CaSO4 
 ٠15H2O) form in the cement paste by reaction of calcium-

silicate-hydrates (C-S-H) with sulfates in the presence of carbonate ions (all three must be 

available for the reaction to occur). Carbonate ions from limestone in PLCs could 

potentially lead to greater thaumasite formation. The formation of thaumasite usually takes 
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place in very wet environments and its rate of formation is higher at low temperatures. The 

type and concentration of sulfates, water-cement ratio, cement type, and type and dosage 

of limestone additive in cement, carbonate sources, curing methods, relative humidity, the 

proportion of supplementary cementitious materials (SCMs) are important controlling 

factors for thaumasite formation [23].   

 
Thaumasite sulfate attack (TSA) was first recognized in portland cement concrete sewer 

pipes, cement grout, and in the base of pavements by Erlin and Stark in 1965 [24]. 

Thaumasite again attracted noticeable consideration in 1998 when it was discovered in 

some motorway bridge foundations in the United Kingdom (UK) [25]. The transformation 

of C-S-H into thaumasite transforms concrete into a non-cohesive mass and can completely 

damage its binding and load bearing capacities over time.  

 
The formation of thaumasite is not always catastrophic. A recent report from the 

Thaumasite Expert Group (TEG) distinguishes two mechanisms in which thaumasite can 

precipitate as a reaction product within cementitious materials. These are (1) thaumasite 

formation (TF), and (2) thaumasite form of sulfate attack (TSA). TF refers to scenarios 

where thaumasite can be found in preexisting voids and cracks without necessarily 

affecting the integrity of the host concrete or mortar. On the other hand, TSA can lead to 

the complete disintegration of a concrete or mortar due to the transformation of calcium 

silicate hydrates (C-S-H) in the hydrated portland cement paste to thaumasite. During TSA, 

the damaged cement paste loosely holds aggregates due to its loss of binding capacity. 

Visible cracks filled with thaumasite and white haloes around the aggregates is another 

differentiating feature [26]. In case of buried concrete structures, TSA starts the attack at 
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the surface and progresses inwards which causes gradual disintegration of the C-S-H 

matrix.  

 
2.1.3.1 Mechanisms of thaumasite formation  
 

Generally, TSA favorably occurs at temperatures ≤15 ͦ C in the presence of calcium silicate, 

sulfate, and carbonate ions [25]. However, TSA has also been reported in cement-based 

materials at higher temperatures  [26, 27]. There are two possible routes for thaumasite 

formation: (1) the direct route and (2) the indirect route. The schematic diagram (Figure 1) 

shows the mechanisms of the two possible routes [28]. In the direct route, thaumasite is 

formed through the reaction of C-S-H with carbonate ions (potentially from limestone) in 

the presence of moisture and sulfate ions, according to following equation [29]. 

3C  + Si  + C  + S + 15 O → C3SS̅C̃H15 

 
According to this hypothesis, initially, hydration products including ettringite, C-S-H gel, 

and CH are formed. Once a significant amount of C3A is reacted, the external sulfate ions 

react with C ions and additional CH decomposed into the pore solution, and gypsum 

crystallization starts. As more gypsum is produced due to the continuous removal of CH, 

hydroxyl (OH−) ions in the system will eventually be depleted and as a result instability 

and decalcification of C-S-H will occur. In sodium sulfate (Na2SO4) solution, the 

disintegration of C-S-H is attributed to be the source of silica available in the pore solution 

that reacts with the carbonate and sulfate ions to form thaumasite. However, when 

magnesium ions are present (MgSO4), the reaction mechanism is different. In this case, the 

overall reaction to form thaumasite has been outlined as follows [30]. 
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C3S2H3 + 3CH + 2CC̃ + 4MS +32H → C3SC̃S̅H15 + 2CSH2 + 4MH 

In the indirect route, ettringite acts as a predecessor for thaumasite formation [31]. 

Ettringite formation takes place in the presence of moisture carrying sulfate ions, and 

ettringite reacts with C-S-H and carbonates transforming into thaumasite according to the 

following reaction.   

C3S2H3 + C6AS̅3H32+ 2CC̅ +4H → 2C3S ٠CS̅H15 + CS̅H2 +AH3 +4CH 

 

2.1.3.2 Field and laboratory case studies of TSA 
 

 
TSA has been found in many countries around the world including the UK, Germany, 

Norway, China, and South Korea [32-38]. The majority of the TSA resulted in softening 

and cracking of the concrete. For most cases, the limestone aggregate was the primary 

source of carbonates needed for the TSA formation. However, in Germany PLC may have 

contributed to the formation of TSA where researchers [34] found wet mush and scaling in 

a train tunnel potentially caused by portland-limestone cement and limestone aggregates, 

and the presence of magnesium in the groundwater. In North America, TSA has also been 

identified in structural and non-structural concrete primarily in Canada also due to 

carbonated aggregates [39, 40]. 

 
Some recent important laboratory studies conducted using PLCs and associated with 

classical and thaumasite type of sulfate attack are presented in Table 1.  

 



www.manaraa.com

11 
 

 

 

Figure 1: Simplified schematic for the direct and indirect routes of TSA 
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Table 1: Details and results of most important experimental research on PLCs and sulfate attack 
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LF improves sulfate resistance of mortars to 
a limited time. But, it did not produce a 
sulfate resisting mortar [41].  
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LF has no influence on sulfate resistance, 
except when diluting the A content [42].  

                                                           
2 E – Ettringite, G – Gypsum, T – Thaumasite, B – Brucite, P – Portlandite  12 



www.manaraa.com

 
 

25 
 M 

12 0 

10 

20 

 

0 

10 

20 

0.0 

 

 

 

1.0 

 

 

0.49 

0.54 

0.61 

 

0.49 

0.54 

0.61 

20 E 

 

 

 

E 

 G 

G 

G 

 

G 

G 

G 

 P 

P 

P 

 

P 

P 

P 

0 

2 

3 

 

0 

0 

1 

Penetration of attack, CH depletion and 
gypsum are deeper when LF content 
increases [43].  
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For 0 and 12% LF, expansion was lower 
than failure criteria. For 18% LF, it failed 
after 6 months [8]. 
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Thaumasite formation can be avoided when 
appropriate pozzolana was used [44].  
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Sulfate performance of concrete was 
dependent on A content of the cement. 
Addition of 5% and 25% LF produced no 
consistent effect; it sometimes improved, 
but others, it worsened [45].  
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furnace slag (50%) improves the sulfate 
resistance of PLC with 15% LF [47]. 
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Damage was mitigated using a sulfate 
resistance portland cement (SRPC) and 
completely eliminated when this cement 
was blended with fly ash [48]. 
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showed signs of deterioration after 4 and 6 
months, respectively. Resistance to TSA 
was improved by the addition of silica fume 
(8%) or GGBFS (60%) [50].  
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2.2 Testing and Measurement of Sulfate Attack 

 
There is an ASTM standard test method for the measurement of expansion due to ettringite 

sulfate attack. However, there is no standard test method for the damage due to the 

thaumasite type of sulfate attack. Mass loss, strength loss and visual appearance change 

documentations are some of the common techniques followed to evaluate thaumasite 

sulfate attack. The testing and measurement of different forms of sulfate attack are 

discussed in detail in the following sections.  

 
2.2.1 Testing and measurement of conventional sulfate attack 

 
 
In the US, the resistance of cement-based materials to sulfate attack is generally evaluated 

by ASTM C1012 (expansion of mortar prism). In ASTM C1012, mortar specimens 25 ˣ 25 

ˣ 11.25 mm are immersed into 5% (50 g/L) sodium sulfate solution at a temperature of 23 

 without controlling the pH. This test is performed for at least 12 months and 

expansion is measured at certain intervals (1, 2, 3, 4, 8, 13 weeks and 4, 6, 9, 12 months) 

time. This test method has been recommended for blended cements and cement-based 

materials incorporating supplementary cementitious materials (SCMs). For concrete in the 

field, ACI 201.2R: Guide to Durable Concrete has categorized different classes (Table 2 

and 3) of sulfate exposure based on the concentration of the external sulfates sources. 

According to this guide, for any type of portland blended cements, the limit for expansion 

is set at 0.10% after 18 months in  exposure class S3 (more than 10,000 ppm). For 

reinforced concrete exposed to different sulfate environments (class S0, S1, S2, and S4), 
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the required maximum w/c ratio for the mixture and minimum compressive strength of 

concrete materials are also specified by ACI 318.  

Table 2: Different sulfate severity class in soil and groundwater 

 

Severity 

of 

potential 

exposure 

Water – soluble 

sulfate (  in 

soil, % by mass 

Water – soluble 

sulfate (  in 

soil, ppm 

Sulfates (  in 

water, ppm 

w/c

m by 

mass

, 

max 

Min. 

comp. 

strength, 

psi 

Class S0  1000  N/A 2500 

Class S1 
0.10

 

1000 

 

150

 
0.50 4000 

Class S2 
0.20

 

2000

 

1500

 
0.45 4500 

Class S3    0.45 4500 
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Table 3: Requirement to protect against damage to concrete by external sulfate attack 

 

Severity 
of 

potential 
exposure 

Cementitious material  

ASTM C150 ASTM C595 ASTM C1157 

Class S0 No type 
restriction No type restriction No type restriction 

Class S1 II Type IP, IS, or IT with 
(MS) designation MS 

Class S2 V Type IP, IS, or IT with 
(HS) designation HS 

Class S3 V plus pozzolan 
or slag cement 

Type IP, IS, or IT with 
(HS) designation plus 

pozzolan or slag cement 

HS plus pozzolan or slag 
cement 

 

The current ASTM test method for evaluating the sulfate resistance of cement-based 

materials has been criticized because it neglects important factors including temperature, 

humidity, pH level, and the type of sulfate solutions which usually control the field 

performance of concrete structures [51]. Therefore, modified versions of the sulfate attack 

test have been reported in the literature for measuring the effect of temperature and 

humidity variations [52], pH level [53], type of cation and solution concentrations [45].  

 
2.2.2 Testing and measurement of thaumasite sulfate attack 
 
 
As discussed earlier, TSA has been reported to occur preferentially at low temperatures. 

Standard methods for the measurement of deterioration due to TSA have not been adopted. 

Therefore, to study the resistance of cementitious materials to TSA, studies [30, 54] have 
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used a modified version of ASTM C1012 in which temperature was kept constant at 5°C. 

Canadian Standards Association (CSA) A3000 introduced a standard test method for TSA 

(CSA A3004 – 08, procedure B) in its 2010 amendment, which is identical to ASTM C1012 

(CSA A3004 – 08, procedure A) except that the temperature was changed to 5°C. In 

procedure A, the expansion of mortar bars was limited to 0.1% and 0.05% for moderate 

and high sulfate resistant cement, respectively, for a period of 6 months. However, in CSA 

A3004 – 08 (procedure B), the expansion limit (0.1%) is set at 18 months instead of 6 

months and the standard recommended running period for the test is 24 months.  

 
However, a recent study conducted by the Portland Cement Association (PCA) has 

revealed that the modification of ASTM C1012 to CSA A3004 – 08 (procedure B at 5°C) 

is not a representative test method for measuring damage due to TSA [55]. This research 

was conducted on sulfate resistance testing on mortars (laboratory) and concrete (both 

laboratory and under simulated field condition) period of 5 years. Different types of 

cement-based materials including portland cement (PC) with and without SCMs, portland 

limestone cement (PLC) having 5 to 15% limestone content with SMCs (e.g., fly ash, slag, 

metakaolin, and silica fume), and Type II and Type V were investigated. The modified 

version (at 5°C) of ASTM C1012 test results indicated that non-sulfate resistant mixtures 

are initially affected by ettringite-based sulfate attack and thaumasite is only observed after 

significant damage from conventional sulfate attack. This research also reported that the 

low-temperature mortar bar test does not reliably predict the performance of concrete made 

with PC – SCMs or PLC – SCMs blends. This is likely due to the fact that the pastes are 

not mature enough at testing, which results in excessive damages unrelated to the sulfate 
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attack. This new study recommends that the standard ASTM C1012 test method at 23°C 

be used to test PLCs (ASTM C595 Type IL and IT cements) with and without SCMs for 

sulfate attack resistance, not modified to 5°C. However, thaumasite does not cause 

expansion, which is the type of damage measured by ASTM C1012, so additional testing 

is also warranted.  

 
Most investigations of TSA have included a description of the visual appearance of 

specimens. Several techniques for this purpose include visual rating, photographic records, 

and measuring the proportion of surface or edges of specimens damaged. At the initial 

stage, sulfate attack products accumulated in the concrete pores which does not manifest 

any visible deterioration. The damage typically starts from the corner and is followed by 

extensive cracking along the edges leading to spalling and disintegration on the surface of 

the specimens.  

 
Finally, the reduction of compressive strength is also measured as a compliment to the 

ASTM C1012 test when assessing TSA formation. Kurtis et al. [11] developed an 

accelerated test for sulfate resistance of portland cements by assessing compressive 

strength. In this test method, paste (0.5 ˣ 0.5 ˣ0.5 inch) cubes are immersed in 4% Na2SO4 

solution and the pH is controlled at 7.2 to better simulate field conditions (whereas the CH 

leaching in the C1012 test tends to increase pH in the solution). A modified version of this 

test set at a temperature of 5°C will be used for this research. Besides compressive strength 

measurement, the mass of paste cube specimens will be recorded over the selected testing 

periods and mass loss (by percent of the initial mass) will be calculated at any given testing 

age. 
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2.3 Factors affecting TSA 
 
 
Thaumasite only forms in portland cement concrete if certain conditions are satisfied. The 

formation of thaumasite TSA mainly depends on factors including the presence of sulfate, 

the presence of carbonate, the amount of tricalcium aluminate in the cement, moisture 

content, temperature, and the pH of the sulfate exposures.  Further, the transport properties 

(primarily the permeability) of concrete also plays a significant role regarding the 

migration process of sulfate ions into concrete. Research showed that TSA requires 

advance formation of classical sulfate attack products (ettringite, gypsum, and depletion of 

CH) along with the availability of calcium carbonate to occur [25]. However, these factors 

(minus the carbonate source) also affect the formation of conventional sulfate attack 

(ettringite and gypsum formation). These factors are described in more detail as follows. 

 

2.3.1 Source of sulfate ions 
 
 
Sulfate ions either provided inside the concrete or ingressed from the exterior must be 

present for thaumasite formation to occur. The internal sources are mainly from sulfates 

provided by the cement and aggregates. Additionally, there is a possibility of sulfate 

generation from the sulfide oxidation of aggregates (i.e., iron sulfide (pyrite) which can be 

oxidized to form a sulfate pore solution in the presence of oxygen and moisture [29]. Most 

common sulfates in the field that may result in TSA are associated with sodium, 

magnesium, potassium, and calcium in soils or groundwater. Among them, magnesium 

sulfate has shown to produce the most damaging effects on the hardened cement paste 

made with PLCs especially compared to sodium sulfate [31].  
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2.3.2 Source of carbonates  
 
 
Availability of carbonate ions is an integral part of TSA [56]. If carbonates are available in 

the cementitious matrix with sufficient moisture and a prevailing low temperature, 

thaumasite can easily form and further lead to TSA. In a case study, mortar specimens were 

made with cement containing either 20% limestone or 20% quartz as filler material and 

investigated in the same experimental exposure. The test results revealed a large amount 

of thaumasite in limestone cement and only a negligible amount of ettringite in quartz 

cement [57]. The test results indicated that limestone was the probable source of carbonate 

ions which were deemed to be responsible for TSA. Additionally, carbonate aggregates 

have been found to cause TSA [58]. Moreover, de – dolomitization (a partial/complete 

transformation of dolomite to calcite on the scale of individual crystals) of dolomitic 

aggregate may also release carbonates [59]. 

 
2.3.3 Alumina content in cement 
 
 
The sulfate resistance of cement-based materials usually decreases as the A content is 

increased. This compound can react with external S  to form ettringite (A  phase). 

Furthermore, monosulfoaluminates (A  phases) in hardened cement paste formed from 

A can also react with sulfates resulting sulfate attack. Similarly, A  and A  phases 

may also be formed due to the hydration of AF compound, where aluminum is 

exchanged for iron [60]. AF reacts more slowly in sulfate exposures; however, the 

mechanism for sulfate attack is anticipated to be the same as for the A phase [61].   
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2.3.4 Temperature  
 

The favorable temperature for thaumasite formation ranges from 5-15°C. The rate of 

thaumasite formation is governed by the exposure temperature and it usually increases with 

decreased temperature. This is due to insolubility of thaumasite, the stability of Si(OH)6 

groups, solubility of , and extent of portlandite solubility at these temperatures [26].  

However, thaumasite can also form at a higher temperature because it can be stable at 20-

25°C. 

 
2.3.5 Moisture  
 

Thaumasite formation requires water to be present at the reaction site. Water transport in 

cement-based materials is determined by matrix porosity and the connectivity of the pore 

system. These components are closely related to w/cm and the development of cement 

hydration in addition to the environment in which the concrete is located.  

 
2.3.6 pH value  
 

 
The pH of the concrete and the environment has a significant impact in the aggressiveness 

of the sulfate attack [7]. Classical sulfate attack is more aggressive at low pH because it 

can decalcify the concrete (and the C-S-H) which is very deleterious. Zhou et al. [62] 

studied the role of pH regarding TSA in OPC, PLC, and SRPC both in acidic and alkaline 

media which reported that the acidic media does not promote thaumasite formation. 

Additionally, it was found that the combination of higher sulfate concentration and 

alkalinity can escalate the kinetics of TSA on cement-based materials. Based on laboratory 
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and field experiments some other researchers concluded that thaumasite does not form in 

cementitious materials at pH level below 10.5 [63] and can be disintegrated and 

transformed into popcorn calcite if the pH level falls below 10.5 [32]. 

 

2.4 Prevention of sulfate attack  
 

Certain strategies can be used to prevent classical and thaumasite sulfate attack. Building 

Research Establishment (BRE) Special Digest 1 [64] for concrete in aggressive ground 

highlights some key factors including type of cement, w/cm, and supplementary 

cementitious materials (SCMs) that can increase the resistance of cement-based materials 

to sulfate attack (including TSA). This guideline emphasized using low cement contents, 

SCMs, low w/cm, and dense (well-compacted) concrete will prevent the ingress of ions in 

concrete. Moreover, state of the art research shows that preventing conventional sulfate 

attack (expansion due to ettringite formation) can also prevent thaumasite formation. 

 

2.4.1 Water content  
 
 

The w/cm ratio is the leading parameter in concrete mixture design which controls the 

penetration of moisture and deleterious ions into the concrete matrix. To improve the 

durability of concrete against any type of chemical attack including TSA, low w/cm ratio 

(less than 0.45) is recommended. The overall fineness of cement increases (as limestone 

used to replace portland cement must have higher fineness) when limestone powder is 

added into the parent cement. This makes the mixture more workable and increases the 

strength of concrete at early age. A lower w/cm minimizes the internal transport of ions 
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including , ,  and water [65]. To improve the resistance of cementitious 

materials against any type of sulfate attack (including TSA), low w/cm (typically less than 

0.45) is recommended to lower the ingress and movements of attacking ions and moisture, 

which ultimately accelerates chemical reactions with the hardened cement paste [29]. Low 

w/cm helps to produce concrete with less porosity, and finer and disconnected pore 

structure which reduces its susceptibility to TSA. W/cm ratio is one of the fundamental 

mixture design parameters of cement-based materials which control its resistance to the 

ingression of moisture and aggressive sulfate ions because it changes the pore structure.  

 

2.4.2 Cement and aggregate content 
 
 

Several research studies conducted on TSA have shown that the reduction of cement or 

aggregate containing limestone can lower the formation of TSA [62, 66]. To mitigate 

sulfate deterioration, the European Standard (EN 206 -1) imposes limitations on minimum 

cement content (300 – 360 kg/ ). The minimum cement content is prescribed to enhance 

the physical resistance (lower permeability) of concrete susceptible to sulfate attack; 

however, it is conceivable that this will decrease the volume of paste sensitive to sulfate 

attack reactions, which may affect the chemical resistance of concrete.  

 
2.4.3 C3A content  
 

 
It is generally believed that there is a correlation between alumina content and TF. The 

reduction of aluminate content in cement-based materials might be an effective way to 

mitigate ettringite formation and eventual TSA. However, in some cases, it has been 
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reported that the use of sulfate-resistant cement (Type V) having less than 5%  C3A may 

not control damage due to sulfate attack [67]. To improve the sulfate resistance lower C3A 

cement is available in the market. ASTM C150 Type I/II cement (moderate sulfate 

resistance) has less than 8% C3A, and Type V cement (high sulfate resistance) has less than 

5% C3A. However, lowering C3A does not guarantee that sulfate attack will not occur, so 

SCMs should also be used.  

 

2.4.4 Use of SCMs 
 

 
The use of SCMs including ground granular blast furnace slag (GGBS), fly ash, and silica 

fume has been proven to mitigate TSA in concrete [68]. The amount of SCMs required to 

control the expansion due to external sulfate attack depends on the composition of both the 

portland cement and SCMs, as well as the exposure conditions [6]. Canadian Standard 

Association CSA 3001 recommends using 25% Class F fly ash or 40% slag for binary 

blends and 5% silica fume + 25% slag or 5% silica fume + 20% Class F fly ash for ternary 

blends. However, a recent study [69] showed that 8% silica fume, 40% slag or 20% 

metakaolin perform better in thaumasite sulfate resistance. This research also 

recommended 40% slag + 20% Class F fly ash or 35% slag + 15% Class F fly ash for 

ternary blend PLCs in high sulfate environments. 
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3. Experimental program 
 
3.1 Materials  
 
In this study, the sulfate resistance of portland limestone cements (PLCs) in pastes and 

mortars placed in sodium sulfate and magnesium sulfate solutions were used for expansion 

testing and pastes were used for strength, visual rating, and mass loss, respectively. The 

results of PLCs mortar and pastes were compared to the performance of Type I/II and Type 

V cement [70]. The Type I/II portland cement contains 4.4% calcitic limestone (by mass) 

interground with the clinker during the manufacturing process while the Type V cement 

does not contain any added limestone. PLCs were lab-produced by adding powdered 

limestone rock to these cements. Both calcitic limestone (the same rock used in Type I/II 

cement) and dolomitic limestone rock were used. Class F fly ash was also added as a 

supplementary cementitious material (SCM) in this research. In this study, standard graded 

sand [71] was used making mortar specimens for all mixes. The chemical composition and 

physical characteristics of cement and filler materials are presented in Table 4.   

 

 

 

 

 

 

 

 



www.manaraa.com

28 
 

Table 4: Chemical composition and physical data for the cements and fly ash 

 

 Type I/II Type V Class F fly ash  
Chemical composition (wt. %)    
SiO2, % 19.8 21.8 52.2 
Al2O3, % 4.7 4.4 15.9 
Fe2O3, % 3.1 3.9 5.7 
CaO, % 64.8 64.7 13.0 
MgO, % 1.1 1.2 4.4 
SO3, % 3.1 2.2 0.6 
Na2O, % 0.12 0.13 2.5 
K2O, % 0.64 0.67 2.4 
CO2, % 1.8 1.3 - 
LOI, % 2.7 1.2 0.1 
    
Mineralogical compound (wt. %)    

C3S, % 64.2 59.5 - 
C2S, % 10.9 20 - 
C3A, % 4.3 4.0 - 
C4AF, % 12.1 13.3 - 
Equivalent alkalis, % 0.54 0.57 1.5 
    
Physical characteristics     
Blaine fineness (m2/kg)  429 408 - 
Residue 45 μm sieve (%) 3.9 4.7 21.0 
Specific gravity  3.13 3.15 2.53 

 

 

3.2 Preparation of limestone powder 
 
To manufacture the limestone powder, calcitic and dolomitic limestone rocks were kept in 

water for 24 hours and then washed to remove any residue. The rocks were then dried in 

an oven at 23°C for 24 hours to remove the moisture. A Denver 2HP in laboratory scale 

Jaw Crusher and pulverizer were used to break the limestone rock into small pieces. The 
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pulverized limestone was then placed into a ball mill system. Using a wet grinding process, 

300 g of pulverized limestone and 1 liter of water was used with a complete set of steel 

balls (approximately 8 kg) and ground for 20 minutes with a speed of 100 rpm. This wet 

mixture was then oven dried at 35°C for 8 hours. In a dry grinding process, 100 g of 

limestone was ground using the same equipment for 15 minutes at 150 rpm. Afterward, the 

limestone powder was sieved using a #325 sieve (45 μm) and analyzed by Sympatec Mytos 

system with dry-dispersion and laser diffraction measurement. The particle size 

distribution results revealed that a higher amount of finer limestone powder was produced 

in the dry grinding process. The particle size distribution of the limestone powders is shown 

in Figure 2. The mineralogical composition of the limestone powders as measured by 

QXRD is presented in Table 5.  

Table 5: Mineralogical composition of limestone powder 

 

Limestone 
type  

Weight % 

Quartz 
(%) 

Pyrite 
(%) 

Illite 
(%) 

Kaolinite 
(%) 

Albite 
(%) 

Dolomite 
(%) 

Calcite 
(%) 

Fineness 
(m2/kg) 

Calcitic  1.7 0.01 0.3 1.2 0.0 0.4 96.4 778 

Dolomitic  8.0 0.26 0.6 0.4 0.7 81.0 9.0 657 
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Figure 2: Particle size distribution of limestone powder 

 

3.3 Mixture design 
 
The details of the mixture design for the PLC mortars and pastes is shown in Table 6 and 

7, respectively. The Type I/II cement itself contains 4.4% calcitic limestone powder. The 

cement was replaced by 5.6%; 10.2%; and 15.6% calcitic limestone powder to make 10%, 

14.6%, and 20% PLCs, respectively. To note that, there is some level of potential error 

with the exact quantity of limestone in each mixture since it is calculated instead of 

measured. To evaluate the effect of adding fly ash, 20% (by mass) Class F fly ash was used 

to replace the 14.6% PLCs. Similarly, high sulfate resistant Type V cement was replaced 
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by 14.6% limestone powder (combinations of calcite and dolomite) and 20% (by mass) 

Class F fly ash.  

 
Based on QXRD test results, the percentage of CaCO3 in Type I/II cement, calcitic 

limestone powder, and dolomitic limestone powder was found to be 91%, 96.4%, and 

9.0%, respectively. According to the standard specification for blended hydraulic cements, 

the limestone used to manufacture PLCs shall have a CaCO3 content of at least 70% by 

mass [72]. To meet this requirement in some blended mixes the percentage of calcitic and 

dolomitic powder have been adjusted when added to the Type I/II and Type V cements. 

The percentage of dolomitic limestone powder to reach at least 70% of CaCO3 content was 

calculated for the mixtures M-I-10.5C-4.1D and M-V-10.5C-4.1D (refer to Table 6 and 7). 

A sample calculation can be found in Appendix A.  

 
The mixture designs are denoted using the generic placeholders “X-Y-##Z-F”, where the 

designator “X” represents mortar (M) or paste (P), “Y” designates the base cement type 

(Type I/II or Type V), “XX” represents the percentage of limestone in the cement, “Z” 

indicates the type of limestone (i.e., calcitic, C, or dolomitic, D), and F indicated the use of 

20% fly ash. Additionally, Na and Mg represent submersion of the specimens in either 

sodium or magnesium sulfate solutions.  
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Table 6: Mix design for mortar bars expansion test exposed to sulfate solution at 23°C 

 

Designation 

Mixture proportion by mass 
Sulfate 
solution 

types 
% control 

cement 

% 
calcitic 
powder 

% 
dolomitic 
powder 

% F fly 
ash w/cm 

M-I-4.4C 95.6 4.4 - - 0.485 Na, Mg 

M-I-10C 90 10 - - 0.485 Na, Mg 

M-I-14.6C 85.4 14.6 - - 0.485 Na, Mg 

M-I-10.5C-4.1D 85.4 10.5 4.1 - 0.485 Na, Mg 

M-I-20C 80 20 - - 0.485 Na, Mg 

M-I-14.6C-20 65.4 14.6 - 20 0.485 Na, Mg 

M-I-10.5C-4.1D-20 65.4 10.5 4.1 20 0.485 Na 

M-V-0C 100 - - - 0.485 Na, Mg 

M-V-14.6C 85.4 14.6 - - 0.485 Na, Mg 

M-V-10.5C-4.1D 85.4 10.5 4.1 - 0.485 Na 

M-V-14.6D 85.4 - 14.6 - 0.485 Na 

M-V-14.6C-20 65.4 14.6 - 20 0.485 Na 
 

The details of mixture designs for the paste specimens is presented in Table 7. The pH of 

the solution was controlled for some of the mixtures, which is denoted by a “(pH)”: next 

to Na (refer to Table 7).  
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Table 7: Mix design for paste cubes exposed to sulfate solution at 23°C and 5°C 

 

Designation 

Mixture proportion by mass Sulfate 
solution 

types 
% 

control 
cement 

% 
calcitic 
powder 

% 
dolomitic 
powder 

% F Fly 
ash w/cm 

P-I-4.4C 95.6 4.4 - - 0.485 Na(pH), Mg 

P-I-10C 90 10 - - 0.485 Na, Mg 

P-I-14.6C 85.4 14.6 - - 0.485 Na(pH), Mg 

P-I-10.5C-4.1D 85.4 10.5 4.1 - 0.485 Na(pH), Mg 

P-I-20C 80 20 - - 0.485 Na, Mg 

P-I-14.6C-20 65.4 14.6 - 20 0.485 Na(pH), Mg 

P-I-10.5C-4.1D-20 65.4 10.5 4.1 20 0.485 Na(pH) 

P-V-0C 100 - - - 0.485 Na(pH), Mg 

P-V-14.6C 85.4 14.6 - - 0.485 Na(pH), Mg 

P-V-10.5C-4.1D 85.4 10.5 4.1 - 0.485 Na 

P-V-14.6D 85.4 - 14.6 - 0.485 Na 

P-V-14.6C-20 65.4 14.6 - 20 0.485 Na(pH) 
 

 

3.4 Mixing, casting, and measurement procedures 
 
3.4.1 Mortar bar expansion measurement 
 

The procedure outlined in ASTM C1012 [9] was followed to investigate the expansion of 

mortar specimens exposed to external sulfate. Following this standard, each mixture was 

proportioned as one part cement and 2.75 parts standard graded sand, and a water-to-

cementitious materials ratio of 0.485. Before preparing the mortar mixtures, the filler 

materials and control cements were mixed properly as per the mixture design presented in 



www.manaraa.com

34 
 
Table 6. The limestone powders, fly ash, and original cement was weighed as per the 

mixture design and mixed in an ASTM compliant mixer (Hobart H – 3844) for 5 minutes. 

The mortar mixtures were prepared according to ASTM C305 [73] and ASTM C109 [10]. 

Each mix consisted of 9 -2 inch × 2 inch × 2 inch mortar cubes and 6 -1 inch × 1 inch × 

11.25 inch mortar bars. A thin coat of release agent (form oil) was applied to the interior 

surfaces of the standard cube and prism molds. Once the mortar was prepared it was cast 

into the metal cube and prisms molds. Hand tamping of the mortar was performed 

according to ASTM C109 with a 0.5 inch × 0.8 inch × 6 inch non-absorbent oak wood. 

Immediately after placement, the molds were covered by a plastic plate and placed over a 

riser in a closed container filled to 0.5 inches below the bottom of the molds with preheated 

water (35°C). Afterward, the container was covered by a lid and stored in an oven at 35°C 

for 24 hours.  

 

After 24 hours of initial curing, all bars and cubes, except two cubes, were demolded and 

submerged in saturated Ca(OH)2 at 23°C. The 24-hour compressive strength of the two 

cubes was tested, and subsequently, the compressive strength measurements were 

monitored daily until the average strength of mortar cubes reached 2850 psi. Once the 

mortar cubes in a batch gained the specified strength, the initial length of the mortar bars 

was measured with a digital length comparator according to ASTM C490 [74]. Next, 6 

mortars bars were submerged in sodium or magnesium sulfate solution with a  

concentration of 33800 mg/L and stored at 23°C. 50 g and 43.36 g of anhydrous sodium 

and magnesium sulfate respectively were diluted in deionized water to prepare the sulfate 

solutions. See Appendix A for sulfate concentration calculations.  
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In this study, local materials from South Dakota, USA, were used to make the PLCs for 

sulfate attack testing. Roughly 1,300 sulfate concentrations in South Dakota soils were 

studied to determine the appropriate solution composition for experimental sulfate attack 

testing. The ionic concentrations of saturated pastes were provided by measurements 

conducted by the Natural Resources Conservation Service (NRCS) under the United States 

Department of Agriculture (USDA). In addition to measuring sulfate concentrations, the 

sodium and magnesium concentrations associated with sulfate ions were measured for all 

test samples. Note that the soil samples analyzed in the study are not completely 

representative for South Dakota due to the limited sampling. Results showed that more 

than 50% of the counties shown have an average sulfate concentration between 2,000 mg/L 

to 20,000 mg/L which indicates a severe exposure class (S2) [75]. Many of the counties 

have both magnesium and sodium cations associated with sulfates. This is the reason 

magnesium sulfate solutions were also considered for the sulfate attack testing for this 

study. The details of the sulfate concentration associated with sodium and magnesium can 

be found in Appendix B.  

 
750 ml of sulfate solution for each mortar bar was used and the initial pH of the sulfate 

solution fell in a range of 6.0 to 8.0 as specified in the standard. Afterward, the length of 

the mortar bars was measured at 1, 2, 3, 4, 8, 13, and 15 weeks after immersion in the 

sulfate solution. The length of mortar bars was measured every month after 15 weeks. The 

sulfate solution was refreshed after 4, 8, and 13 weeks, and after 6 and 9 months. No 

attempt was made to alter the pH of the sulfate solutions during the experiment.  

 



www.manaraa.com

36 
 
3.4.2 Strength measurement, mass loss, and visual rating of pastes  
 

Although the ASTM C1012 standard measures the expansion of mortar samples related to 

the ettringite form of sulfate attack, there is no standard procedure to measure the gypsum 

(or thaumasite) formation (CaSO4 · 2H2O) during sulfate attack. Gypsum formation can 

take place due to the reaction between calcium hydroxide and external sulfate ions. The 

accelerated test methods adopted by some researchers use the loss in strength as an 

indication of sulfate resistance [11, 76]. 

 

In this study, a modification of the accelerated test method developed by Kurtis et al. has 

been followed to evaluate sulfate deterioration which measures the compressive strength 

reduction of paste specimens [11]. In this experiment, the compressive strength change 

over time of 0.5 inch × 0.5 inch × 0.5-inch paste specimens were tested. Steel molds were 

fabricated to cast the specimens. A standard mixing procedure (ASTM C305) for paste was 

followed for making the paste samples using a w/cm = 0.485 (same as for ASTM C1012) 

for all mixtures referred to Table 7. After molding, the specimens were covered to avoid 

shrinkage and kept at 23°C for 24 hours. After demolding, the paste cubes were submerged 

in water and kept in an oven at 50°C for 6 more days to accelerate their maturity. For each 

mixture, 100 cubes were made (specimens with imperfections were rejected). 

 
Once the initial curing was finished, dimensions of the cubes were measured using a slide 

caliper. The size of the cubes generally varied from 0.50 inch to 0.52 inch. Afterward, the 

7-day compressive strength of 12 cubes for each mixture was determined. This strength is 
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referred to the initial strength of the paste specimens. The loading rate for the compressive 

strength test was 10 lb/sec.  

 
Because of the small sample size, there was a considerable variability in strength results. 

The surface of the cubes placed below the center of the upper bearing block of compression 

machine was not identified for all cubes in a batch. Moreover, all cubes were not equally 

smooth, which can affect the strength results. A statistical approach outlined in ASTM 

C109 was followed to identify the outliers.  

 
In this method, the average strength was calculated from 12 cubes tested at each age and 

the standard deviation was computed thereafter using the following equation.  

SDb  

Where,  

SDb = standard deviation of a single batch  

Xb = average of test values in single batch 

Nb = number of cubes per batch  

Then, maximum normal deviation (MND) was calculated using the Excel function 

“=norminv (1-0.25/Nb, 0, SDb)” 

The normal range used to find out the outliers was as follows: 

Maximum = (Xb + MND) 



www.manaraa.com

38 
 
Minimum = (Xb – MND) 

Outlier = any test value falling outside the calculated normal range. 

 
In each testing age, 20 cubes were selected for mass loss measurements and visual 

appearance ratings, and 12 cubes were selected for strength testing. The mass of paste 

specimens was measured at every testing period for all mixtures placed in sodium and 

magnesium sulfate at both temperatures. The initial mass (7 -day after elevated curing) was 

measured after placing the paste cubes into the sulfate solutions for 24 hours. Soft facial 

tissue paper was used to soak out the water from the surfaces of the cubes before weighing. 

All specimens were placed in a large bin of sodium and magnesium sulfate solutions placed 

at 23°C and 5±1°C.   

 
For select mixtures (refer to the mixtures presented in Table 7) the effect of a constant pH 

of the sulfate solution to mimic field conditions, the pH sodium sulfate solution was 

measured. For these samples, the pH of the sodium sulfate solution was maintained at 7.2 

using a pH meter and a dosing pump (Milwaukee MC720). The dosing pump added 

aliquots of 0.1N H2SO4 from a flask (placed outside of the refrigerator) until the pH of the 

sulfate solution reached 7.2. The concentration of sodium and magnesium sulfate solution 

was kept constant at 33800 ppm. The initial mass of the paste cubes was determined after 

24 hours of immersion in sulfate solutions. For this test, the excess water on the surface of 

samples was removed using paper towels and then the samples were weighed. The mass 

loss, visual inspection, and compressive strength were measured at 14, 28, 56, 91, and 120 

days after the immersion of samples in sulfate environments.  
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3.4.3 X-ray diffraction testing on pastes  
 

The paste specimens tested for strength at 28 days and 120 days placed in sodium and 

magnesium sulfate solutions at 23°C and 5°C were saved to perform a microstructural 

investigation using X-Ray diffraction (XRD). As sulfate attack is more severe at low 

temperatures, XRD was performed only on the specimens placed at 5°C. The broken cubes 

were ground into powder using a mortar and pestle and then sieved through a #200 sieve. 

The hydration was stopped using isopropanol alcohol and all samples were stored in a 

sealed bottle until testing to avoid carbonation.  
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4. Results and Discussion 
 
4.1 Expansion of mortar bars 

 

4.1.1 Influence of limestone percentage 
 

The expansion results of the prismatic mortar specimens incorporating an increasing 

percentage of calcitic limestone (4.4% – 20%) powder submerged in sodium sulfate and 

magnesium sulfate solutions are presented in Figure 3 and Figure 4, respectively. 

 

 
Figure 3: Expansion of different dosages of PLC mortars placed in 5% sodium sulfate 

solution 
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All mixtures experienced a similar trend of expansion at early ages in both sulfate solutions. 

Previous research has shown that mortar bars in this test expand slowly at the beginning 

and can have significantly increased expansion after 28 days of sulfate exposure [77]. After 

91 days in solution, all mortar bars showed a gradual expansion trend. The expansion trend 

observed in magnesium sulfate up to 91 days of exposure was similar to sodium sulfate for 

all mixtures although lower in magnitude. Afterward, the mortar samples submersed in 

sodium sulfate expanded more rapidly than those in magnesium sulfate up to 7 months.  

 

 

 
Figure 4: Expansion of different dosages of PLC mortars placed in 4.23% magnesium 

sulfate solution 

 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

0 30 60 90 120 150 180 210 240 270 300

Av
er

ag
e 

ex
pa

ns
io

n 
(%

) 

Period of immersion (days) 

M-I-4.4C
M-I-10C
M-14.6C
M-I-20C
M-V-0C
M-V-14.6C



www.manaraa.com

42 
 
In general, the percent expansion increased with an increasing dosage of limestone filler 

over the exposure time. In sodium sulfate, the percent expansion of PLCs (using Type I/II 

cement as a base) was proportional to the ratio of the calcitic limestone replacement up to 

4 months of exposure and continued thereafter except for the M-I-20C mixture. This is in 

agreement with the results conducted on PLCs in other studies [78, 79]. In contrast, the 

expansion results of Type I/II replaced PLCs in magnesium sulfate were less affected by 

an increase in limestone content. Similar results on PLC mortars in magnesium sulfate are 

reported elsewhere [80, 81]. Interestingly, in both sulfate solutions, the M-I-14.6C and M-

I-20C mixtures followed a close expansion pattern after 120 days. This might be due to the 

filler effect of limestone powder which reduces the C3A content of the cement, and thus 

any negative affects due to a higher limestone content are negated by the lower C3A content 

[82-84]. All mixtures placed in sodium sulfate were completely disintegrated after 210 

days except the control cement (M-I-4.4C). On the other hand, none of the PLC mixtures 

were disintegrated when placed in magnesium sulfate during the same exposure period.  

 

Overall, in sodium sulfate, the control cement (M-I-4.4C) performed better than other 

similar blends with the exception of the M-I-10C mixture, which performed better among 

Type I/II replaced PLCs in magnesium sulfate. Still, the M-I-4.4C mixture in sodium 

sulfate exceeded the ASTM C1157 12-month expansion limit at 120 days (Figure 3) while 

the M-I-10C mixture in magnesium sulfate exceeded this limit roughly at 170 days (Figure 

4) [85]. The other Type I/II replaced PLC mixtures in sodium sulfate exceeded this 

expansion limit roughly between 65 to 95 days whereas in magnesium sulfate this occurred 

between 105 to 120 days.  
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It is evident from Figure 3 and Figure 4 that the percent expansion of M-V-0C mortar 

samples in both sulfate solutions was approximately the same until 8 months. In 

magnesium sulfate, the M-V-0C mortar showed a sudden rise in expansion with 0.05% at 

28 days of exposure followed by a constant expansion until 3 months. Then, a gradual 

expansion was noticed until 8 months; however, a huge rise in the expansion was recorded 

after 9 months of exposure. This can be attributed either to the instability of brucite layer 

due to the expansive forces exerted by the ettringite due to the decomposition of the C-S-

H matrix through the direct penetration of magnesium sulfates.  

 

The incorporation of 14.6% calcitic limestone to the original Type V cement (M-V-14.6C) 

substantially improved the expansion over the exposure time. The M-V-14.6C passed the 

ASTM C1157 6-months expansion limit, however; it showed an expansion of 0.09% at 7 

months (Figure 4), which is close to exceeding the ASTM C1157 12-month expansion limit 

(0.1%). The expansion of M-V-14.6C was similar to the sample with no limestone at the 

same immersion time when placed in sodium sulfate solution (Figure 3), which is in 

contrast with the behavior exhibited when adding limestone to the Type I/II cement. It is 

well known that the most important factor in the sulfate resistance of portland cement is 

the C3A content [29, 86]. ASTM C150 [70] restricts the C3A percentage to <5% for Type 

V cement to control the ettringite expansion when used in aggressive sulfate environments. 

In this study, the lower C3A (4.0%) and higher fineness (778 m2/kg) of calcitic limestone 

powder could have contributed to its lower expansion with the added limestone. However, 

since both Type I/II and Type V cements have similar C3A content, there is likely another 
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reason. Perhaps its higher C2S content or lower SO3 content also contributed to its lower 

expansion with added limestone especially in magnesium sulfate solution.  

 
 
Overall, the Type V cement (M-V-0) showed less expansion in sodium sulfate than Type 

I/II cement (M-I-4.4) (Figure 3). The M-V-0C performed worst in magnesium sulfate 

during the entire exposure period (Figure 4), however, the addition of 14.6% calcitic 

limestone improved the sulfate resistance of this mixture, which outperformed all other 

mixtures.  

 

4.1.2 Influence of limestone type and composition  
 
 
The mortar bar expansion results of different 14.6% PLCs made with both calcitic and 

dolomitic limestone placed in sodium sulfate and magnesium sulfate with and without fly 

ash are shown in Figure 5, Figure 6, and Figure 7. Although the M-I-14.6C mixture showed 

the maximum expansion in both solutions, the addition of dolomitic limestone improved 

the sulfate resistance of this mixture both in sodium and magnesium sulfate solutions. The 

approximate percent expansion of the M-I-10.5C-4.1D mixture was 0.42% at 8 months 

exposure in both solutions (Figure 5 & 6). The Type V mortar bars (M-V-10.5C-4.1D) 

expanded even less (Figure 7).  

 

When the dolomitic limestone (4.1% by mass) was incorporated into M-I-14.6C to make 

M-I-10.5C-4.1D, the expansion at 6 months exposure decreased by 84% and 59% in 

sodium and magnesium sulfate, respectively (Figure 5 & 6). Similar results on mortar bar 

expansion with dolomitic limestone have also been reported elsewhere [87]. Further, the 
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expansion of M-V-10.5C-4.1D was 54% lower than M-V-14.6C in sodium sulfate at 180 

days (Figure 7). The replacement of Type V cement by 14.6% dolomitic limestone powder 

improved the sulfate resistance even more by 59% at 180 days in sodium sulfate (refer to 

Figure 3 and Figure 7). 

 

Although some consider limestone to be an inert material, investigations have reported 

reactions between limestone and other components when added as a filler material in 

portland cement [88, 89]. These reactions are likely influencing the sulfate attack results 

here. Dolomite contains calcium, magnesium, and two carbonate ions with the formula 

CaMg(CO3)2. Compared to calcite (CaCO3), dolomite provides an additional source of 

magnesium and slightly more carbonates. Because of this additional carbonate released 

from the dolomite, more stable AFm (alumina, ferric oxide, mono-sulfate) phases, like 

hemicarbonate (Ca4Al2(CO3)0.5(OH)13·5.5H2O) and monocarbonate 

(Ca4Al2(CO3)(OH)12·5H2O) are formed during the reaction between limestone and 

aluminate in portland cement [90-93]. These AFm phases are more stable than monosulfate 

(Ca4Al2(SO4)(OH)12·6H2O) [94]. This phase change does not allow ettringite 

(Ca6Al2(SO4)3(OH)12·26H2O) to transform into monosulfate even when the sulfate sources 

are consumed (e.g., CaSO4 · 2H2O).   
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Figure 5: Expansion of different dosages of PLC mortars placed in 5% sodium sulfate 

solution 

 

This phase alternation phenomenon, called ettringite stabilization, can increase the volume 

of hydrates and consequently reduce the porosity [88, 89, 95]. This, in addition to less 

monosulfate available for conversion to ettringite in the matrix, could be a potential reason 

for the improving sulfate resistance of all mixtures where dolomitic limestone was used to 

replace calcitic limestone. Another potential reason that could allow dolomitic limestone 

to improve sulfate resistance could be the chemical interaction that accelerates the 
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hydration of tricalcium silicate when calcium carbonate is added to the cements. This 

phenomenon was reported in another study [96] but an opposite finding has also been found 

[97]. It appears the differences in fineness between the two limestones had less effect than 

the differences in their chemistry. That is because a higher limestone fineness would 

typically perform better, but the higher calcitic limestone fineness compared to the 

dolomitic limestone did not result in better sulfate resistance.  

 

 
Figure 6: Expansion of different dosages of PLC mortars placed in 4.23% magnesium 

sulfate solution 
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Nevertheless, M-V-10.5C-4.1D and M-V-14.6D mixtures still exceeded the ASTM C1157 

12–month expansion limit between 135 to 145 days in sodium sulfate, but at a later age 

than the same cement with only calcitic limestone. Similarly, while the M-I-14.6C mixture 

exceeded this expansion limit roughly at 80 days and 105 days in sodium and magnesium 

sulfate solution, respectively, the time required for M-I-10.5C-4.1D mixture to cross this 

limit was 100 days and 165 days for the corresponding sulfate solutions.  

 

 

 
Figure 7: Expansion of different dosages of PLC mortars placed in 5% sodium sulfate 

solution 
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4.1.3 Influence of fly ash  
 

The effect of fly ash on the sulfate attack expansion of different 14.6% PLCs (calcitic and 

dolomitic) in both sulfate solutions are presented in Figure 5, Figure 6, and Figure 7.  The 

replacement of M-I-14.6C with 20% fly ash reduced the expansion approximately 645% 

at 180 days in sodium sulfate (Figure 5). The probable reason for this is the pozzolonic 

activity of fly ash that reacts with the calcium hydroxide (Ca(OH)2) released in the 

hydration process of portland cement, thus reducing the availability of Ca(OH)2 which can 

react with external sulfate compounds. The addition of fly ash also helps to reduce the 

amount of tricalcium aluminate (C3A), which mostly influences the expansion of 

cementitious materials. This effect is similar to other research that has found that adding 

Class F fly ash (4.0% of CaO) with PLCs results in moderate sulfate resistance with 40% 

fly ash replacement [98].  

 
Still, both the M-I-14.6C and M-I-14.6C-20 mixtures in sodium sulfate exceeded the 

ASTM C 1157 6-months expansion limit roughly at 83 days and 120 days, respectively. 

Generally, the percentage of CaO is the governing factor for a fly ash’s resistance to sulfate 

attack. PLCs with 20% fly ash (CaO <8%) perform better in sulfate environments 

compared to fly ashes with higher calcium contents [99] in part due to the higher C3A 

contents of high CaO ashes. In this study, the fly ash used contains 13.03% of CaO (which 

lies closer to the range of Class C fly ash), which could be a potential reason for not vastly 

improving the sulfate resistance of these PLCs.  
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Adding dolomite to the mix (M-I-10.5C-4.1D-20) resulted in a better expansion 

performance up to 90 days with the addition of fly ash, but had higher expansion thereafter, 

with 76% higher expansion with the fly ash than M-I-10.5C-4.1D at 180 days (Figure 4).  

The pH of the sodium sulfate solution measured in this study varied in between 12.2-13.5 

which is highly alkaline in nature. Studies have shown that dolomite can undergo a 

dedolomitization reaction in alkaline sulfate environments where dolomite forms brucite 

and calcite by reacting with portlandite [100-102]. The combined effect of this brucite 

formation and the high CaO content of the added fly ash may be the reason for the higher 

expansion of the M-I-10.5C-4.1D-20 mixture.  

 
In contrast, the fly ash addition increased the expansion of M-I-14.6C mortar specimens 

when placed in magnesium sulfate (Figure 6). The mortar bars expanded rapidly starting 

at 90 days and by 6 months had an increased expansion of about 34% compared to the M-

I-14.6C mixture at the same exposure time. The expansion of M-I-14.6C-20 at 180 days 

was even 65% higher than the control cement (M-I-4.4C) in magnesium sulfate (Figure 4 

& 6). On the other hand, the expansion of M-I-14.6C-20 reduced expansion by 37% in 

sodium sulfate at the same immersion time (Figure 3 & 5). To summarize, the addition of 

calcitic limestone and fly ash increased the expansion of mortar samples in magnesium 

sulfate and reduced expansion in sodium sulfate for the same mixture (M-I-14.6C-20) at 

the same exposure time.  

 
For Type V cement, although the percent expansion of M-V-0C and M-V-14.6C was the 

same (0.36%) at 180 days in sodium sulfate exposure the addition of fly ash reduced 

expansion by 71% (Figure 6). Still, both samples exceeded the ASTM C1157 12–month 
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expansion limit by 6 months. Moreover, M-V-14.6C-20 showed overall better performance 

at any given age among all other PLC mortars placed in sodium sulfate exposure. The 

reason that the M-V-14.6C-20 mixture showed better sulfate resistance could be due to its 

lower SO3 (2.2%) content. Similar results were reported on Type V cement replaced by fly 

ash in other studies [103-105]. Also, the lower C3A (4.0%) and higher fineness (778 m2/kg) 

of the calcitic limestone powder along with the addition of fly ash could have reduced the 

expansion of the mortar specimens. 

 
Overall, the addition of fly ash and limestone helped to reduce the expansion of Type V 

replaced PLCs more than Type I/II replaced PLCs. C3S releases more Ca(OH)2 than C2S 

during the hydration of portland cement. The proportion of C2S/ C3S in Type V cement is 

higher than the Type I/II cement which could be a reason for the lower amount of Ca(OH)2 

and subsequently reduced expansion of these mortars in sulfate environments.  

 

4.2 Mg and Na expansion trend  
 

In this study, the mortar bar expansion results showed a lower expansion trend in 

magnesium sulfate than in sodium sulfate for the same mixtures at the same exposure 

period (refer to Figure 3 - 7). The calcitic limestone addition helped to reduce the expansion 

in magnesium sulfate, but it increased the expansion of mortar samples in sodium sulfate 

at 180 days of the exposure period. Overall, the calcitic limestone replaced PLCs showed 

reduced expansion in magnesium sulfate compared to sodium sulfate, but the reduction 

was higher at a higher addition of limestone (Figure 8).  
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Figure 8: Expansion trend of different PLCs (calcitic limestone) in sulfate solutions at 

180 days 
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have revealed the higher expansion of PLC mortars in sodium sulfate compared to 

magnesium sulfate using the same experimental setup [31, 78, 79, 106].  

 
Another difference observed between Na and Mg expansion data is the rate of expansion 
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the expansion was very low but was followed by a sudden increase in expansion due to 

excessive ettringite and gypsum formation in the final stage and continued in some cases 

until the mortar bars were completely disintegrated. This two-stage expansion trend for 

sodium sulfate is also reported in other studies [51, 107, 108].   

 
On the other hand, the mortar specimens stored in magnesium sulfate solution followed a 

steady expansion (Figure 4, 6). This is due to the formation of a brucite layer at the exposed 

surface of the specimens. The low solubility of this brucite layer restricts the magnesium 

ion penetration into the interior matrix of mortar samples. However, the brucite layer 

consumes a high amount of CH and depletes the pH of the pore solution. The C-S-H 

provides the necessary CH to maintain the solution pH which eventually leads to 

decalcification of C-S-H. In a later stage of sulfate attack, the calcium ion can be 

completely replaced by magnesium ion, converting the C-S-H to M-S-H, which has been 

reported to be a non-cohesive phase. This mechanism of sulfate attack in magnesium 

sulfate solution has also been reported elsewhere [109, 110].  
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Figure 9: Time required for different PLCs to exceed the average expansion of 0.1% in 

sulfate solutions 

 

The time required for some of the PLC mixtures (common in both solutions) to exceed the 

ASTM C1157 12-month expansion limit (0.1%) is shown in Figure 9. Eight common 

mixtures which were tested in both sulfate solutions are presented here. This indicates that 

all of the mixtures have exceeded the allowable expansion limit well prior to 12 months 

regardless of the sulfate solution type. The majority of the mixtures exceeded the 12-month 

expansion limit quicker in sodium sulfate compared to magnesium sulfate.  
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4.3 Visual appearance of mortar specimens  
  
Sulfate ion penetration from external sources can lead to different degrees of deterioration 

in cement-based materials including changes in porosity, microcracking, expansion, 

flexural and compressive strength loss, spalling, mass loss and even complete 

disintegration. It is common for studies to include a description of the visual appearance of 

specimens to evaluate the sulfate performance of cementitious systems [6, 111]. The photos 

of mortar specimens (one from each mixture) placed in sodium and magnesium sulfates 

are shown in Figure 10. At the beginning of observed expansion, the pores are filled with 

products due to sulfate attack and thus no visible deterioration was detected. Following 

this, the first sign of attack starts with the deterioration of corners followed by extensive 

cracking along the edges.  Overall, the mortar samples with higher calcitic limestone 

powder amounts in both solutions showed more damage in both solutions. Mortar bars with 

10%; 14.6%, and 20% limestone completely disintegrated after 7 months when placed in 

sodium sulfate solution (Figure 10-a). The mixtures M-I-10.5C-4.1D, M-I-14.6C-20, and 

M-I-10.5C-4.1D-20 showed some damage at corners, warping and cracking along the 

edges (Figure 10-b). Although M-V-0C mortar bars showed extensive cracking and some 

spalling at the corners (Figure 9-b), the addition of limestone and fly ash helped to reduce 

the surface deterioration (Figure 10-b). The mortar bar expansion results of all mixtures 

placed in sodium sulfate correspond with their surface deterioration (Figure 3, 5, and 7). 

 
In magnesium sulfate solution, a white powdery coating (probably brucite layer) was 

detected, and spalling was observed along the edges in almost all specimens except M-V-

14.6C. The calcitic limestone replaced PLCs showed noticeable damage at the corners 
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along with spalling along the edges and some extensive cracking in mortars made from M-

I-4.4C and M-I-10C (Figure 10-c). The addition of fly ash increased the surface 

degradation of M-I-14.C-20 (Figure 10-d) but the addition of dolomitic limestone reduced 

surface damage (Figure 10-d). However, the addition of fly ash in M-I-14.6C-20 mixture 

showed less surface damage and expansion in sodium sulfate probably due to the absence 

of the weak brucite layer. In magnesium sulfate, the worst level of degradation including 

spalling, cracking, and expansion was observed in M-V-0C mortar whereas M-V-14.6C 

showed some minor damage at the corners (Figure 10-d). The damaging phases in 

magnesium sulfate also were correlated with the expansion results.  
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Figure 10: Images of mortar samples exposed to Na2SO4 (a and b) and MgSO4 (c and d) 

for 7 months 
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4.4 Change in compressive strength of paste specimens  
 

4.4.1 Influence of limestone percentage     
                     

The results of the compressive strength testing of paste specimens incorporating different 

percentages of calcitic limestone powder exposed to sodium and magnesium sulfate 

solutions at 23°C and 5°C are presented in Figure 11 (a-d). Additionally, the percent 

reduction at each exposure age in compressive strength of these paste specimens compared 

to 7-day strength is shown in Figure 12. It should be noted that the compressive strength 

values at 7 days (before submersion in the sulfate solutions) were slightly higher in general 

for mixtures placed in sodium sulfate compared to those placed in magnesium sulfate. This 

can be attributed to the variability of casting conditions, as cubes for sodium and 

magnesium sulfate were prepared at different times. In this study, trends are analyzed 

instead of absolute strength values to account for this variability.  

 
Over the 120 day exposure period the samples undergo one of three primary strength 

change trends: (1) decrease, increase, decrease, (2) increase, decrease, or (3) increase, 

decrease, increase (less common). These strength increases can be potentially explained by 

two phenomenon: (1) the continued hydration of unhydrated cement particles (mostly C3S 

and C2S) which produced more hydration products, primarily C-S-H, leading to higher 

compressive strength and (2) gypsum and ettringite formation due to the reaction between 

sulfate ions and hydrated cement components [112]. These phenomena may have improved 

sulfate resistance of these mixtures by making a denser microstructure through filling the 

void spaces with the hydration products prior to any subsequent damage.  
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The reduction of strength is caused by continued sulfate attack, which increases cracking, 

opening up the microstructure and allowing more sulfate ingress, eventually resulting in 

greater strength loss at later ages. These subsequent reactions between sulfate ions and 

calcium hydroxide lead to the higher amounts of ettringite formation, which exert pressure 

in capillary pores resulting in significant surface deterioration and strength loss [113].  

 
It appears that the limestone addition to the cement did not affect strength loss in the same 

manner it affected expansion for sodium sulfate exposure. That is, higher limestone 

percentages did not significantly increase strength loss as would have been predicted by 

their much higher expansion. In 5°C at 120 days, the P-I-10C, P-I-14.6C, and P-I-20 

mixtures exhibited a slightly higher strength loss compared to the 4.4% limestone filler 

cement; however, the strength loss difference was relatively small3. This is in accordance 

with other studies that have shown higher compressive strength reduction with increased 

limestone replacement in cold sulfate solutions [78, 114]. This effect is less pronounced in 

the magnesium solution, where the 20% limestone actually shows less expansion at 120-

day exposure time compared to the lower limestone cement.  

 
At 23°C, the higher limestone cements (14.6% and 20% in sodium and 20% in magnesium) 

actually had lower strength loss by 120 days compared to the lower limestone cements. 

This is an opposite trend to that observed in expansion data in sodium sulfate solution. All 

PLC mixtures produced from Type I/II cement showed higher loss of strength at later ages 

                                                           
3 It should be noted that the strength values of these samples (and others analyzed in this study) are within 
one standard deviation of each other at certain ages. This is in part due to the high variability of the 
compressive strength results observed with the testing of these small samples. Therefore, small differences 
in strength loss may not be statistically significant with some of these samples.  
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at 5°C  and 23°C compared to the P-V-0C and P-V-14.6C mixtures, which showed a 

significant strength increase at 120 days in both sulfate solutions at 23°C (11-a, 11-c). This 

can be attributed to the lower C3S and C3A contents in the control Type V cement which 

can improve the sulfate resistance compared to the Type I/II blended PLCs [79, 115-117]. 

Although it should be noted that C3A does not participate in the gypsum formation reaction. 

This improvement in strength can also be explained as a combined result of better particle 

packing [118], higher cement hydratiion rate [116] and production of calcium 

carboaluminate [119]. Type V mixes performed worse at 5°C compared to 23°C in both 

sulfate solutions throughout the exposure period yet still better than Type I/II mixes.  
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Figure 11: Compressive strength of paste cubes (calcitic limestone only) placed in sulfate solutions, 11(a) Na at 23°C, 11(b) 
Mg at 23°C, 11(c) Na at 5°C, and 11(d) Mg (bars show 1 standard deviation) at 5°C  
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Figure 12: Percent reduction of compressive strength of paste (calcitic limestone only) cubes placed in sulfate solutions, 12(a) 

Na at 23°C, 12(b) Mg at 23°C, 12(c) Na at 5°C, and 12(d) Mg at 5°C
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Figure 11 and 12 clearly reveal that the compressive strength reduction was higher at 5°C 

than 23°C at later ages in both solutions, but especially in magnesium sulfate. At 5°C, the 

maximum strength loss in all Type I/II replaced PLCs was recorded at 120 days of 

magnesium sulfate exposure (12-d). Generally, the kinetics and solubilities of expansive 

products formed during sulfate attack depend on temperature. At higher temperatures, the 

solubility of gypsum [120] and ettringite [121] increase as elevated temperatures make the 

pore solution supersaturated, which results in more precipitation of these expansive 

products. However, this study showed opposite results in terms of higher strength reduction 

at low temperatures. The principal cause of the higher strength reduction at low 

temperatures is due to the dissolved calcium and carbonate ions [86, 122]. The additional 

dissolved calcium in the pore solution results in more ettringite and gypsum formation, and 

the dissolved carbonates are a source for more thaumasite formation [122].  

 
The cation type of sulfate solution affects the compressive strength and expansion results 

in a different manner. While the increase in the expansion was higher for specimens 

exposed to sodium sulfate solution, compressive strength decreased more in magnesium 

sulfate solution exposure. This was supported by another study [123]. Furthermore, the 

compressive strength results in this study showed a clear dependency on the solution cation 

type, temperature, and cement properties.  
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4.4.2 Influence of limestone type and composition  
 

The compressive strength results of different 14.6% PLCs placed in sulfate environments 

with and without fly ash are shown in Figure 13 – 16. Similar strength patterns were 

observed for P-I-14.6C and P-I-10.5C-4.1D mixtures at both temperatures when paste 

samples were immersed in sodium sulfate solution (13-a, 13-c). However, the strength 

changing pattern was different for these mixtures in magnesium sulfate. The addition of 

dolomitic limestone led to less strength reduction (and strength increases in some cases) of 

the P-I-10.5C-4.1D mixture compared to the calcitic-only mixture at both temperatures 

when placed in magnesium sulfate solution (14-b, 14-d). 

 
For the magnesium sulfate mixes, the addition of dolomite could have increased the 

compressive strength through ettringite stabilization [88, 89]. Further, the improved 

performance of the P-I-10.5C-4.1D mixture at 120 days in magnesium sulfate could be 

attributed to the formation of hydrotalcite (Mg6Al2(OH)18 · 3(H2O)) [95]. Hydrotalcite is a 

magnesium-containing hydrate which forms upon the dissolution of dolomite due to an 

increased curing temperature (25°C to 60°C) [100-102]. In this study, the elevated curing 

of paste specimens (50°C) could have increased the compressive strength. Research has 

shown that hydrotalcite is associated with portlandite consumption, which could have 

improved its sulfate resistance [124].  

 
In sodium sulfate, the addition of dolomite resulted in greater strength reduction over time 

(14-a, 14-c). The samples placed in sodium sulfate the addition of dolomite resulted in a 

higher reduction in expansion compared to those placed in magnesium sulfate. There 
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appears to be a negative interaction with regard to strength not observed in magnesium. 

More research is needed to fully understand this behavior.   

 
The compressive strength results of different 14.6% PLCs (calcitic and dolomitic) replaced 

by Type V cement placed in sodium sulfate solution with and without fly ash are shown in 

Figure 15-16. The compressive strength of P-V-14.6D and P-V-10.5C-4.1D mixtures 

followed a similar pattern at 23°C over the entire exposure period (15–a). The effect of the 

dolimitic limestone addition on strength is less pronounced for Type V cement compared 

to Type I/II. At 23°C, the addition of dolomite results in less strength loss at later ages 

echoing the results from mortar bar expansion which were lower for dolomitic mixes. The 

reason behind this strength improvement is likely the same for those discussed for the 

observed expansion reduction [87, 95, 125]. For 5°C, differences in trends between 

strength loss and dolomitic addition are more difficult to identify. 
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Figure 13: Compressive strength of paste (calcitic and dolomitic limestone) cubes placed in sulfate solutions, 13(a) Na at 
23°C, 13(b) Mg at 23°C, 13(c) Na at 5°C, and 13(d) Mg (bars show 1 standard deviation) at 5°C 
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Figure 14: Percent reduction of compressive strength of paste (calcitic limestone only) cubes placed in sulfate solutions, 14(a) 

Na at 23°C, 14(b) Mg at 23°C, 14(c) Na at 5°C, and 14(d) Mg at 5°C 
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4.4.3 Influence of fly ash  
 
The effect of fly ash addition on the compressive strength of different 14.6% PLCs (calcitic 

and dolomitic) in both sulfate solutions are presented in Figure 13-16.  For the Type I/II 

cement, the addition of the fly ash resulted in decreased strength loss over time at both 

temperatures and in both solutions. This was true when added to calcitic-only and blended 

calcitic/dolomitic PLCs. Strength loss for the fly ash mixes was greater in Mg and at 5°C, 

similar to the mixes without fly ash.  

 
Fly ash is known to have a considerable impact on compressive strength in normal mixtures 

not undergoing sulfate attack (i.e., reducing it at early ages and increasing it at later ages). 

Typically, Class F fly ash does not undergo pozzolanic reaction until after 3 months [126]. 

In this experiment, the elevated curing temperature may have initiated this reaction much 

earlier, resulting in the enhanced performance of the fly ash mixes seen here. Fly ash and 

limestone also can have a synergistic effect that results in the formation of calcium 

carboaluminate hydrate. The lower reactivity of the fly ash mixes in 5°C could be a result 

of reduced continued hydration of the fly ash often seen at lower temperatures [127, 128].  

 
When comparing these results to the expansion data, fly ash decreased the expansion of 

the calcitic Type I/II-replaced PLCs, but increased expansion for dolomitic PLCs in sodium 

sulfate. In magnesium sulfate, expansion was also increased for calcitic PLCs. Perhaps the 

lower temperature curing of these mortars resulted in less pozzolanic reactivity of the fly 

ash prior to sulfate attack damage initiation, which could account for the differences 

between the strength and expansion results.  
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For the Type V cement, the addition of fly ash resulted in increased strength loss over time 

at both temperatures in sodium sulfate. Interestingly, the Type V-replaced PLCs with fly 

ash had lower expansion (an opposity trend). It’s unclear from this data why this 

phenomenon occurred, but may be related to the differences in maturity between the 

samples due to the differing curing regimes as well as the impact of the fly ash on sulfate 

attack with Type V regarding ettringite formation (expansion) vs. gypsum formation 

(strength loss). 
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Figure 15: Compressive strength of Type V cement replaced PLC paste cubes placed in sodium sulfate solutions, 15(a) Na at 

23°C and 15(b) Na at 5°C 

 

Figure 16: Percent reduction of compressive strength of Type V cement replaced PLC paste cubes placed in sodium sulfate 
solutions, 16(a) Na at 23°C and 16(b) Na at 5°C 70 
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4.4.4 Influence of pH  
 

The compressive strength of different PLCs placed in sodium sulfate exposure at 5°C in a 

controlled pH of 7.2 is presented in Figure 17. The results from this test revealed that most 

of the mixtures showed higher strength loss in the controlled pH environment compared to 

the non-controlled pH sodium sulfate exposure especially at later ages except for the P-I-

4.4C, P-V-0C, and P-V-14.6C-20 mixtures (Figure 11-17). The maximum (79%) and 

minimum (8%) strength reduction were observed in P-V-14.6C and P-V-0C mixtures, 

respectively, in pH-controlled sodium sulfate exposure (Figure 17). This indicates that the 

addition of limestone in Type V cement accelerates the strength reduction under acidic 

(pH=7.2) sodium sulfate exposure, which was not observed in the alkaline solution. 

 
There was not any significant change in strength for P-I-4.4C and P-V-0C mixtures in both 

sulfate environments. However, the solution pH considerably reduced the strength of the 

P-I-14.6C, P-I-14.6C-20, P-I-10.5C-4.1D, and P-I-10.5C-4.1D-20 mixtures compared to 

the normal pH condition at 120 days of sodium sulfate exposure. The addition of dolomitic 

limestone did not show any significant improvement in strength here as it did with the 

expansion results. Fly ash addition improved Type V PLC strength, but not Type I/II PLC 

strength at later ages—an opposite trend to the non-pH controlled data.  The pH of the 

concrete and the environment has a significant impact in the aggressiveness of the sulfate 

attack [7]. Conventional sulfate attack (ettringite and gypsum formation) is more 

aggressive at a lower pH because it can decalcify the concrete and the C-S-H. However, 

the lower pH has not been shown to promote thaumasite formation [62]. 
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Figure 17: Compressive strength (a) and percent reduction of strength (b) of different 
PLCs placed in sodium sulfate solution at 5°C at pH= 7.2 

 
 
4.5 Visual inspection of paste specimens 
 
Visual inspection of the paste specimens was performed to identify the visible signs of 

surface damage including cracking, spalling, and softening at 120 days due to sulfate 

exposure. Photos of specimens immersed in sodium and magnesium sulfate solutions at 

both temperatures are presented in Figure 18. Between the start of testing until 56 days, 
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some minor corner cracks were observed in all mixtures especially for those placed at 23°C 

in both sulfate solutions. Generally, the first sign of attack started with the deterioration of 

corners followed by extensive cracking along the edges and, finally, spalling and 

disintegration on the specimen surfaces regardless of sulfate solution types. The visual 

rating system used to classify surface deterioration in this study is shown in Table 8. This 

visual rating system is widely used to represent the surface deterioration due to sulfate 

attack. The observations based on this visual rating are presented in Table 9.  

Table 8: Visual rating used to classify surface damage 

 
Rating Description 

0 No visible deterioration 

1 Deterioration at corners 

2 Deterioration at corners and some cracking along the edges  

3 Severe cracking along the edges  

4 Cracking and expansion 

5 Bulge of surfaces  

6 Extensive cracking and expansion  

7 Extensive spalling 

8 Complete disintegration  
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Figure 18: Visual appearance of paste specimens after 120 days of sodium and 

magnesium sulfate exposure at 23°C and 5°C 
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Table 9: Visual inspection of paste specimens placed in sulfate solutions at 120 days  

 

Specimens 
designation 

at 120 days 

Na2SO4 exposure  MgSO4 exposure  

23°C 5°C 23°C 5°C 

P-I-4.4C 1 5, 6 2 5,6 

P-I-10C 2 5,6 1 6 

P-I-14.6C 2 7 1 6,7 

P-I-20C 3 7 1 4 

P-I-10.5C-4.1D 3 5, 6 1 2 

P-I-14.6C-20 2 4,5 1 3 

P-I-10.5C-4.1D-20 1 4 N/A N/A 

P-V-0C 2 2 1 1 

P-V-14.6C 2 2 2 4 

P-V-14.6D 2 2 N/A N/A 

P-V-10.5C-4.1D 1 4 N/A N/A 

P-V-10.5C-20 2 3 N/A N/A 

 
 
Overall, the paste samples with a higher percentage of calcitic limestone powder showed 

more damage in both solutions, especially at 5°C (Figure 18-b, 18-d). At 5°C, the paste 

samples from the P-I-14.6C mixture showed extensive cracking and surface spalling. 

Additionally, a clear bulging on the surfaces was observed at 120 days of exposure. In 

contrast, the P-V-0C and P-V-14.6C mixtures showed less surface damage at both 

temperatures in both solutions which was also observed in expansion results. At 23°C, none 

of the paste samples showed significant damage in either solution (ranged from 0 - 3) 

(Figure 18-a, 18-c). The addition of fly ash with different PLC mixtures considerably 
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reduced the surface damage at both temperatures in both sulfate solutions. This indicates 

the surface damage accelerates with higher limestone content and at low temperature.    

 

4.6 Mass loss of paste specimens  
 

The mass of each of the mixture did not change significantly especially for the paste 

samples placed at 23°C in both solutions. The decrease in mass at this temperature lies 

between 0.20 – 1.1% in both solutions. However, a considerable mass decrease was 

observed when samples are stored at 5°C. Overall, the decrease in mass was more 

significant for the mixtures immersed in magnesium sulfate solution. The percent change 

in mass (mass loss) for some calcitic limestone replaced PLCs placed in both solutions at 

5°C is shown in Figure 19-20. The calcitic limestone replaced PLCs showed a noticeable 

mass loss compared to all other mixtures. The rate of mass decrease was similar for all 

samples shown in Na. However, in Mg some of the samples didn’t lose mass at later ages. 

The increase in mass at 120 days was higher for all mixtures placed in magnesium sulfate 

than in sodium sulfate. In general, the mass change is higher for higher limestone contents 

in both solutions. Adding limestone to Type V cement has a similar effect to mass loss as 

it did for Type I/II.  
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Figure 19: Mass loss of paste specimens placed in sodium sulfate solution at 5°C 

 

 

Figure 20: Mass loss of paste specimens placed in magnesium sulfate solution at 5°C 
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Some paste specimens showed a mass gain over the exposure duration. The mass increase 

can be attributed to the swelling due to the gypsum or ettringite formation in the damaged 

paste specimens [129]. Moreover, it could even be due to the filling of pores by expansion 

reaction products which made the paste denser and thereby increase the weight [130] or 

the water absorption during the hydration of cement [131]. Therefore, the changes in mass 

to predict the sulfate resistance of paste specimens is not as accurate as other methods 

shown in this study. 

 
4.7 Mineralogical changes measured by X-ray diffraction   
 

4.7.1 X-ray diffraction results in Na2SO4 solution  
 

The results of the XRD analysis on paste specimens exposed to sodium sulfate solution at 

28 days and 120 days at 5°C are presented in Figure 21-24. The XRD traces show that the 

main products associated with sulfate attack are gypsum, ettringite, and thaumasite. Other 

mineral components detected include calcite, calcium silicate, and portlandite (a hydration 

product). The peak intensities of gypsum and portlandite observed in all mixtures at both 

testing ages did not show any correlation to the percentage of limestone used to replace the 

control cements. The main sulfate reaction products found in calcitic limestone replaced 

PLCs were ettringite and thaumasite at 28 days (Figure 21) and 120 days (Figure 22) of 

sodium sulfate exposure. There was also some gypsum available at both testing ages.   
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Figure 21: XRD patterns of paste samples exposed to sodium sulfate solution at 5°C for 

28 days 
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Figure 22: XRD patterns of paste samples exposed to sodium sulfate solution at 5°C for 

120 days 

      

At 28 days, thaumasite was observed in all mixtures except P-V-0C. The intensity of 

ettringite and thaumasite in all mixtures was higher at 120 days compared to 28 days in 

addition to more peaks associated with these reaction products (Figure 22). As expected, 

relatively strong calcite peaks were identified in P-I-4.4C, P-I-10.5C, P-I-14.6C, and P-I-

20C paste specimens due to the replacement of the control Type I/II cement by calcitic 

limestone powder. The increase in calcite peaks with increased limestone (calcitic) content 

at 28 days and 120 days sodium sulfate exposure was observed at 2  = 29.4° as shown in 

Figure 21 and Figure 22, respectively.  
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Figure 23: XRD patterns of paste samples exposed to sodium sulfate solution at 5°C for 

28 days 

               

At 28 days, P-V-14.6C showed smaller calcite peaks than P-V-0C (Figure 21). The P-V-

0C mixture does not contain any added limestone and the presence of calcite could 

potentially come from the atmospheric CO2 during sample preparation.   
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Figure 24: XRD patterns of paste samples exposed to sodium sulfate solution at 5°C for 
120 days 

 

The conversion of ettringite to thaumasite was detected at 2  = 9.1°, 2  = 15.8°, and 2  = 

41.1° in P-V-0C sample between 28-120 days (Figure 22). For P-V-14.6C at 120 days, the 

conversion of other minerals to thaumasite was not observed, but more thaumasite was 

formed and a reduction in calcite and portlandite peaks was observed compared to 28-day 

data. To note, there was not any noticeable difference in mortar bar expansion (up to 180 

days) and cubes strength (up to 120 days) between P-V-0C and P-V-14.6C mixtures as 

discussed earlier. 
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The XRD patterns of P-I-14.6C, P-I-10.5C-4.1D, and P-I-14.C-20 mixtures exposed to 

sodium sulfate are shown in Figure 23-24. There are anomalies between the ettringite and 

thaumasite products at 28 days and 120 days in P-I-10.5C-4.1D. Specifically, some 

ettringite was observed at 28 days that converted into thaumasite at 120 days. Literature 

has revealed that due to structural similarities between ettringite and thaumasite it can be 

difficult to distinguish between these minerals or it can even be due to the ettringite 

stabilization [132].  

 
Interestingly, at 120 days, the P-I-10.5C-4.1D mixture showed the highest peak for 

thaumasite and ettringite at 2  = 19.1° and 2  = 34.2, respectively, which was converted 

from portlandite found at 28 days (Figure 23-24). Although the P-I-10.5C-4.1D mixture 

showed higher expansion reduction than P-I-14.6C, more strength loss was observed due 

to the thaumasite formation at later ages.  

 
The P-I-14.6C-20 mixture showed stronger calcite and portlandite peaks at 120 days than 

P-I-14.6C (Figure 24). At 28 days, the P-I-14.6C-20 mixture showed a combination of 

thaumasite and ettringite and many of these thaumasite peaks appeared as ettringite at 120 

days. There were not any considerable changes in peak intensities at later ages for this 

mixture. In general, the compressive strength reduction due to sulfate attack is greatest for 

thaumasite formation. The P-I-14.6C-20 mixture showed less strength reduction than P-I-

14.6C at 120 days. The higher strength reduction of P-I-14.6C mixture can be attributed to 

the progressed thaumasite and ettringite phases at a later age (compared to 28 days) and 

relatively higher peak intensities at 120 days (Figure 24).  
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Generally, higher amounts of limestone (a carbonate source) in PLCs and low temperature, 

which increases the solubility of CO2 in water, increase the likelihood of thaumasite 

formation. In this study, the XRD showed that ettringite and thaumasite are responsible for 

the deterioration of PLC paste specimens at 5°C. Based on the thaumasite formation 

hypothesis, thaumasite can be formed due to the topochemical conversion of ettringite in 

the presence of sufficient silicate and carbonate sources [133, 134]. The effect of solution 

pH is very important. In Na2SO4 exposure, another sulfate reaction product, NaOH, is 

formed which increases the pH (because of higher solubility) of the solution. In our study, 

the pH of sodium sulfate solution was in the range of 12.2-13.5 over the entire testing 

period, which may have stabilized the ettringite phases. Thus the conversion of ettringite 

to thaumasite did not take place. However, it is evident that the sodium sulfate attack is 

attributed to ettringite and thaumasite formation more so than due to gypsum formation.  

 
4.7.2 X-ray diffraction results in MgSO4 solution  
 

The results of XRD analysis of paste specimens exposed to magnesium sulfate solutions at 

5°C are presented in Figure 25–28. The same minerals were observed here as with sodium 

sulfate in addition to brucite. The dominating sulfate reaction products found in calcitic 

limestone replaced PLCs were gypsum, ettringite, and thaumasite at 28 days while gypsum 

and thaumasite were most prevalent at 120 days of magnesium sulfate exposure (Figure 

25-28).  
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Figure 25 shows weak peaks of gypsum and strong peaks of portlandite for all calcitic 

limestone replaced PLCs. At 120 days, the gypsum peaks became much stronger and 

portlandite peaks became weaker (Figure 26) due to the sulfate attack.  

 

 

 

Figure 25: XRD patterns of paste samples exposed to magnesium sulfate solution at 5°C 
for 28 days 

     

For example, at 2  = 11.6° and 20.7° at 28 days, there was no considerable change in 

gypsum peaks with increased limestone content in all mixtures, whereas significantly 

higher gypsum peaks were identified at this 2  position at 120 days of magnesium sulfate 

exposure for cements with higher limestone contents (Figure 25-28). Interestingly, at 120 
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days, a strong gypsum peak was found at 2  = 29.1° between portlandite (2  = 28.7°) and 

calcite (2  = 29.4°) peaks for P-I-10C, P-I-14.6C, P-I-20C, and P-V-14.6C paste mixtures 

(Figure 26). Similarly, some new gypsum peaks are also observed between 2  = 30° to 36° 

at 120 days of sulfate immersion (Figure 26).  

 

 
Figure 26: XRD patterns of paste samples exposed to magnesium sulfate solution at 5°C 

for 120 days 

 

On the other hand, a substantial reduction of portlandite peaks was observed at 2  = 18.1° 

and 34.1° at 120 days compared to 28 days (Figure 26). For the P-I-14.6C mixture, at 2  

= 34.1°, portlandite was completely consumed and more thaumasite was formed at 120 

days. It is clear that the conversion of portlandite to thaumasite is mainly responsible for a 
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significant strength reduction (65% at 120 days) of this mixture (discussed in the 

compressive strength section).  However, there was not any significant change in strength 

reduction for higher limestone contents in magnesium sulfate exposure (Figure 12).  

 
One difference for the samples in magnesium sulfate compared to sodium sulfate is the 

change of thaumasite to ettringite at later ages. For example, at 2  = 9.1°, P-I-14.6C, P-I-

20C, and P-V-0C showed thaumasite at 28 days when it showed stronger ettringite peaks 

at 120 days. As discussed earlier (section 4.7.1), this can be the structural similarity or co-

existence of these minerals at an early age which is difficult to identify through XRD. The 

mineralogical phases of P-V-0C and P-V-14.6C mixtures remained unchanged at 120 days. 

There was not any noticeable strength reduction in these mixtures at 120 days compared to 

28 days, which corresponds well to this finding. However, there was 84% expansion 

reduction in M-V-14.6C compared to M-V-0C at 180 days.  
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Figure 27: XRD patterns of paste samples exposed to magnesium sulfate solution at 5°C 

for 28 days 

 

The changes in sulfate attack reaction products at later ages in the P-I-14.6C mixture was 

quite different than those found in P-I-10.5-4.1D. Fewer gypsum compounds, less 

thaumasite, and no brucite were found in P-I-10.5C-4.1D sample when compared to P-I-

14.6C. The improved performance of P-I-10.5C-4.1D mixture measured by the mortar bar 

expansion and compressive strength results (discussed earlier) is likely due to these 

differences.   
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Figure 28: XRD patterns of paste samples exposed to magnesium sulfate solution at 5°C 

for 120 days 

      

 
In general, in MgSO4 exposure the pH of the solution does not change significantly due to 

the limited leaching of Mg(OH)2 formed as a sulfate reaction product. This is because of 

the low solubility of brucite compared to the portlandite available in the pore solution [79]. 

In this study, the pH of the magnesium sulfate was in the range of 6.5-10 which indicates 

that more gypsum was formed over the exposure duration. This can be attributed to C-S-H 

destabilization due to the lower pH values. Overall, it can be predicted that the damage due 

to magnesium sulfate attack is primarily from gypsum and thaumasite formation.  
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Limestone dosage calculation 

 

Based on the QXRD test results, the percent the amount of CaCO3 in control Type I/II 

cement, calcitic limestone, and dolomitic limestone were 91, 95, and 9, respectively.  

According to ASTM C595 any blended cement must have to contain a minimum of 70% 

of CaCO3. To meet this requirement in some blended mixes the amount of calcitic and 

dolomitic filler have been adjusted with the control Type I/II cement.  

The mixes where only calcitic limestone has been used to make the blended cements 

already meet the ASTM C595 requirement as both contain over 70% of Ca Besides 

this, some adjustments have been performed in mixtures where both dolomitic and calcitic 

limestone are being used. The final proportions taken from each filler are presented in 

Table 1 and Table 2. 

Table 1: Weight % Ca  based on QXRD test results 

 

Ingredients Control Type I/II cement Calcitic 
limestone 

Dolomitic 
limestone  

Wt. % Ca  91 95 9 
 

 
Table 2: Fraction of limestone filler in different blended mixtures 

 

Name of the blends Original cement  Calcitic 
limestone 

Dolomitic 
limestone 

Overall % 
Ca  

M-I-10.5C-4.1D Type I/II 6.1 4.1 70.22 

M-V-10.5C-4.1D         Type V  10.5 4.1 70.83 
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Sample Calculation:  

((4.4 /14.6) + ((6.1 /14.6) + ((4.1 /14.6) 

 = 27.42% (control Type I/II) + 40.34% (calcitic limestone) + 2.46% (dolomitic limestone)  

= 70.22 % of CaCO3 

 

Magnesium sulfate concentration calculation 

 

According to ASTM C1012, 50 gm of sodium sulfate powder needs to be added in 1000 

ml of water to make 5% sodium sulfate solution. The percentage of  in Na is 

calculated as 67.62 % which has a concentration of 33808 mg/L (based on the molar mass 

calculation for example, Na has a molar mass of 142 g where contains 96.02 g and 

Na contains the rest of the amount). Similarly, the total molar mass of Mg  is 120.32 g, 

where, contains 79.8% of total mass. To make the sulfate concentration exactly same 

as Na (50 g used in 1000 mL of water to make 33808 mg/L) 42.36 g of total Mg  has 

been calculated.  

The detailed calculations are shown below: 

Mg  = 24.30 g 

S  = 96.02 g, where S = 32.06 g and O = 15.99 g 

Thus, S  = (32.06  + (15.99  = 96.02 g 

Total molar mass of Mg  = 24.30 g + 96.02 g = 120.32 g  

% S = (96.02/120.32) = 79.8%  
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By iteration 42.36 g has been selected to make S  concentration of 33808 mg/L in Mg 

S  solution.  

 S (79.8/100)  42.36 g = 33808 mg/L  
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                              Appendix: B 
 

 

 

 

 

 

Sulfate Concentration in South Dakota Soil 
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The sulfate in South Dakota soil is prevalent and widely distributed. The different ionic 

concentration was analyzed based on the saturated paste, which was conducted by Natural 

Resources Conservation Service (NRCS) under United States Department of Agriculture 

(USDA). The saturated paste extraction is done on a water extract of the soil at saturation. 

Therefore, it could be a realistic data point for concentrations of these ions under natural 

conditions. The saturated paste extract is normally only done on soils with electrical 

conductivity of more than 0.25 dS/m in 1:2 soil: water. The soil sample analyzed in the 

study is not completely representative for South Dakota as it was collected from a single 

point. There can be substantial variability in soil properties within relatively short lateral 

distances and vertically within a soil profile at a single site. The cations like sodium and 

magnesium associated with sulfate ion were separated for all test samples. Soil samples 

were extracted from a certain depth range in each county which is called horizons. Horizons 

are the naturally occurring layers formed by the interaction of soil forming factors (climate, 

organisms, relief, and parent material) over time.  Soil characteristics within a horizon are 

relatively uniform and all sites in the database are sampled by horizon. 

 
The depth of horizons varies widely within a county which was measured in centimeters 

and sulfate, sodium, and magnesium concertation were quantified in millimole/liter (for 

this study it has been converted to mg/L). There is no uniform relationship between the 

concentrations of ions with its depth. Some counties showed higher magnesium 

concentration others are dominated by sodium ions (Figure 1 and Figure 2). However, some 

counties showed almost similar magnesium and sodium concentration instead of its 

variability in horizons depth. Similar associated sodium and magnesium cations sulfate 

concentration also followed a fluctuating trend over 39 counties. Davison county was found 
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to be the only one to exceed the very severe (S3 where sulfate concentration is > 10000 

mg/L) exposure class as per ACI 201 (Guide to Durable Concrete) (Figure 3). More than 

50 % of total counties in South Dakota possessed a sulfate concentration above 1500 mg/L 

which indicates severe exposure class (S2). The sodium, magnesium, and sulfate ions data 

presented in Figure 1 and 2 is the average of each county (average of available sample data 

of NRCS study). The graphical presentation also shows the maximum and minimum ion 

concentration found in each county.   
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Figure 2: Countywide average Mg ions concentration in South Dakota soil (Source: NRCS) 
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Figure 3: Countywide average sulfate ions concentration in South Dakota soil (Source: NRCS
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