
This is a repository copy of The impact of alumina availability on sulfate resistance of slag 
composite cements.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/99568/

Version: Accepted Version

Article:

Whittaker, M, Zajac, M, Ben Haha, M et al. (1 more author) (2016) The impact of alumina 
availability on sulfate resistance of slag composite cements. Construction and Building 
Materials, 119. pp. 356-369. ISSN 0950-0618 

https://doi.org/10.1016/j.conbuildmat.2016.05.015

(c) 2016, Elsevier Ltd. This manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


1 

 

The Impact of Alumina Availability on Sulfate Resistance of Slag Composite Cements 1 

Mark Whittakera,b, Maciej Zajacc, Mohsen Ben Hahac, Leon Blackbゆ, 2 
aUﾐｷ┗Wヴゲｷデ┞ ﾗa AHWヴSWWﾐが Kｷﾐｪげゲ College, Aberdeen, AB24 3FX, United Kingdom 3 

bUniversity of Leeds, Woodhouse Lane, Leeds, LS2 9JT, United Kingdom 4 
cHeidelberg Technology Center GmbH , Rohrbacher Str. 95, 69181 Leimen, Germany 5 

ゆCﾗヴヴWゲヮﾗﾐSｷﾐｪ A┌デｴﾗヴ 6 

 7 

Abstract 8 

Slag cement pastes prepared with either 40% or 70% of slags by weight were prepared (W/B = 9 

0.5) and subsequently exposed to a 3 g.L-1 Na2SO4 solution. The slag cements were shown to be 10 

more resistant. Initially, ettringite levels rose, then plateaued upon carbonate AFm consumption, 11 

although monosulfate was also found to be in equilibrium with ettringite when using an Al-rich 12 

slag. Portlandite was initially consumed, to form ettringite, but leached out after prolonged attack 13 

until it was fully depleted, or nearly, with subsequently C-A-S-H being decalcified. Any excess 14 

aluminium released by the slag was bound to a calcium deficient C-A-S-H phase and hydrotalcite, 15 

sheltering the aluminates from ingressing sulfates. Mass balance further revealed that, if the slag 16 

in the blends were to fully dissolve to form C-A-S-H and hydrotalcite, there would have been 17 

insufficient aluminium and calcium to combine with sulfates to form ettringite. Rather, calcium 18 

from C-A-S-H would have continuously leached, leaving behind a silicate skeleton. 19 

Key Words: Sulfate Attack, Cement, Slag, Characterisation, Durability 20 

1 Introduction 21 

External sulfate attack encompasses a series of interactions occurring within the cement matrix 22 

as sulfates percolate through it [1].  The sulfates react with available aluminium, and calcium, to 23 
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convert AFm hydrates to ettringite C滞AS博戴H戴態  and, under extreme circumstances, portlandite to 24 

gypsum [2, 3, 4].  25 

It is commonly believed that the formation of ettringite and gypsum, from monosulfate and 26 

portlandite respectively, are expansive reactions which are the cause the damage. [5, 6]. Still, 27 

ettringite precipitation alone cannot explain the damage caused by sulfate attack, and the link 28 

between ettringite formation and expansion is not clear [7, 8]. Rather, damage is caused when 29 

the expansive ettringite forms in pores small enough to exert a force on the matrix [3, 8, 9, 10, 30 

11]. Furthermore, Yu proposed that the failure mechanism of mortars bars of slag blends exposed 31 

to sodium sulfate solution is dominated by the loss of surface material rather than a generalized 32 

expansion, as for plain Portland cement [12].  33 

The replacement of cement with slag has previously been recognized as imparting sulfate 34 

resistance, particularly at higher levels of replacement [13, 14, 15, 16, 17]. Although the overall 35 

aluminium content is higher in a slag cement blend, it does not imply that more aluminium is 36 

readily available to react with sulfates. Such systems produce a C- S-H phase with a lower Ca/Si 37 

ratio [18, 19, 20], thus allowing aluminium incorporation within the phase. A hydrotalcite like 38 

phase is also common, binding aluminium. This restricts the amount of free aluminium which 39 

would react freely otherwise with sulfates [14, 21]. However, it has been seen previously [22] that 40 

alumina still promotes AFm formation at early ages, which may in turn convert to ettringite during 41 

attack, worsening resistance. Furthermore, not all of the available alumina goes to form ettringite. 42 

Fernandez-Altable has previously observed the formation of monosulfate by the end of their 43 

testing period [21]. 44 

The role of calcium in sulfate attack cannot be ignored either.  Slags are typically calcium deficient 45 

compared to cement, therefore lowering the total calcium content of slag cements. A recent study 46 
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by Kunther et al. [23] found that the crystallisation pressure related to ettringite growth is reduced 47 

when the Ca/Si of the C-A-S-H phase is lower.  48 

This study investigates further the impact of alumina content in slag and calcium content in 49 

composite cement on sulfate resistance, closely following the changes in hydrate composition 50 

and amounts.  51 

2 Materials 52 

A CEM I 42.5 R, conforming to EN 197-1:2011, was chosen for this study along with two ground 53 

granulated blast furnace slags differing in composition.  The oxide composition of the raw 54 

materials is shown in table 1. 55 

Table 1 Compositions of The Raw Materials, Determined by XRF (% Weight) 56 

  CEM I Slag B Slag C 

LOI 950 °C % 2.62 (+0.85)* (+1.57)* 

SiO2 % 19.2(1) 39.7(5) 34.3(5) 

Al2O3 % 5.5(0) 7.3(6) 12.3(3) 

TiO2 % 0.2(7) 0.2(5) 0.9(3) 

MnO % 0.0(4) 2.5(4) 0.4(0) 

Fe2O3 % 2.7(7) 1.3(3) 0.5(2) 

CaO % 62.2(8) 38.1(8) 38.4(9) 

MgO % 2.1(9) 7.6(5) 9.5(8) 

K2O % 0.9(3) 0.6(5) 0.4(8) 

Na2O % 0.0(8) 0.1(3) 0.2(4) 

SO3 % 3.1(0) 1.8(3) 2.6(1) 

P2O5 % 0.1(7) 0.0(1) 0.0(1) 

Total % 99.15 99.69 99.93 

Amorphous  % - 99.0 98.3 

Mg/Al  - 4.74 3.52 

*The sample was oxidized with HNO3 before determination of LOI 

 57 

Compared to CEM I, the slags were characterised by being deficient in calcium, and richer in silica, 58 

magnesium, and aluminium. The slags were chosen to emphasize the role of aluminium content 59 
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on sulfate resistance. As such, slag C (12.33%) was richer in aluminium than slag B (7.36%). 60 

Similarly, slag C was richer in magnesium and calcium than slag B. However, the Mg/Al molar ratio 61 

of the slag was lower than for slag B. The mineralogical composition of the CEM I used is shown 62 

in Table 2. The CEM I was compromised of primarily of C3S and C2S. The cement was contained 63 

moderate amounts of aluminium in the form of C3A (7.5 %) and C4AF (8.3 %). The total calcium 64 

sulfate content, as anhydrite and hemihydrate, totaled 4.4 %. 65 

Table 2 Mineralogical Composition of CEM I 66 

Phases   CEM I 

C3S % 61.0 

é-C2S % 11.9 

C3A % 7.5 

C4AF % 8.3 

Calcite % 3.7 

anhydrite % 2.9 

Hemihydrate % 1.5 

other % 3.2 

 67 

3 Methods 68 

Pastes were used to assess sulfate resistance, according to the mix designs shown in Table 3. The 69 

specimens were prepared by replacing either 40% or 70% of the cement by weight with slag. A 70 

further blend, containing 3% additional anhydrite by weight, was prepared using slag C at 40% 71 

replacement. Note, the overall SO3 content accounts only for that supplied by the clinker and the 72 

added anhydrite. 73 

Table 3 Mix Design of all Blends 74 

 C1 C140Sb C140Sc C140Sc$ C170Sc 

CEM I 1.00 0.60 0.60 0.58 0.30 

slag  - 0.40 0.40 0.39 0.70 

anhydrite  - - - 0.03 - 

w/binder  0.50 0.50 0.50 0.50 0.50 

w/cement  0.50 0.83 0.83 0.86 1.67 

Final SO3 in cement (%) 3.1 1.86 1.86 4.96 0.93 
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  75 

50 mm long 25mm diameter paste cylinders were prepared to assess any changes in 76 

microstructure during attack (figure 1). All samples were cured for a period of 14 days in water 77 

baths prior to exposure to a 3 g.L-1 Na2SO4 solution, which was renewed fortnightly. The volume 78 

of the solution was four times that of the samples. The experimental setup was carried out in 79 

closed containers under ambient conditions (20°C) and no precautions were taken to prevent 80 

carbonation. The pastes were characterised by scanning electron microscopy (SEM) in 81 

backscattered electron mode, X-ray diffraction (XRD), thermal gravimetric analysis (TGA) and 82 

mercury intrusion porosimetry (MIP). 83 

The samples in this study are referred to by their total curing time, and not by the time exposed 84 

to sulfates, e.g. a sample a 28 day sample has, in fact, only been in a sulfate bath for 14 days. 85 

 86 
Figure 1 Schematic Drawing of the Paste Samples Prepared for Sulfate Attack 87 

SEM analyses were conducted on pastes, from which transverse cuts were taken using a Struers 88 

Accutom-50 (Struers diamond cut-off wheel MOD 13). 2 mm thick cuts were taken near the 89 

middle of the sample, where the ingress of sulfates was radially unidirectional. The disks were 90 

freeze dried to constant weight and subsequently resin impregnated. The samples were polished 91 

using silicon carbide paper and any remaining scratches removed with diamond paste (down to 92 

0.25 ´m). Energy dispersive X-ray (EDX) point analyses were conducted on micrographs with a 93 

130x97 ´m field of view; a 12x12 grid point was set up and measurements were taken from the 94 

edge of the sample to a depth of 5 mm, at 0.5 mm intervals. Any measurement associated with 95 
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CH, anhydrous phases, and porosity was removed from the data. As such, the sulfate profile was 96 

measured and any changes in hydrate assemblage and composition were assessed. Further EDX 97 

point analysis was also performed on the slag hydration rims near the surface and at a depth of 5 98 

mm. 99 

X-ray diffraction (XRD) analysis was conducted on the outer 1 mm diameter of the pastes, cut 100 

along the length of a 5 mm long cylinder, 50 mm in diameter. The samples were crushed to a fine 101 

powder using a pestle and mortar and backloaded into a 16 mm diameter sample holder. 102 

Diffraction ヮ;デデWヴﾐゲ ┘WヴW IﾗﾉﾉWIデWS ┌ゲｷﾐｪ ; Pｴｷﾉｷヮゲ P;ﾐ;ﾉ┞デｷI;ﾉ XげPWヴデ MPD Sｷaaヴ;IデﾗﾏWデWヴ 103 

equipped with a CuKü X-ヴ;┞ ゲﾗ┌ヴIW ﾗヮWヴ;デｷﾐｪ ;デ ヴヰﾆV ;ﾐS ヴヰﾏAが ;ﾐS ;ﾐ XげCWﾉWヴ;デﾗヴ SWデWIデﾗヴく 104 

Patterns were measured from 7 to 70 o 2． with a step size of 0.0334 o. Rietveld refinement of the 105 

ヮ;デデWヴﾐゲ ┘;ゲ IﾗﾐS┌IデWS ┌ゲｷﾐｪ デｴW Pｴｷﾉｷヮげゲ XげヮWヴデ Hｷｪｴ“IﾗヴW Pﾉ┌ゲ ヮヴﾗｪヴ;ﾏﾏW ┗Wヴゲｷﾗﾐ ヲくヲ; ふヲくヲくヱぶく 106 

The XRD patterns were individually fitted for each sample, to account for the amorphous phases. 107 

Quantification of the X-ray amorphous phase content was conducted using the external standard 108 

and G-factor methods [24], with corundum (Al2O3) serving as the standard. Reference files were 109 

taken from the ICSD library.  110 

The portlandite (CH) content in the outer 1 mm of the pastes was determined, on freeze-dried 111 

paste samples, by thermal gravimetric analysis (TGA) analysis using a Stanton Redcroft 780 series 112 

under a nitrogen atmosphere, with a 20 °C/min heating rate from 20 to 1000 °C. The portlandite 113 

content was determined using the tangent method and normalised to the % mass at 550 °C.  114 

ガCH 噺 蛮CH歎 抜 岾M大滝M滝 峇W泰泰待 妃 抜 などど 

where: 

CHw に mass loss due to dehydration of CH 

MCH に molar mass of CH, 74 g.mol-1 

MH に Molar mass of water, 18 g.mol-1 

W550
 に % mass loss at 550 ° C  
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MIP measurements were performed using Micromeritics AutoPore IV device. The samples were 115 

prepared in the same way as for TGA, but without grinding. 116 

Phase assemblage and total pore volume were modelled using GEMS (Gibbs Energy Minimisation) 117 

[25]. Thermodynamic data was taken from the PSIにGEMS database [26, 27] along with cement 118 

specific data [28, 29, 30]. Modelling was performed to assess the porosity of the systems after 14 119 

days of hydration. The neat and slag cement compositions were defined in Table 2 and Table 3. 120 

The hydration degree of the clinker and slag components of the blends was taken from [22]. The 121 

porosity was calculated as the ratio between the volumes of any anhydrous phases remaining and 122 

hydrates at 14 days and the total initial volume of the pastes.  Consequently, this takes into 123 

account any chemical shrinkage associated with cement hydration. Additionally, thermodynamic 124 

modelling was used to calculate the maximum supersaturation with respect to ettringite. A similar 125 

approach has been used previously [23]. A CにSにH portlandite system with a varying amounts of 126 

Ca(OH)2 and SiO2 was used to illustrate the development of the AFt saturation index for an 127 

increasing alumina concentration in the pore solution. The calculations were performed at two 128 

sulfate concentrations, 1 and 10 mM/L. About 30 mM/L NaOH was added to increase pH to values 129 

typical for real cements. 130 

Porosity was assessed by means of scanning electron microscopy (SEM) observations in 131 

backscattered electron mode (SEM-BSE). 50 SEM-BSE images were collected per sample at a 132 

magnification of 800x and the porosity was assessed following a protocol previously used by 133 

Scrivener et al. [31]. From the greyscale histogram, an arbitrary pore threshold was taken as the 134 

intersection of the tangents of the first leg and that of the rising, left hand edge of the C-A-S-H 135 

peak. This method, however, does not allow to fix an unambiguous pore threshold, and an 136 

arbitrary value must be set [32].  137 
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4 Results 138 

4.1 Microstructure prior to sulfate exposure 139 

The hydration of the system under investigation under idealized curing conditions, i.e. immersion 140 

in a saturated lime solution, has been described previously [33]. After 14 days of curing, about 80 141 

% of the cement in the blends had already reacted. In contrast, the degree of reaction of slags B 142 

and C were 37 % and 47 % respectively. As a result, the overall degree of hydration of the slag 143 

blends, defined as the combined degree of hydration of both the slag and cement component 144 

weighted by their respective mass fraction, was always lower compared to the neat cement. The 145 

slag blends, consequently, were characterized by having a higher total porosity (Figure 2).   146 

 

 
Figure 2 Total Porosity Calculated by Thermodynamic Modelling and Pore Size Threshold measured 147 

by MIP after 14 Days of Hydration 148 

However, despite the higher total porosity, slag-cement blends were typically characterized by 149 

having a more refined porosity [34]. At 14 days the slag cements were characterized by having a 150 

similar or finer porosity compared to the neat cement. The pore structure was most refined in 151 
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blends C140Sc and C170Sc due to the higher reactivity of slag C. However, the addition of sulfates 152 

coarsened the porosity. 153 

 154 

 155 

 156 
Figure 3 Alumina and Calcium Distribution after 14 Days of Hydration by Mass Balance. The composition 157 

of the C-A-S-H phase was taken from the reference values in Table 4.  158 

The neat cement reacted with water to produce amorphous C-A-S-H, portlandite, ettringite and 159 

carbonate AFm hydrates. In the slag cements, hydrotalcite was also a dominant hydrate [33]. For 160 

the hydrotalcite phase, the Mg/Al was measured on pastes cured for 180 days when thick enough 161 

slag hydration rims were found for accurate measurements. The values varied from 1.93 for 162 

C170Sc to 2.67 for C140Sb [35]. For the neat system, a Mg/Al ratio of 2 was assumed. Figure 3 shows 163 
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the distribution of alumina and calcium in the aforementioned hydrates after 14 days of 164 

hydration, e.g. before the samples were exposed to external sulfate attack (which is important 165 

from the perspective of the formation of ettringite in the sulfate solutions). The distributions were 166 

assessed by carrying out mass balance calculations, and the methodology applied is described in 167 

the appendix. Combining TG, XRD and SEM analyses, the extent of the various hydration reactions 168 

was first assessed. Subsequently, the amounts and compositions of the hydrates were determined 169 

and the Al and Ca distributed accordingly. In the blends using Slag C without any added calcium 170 

sulfate, the amount of aluminium in AFm was greater than the amounts observed in the neat 171 

system. Conversely, less was observed when using a low alumina slag (C140Sb) or spiking the mix 172 

with calcium sulfate (C140Sc$). It is interesting to note that, prior to attack, the amount of alumina 173 

in the carbonate AFm phases, that which is susceptible to form AFt, was either nearly matching 174 

or lower in the slag cements when compared to neat cement. However, it should be noted that 175 

AFm phases are partially XRD amorphous and therefore a comparison in peak intensity between 176 

two systems can be misleading; internal investigations seemed to suggest that the additional of 177 

slag improved the crystallinity of AFm hydrates. However, the addition of anhydrite in C140Sc$ 178 

converted much of the available alumina to ettringite during the early stages of hydration. Note 179 

that, as mentioned before, even for the more reactive slag C, the degree of hydration was only 180 

47%. Therefore, much of the alumina remained in unreacted slag.  181 

The total calcium content of the composite cements was lower when compared to the pure 182 

cement (Table 1, Figure 3). This was reflected in the lower calcium hydroxide contents in the slag 183 

cements.  184 
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4.2 Physical Observations of Paste under Sulfate Attack 185 

 186 

Figure 4 Visual Observations of Pastes Exposed to Na2SO4 Attack After 6 and 12 Months 187 

Figure 4 shows the extent of the damage of the pastes exposed to sulfate attack. By 6 months, 188 

the neat system had already shown large amounts of scaling on the surface of the cylinders, with 189 

initial cracking having been seen after just 2 months of exposure. By 12 months of attack, the 190 

sample was very friable and disintegrated readily even with careful handling. The slag blends, 191 

however, showed no signs of cracking after 6 months. Some cracking was seen at the top and 192 

C1 C140Sb C140Sc$ C170Sc C140Sc 

6 months 

12 months 
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bottom ends of the cylinders in pastes C140Sc and C140Sc$ only after 12 months of attack, with the 193 

extent of damage reduced with the presence of added sulfates.  194 

4.3 Sulfate profile 195 

Figure 5 shows the sulfate profile in pastes after 360 days of curing, measured by EDX analysis. All 196 

samples showed a slight increase in the sulfate content close to the surface, rising to a maximum 197 

at depths between 0.5 mm and 1 mm depending on the blend. The sulfate content then gradually 198 

fell back to background levels with the OPC system showing the greatest penetration depth. The 199 

depth at which the maximum sulfate content was seen reduced when using the more reactive 200 

slag and with higher slag contents. Also, as the slag content increased, the maximum amount of 201 

bound sulfates decreased.  202 

 203 

Figure 5 Sulfate Profile Measured on Paste Samples, by SEM-EDX, After 360 days of Curing Exposed to a 204 
Sulfate Solution 205 

4.4  Dissolution of the cement clinker and slag 206 

Determination of the phase composition by XRD Rietveld revealed that the kinetics of cement 207 

clinker hydration were similar to the reference samples cured under idealized conditions (Ca(OH)2 208 
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solution) [33]. Furthermore, slag dissolution did not appear to be exacerbated near the surface, 209 

despite the fact that sulfates may promote slag hydration [35]. As such, it was assumed that the 210 

degree of hydration of both the clinker and slag fraction in a blend was unaffected during sulfate 211 

attack.  212 

4.5 Alumina hydrates 213 

Figure 6 shows the evolution of the ettringite and AFm phases curing in a sulfate laden solution. 214 

Before exposure, all samples showed the formation of ettringite with carbonate AFm phases 215 

forming within 14 days of hydration (before exposure to sulfates).  When exposed to the 216 

aggressive media, the ettringite content increased in all systems; with reflections being most 217 

intense in the patterns from the neat system and decreasing with slag loading. 218 

Comparing the two mixes with 40 % replacement, the reflections were greatest for the blend 219 

containing the aluminium-rich slag (slag C).  Additionally analysis of this sample showed the 220 

progressive formation of a peak at ~9.8 ° 2政, previously observed by Fernandez Altable [21], which 221 

could correspond to monosulfate.  The sample with additional sulfate showed a similar evolution, 222 

however, the increase in the ettringite reflection intensity was less. 223 

The phase evolution was different still in the blend containing higher levels of slag. The increase 224 

in intensity of the reflection associated with the ettringite was accompanied by an increase in the 225 

intensity of the monosulfate reflection. 226 
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 227 

Figure 6 XRD Patterns Obtained from the Outer 1 mm of Pastes Cured for 360 Days in a 3 g.L-1 Na2SO4 228 
Solution. The patterns shown in grey are those obtained from samples prior to sulfate exposure.                                          229 

(E - Ettringite, Ms - monosulfate, Hc - Hemicarbonate, Mc - Monocarbonate, Ht ʹ Hydrotalcite, F ʹ C4AF) 230 

Hydrotalcite formed in all of the slag-cement blends. Traces were seen after 14 days, with levels 231 

increasing over time, both for those samples immersed in sulfate solutions (shown) or cured in a 232 

Ca(OH)2 solution (not shown). The blends prepared with the magnesium-rich slag C showed more 233 

intense reflections, while even stronger reflections were seen with increased slag contents 234 

EDX analysis provided an even greater insight into how the sulfates were bound to the cement 235 

hydrates.  S/Si v Al/Si plots shown in Figure 7 were obtained after 360 days of curing in a sulfate 236 

rich environment from three points; the very surface of the paste samples, at the depth where 237 

the greatest amount of sulfate was bound (Figure 5), and at a depth of 5= mm (where the sulfate 238 

content was measured to reach background levels).  239 
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At the very surface of the samples, there was a cloud of points, representative of the C-A-S-H. The 240 

data points lying along the trendline suggest the presence of ettringite in systems C1, C140Sb and 241 

C140Sc$, ettringite and monosulfate in system C140Sc, and monosulfate in C170Sc. At the depth 242 

where the sulfate content was measured to be the greatest (Figure 5), there was more evidence 243 

of ettringite, particularly in samples C1 and C140Sb, while monosulfate was predominant in all the 244 

blends prepared with slag C. At background levels, all of the samples showed typical unaffected 245 

compositions. Note also that gypsum had formed in samples C1 and C140Sb, at depths where the 246 

sulfate content was measured to be the highest, as indicated by data points lying above the AFt 247 

trendline.  248 
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 249 

Figure 7 S/Si/ v Al/Si plots for All Systems at Varying Depths Measured by SEM-EDX Analysis (x 250 

Denotes Depth, and x = 0 Represents the Measurements Taken Closest to the Surface) 251 
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Figure 8 shows the evolution of ettringite, as determined by x-ray diffraction, in the pastes 252 

exposed to a sulfate solution, measuring only the outer most 1 mm of the samples (Figure 1). All 253 

samples showed an increase in ettringite contents with time; with the neat system C1 showing 254 

both the highest ettringite levels and the greatest increase in ettringite content. As cement was 255 

replaced by slag, less ettringite precipitated, both prior to and following immersion in the sulfate 256 

solution. At 40% replacement, the blend containing the aluminium-rich slag C yielded slightly 257 

more ettringite than that containing slag B; at just over 20%, for blends C140Sc and C140Sc$. Very 258 

little ettringite precipitated in blend C170Sc by the end of the testing period. However, this does 259 

not reflect the total amount of ettringite possible in this specific blend. The rate of ettringite 260 

growth from 14 to 90 days of curing in a sulfate solution in the samples decreased as the slag 261 

content increased. C1 showed the fastest rate of ettringite precipitation, followed by all the 262 

samples prepared with 40% slag having compared rates of precipitation and blend C170Sc showed 263 

the lowest rate of ettringite increase. However, this was the only blend where ettringite levels 264 

had not reached a plateau in conjunction with the near total consumption of carbonate AFm 265 

(Figure 6). Rather, monosulfate had also formed which could potentially convert into ettringite at 266 

later ages.  267 
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Figure 8  Left: Ettringite Evolution Within the Outer 1 mm (± 2%) in all Pastes Exposed to a Sulfate 268 
Solution (Measured by XRD-Rietveld), Right; Slope of the Lines when Linearly Fitting the Points 269 

Between 14 and 90 Days. 270 

4.6 Portlandite 271 

Figure 9 shows the calcium hydroxide content from within the outer 1 mm of the pastes subject 272 

to attack. The levels of portlandite decreased over time, with it having either leached out of the 273 

samples or having been consumed during reactions involving sulfates to produce ettringite, 274 

monosulfate, or ultimately gypsum. Depletion was initially very fast, i.e. greater than 50% after 275 

just 2 weeks of exposure for all systems, but more gradual thereafter. After 6 months most 276 

samples showed just traces of portlandite.  277 

 278 

Figure 9 Leaching of Calcium Hydroxide, Measured by TGA, on Pastes Exposed to a Sulfate Solution 279 

4.7  Silica hydrates 280 

Table 4 illustrates the changes in composition of the C-A-S-H phases as a function of depth and 281 

time for each sample. The Ca/Si and Al/Si ratios were determined from Al/Ca versus Si/Ca atomic 282 

plots and analyzed as described previously [22, 36]; the Al/Si ratios were determined from the 283 

slope of the line originating from the origin drawn through the point with the lowest measured 284 
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Al/Ca to best avoid intermixing with other phases. The Ca/Si was taken as the point along that 285 

same line having the highest Si/Ca ratio. 286 

The slag cements had lower Ca/Si ratios than the neat cement, C1, typical of slag cements [18, 19], 287 

and as previously reported [22]. Upon sulfate exposure, all samples decalcified [37, 38]. In fact, a 288 

slight decalcification was observed at the very surface for all the systems after just 2 weeks of 289 

exposure to Na2SO4. Remarkably, C1 showed almost no decalcification over the first 6 months of 290 

exposure, while the C-A-S-H in all the slag blends had some evidence of decalcification by this 291 

point. This is likely due to a buffering effect of portlandite, maintaining the pH of the pore solution 292 

high enough to prevent C-A-S-H decalcification. However, by the end of the testing period, the 293 

neat system had proportionally decalcified the most, despite the late release of calcium, up to a 294 

depth of 1 mm. In all the slag blended systems, decalcification had only occurred to a depth of 0.5 295 

mm.  296 

The aluminium content of the C-A-S-H within the slag cements was higher than in the pure cement 297 

system. Exposure to sulfates led to a decrease in Ca/Si ratio [18, 19, 20, 22, 39]. However, there 298 

was no evidence of dealumination upon exposure [4, 40, 41], conversely, there was aluminium 299 

enrichment at the very edge of the sample. 300 

 301 

 302 

  303 
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Table 4 Changes in Ca/Si and Al/Si of the C-A-S-H Phase Measured on Pastes Exposed to a Sulfate 304 
Solution, Cured for 360 Days (± 0.05). Reference measurements were taken on samples cured for 28 305 

Days. 306 

depth [x] Time  C1 C140Sb C140Sc C140Sc$ C170Sc 

[mm] [days]* Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si 

reference 28 1.81 0.08 1.56 0.11 1.65 0.12 1.61 0.11 1.41 0.15 

0 28 1,67 0,05 1,47 0,1 - - 1,54 0,09 1,35 0,13 

  56 1,67 0,06 1,47 0,09 1,62 0,16 1,52 0,14 1,35 0,17 

  90 1,67 0,06 1,11 0,1 1,41 0,14 1,41 0,09 1,00 0,21 

  180 1,67 0,05 1,12 0,12 - - 1,26 0,17 0,94 0,23 

  360 1 0,13 1,09 0,18 1,05 0,17 1,25 0,15 0,87 0,21 

0,5 28 1,72 0,07 1,64 0,07 - - 1,72 0,09 1,41 0,15 

  56 1,78 0,06 1,78 0,09 1,79 0,09 1,69 0,06 1,45 0,16 

  90 1,85 0,05 1,78 0,09 1,75 0,09 1,78 0,09 1,39 0,11 

  180 1,78 0,05 1,75 0,11 - - 1,78 0,11 1,47 0,11 

  360 1,47 0,04 1,53 0,08 1,61 0,08 1,75 0,11 1,35 0,14 

1 28 1,75 0,07 1,61 0,09 - - 1,72 0,11 1,41 0,13 

  56 1,92 0,05 1,72 0,09 1,82 0,09 1,72 0,09 1,45 0,15 

  90 1,85 0,05 1,64 0,08 1,69 0,1 1,69 0,09 1,45 0,12 

  180 1,79 0,06 1,72 0,09 - - 1,75 0,12 1,47 0,17 

  360 1,72 0,06 1,75 0,09 1,72 0,09 1,78 0,11 1,49 0,13 

1,5 28 1,72 0,07 1,61 0,11 - - 1,79 0,1 1,45 0,16 

  56 1,88 0,06 1,72 0,1 1,82 0,09 1,72 0,1 1,45 0,16 

  90 1,82 0,06 1,67 0,1 1,72 0,1 1,69 0,09 1,47 0,15 

  180 1,75 0,06 1,64 0,1 - - 1,75 0,11 1,43 0,15 

  360 1,85 0,06 1,67 0,09 1,72 0,08 1,75 0,1 1,39 0,17 

2 28 1,78 0,06 1,62 0,1 - - 1,75 0,12 1,47 0,16 

  56 1,72 0,05 1,72 0,09 1,75 0,09 1,72 0,1 1,47 0,16 

  90 1,79 0,06 1,67 0,09 1,72 0,1 1,78 0,1 1,45 0,16 

  180 1,79 0,06 1,64 0,09 - - 1,75 0,1 1,45 0,16 

  360 1,85 0,06 1,64 0,1 1,69 0,09 1,79 0,09 1,47 0,15 

5 28 1,78 0,06 1,62 0,09     1,78 0,1     

  56 1,82 0,07 1,67 0,09 1,72 0,11 1,72 0,1 1,49 0,15 

  90 1,85 0,05 1,67 0,09 1,72 0,1 1,69 0,1     

  180 1,85 0,05 1,64 0,11     1,72 0,1 1,47 0,16 

  360 1,79 0,06 1,67 0,08 1,69 0,09 1,72 0,09 1,43 0,16 

* total curing time (sulfate exposure time = total curing time - 14 days) 

  307 
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4.8 Hydrotalcite 308 

Slag hydration leads to the formation of a hydrotalcite-like phase within the hydration rims of the 309 

slag grains. Table 5 shows the Mg/Al ratios of the phase formed in each systems. At 180 days, 310 

where measurements could be taken along the slag hydration rims with little interference from 311 

the hydrated mass, the ratio ranged from 2.67 for blend C140Sb to 1.93 for blend C170Sc. Generally 312 

more alumina was taken up by hydrotalcite when the alumina was more abundant. The addition 313 

of sulfate to a blend led to an increase in Mg/Al ratio, due to alumina being redistributed to form 314 

ettringite [22].  315 

After 360 days of curing the ratios had decreased compared to measurements taken after 6 316 

months of curing. A lowering of the Mg/Al with age was previously observed by Taylor et al. [42]. 317 

When comparing values taken either near the edge or at the sound core measured after 360 days, 318 

lower ratios were measured near the surface.   319 

Table 5 Mg/Al Atomic Ratio of the Hydrotalcite Phase Measured at 180 Days Curing in Ideal Conditions, 320 
Serving as Reference, and at 360 Days Curing in a Sulfate Solution with Measurements Taken Near the 321 

Surface and at a Depth of 5 mm 322 

  C140Sb C140Sc C140Sc$ C170Sc 

180 Days (lime) 2.67 2.01 2.2 1.93 

360 Days (Sulfate, x = 0 mm) 1.98 1.72 2.03 1.66 

360 Days (Sulfate, x = 5 mm) 2.11 1.99 1.95 1.78 

5 Discussion 323 

5.1 General 324 

As expected the main antagonist of sulfate attack, ettringite, had precipitated at the expense of 325 

the carbonate AFm (Figure 6). The amount of ettringite differed between blends, and lowered as 326 

the slag content increased (Figure 8). Although the alumina in slag could contribute to AFm 327 

formation, its release was limited H┞ ゲﾉ;ｪげゲ ﾉﾗ┘Wヴ ヴW;Iデｷ┗ｷデ┞ and the high Mg/Al of the slag. 328 
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Furthermore, in the conversion of AFm to ettringite 2 extra moles of Ca are needed and were 329 

likely sourced from calcium hydroxide. In the 40% slag blends, the differences in slag composition 330 

(Table 1) and reactivity [1] led to differing ettringite levels. Only a limited amount of ettringite had 331 

formed in C170Sc, the blend richest in alumina. Rather, monosulfate had formed during the testing 332 

period (Figure 6). TｴW aﾗヴﾏ;デｷﾗﾐ ﾗa けゲWIﾗﾐS;ヴ┞げ ﾏﾗﾐﾗゲ┌ﾉa;デW in slag blends exposed to sulfates 333 

had been noticed previously [21], and this was confirmed by EDX analysis 334 

figure 7). Even at the depths where the sulfate content was highest, the distribution of the points 335 

shifted such that monosulfate was increasingly prevalent as the slag content increased. Ettringite 336 

precipitation was rapid during the first 3 months of curing and was much slower thereafter. 337 

Interestingly, the rate of ettringite growth decreased as the slag content increased. 338 

Sulfates were also bound with calcium to form gypsum in blends C1 and C140Sb only. Several 339 

studies have found gypsum formation during sulfate attack, in studies relying on both weakly and 340 

strongly concentrated solutions [37, 38, 43, 44, 45, 46, 47]. Whether or not the formation of 341 

gypsum can contribute to expansion is often a subject of debate, however, the amounts formed 342 

in the aforementioned systems remained minuscule, i.e. undetected by XRD.  343 

5.2  Stability of hydrates 344 

It was seen in Figure 9 that CH levels fell during attack. It was unclear if CH was consumed to form 345 

ettringite, or simply leached out into solution, although a distinction was tentatively made in 346 

Figure 10. The increase in ettringite levels during attack, when plotted against the CH content, 347 

appears to show two stages of reaction. The ettringite content after 14 days of hydration was 348 

taken as a zero point. The diagonal grid lines follow the consumption of CH, assuming two moles 349 

react with monosulfate to give ettringite. In the first instance (i.e. from the bottom-right of the 350 

plot), where the data points draw a line following the slope of the grid lines, it would appear that 351 
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CH was most likely consumed to form ettringite, although some leaching of Ca into solution 352 

undoubtedly occurred during that stage too. When ettringite was no longer formed during attack, 353 

CH was no longer consumed to form ettringite and leaching predominated. This phenomenon was 354 

absent in blend C170Sc due to the very low CH content and the preferential formation of 355 

monosulfate in the slag rich system. This suggests that the aluminium found in AFm controls 356 

ettringite formation during this stage of attack, consuming the required amount of Ca from CH. 357 

 358 

Figure 10 Changes in Ettringite Levels Plotted Against that of CH during Sulfate Attack. Ettringite and CH 359 
amounts were estimated by XRD-Rietveld and TGA respectively 360 

The compositional stability of the C-A-S-H phase is shown in Table 4. The C-A-S-H phase proved 361 

stable for 180 days of curing in C1, after which it started to decalcify. In contrast, all the slag 362 

blended systems showed earlier onset of decalcification, typically after just 56 or 90 days of 363 

curing. This can be explained by the difference in CH contents. The presence of calcium hydroxide 364 

buffers the pH to a high enough value to stabilize C-A-S-H. In the slag cement systems, the CH 365 
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content was already diluted, and then upon sulfate exposure, depleted with time. The Al/Si of C-366 

A-S-H had increased at the very surface, where the Ca/Si of that same phase had lowered. As such, 367 

any availability of aluminium from C-A-S-H to form ettringite can be discounted in neat and slag 368 

composite cements.    369 

Much like the C-A-S-H phase, hydrotalcite also appeared to be stable in the presence of sulfates. 370 

If anything, the Mg/Al was lower in the attacked zone, indicating a slight uptake of alumina by the 371 

phase. This effect was also seen by KﾗﾏﾉﾃWﾐﾗ┗ｷJ Wデ al. [41] on alkali activated slag (AAS) exposed 372 

to sulfate attack. They concluded that sulfate attack had no effect on the structural organization 373 

of hydrotalcite. Furthermore, it was observed that the Mg/Al of the phase lowered with higher 374 

degrees of hydration (table 5). This was previously seen by Taylor et al. [42]. Consequently, with 375 

the C-A-S-H phase and hydrotalcite effectively providing refuge from sulfates for aluminium, any 376 

supply of aluminium to promote ettringite formation must come from the slag itself or from AFm 377 

phase. 378 

5.3 Mass Balance 379 

In order to confirm the hypothesis that only alumina from AFm phases and dissolving slag may 380 

participate in ettringite formation during sulfate attack, a mass balance was performed for all 381 

samples cured for 14, 90 and 360 days (see Fig. 11).  382 

After 14 days of curing, alumina was distributed in AFm, AFt, C-A-S-H and hydrotalcite in the 383 

neat system. As the sample continued to cure, alumina released by the clinker was primarily used 384 

to form AFm, although some was invariably distributed into C-A-S-H and hydrotalcite. This trend 385 

was also true in all of the slag blended systems. Furthermore, more alumina was bound to C-A-S-386 

H and hydrotalcite due to a higher Al/Si and Mg content of the C-A-S-H phase and slags 387 

respectively. Generally, the overall alumina contents in the slag cements were greater compared 388 
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to that of C1 owing to the high alumina content of the slags. The overall alumina content of a slag 389 

containing system depended on the composition of the slag and the level of replacement. 390 

However, much of the alumina in the slag systems remained in unreacted slag even after a full 391 

year of curing.  With regards to the AFm contents, only blend C140Sc had produced more AFm 392 

hydrates compared to C1. This can be explained by the higher reactivity of the slag combined with 393 

its high alumina content leading to a higher Al/S ratio in the pore solution promoting AFm growth 394 

[22, 29]. 395 

During sulfate attack, all the alumina in AFm had been consumed in C1 to form ettringite by 90 396 

days. This was also true in blend C140Sb. However, the situation was different in the blends 397 

containing the more alumina-rich slag C. The two blends prepared with 40 % slag C showed only 398 

partial conversion of AFm hydrates to ettringite by 90 days. By that time, only blend C1 showed 399 

some damage (Figure 1). The alumina distribution remained generally unchanged from 90 to 360 400 

days upon sulfate exposure. However, by this time, blends C140Sc and C140Sc$ showed some form 401 

of damage, despite no increase in their ettringite contents (Figure 8). For the slag blends, 402 

therefore, failure was not due to ettringite growth alone, and another mechanism must have been 403 

at play. This is strengthened by the fact that less ettringite had formed in the slag systems, 404 

including slag C despite the higher AFm content prior to sulfate attack. This suggests that 405 

aluminium is not the only element to be considered. Since additional calcium (from CH) is needed 406 

to convert AFm into ettringite (Figure 10), calcium is likely equally important, suggesting that 407 

some of the damage may be caused by its leaching in the blended systems.   408 
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 409 
Figure 11 Alumina Distribution after 14, 90 and 360 Days According to Mass Balance. (*) denotes the 410 

mass balance for samples curing in NaSO4 solution.  411 
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With respect to calcium (Figure 12), much of it was bound to C-A-S-H and CH. During attack, 412 

calcium levels in AFm hydrate depleted along with those in CH. To form ettringite from AFm, 413 

calcium would have to have been sourced from calcium hydroxide. However, less calcium 414 

hydroxide was present in the slag blends, due to dilution of the clinker hydrates and its 415 

consumption during slag hydration (Figure 9, Figure 10, at 14 days) [22]. However, the amount 416 

available from these phases is unclear as calcium would have also leached out of the samples. In 417 

the neat system, much more calcium had been removed from the C-A-S-H phase than in the slag 418 

blends (Table 4). 419 

 420 

 421 

Figure 12 Calcium Distribution after 360 Days of Ideal Curing and After 360 Days of Curing in a Sulfate 422 
Solution Estimated by Mass Balance. (*) denotes the mass balance for samples curing in NaSO4 solution.  423 
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 424 

Consequently, an attempt was made to determine whether the unreacted slag alone could 425 

account for ettringite formation upon exposure to sulphate solutions. After 1 year of hydration, 426 

all of the clinker phases had hydrated, while residual slag remained [22]. It was assumed that the 427 

slag had contributed only to formation of C-A-S-H phase and hydrotalcite. For this exercise, the 428 

Ca/Si of the C-A-S-H phase was taken as the average of the 3 measurements 0.0, 0.5 and 1.0 mm 429 

(Table 4). For the Al/Si, however, the uptake of alumina was only observed at the very outer layer. 430 

Therefore, the Al/Si ratio was taken as the average of the values measured at 0.5 and 1.0 mm. 431 

The Mg/Al ratio of the hydrotalcite phase remained unvaried from the values after 1 year of attack 432 

(Table 5, 360 days x = 0 mm (sulfate)). The Ca/Si and Al/Si ratios are shown in Table 6. 433 

Table 6 CaO, Al2O3, and MgO Distribution from the Remaining Slag Beyond 1 Year of Hydration [in 434 
grams] 435 

 C140Sb C140Sc C140Sc$ C170Sc 

remaining slag 17.4 12.8 13 28.1 

     SiO2 equivalent 7.2 4.5 4.5 9.8 

     CaO equivalent 6.7 4.9 5 10.8 

     Al2O3 Equivalent 1.3 1.7 1.7 3.7 

     MgO Equivalent 1.5 1.3 1.3 2.8 

     

C-A-S-H     

     Ca/Si 1.46 1.46 1.59 1.24 

     Al/Si 0.09 0.09 0.11 0.15 

     CaO demand 9.8 (6.5) 6.1 (4.1) 6.7 (4.1) 11.3 (8.8) 

     Al2O3 demand 0.6 0.3 0.4 1.4 

     

Hydrotalcite     

     MgO 1.5 1.3 1.3 2.8 

     Mg/Al 1.98 1.72 2.03 1.66 

     Al2O3 demand 1.0 0.9 0.8 2.1 

     

Difference     

     CaO -3.1 -1.2 -1.7 -0.5 

     Al2O3 -0.3 0.5 0.5 0.2 

 436 
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In blend C140Sb, based on EDX analyses, the C-A-S-H phase was determined to have a Ca/Si of 437 

1.46. Assuming that all the Si in the remaining anhydrous slag was consumed to form C-A-S-H, the 438 

amount of CaO needed to form C-A-S-H with a Ca/Si ratio of 1.46 equated to 9.8 g, more than 439 

what can be provided by the slag (6.7 g). Even when assuming an error of ± 0.05 (1.41<Ca/Si<1.51), 440 

the CaO demand varies from 9.5 to 10.1 g. Similarly, the Al/Si was estimated as 0.09, consuming 441 

0.6 g of the 1.5 g Al2O3 available.  Similarly, for the hydrotalcite phase, 1.0 g of Al2O3 would be 442 

required to maintain the Mg/Al of the phase (1.98 in blend C140Sb). Combined, the C-A-S-H phase 443 

and hydrotalicte would have consumed all of the aluminium released by the slag.  444 

Similarly, in the remaining 3 systems prepared with slag C, calcium was never present in sufficient 445 

quantities to produce the C-A-S-H phase and maintain the set Ca/Si ratios observed in Table 6. 446 

However, the Ca/Si of the C-A-S-H decreases with time in slag blended systems [42]. When 447 

comparing the same slag samples after 14 months and 20 years of curing, the Ca/Si of Op C-A-S-448 

H dropped from 1.55 to 1.33 for a blend prepared with 50% slag, and from 1.34 to 1.31 for a blend 449 

prepared with 75 % slag [19, 42].  Meanwhile, the C-A-S-H phase in an alkali activated system 450 

typically has a Ca/Si of 1 [48]. By recreating the CaO demand of the C-A-S-H assuming a Ca/Si = 1, 451 

the CaO demands for all the mixes brackets are obtained. Thus, the CaO demand by the C-A-S-H 452 

phase matches much more closely the CaO available in unreacted slags. Evidently, even if the 453 

Ca/Si will drop with time, it is most likely that it remain greater than 1. As such it is unlikely that 454 

calcium remained available to form ettringite, especially when considering leaching effects after 455 

prolonged periods of attack.  456 

The alumina demand by the C-A-S-H phase however remained modest in all the systems. Rather, 457 

hydrotalcite consumed much of the remaining aluminium. Together with the alumina demand for 458 

C-A-S-H formation, little to no alumina was remaining in blends in all the systems. Only, in blends 459 

C140Sc and C140Sc$ was alumina in slight excess, However, with a high combined demand of CaO 460 
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and Al2O3 from C-A-S-H and hydrotalcite, it would appear unlikely that ettringite levels would rise 461 

sufficiently for samples to show excessive damage. Rather, calcium would continuously leach over 462 

time, leading a loss of strength and decohesion as the C-A-S-H phase is stripped bare from all of 463 

its calcium leaving only a silica skeleton.  464 

5.4 Deterioration mechanism  465 

Thermodynamic modelling was used to calculate the saturation indices for ettringite [23] (Figure 466 

13) with the assumption that the C-A-S-H phase is in equilibrium or close to equilibrium with the 467 

surrounding pore solution [49]. 468 

 469 

 470 
Figure 13 Predicted Saturation Index (SI) of Ettringite (AFt) in a CʹSʹH Based Model Phase 471 

Assemblage 472 
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Figure 13 predicts the saturation index (SI) of ettringite (AFt) in a CにSにH based model phase 473 

assemblage with increasing Ca/Si ratios and alumina concentration in the pore solution. The 474 

saturation index is calculated as log(IAP/KS0), where IAP is the ionic activity product and KS0 is the 475 

equilibrium solubility product. The area of the plots etched with the diagonal lines show the area 476 

where the saturation index of ettringite is limited by solubility of monosulfate and gypsum. In this 477 

case the maximum SI of ettringite is close to 7 in log units.  478 

The SI for ettringite increases with increasing Ca/Si ratio of the CにSにH up to Ca/Si = 1.6, above 479 

which portlandite buffers the phase assemblage [23, 50]. It is apparent that the calcium ion 480 

concentration has an important impact on IAP, as it has the highest exponent apart from water, 481 

when compared to sulfate and Al concentrations (IAPAFt = {Ca2+}6{Al(OH)4
Ъ}2{SO4 482 

2
Ъ}3{OHЪ}4{H2O}26).  483 

At 0.5 mm, the C-A-S-H phase showed a Ca/Si > 1.5 and Al/Si between 0.4 and 1.4 (Table 4) 484 

corresponding to alumina concentrations ranging from 0.01 to 0.15 mM/L [49]. At that depth, the 485 

S/Si of the C-A-S-H phase varied from 0.08 to 0.15 (see Figure 14), corresponding to SO4
2- 486 

concentrations as high as 20 to 40 mmol/L [9, 51]. Consequently, the ettringite should have been 487 

strongly supersaturated in the investigated systems, even for the significantly lower sulfate 488 

concentration as revealed by modelling (Figure 13). Therefore, the pressure generated from the 489 

sulfur species alone would likely exceed the tensile strength of the systems [9] as ettringite 490 

formation led to material destruction. However, expansion should be much lower in systems 491 

poorer in calcium, with findings that the supersaturation of ettringite decreases in a pore solution 492 

being Ca deficient [23].  493 
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 494 

Figure 14 Variation of the S/Si of the C-A-S-H Phase With Depth for All the Investigated Systems. The 495 
S/Si ratio is illustrated in the S/Si v Al/Si atomic ratio plot; the minimum S/Si was taken as from the 496 

Bottom of the cloud of points 497 

Despite the fact that ettringite was calculated to be strongly supersaturated with regards to sulfur 498 

in all systems, ettringite levels did not change significantly after 90 days of curing in a sulfate 499 

solution (Figure 8), with the exception of C140Sc which showed remnants of AFm at later ages.  500 

The neat systems was characterized by having the highest AFm and CH content plus having a C-A-501 

S-H richest in Ca. As such, the pore solution was readily saturated with regards to ettringite leading 502 

to the most rapid ettringite growth exerting the greatest crystallisation pressure in pores. In 503 

response, the pastes were subject to rapid deterioration. By 90 days, AFt levels had reached a 504 

plateau and, despite some leaching, still had the greatest amount of CH remaining. The C-A-S-H 505 

phase showed minimal leaching by then. C1 resulted in the system that had formed the greatest 506 

amounts of ettringite during attack in a Ca rich system, and was therefore the system whose pore 507 

solution was the most supersaturated with regards to ettringite. As a result, the sample showed 508 

early signs of cracking from ettringite growth. 509 

In contrast, the slag cements showed much better resistance, with blends C140Sc and C140Sc$ to 510 

be the next ones to show appreciable damage, albeit after 12 months of aging in a sulfate solution. 511 

However, in all the slag systems containing 40 % slag, ettringite levels had already reached a 512 
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maximum, or almost, by 90 days. Ettringite levels rose to lower values during attack in the 40 % 513 

slag cements when compared to C1. These systems had less available Al (from AFm), and were 514 

more deficient in calcium. Additionally, EDX analysis reveals alumina bound to C-S-H and 515 

hydrotalcite were solidly bound to their respective hydrates and, consequently, the solutions 516 

were less supersaturated with regards to ettringite (when compared to theoretical calculations). 517 

This can only support the idea why slag systems were more resistant.  518 

However, by the end of the testing period, the samples still showed some damage. From 90 to 519 

360 days, the main changes in microstructure were associated with CH dissolution and C-A-S-H 520 

decalcification. Previous studies showed that in response to Ca leaching, porosity and strength of 521 

a system increases and decreases respectively [52, 53]. Additionally, leaching of calcium from the 522 

C-A-S-H phase, increasingly pronounced after 90 days of curing in a sulfate solution, can lead to 523 

significant shrinkage, further increasing porosity and loss of cohesion of the hydrated matrix [54, 524 

55]. In systems where ettringite can still be locally supersaturated despite Ca losses, the 525 

weakening of the structure could potentially lead to expansion, cracking and spalling. 526 

The weakening of the cement paste due to leaching in C170Sc may be the more likely failing 527 

mechanism too. Currently, monosulfate had formed instead of ettringite while CH had fully 528 

leached by 90 days of exposure. With Ca continuously being removed and the limited amount of 529 

monosulfate, damage by ettringite growth alone is unlikely, and rather Ca leaching is cause of 530 

failure in this blend.  531 

6 Conclusions 532 

Evident differences in microstructure have been observed between a neat cementitious system 533 

and slag blend systems. By 14 days of hydration, prior to exposure to external sulfates, neat 534 

cement hydrated quickly to produce a C-A-S-H phase rich in calcium and poor in aluminium, plus 535 
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AFm hydrates and ettringite. The incorporation of slag led to alumina enrichment in a calcium 536 

depleted C-A-S-H phase and a general reduction in AFm contents and, unless calcium sulfate was 537 

added, AFt contents. Hydrotalcite had also formed in slag hydration rims, with the quantity 538 

formed and the Mg/Al ratio being dependent on the Mg and Al contents of the slags. The work 539 

here suggests that a slag rich in Mg may aid resistance to sulfate attack, binding Al to form 540 

hydrotalcite. The total porosity of the slag cements was generally greater than that measured in 541 

the neat cement, but the porosity was finer.  542 

Only the neat system was readily attacked by sulfates. The addition of slag led to significant 543 

improvement in resistance to attack, with blends C140Sb and C170Sc being the two most resistant 544 

blends. During attack, ettringite levels rose in all the systems, with much of it forming within the 545 

first 3 months of attack, during which time carbonate AFm readily supplied alumina. CH was also 546 

consumed in the process. However, in the systems using the Al rich slag and containing no 547 

additional sulfate, monosulfate had also formed, the levels increasing with the total alumina 548 

content of the system. In C1, C140Sb and C140Sc$, monosulfate contents were absent or below 549 

detection levels and gypsum had formed in the 2 former blends. Simultaneously, CH levels 550 

dropped dramatically in weeks following exposure to Na2SO4 solution. Soon thereafter, C-A-S-H 551 

started decalcifying. In response, a sudden increase in alumina content was observed at the very 552 

surface of the samples. Hydrotalcite, however, was seen to be relatively stable during attack and, 553 

in fact, as hydration progressed, more alumina was bound to this hydrate.  554 

However, ettringite levels in all the systems had reached their near maximum values after 3 555 

months of attack with little to no evolution thereafter. Given the any physical damage to the slag 556 

cements was only seen after this time, then ettringite formation alone cannot be the cause of the 557 

cracking. With almost all of the cement having hydrated by this time, the only major available 558 

source of alumina remaining is therefore the slag. Mass balance calculations showed that there 559 
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was either insufficient calcium or alumina to generate sufficient ettringite growth in calcium-560 

depleted systems. Slight cracking seen in the slag blends was more likely due to calcium leaching 561 

effects opening up the microstructure. Then, in the event that ettringite is locally in 562 

supersaturation, cracking may start and propagate.  563 
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 569 

8 Appendix 570 

By adopting a mass balance approach [21, 56], the amount of aluminium and calcium released by 571 

the binder components can be tentatively determined and distributed among the hydrates, 572 

before and after attack. As such, the role of the main elements involved in damage, forming 573 

ettringite, can be distributed following the proposed steps: 574 

1. The atomic compositions of the clinker phases and slags, were determined by EDX 575 

analysis (table 7). Hydration kinetics were measured by XRD and SEM-BSE image analysis 576 

for the clinker and slag fraction respectively, and the amount of each element released 577 

was calculated. 578 

2. All of the Si was distributed into C-A-S-H and its aluminium and calcium demand 579 

was calculated from the Al/Si ratio. For the samples subject to attack, the Ca/Si was taken 580 

as an average of the first 1 mm (the degraded zone). Alumina uptake was observed only 581 
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at the very surface before regressing rapidly and as such the Al/Si was taken as an average 582 

value measured at 0.5 and 1 mm.  583 

3. All of the Mg released was allocated to a hydrotalcite-like phase (Ht). From the 584 

Mg/Al of the slag hydration rims, the Al demand was calculated, while a Mg/Al ratio of 2 585 

was assumed for C1 [48, 57] 586 

4. The ettringite content was experimentally determined by  quantitative XRD, and 587 

the required Al and Ca demand was subtracted from the remaining content 588 

5. The remaining Al was assumed to be in AFm phases, and the Ca required was 589 

calculated. XRD analysis revealed only carbonate AFm, i.e. monocarboaluminate (Mc), as 590 

the long term stable AFm hydrate in systems not subjected to sulfate attack [22]. In the 591 

attacked samples, monosulfate was considered whose molecular mass is slightly higher 592 

compared to Mc and Hc.  593 

6. The CH content was measured by TG, and the subsequent calcium demand 594 

calculated. Some Ca invariably remained, and waゲ Hヴ;ﾐSWS ;ゲ けW┝IWゲゲげく 595 

Table 7 Atomic Composition of the Clinker Phases 596 

C3S (Ca2.900 Mg0.061 Fe0.02 Na0.007 K0.013)(Al0.055 Si0.940 S0.003) O4.959     

C2S (Ca1.950 Na0.010 K0.040)(Mg0.011 Fe0.016 Al0.102 Si0.898 S0.006) O3.971     

C3A (Ca2.972 Mg0.028 Na0.016 K0.027)(Al1.628 Fe0.135 Si0.216) O6.006     

C4AF (Ca1.982Na0.006K0.012)(Al0.518Mg0.055Fe0.310Si0.117)O4.324    

Slag B Ca2.524 Na0.024 K0.053 Si2.457 Al0.539 Mg0.762 S0.087 O9.322   

Slag C Ca2.628 Na0.043 K0.036 Si2.212 Al0.995 Mg0.931 S0.139 O9.948   

 597 
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 599 
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