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 

Abstract—Durability of concrete is defined as its ability to 

resist deterioration after it has been exposed to the 

environment of its intended use. This work examined the 

performance of combined (ternary) Pulverised Fuel Ash (PFA) 

and Ground Granulated Blast Furnace Slag (GGBS) concrete 

in sulfate solutions of sodium sulfate (Na2SO4), magnesium 

sulfate (MgSO4) and mixed Na2SO4 and MgSO4, as well as its 

performance in water absorption. Investigations were carried 

out on replacements that were found to have achieved the 

highest compressive strengths as well as on 30% replacements 

from a previous study. From the results obtained, it was also 

found that at highest compressive strengths, the ternary 

concrete could be used with an advantage over the individual 

binary concretes in MgSO4 environments, whereas at a higher 

replacement, the ternary concrete could be used with an 

advantage over individual binary specimens in Na2SO4 and 

MgSO4 environments. For visual observations, it was 

concluded that the ternary concrete could be used with an 

advantage over the individual binary concretes in Na2SO4 and 

MgSO4 environments, whereas for strength deterioration, the 

results showed that the ternary specimens could be used with 

an advantage over individual binary concretes in both the 

MgSO4 and the mixed sulfate solutions. Generally, the ternary 

specimens showed some complimentary effect from the two 

materials. 

 
Index Terms—PFA; GGBS; Sulfate Attack, Ternary 

Concrete. 

I. INTRODUCTION 

Durability of concrete is defined as its ability to resist 

deterioration of any form, thereby allowing it to maintain its 

original quality and form after it has been exposed to the 

environment of its intended use [1].  

The deterioration of concrete can be either from external 

attacks by chemicals or from chemical reactions from within 

the constituents of concrete [1]. Sulfate attack affects the 

durability of concrete by causing it to lose its compressive 

strength, and affects calcium hydroxide [Ca(OH)2], a 

product of the early hydration of cement, and Calcium 

Silicate Hydrate (C-S-H), a product of the reaction between 

silicone dioxide (SiO2) from SCMs and Ca(OH)2 from the 

hydration of cement, a reaction also known as the pozzolanic 

reaction [2].  

Sodium sulfate (Na2SO4) attacks Ca(OH)2 whereas 

Magnesium sulfate (MgSO4) attacks C-S-H, with MgSO4 

attack being reported to be the most severe [2].  
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Na2SO4 reacts with Ca(OH)2 to produce gypsum [CaSO4. 

2(H2O)] and/or with alluminate (C3A) and alumina-bearing 

hydration products to form ettingite [3]. Gypsum and 

ettringite’s precipitation in concrete could generate stresses 

within the concrete, which if greater than the tensile strength 

of the concrete may bring about loss in strength, expansion, 

spalling and degradation [2]. Literature has it therefore that 

Na2SO4 manifests and should be evaluated through 

expansion [2]. 

MgSO4 attack involves the outward diffusion of 

hydroxide ions to form brucite and an inwards diffusion of 

sulfate ions to form gypsum, a combined layer, which 

retards the harmful effects of MgSO4 attack in the early age 

[4]. Literature also has it that this layer peels off at latter 

ages due to the formation of expansive ettringite and 

gypsum, which causes cracking on the surface of the brucite 

layer, leading to the decomposition of C-S-H to Magnesium 

Silicate Hydrate (M-S-H) [2]. 

The non-cementitious M-S-H allows the easy diffusion of 

sulfate ions into the concrete matrix, and has been reported 

to be the major and final stage of MgSO4 attack, bringing 

about the reduction in strength of concrete [2]. As a result, it 

has been suggested that MgSO4 attack should be evaluated 

through the loss of strength [2], [4]. 

Low sulfate resistance is characterised by high levels of 

Ca(OH)2, sulfate (SO4), iron oxide (Fe2O3) and C3A; and 

low levels of silicone dioxide (SiO2) [5]. A high molar ratio 

of sulfite (SO3) to aluminium oxide (Al2O3) enhances the 

formation of monosulfate, which leads to the formation of 

ettringite and gypsum on exposure to sulfate attack [2]. 

Pozzolanic reactions which result from the use of 

materials such as Pulverised Fuel Ash (PFA) and Ground 

Granulated Blast Furnace Slag (GGBS) in concrete help in 

mitigating the effects of Na2SO4 attack by refining pores, 

diluting C3A and removing Ca(OH)2 by converting it into C-

S-H, thereby reducing the quantities of gypsum formed [2]. 

However, as MgSO4 mainly attacks C-S-H, a poor 

performance in MgSO4 solutions has been reported where 

pozzolanic reactions are involved [2], [4]. 

Permeability is the most important aspect of durability 

and service life of concrete structures [6]. It is measured by 

the ease with which a gas or liquid can get into and pass 

through concrete, or rate at which water under pressure can 

flow through interconnected voids within concrete [7]. 

According to [8] and [9], maintaining low permeability is 

more important than controlling the chemistry of cement 

because it inhibits the diffusivity of sulfate ions, thereby 

improving the durability of concrete.  

The C-S-H that is formed as a result of using SCMs in 
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concrete changes from fibrillary to foil like, and forms a 

distorted capillary pore structure, leading to lower 

permeability [10]. SCMs also reduce permeability through 

the packing effect of unreacted particles [2]. 

PFA is a fine residual material that results from the 

burning of ground and pulverised coal by power plants, 

whereas Ground Granulated Blast Furnace Slag (GGBS) is a 

by-product of pig iron manufacture in a blast furnace [11]. 

II. RESEARCH SIGNIFICANCE 

There is consensus in literature that the use of PFA and 

GGBS improves the properties of concrete [2]. The 

complementary effect of PFA and GGBS when used in 

ternary (2 SCMs) concrete has been reported, whereby 

GGBS has been observed to improve the compressive 

strength of PFA, whereas PFA has been observed to 

improve the rheological behavior of GGBS [12].  

The performance of PFA and GGBS in sulfate 

environments has also been reported [13], [14]. No work 

was however found on the performance of the two materials 

in a ternary mix in sulfate environments. Moreover, with the 

shutting down of old polluting coal-power stations and coal 

mines in the UK [15], the gradual decline in the volumes of 

PFA produced will call for an optimum method of its 

utilisation, and using it in a ternary mix with GGBS could 

be one way of achieving this objective. 

III. METHODS 

A. Previous data and chemical composition 

The compressive strength of PFA and GGBS was 

investigated by [16]. Table I and Fig. 1 show the 

compressive strengths achieved by [16], whereas Table II 

shows the chemical composition of PFA and GGBS used for 

this study. The 0% replacement, also referred to as the 

control was the reference from which all performances were 

measured by both [16] and in this work. 
 

TABLE I: COMPRESSIVE STRENGTHS OF BINARY AND TERNARY PFA AND 

GGBS (N/MM
2) 

Specimens 0% 5% 

7.5

% 10% 15% 20% 25% 30% 

PFA 71.3 56.7 55.9 51.0 54.0 48.7 50.7 50.5 

GGBS 71.3 53.1 60.3 61.8 62.6 61.2 60.7 54.1 

PFA and 

GGBS 71.3 56.8 61.8 61.2 60.7 57.3 53.5 52.7 

 
Fig.1. Compressive strengths of binary and ternary PFA and GGBS 

(N/mm2) 

 

TABLE II: PERCENTAGE CHEMICAL COMPOSITION OF PFA CLASS F AND 

GGBS 

Chemical 
Percentage Composition 

Class F PFA GGBS 

Silicon dioxide (SiO2) 54.2 35.7 

Aluminium oxide (Al2O3) 23.7 13.9 

Iron oxide (Fe2O3) 7.3 0.3 

Calcium oxide (CaO) 3.1 41.2 

Magnesium oxide (MgO) 2.5 8.1 

Sodium oxide (Na2O) 0.6 0.4 

Potassium oxide (K2O) 4 0.4 

Loss on ignition (LOI) 0.4 0.7 

Sulphur trioxide (SO3) 0.5 3.6 

 

B. Water absorption 

The water absorption test was conducted to [17] on two 

different sets of specimens. The first set was one which had 

achieved the highest compressive strengths from the results 

shown in Table I and Fig. 1 above, following the argument 

by [8] that durability is directly proportional to the 

compressive strength of concrete, whereas the second set 

were specimens that had been made using PFA and GGBS 

replacements of 30% by the weight of cement, which was 

the highest replacement for this research. The higher 

replacement was used in order to assess the effectiveness of 

the filler effect of unreacted particles of SCMs on the 

durability of concrete. 

Specimens were made using 100 mm x 100 mm x 100 

mm moulds. Materials used were White Portland cement 

(WPC), fine aggregates, coarse aggregates and water at 

380kg, 760kg, 1140kg and 180 litres per cubic meter 

respectively or a mix proportion of 1: 2: 3. The preparation 

of cubes conformed to [18]. 

The apparatus were a water tank, stopwatch, ventilated 

oven and a weighing instrument. The test specimens were 

cured in water for 270 days after which they were dried to a 

constant mass in the ventilated oven, at a temperature of 

700C. They were then allowed to cool down at room 

temperature and the dimensions to be immersed were taken 

confirming to [19].  

The gross area was calculated and the test specimens were 

immersed in water to a depth of 5mm for a total immersion 

time of 10 minutes. The results were calculated using (1) 

conforming to [17]. 

 

Cw.s =
Mso.s−Mdry.s

As.t so
 X 106[

g

m2.s
]                                          [1] 

 

Where Cw.s is the coefficient for water absorption, Mso.s is 

the mass in grams (g) of the specimen after soaking in water 

for a time (t), Mdry.s is the mass in grams of the specimen 

after drying, As is the gross area in mm2 of the face of the 

specimen immersed in water and tso is the time of soaking in 

seconds (s). 

C. Sulfate testing 

Sulfate elongation tests conformed to [20]. Using the mix 

proportions discussed above, cubic prismatic concrete 

samples of size 160 mm x 40 mm x 40 mm and 100 mm x 

100 mm x 100 mm cubes were cast and placed in an oven 
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for 23½ hours at 350C after which they were removed from 

the container and demoulded. Two cubes were crushed to 

ensure that the concrete had achieved compressive strengths 

of not less than 20.0 N/mm2 ± 1.0 N/mm2.  The lengths of 

the bars were taken before they were immersed in 5% 

sodium sulfate (Na2SO4), 5% magnesium sulfate (MgSO4) 

and 2.5% + 2.5% Na2SO4 and MgSO4 solutions at laboratory 

temperatures of 230C. A pH of 6 to 8 was maintained on the 

sulfate solutions throughout the testing period.  

Lengths were measured at weeks 1, 2, 3, 4, and 8, and at 

4, 8, and 9 months conforming to [20].  Lengths were 

measured using veneer calipers.  

Readings were taken as an average of three bars and three 

cubes for elongation and strength deterioration tests 

respectively conforming to [20].  

Like water absorption tests, elongation tests were carried 

out on two different sets of specimens. The first set were 

specimens that had achieved the highest compressive 

strengths from Table I above, whereas the second set were 

specimens that had been made with PFA and GGBS 

replacements of 30% by the weight of cement. 

Length changes were worked out using (2) conforming to 

the American Society for Testing and Materials [20]. 

 

L = 
 𝐿𝑥−𝐿𝑖

𝐿𝑔
 x100                                                                  [2]         

 

Where: 

L = percentage change in length at age of measuring, 

Lx = Veneer calipers reading of specimen at age of 

measuring, 

Li = Veneer calipers reading of specimen on immersion, 

Lg = 160 (nominal length between the innermost ends of 

the moulds used). 

 

Visual observation for surface deterioration was done at 

the end of immersion (270 days).  

Compressive strength deterioration was assessed using 

the method employed by [4], who studied deterioration from 

sulfate attack on cube specimens by measuring the Strength 

Deterioration Factor (SDF). The SDF was worked out using 

(3) after [4]. 

 

𝑆𝐷𝐹 =
𝑓𝑐𝑤′−𝑓𝑐𝑠′

𝑓𝑐𝑤′
𝑋 100                                                        [3] 

 
Where fcw’ is the compressive strength of cube specimens 

immersed in the control solution and fcs’ is the compressive 

strength of sulfate immersed specimen cubes. 

IV. RESULTS AND DISCUSSION 

A. Water absorption 

Table III and Fig. II represent results of the coefficient of 

water absorption (Cw.s) in grams. A standard deviation of 

0.02 Cw.s was calculated across the range of tests. Results 

showed that at highest compressive strengths, both ternary 

and binary PFA and GGBS-replaced specimens showed 

lower coefficients of water absorption than those of the 

control specimens, with the ternary specimens showing a 

higher performance than that of PFA but lower than GGBS-

replaced specimens.  

For highest replacement levels, ternary and binary 

specimens of PFA and GGBS also showed lower 

coefficients of water absorption than those of the control, 

even though the performances were significantly reduced 

compared with those of replacements at highest compressive 

strengths. At highest replacement, the performance of the 

ternary specimens was lower than that of PFA but higher 

than that of GGBS specimens.  

From the findings of this work, the permeability of the 

ternary GGBS and PFA specimens appeared to increase 

with increased replacement. GGBS seemed to reduce the 

permeability of PFA at the lower replacement, whereas PFA 

appeared to reduce that of GGBS at the higher replacement, 

consistent with [12] that SCMs used together in mixes 

improve each other’s properties. 
 

TABLE III: COEFFICIENT OF WATER ABSORPTION OF BINARY AND 

TERNARY PFA AND GGBS [CW.S (G/M2.S)] 

Highest compressive strength Highest replacement 

Specimens 
Cw.s (g/m2.s) 

Specimens 
Cw.s 

(g/m2.s) 

Control 0.5767 Control 0.5767 

5% PFA 0.4383 30% PFA 0.5008 

15% GGBS 0.4283 30% GGBS 0.5425 

3.75 %PFA + 
3.75% GGBS 0.4333 

15% PFA + 
15% GGBS 0.5350 

 

 
Fig. 2. Coefficient of water absorption of binary and ternary PFA and 

GGBS [Cw.s (g/m2.s)] 

B. Sulfate tests 

Tables IV and Fig. 3 and Table V and Fig. 4 show the 

percentage expansion of binary and ternary specimens of 

PFA and GGBS at highest compressive strengths and at 

30% replacements respectively. For the highest compressive 

strengths, ternary PFA and GGBS-replaced specimens 

performed better than the control and the PFA but worse 

than GGBS specimens in the 5% Na2SO4 solution.  

At highest replacement, the ternary specimens performed 

better than the control and individual binary specimens. The 

expansions at the 30% replacement were however higher 

than those at highest compressive strengths for all the 

specimens.  

Veiga and Gastaldini [13] attributed the high sulfate 

attack resistivity of GGBS to the consumption of Ca(OH)2 

by the pozzolanic reaction, and the reduction of the ratio of 

CaO to SiO2. Veiga and Gastaldini [13] however reported an 

increase in sulfate resistance with increased GGBS 
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replacement contrary to the findings of this work. 

Even though [2] posited that the filler effect by unreacted 

particles of SCMs is one of the factors that limit gypsum and 

the secondary formation of ettringite by reducing the 

permeability of concrete, a higher permeability at higher 

replacements was attributed by [1] to reduced levels of 

Ca(OH)2 available to react with excess SCMs to form the 

foil like C-S-H, which results in a less well-interconnected 

capillary pore structure. This leads to the creation of pores 

and consequently the easy diffusion of sulfate ions [1]. 

The ability of PFA, GGBS, and ternary PFA and GGBS-

replaced specimens to resist expansion can be attributed to 

the reduction in the content of alite (C3S) and aluminate 

(C3A) [2]. The good performance of PFA and GGBS at 

highest compressive strengths in the Na2SO4 environment 

can also be attributed to the low molar ratio of SO3 to Al2O3, 

which according to [2] contributes to higher sulfate 

resistance at lower replacements.  

As was discussed before, low permeability is important 

because it inhibits the diffusivity of sulfate ions, ultimately 

improving the durability of concrete [6]. From Table III and 

Fig. 2, it was found that specimens at the 30% replacement 

had higher coefficients of water absorption compared with 

replacements at highest compressive strengths. As a result, 

[8] and [6]’s assumption that durability is directly 

proportional to the compressive strength of concrete seems 

to be plausible.  
TABLE IV: PERCENTAGE ELONGATION AT HIGHEST COMPRESSIVE 

STRENGTHS 

Specimens 

Percentage elongation at 270 days 

Na2SO4 MgSO4 

Na2SO4 

and 
MgSO4 

Control 0.0937 0.0219 0.0750 

PFA 0.0375 0.0188 0.0338 

GGBS 0.0125 0.0088 0.3625 

PFA and GGBS 0.0240 0.0080 1.4188 

 

 
Fig.3. Percentage elongation at highest compressive strengths 

 

TABLE V: PERCENTAGE ELONGATION IN SULFATE SOLUTIONS AT 30% 

REPLACEMENT 

Specimens Percentage elongation at 270 days 

  Na2SO4 MgSO4 

Na2SO4 and 

MgSO4 

Control 0.4850 0.1875 0.3500 

GGBS 0.2500 0.3542 0.7542 

PFA 0.2292 0.3083 0.6375 

PFA and GGBS 0.0792 0.2708 0.7917 

 

 
Fig. 4. Percentage elongation in sulfate solutions at 30% replacement 

 

At highest compressive strengths in the MgSO4 solution, 

the performance of the ternary PFA and GGBS specimens 

were above those of the control and binary specimens at the 

highest compressive strengths. The expansions were 

however negligible consistent with literature that MgSO4 

attack does not manifest itself through expansion [2].  

The low expansions in the MgSO4 solution were 

attributed by [4] to the lower alkalinity that is associated 

with the formation of brucite in the cement matrix due to the 

presence of magnesium ions. However, at the highest 

replacement level, even though the ternary specimens were 

above those of the binary specimens in the MgSO4 solution, 

they were below those of the control specimens, calling into 

question previous research that MgSO4 attack only 

manifests itself through the loss of strength of the concrete 

and not expansion [2]. 

In the mixed sulfate solution, the ternary specimens 

performed poorly compared with the individual binary and 

control specimens at both highest compressive strengths and 

30% replacement. 

Consistent with [4], the findings of this work showed a 

higher resistance for the control specimens than those of 

binary and ternary specimens of PFA and GGBS in 

solutions that contained MgSO4, and especially at the 30% 

replacement. As has already been discussed, the reaction 

between MgSO4 and Ca(OH)2 produces the insoluble 

brucite, which blocks capillary pores, forming a sulfate 

impermeable layer [2], [4]. However, since SCMs contain 

less Ca(OH)2 and more C-S-H, MgSO4 readily reacts with 

the secondary C-S-H gel to form M-S-H gel once the 

combined layer of gypsum and brucite has peeled off, which 

explains the superiority of the control specimens over SCMs 

in solutions that contained MgSO4 [4].  

M-S-H is not cementitious and it results in the softening 

of the cement matrix [5]. This alteration of C-S-H to M-S-H 

was termed by [2] as probably the final stage of 

deterioration of concrete under MgSO4 attack. 

These findings show that at highest compressive 

strengths, the ternary concrete of PFA and GGBS could be 

used with an advantage over the individual binary concretes 

in MgSO4 environments and PFA concrete in Na2SO4 

environments, whereas at the 30% replacement, the ternary 
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concrete of PFA and GGBS could be used with an 

advantage over individual binary specimens in Na2SO4 and 

MgSO4 environments. 

C. Surface deterioration 

Table VI shows the surface deterioration of binary and 

ternary specimens of PFA and GGBS at the end of 

immersion in sulfate solutions after [21].  
 

TABLE VI: VISUAL OBSERVATIONS OF SURFACE DETERIORATION OF 

SPECIMENS IMMERSED IN SULFATE SOLUTIONS AFTER [21] 

Specimen 5% Na2SO4 5% MgSO4 

2.5% 

Na2SO4 

+ 2.5% 
MgSO4 

Control 0 0 2 

PFA 0 1 2 

GGBS 0 1 2 

50% PFA 

and 

50%GGBS 

0 0 2 

Key: Deterioration levels. 0, no damage; 1, minimum 

visible cracks; 2, mass loss and some disintegration; 
3, extensive spalling and softening; 4, wider cracks 

and extensive spalling; 5, Complete disintegration 

 

Surface deterioration observed at the end of the 

immersion period showed that similar with the control 

specimens, the ternary specimens of PFA and GGBS 

showed no surface deterioration in the Na2SO4 and MgSO4 

solutions. However, they showed mass loss and some 

disintegration also similar to the control specimens in the 

mixed sulfate solution. On the other hand, even though the 

binary specimens did show the same kind of deterioration as 

the ternary specimens in the mixed sulfate solution and no 

deterioration in the Na2SO4 solution, they also showed some 

visible cracks in the MgSO4 solution.  

Consistent with [2], the most severe effects of sulfate 

attack were observed in solutions that contained MgSO4. 

Also in agreement with [2], [4], the inferiority of specimens 

immersed in the mixed sulfate solution to those immersed in 

the individual solutions of Na2SO4 and MgSO4 spelled the 

predominance of the more aggressive MgSO4 attack over 

Na2SO4 attack. MgSO4 is highly soluble in water at room 

temperature (200C) compared to Na2SO4 [4]. Moon, et al. [4] 

further posited that the presence of brucite and gypsum for 

SCM specimens immersed in the MgSO4 solution was the 

cause of surface deterioration. 
Unlike [4] who reported that the control specimens 

showed visible cracks and spalling in the Na2SO4 solution, 

no surface deterioration was observed on the control 

specimens in the Na2SO4 solution. The good performance of 

the control specimens is consistent with [13], who reported 

that mortars with White Portland Cement (WPC) showed 

higher resistivity to sulfate attack, a factor which could be 

attributed to the additional 5% to 10% coloring pigment [5],  

which could in turn reduce the levels of Ca(OH)2 produced 

during the hydration of cement. 

The findings on surface deterioration show that the 

ternary concrete of PFA and GGBS could be used with an 

advantage over the individual binary concretes in Na2SO4 

and MgSO4 environments. 

D. Strength deterioration 

As earlier on stated, strength deterioration was assessed 

using the Strength Deterioration Factors (SDFs) after [4]. 

Table VII shows the SDFs of binary and ternary specimens 

of PFA and GGBS immersed in Na2SO4, MgSO4 and mixed 

sulfate solutions. From the results, the ternary specimens’ 

performance in the Na2SO4 solution was below that of 

binary GGBS but higher than both the control and PFA 

specimens, whereas in the MgSO4 and mixed sulfate 

solutions, the ternary specimens’ SDF was lower than the 

control and the binary specimens.  

As has already been discussed, the poor performances of 

SCMs in the MgSO4 solution compared to the Na2SO4 

solution were attributed to the formation of insoluble brucite 

[Mg(OH)2], which destabilises and destroys the C-S-H gel 

to form the noncementitious M-S-H, that results in the 

softening of the cement matrix [2]. 
 

TABLE VII STRENGTH DETERIORATION FACTORS (SDFS) OF SPECIMENS IN 

SULFATE SOLUTIONS 

 

Control 
15% 

GGBS 5% PFA 
15%PFA + 
15% GGBS 

5% Na2SO4 8.6 -4.8 -9.2 -5.0 

5% MgSO4 17.7 10.3 14.3 9.8 

2.5% 

Na2SO4 + 
2.5% 

MgSO4 26.9 19.9 10.4 10.3 

 

Fig.5. Strength Deterioration Factors (SDFs) of specimens in sulfate 
solutions 

 

The performance of the ternary specimens on strength 

deterioration in both the MgSO4 and the mixed sulfate 

solution shows that the ternary concrete could be used in 

these environments with an advantage over the individual 

binary concretes. Ternary concrete could also be used with 

an advantage over PFA concrete in Na2SO4 environments. 

V. CONCLUSION 

This work investigated the performance of PFA and GGBS 

ternary concrete in sulfate solutions. The following 

conclusions were derived from the findings: 

1. From elongation tests, at highest compressive 

strengths, the ternary concrete of PFA and GGBS 

could be used with an advantage over the 
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individual binary concretes in MgSO4 

environments and over PFA concrete in Na2SO4 

environments, whereas at the 30% replacement, the 

ternary concrete of PFA and GGBS could be used 

with an advantage over individual binary concretes 

in Na2SO4 and MgSO4 environments. 

2. From surface deterioration, the ternary concrete of 

PFA and GGBS could be used with an advantage 

over the individual binary concretes in Na2SO4 and 

MgSO4 environments. 

3. From the strength deterioration tests, the ternary 

concrete could be used in the MgSO4 and the 

mixed sulfate environments with an advantage over 

the individual binary concretes. It could also be 

used with an advantage over PFA in the Na2SO4 

environments. 
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