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 11 

Abstract: The progress of alkali-silica reaction in specimens consisting of reactive glass aggregate in a 12 

cement matrix was monitored using X–ray micro-computed tomography. The technique was used to 13 

study the formation of cracks in both aggregate particles themselves and the matrix, as well as to 14 

measure expansion. A model, based on the progressive formation of cracks in concrete, is developed 15 

and used to further examine the process of ASR, and the manner by which approaches used to control 16 

ASR expansion function. It is concluded that ASR-controlling measures work by reducing available 17 

alkali ions, but also by weakening the cement matrix. This means that a similar number of cracks forms 18 

in both highly expansive instances of ASR and instances where expansion is limited by the use of 19 

controlling measures, with only crack width differing. 20 

 21 

List of notations: 22 

a,b = a constants 23 

βg = the compressibility of ASR gel 24 

[Ca+]m = concentration of dissolved calcium ions in the cement matrix 25 

[Ca+]g = concentration of dissolved calcium ions in the ASR gel layer 26 
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DCa = diffusion coefficient of calcium ions through the calcified zone 27 

DR = diffusion coefficient of alkali ions through the calcified zone 28 

Ea = activation energy of the glass 29 

εl = linear strain 30 

εv = volumetric strain 31 

F = Pre-exponential factor 32 

la = radius of glass particle 33 

lg = thickness of ASR gel layer 34 

lc = thickness of calcified zone 35 

mCag = number of moles of dissolved calcium ions in the ASR gel layer 36 

mRg = number of moles of dissolved alkali ions in the ASR gel layer 37 

μ = mean of the natural logarithm of the critical gel pressure 38 

P1,2 = gel pressures required to form the first and second cracks in an aggregate particle 39 

ra  =  rate of reaction of aggregate 40 

R = gas constant 41 

[R+]m = concentration of alkalis in the cement matrix 42 

[R+]g = concentration of alkalis in the ASR gel layer 43 

σ = standard deviation of the natural logarithm of the critical gel pressure 44 

t = time 45 

tn = time at time interval n 46 

T = absolute temperature 47 

Va = volume of glass 48 

Va0 = volume of glass at time = 0 49 

Vc = volume of calcified zone 50 

Vg = constrained volume of ASR gel 51 

Vgu = unconstrained volume of ASR gel 52 
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Vm = volume of the cement matrix 53 

Vma = molar volume of the glass 54 

Vmg = molar volume of ASR gel 55 

xa = partial order of reaction of glass 56 

 57 

Keywords: Alkali-silica reaction, Modelling, Fracture & fracture mechanics 58 

  59 
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INTRODUCTION 60 

Alkali-silica reaction is a common concrete durability problem, involving the reaction of specific types 61 

of reactive silica-bearing aggregates with alkali ions and associated hydroxide ions, dissolved in the 62 

cement pore solution. The reactive silica component of the aggregate undergoes a gradual 63 

transformation to an expansive gel, leading to the development of stresses which, if sufficiently high, 64 

cause the cement matrix of the concrete to crack. 65 

 66 

The cracking of aggregate particles during ASR is a commonly observed phenomenon. Figg notes that 67 

it is often the case that configurations of three cracks meeting at the centre of aggregate particles are 68 

found when ASR-damaged concrete sections are examined by microscope (Figg, 1987). There has 69 

previously been uncertainty with regards to whether this ‘three-crack’ formation is the result of pre-70 

existing cracks (Maraghechi et al., 2012), initial crack formation within the aggregate followed by 71 

cracking of the matrix, or vice versa.  72 

 73 

Laser scanning confocal microscopy has identified the appearance of cracks in what were initially 74 

pristine borosilicate glass beads embedded in polished mortar specimens (Collins et al., 2004). In one 75 

set of photographs from these experiments, a single crack first appears across a bead after 7 days of 76 

testing. A second crack then appears at 14 days which runs from the surface of the bead to the existing 77 

crack, thus forming the three-crack feature. Only after these cracks form does a crack appear across 78 

the cement matrix, originating from the bead. 79 

 80 

In the classic interpretation of ASR, the internal stresses observed are the result of the swelling of ASR 81 

gel whose movement through the porosity of the cement matrix is hindered by a proportion of the 82 

gel incorporating calcium ions and becoming sufficiently viscous to present increasing resistance to 83 

exudation through the pores. Indeed, in at least one ASR model, the flow of gel has been used to 84 

permit a degree of relaxation of stress (Bažant and Steffens, 2000). 85 
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 86 

However, an experiment conducted by Ichikawa and Miura presents a different possibility with 87 

regards to the mobility of gel during ASR (Ichikawa and Miura, 2007). The researchers exposed glass 88 

spheres to a sodium hydroxide solution. The spheres were then exposed to a calcium hydroxide 89 

solution, followed by sodium hydroxide. After the second sodium hydroxide exposure, the glass 90 

spheres underwent cracking. The researchers attributed this to the following sequence: (i) the glass is 91 

converted to ASR gel, (ii) the gel is converted to a strong calcium silicate shell which seals the sphere, 92 

and (iii) subsequent exposure to sodium hydroxide solution leads to alkalis passing through the shell, 93 

forming more ASR gel – wholly confined within the shell – which leads to the fracture of the glass. 94 

 95 

These findings indicate two important points. Firstly, cracking of aggregate occurs as a direct result of 96 

ASR, and existing micro-cracks are seemingly not a prerequisite. Secondly, given that no porous matrix 97 

was available to present resistance to gel flow in Ichikawa and Miura’s experiments, it would appear 98 

that the outer shell is not a viscous fluid, but a solid. In fact, the rigidity of this calcium-rich shell had 99 

been observed prior to these experiments (Dent Glasser and Kataoka, 1982), but the extent to which 100 

it could withstand gel pressures – evidenced by the fracture of glass within – was not well-known. 101 

 102 

Various mechanisms have been proposed as causing the expansion of ASR gel. The most common 103 

explanation is that the process is osmotically driven (Diamond, 1989). It has also been suggested that 104 

the expansive forces are the result of the formation of a double layer comprising cations counteracting 105 

the negative charge of the ≡Si-OH groups at the silicate network surface after the initial scission of 106 

bonds of the aggregate mineral (Prezzi et al., 1997). However, theoretical calculations indicate that 107 

this mechanism is unlikely (Ichikawa et al., 2006). Instead, the researchers have proposed that the 108 

pressure developed within the gel is purely chemical pressure (Ichikawa and Miura, 2007) – in other 109 

words, the volume of the products of ASR simply occupy a larger volume than the reactants. 110 

 111 
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 112 

RESEARCH SIGNIFICANCE 113 

The formation of cracks in aggregate during ASR has potential significance for the process as a whole, 114 

since it creates new surfaces at which gel can form. Moreover, it provides a means of establishing the 115 

sorts of pressures which are being reached around aggregate particles. The confocal microscopy study 116 

discussed above had the disadvantage of requiring specimens in which the aggregate was unconfined 117 

by the cement matrix in one direction. This paper reports on a preliminary study used to establish 118 

whether cracking of concrete aggregate can be observed wholly in-situ by X-ray micro-computed 119 

tomography. Furthermore, interpretation of the quantitative and qualitative results obtained from CT 120 

scanning is conducted with the aid of a model which allows Ichikawa and Miura’s proposed ASR 121 

mechanism to be further evaluated, along with the effect of aggregate cracking on ASR expansion. 122 

 123 

MATERIALS AND EXPERIMENTAL METHODS 124 

Portland Cement and Fly Ash 125 

The Portland cement used was a CEM I cement of strength class of 52.5, as defined by BS EN 197-1 126 

(BSI, 2011). Its composition is given in Table 1. 127 

 128 

The fly ash conformed to BS EN 450 (BSI, 2012) and was a Category A material in terms of loss-on-129 

ignition, and Category N in terms of fineness. 130 

 131 

Glass 132 

The reactive aggregate used for the experiments was soda-lime-silica glass, since this is known to 133 

undergo ASR, and its uniform, pore-free texture makes crack formation easy to detect. 134 

 135 

The glass particles used in the experimental programme were made of green glass from multiple 136 

bottles of a single brand of mineral water. The bottles were broken and the fragments reduced in size 137 



7 
 

in a jaw crusher. The glass particles were then classified in a sieve and the fraction passing an 8 mm 138 

sieve and retained on a 5 mm sieve was used. 139 

 140 

The chemical composition of the glass is given in Table 1. 141 

 142 

Chemical Reagents 143 

The alkali contents of the cement pastes were achieved through additions of potassium sulfate 144 

(K2SO4). Reagent-grade K2SO4 was used during the experiments. One specimen also had a quantity of 145 

reagent-grade lithium hydroxide (LiOH) added during mixing. 146 

 147 

Table 1. Major oxide composition of the cements and glass used in the study. 148 

 %, by mass 

PC Glass FA 

CaO 64.07 10.78 6.89 
SiO2 20.47 70.83 56.32 
Al2O3 4.69 2.15 22.45 
Fe2O3 2.84 0.41 5.54 
MgO 1.15 1.50 1.54 
TiO2 0.20 0.06 1.01 
P2O5 0.24 0.03 0.93 
MnO 0.06 0.02 0.06 
Na2O 0.44 13.16 1.45 
K2O 0.67 0.93 2.39 
SO3 5.131 0.095 1.435 
Cl 0.063 0.030 0.009 

 149 

Specimen Preparation 150 

Specimens of small dimension were used for the micro-CT monitoring of ASR to ensure a relatively 151 

high resolution image. It was deemed beneficial from an imaging perspective to use specimens with a 152 

uniform thickness in one direction and so polyethylene cylinders with an internal diameter of 22 mm 153 

and an internal height of 70 mm were used to cast the specimens. 154 
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 155 

Cement paste mixes were prepared in the proportions given in Table 2. Mixes 1, 2 and 3 were prepared 156 

with differing water / cement ratios (0.7, 0.6 and 0.8 respectively) and Portland cement as the binder. 157 

Mixes 4 to 6 were mixes in which measures known to limit expansive ASR were employed. The cement 158 

fraction of Mix 4 was composed of 50% Portland cement and 50% fly ash. Mix 5 contained a reduced 159 

alkali content, and Mix 6 contained an addition of lithium hydroxide.  160 

 161 

Table 2.  Constituents of the cement pastes used in the study. 162 

MIX CONSTITUENT, g Na2O 
EQUIVALENT, 
kg/m3 (Li not 

included) 

w/c RATIO 

Portland 
Cement Fly Ash Water K2SO4 LiOH 

1 50 0 35 5.96 0 5 0.7 
2 50 0 30 5.96 0 5 0.6 
3 50 0 40 5.96 0 5 0.8 
4 25 25 35 2.98 0 2.5 0.7 
5 50 0 35 2.98 0 2.5 0.7 
6 50 0 35 5.96 1.35 5 0.7 

 163 

Whilst the exposure conditions used to accelerate ASR were those of BS 812-123 (BSI, 1999), the mix 164 

proportions employed in the standard were not replicated. In particular, the alkali content (expressed 165 

as sodium oxide equivalent, Na2Oeq) used was higher than that used by the standard test method (5 166 

or 2.5 rather than 1 % Na2Oeq by mass of cement), with a view to achieving a faster rate of reaction. It 167 

should be noted, however, that in doing this, the solubility limit of K2SO4 (around 120 g/l at 25°C) was 168 

exceeded in the case of Mixes 1, 2, 3 and 6. 169 

 170 

To limit variation in the ratio of aggregate to cement between specimens, preparation took the form 171 

of filling the cylinders with glass aggregate first. The glass particles were placed into the polyethylene 172 

tubes, which were then tapped to cause the particles to undergo compaction. Additional glass 173 

particles were then added until the tubes were completely filled with well-compacted particles. 174 
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 175 

The pastes were mixed by hand until a homogeneous paste was obtained, and poured into the top of 176 

each tube. The tubes were then vibrated using an electronic test-tube shaker and the process 177 

repeated until the tubes were filled with cement paste. The fly ash had a relatively high alkali content 178 

(3.02 % Na2Oeq) and so the alkali addition was reduced to the same level as the low-alkali mix. This 179 

approach yielded an aggregate fraction (by volume) of 0.66 in all specimens, measured by analysis of 180 

CT scan images. 181 

 182 

Due to the high K2SO4 content of the pastes, some thickening was observed and adequately flowing 183 

pastes were only achieved with higher water/cement (w/c) ratios than that used in BS 812-123. 184 

 185 

ASR Reaction 186 

The exposure conditions used to accelerate ASR were essentially those of BS 812-123 (BSI, 1999). The 187 

cylinders were demoulded after 24 hours and wrapped in a square of cotton fabric, secured using 188 

elastic bands. They were then placed into individual water-tight plastic bags and 3 ml of distilled water 189 

poured in, before being sealed. The specimens were then placed in a sealed polyethylene box which 190 

contained a quantity of water, on a frame which kept them above the water level. This box was stored 191 

in an environmental chamber whose temperature was maintained at 38±2°C. 192 

 193 

The cylinders were removed periodically for micro-CT scanning. After scanning, the cylinders were 194 

wrapped in the same piece of fabric, placed in their bag and 3 ml of distilled water added prior to 195 

sealing and returning to the environmental chamber. 196 

 197 

CT Scanning 198 

3-dimensional CT scans were obtained using a Nikon XTH225ST micro-CT scanner. Specimens were 199 

mounted in the scanner directly after having been removed from their wrapping. A tungsten excitation 200 
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target lens was used, under operating conditions of 115 kV and 312 μA, with the specimen positioned 201 

150 mm away from the X-ray source.  A 0.5 mm copper filter was used, with the specimen revolved in 202 

0.11 ° increments, and images were generated using a 2-frame averaging technique. 203 

 204 

Under these conditions, the width of one pixel on the resulting images corresponded to a distance of 205 

14.49 μm. However, it should be noted that features in the images smaller than this are potentially 206 

still visible where there is a strong contrast with the surrounding material. 207 

 208 

The 3-dimensional images were employed in three ways. Firstly, a section through the circumference 209 

of each cylinder was selected using the CT image analysis software (VGStudio Max 3.3.6, Volume 210 

Graphics GmbH) at an arbitrary depth along the scanned length. This section was located after each 211 

scan and an image captured to allow changes in the specimens to be visualised in a sequential manner. 212 

Secondly, the software was used to fit a cylinder to the surface of the 3-dimensional image and this 213 

was used as a means of monitoring the expansion of the cylinders in terms of the increase in diameter. 214 

 215 

RESULTS 216 

Figures 1 to 3 show sections through specimens containing Portland cement pastes with different 217 

water / cement ratios (Mixes 1 – 3) at selected test ages.  By 63 days, cracking of the glass particles is 218 

evident in the 0.6 and 0.7 w/c ratio specimens, the first of which are visible at a test age of 35 days. 219 

The magnitude of damage to the glass particles is highest in the specimen with a w/c ratio of 0.7. In 220 

the 0.8 w/c ratio specimen, only a small number of cracks are evident, which are relatively short and 221 

remain barely detectable throughout the 12 month period. There is little to suggest that these cracks 222 

were pre-existing: within the resolution of the imaging method, the original particles appear to be 223 

pristine. The aggregate cracks are initially very narrow, but become wider and, therefore, clearer with 224 

time. By the end of the test period, further cracks have appeared in the 0.6 and 0.7 w/c specimens. In 225 

many cases, this leads to the formation of three-crack configurations, where new cracks run into a 226 
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previously-formed crack and terminate. In addition, a dark rim can be seen around many – but not all 227 

– of the particles at later ages. This is presumed to be space occupied by ASR gel. 228 

 229 

Whilst there is little damage to the glass particles in the 0.8 w/c ratio specimen, cracks running through 230 

the cement matrix between glass particles and the specimen surface are visible on close examination. 231 

These cracks are more clearly visible in the images of the specimen surfaces in Figure 4. Surface 232 

cracking is most evident in the 0.6 w/c specimen, with the least in the 0.8 w/c specimen. 233 

 234 

Figure 5 shows expansion versus time measured in the specimens where w/c ratio was the variable 235 

parameter (Mixes 1 – 3), with linear strain expressed in terms of the change in the average of the 236 

cylinder diameter along the scanned length. The plot resembles ASR expansion observed in concrete 237 

specimens of larger dimensions: expansion starts at a relatively rapid rate, but gradually slows down 238 

until dimension change effectively ceases. The magnitude of expansion differs considerably between 239 

the three specimens, with the lowest w/c ratio yielding the highest strain. 240 

 241 

It is normal to expect that expansion from ASR should decline with w/c ratio, due to greater resistance 242 

to the forces deriving from gel formation. However, it has been observed that a decline in expansion 243 

often occurs as w/c increases beyond a certain value (Lenzner, 1981; Krell, 1986). Thus, a ‘pessimum’ 244 

w/c may exist around 0.5, above and below which expansion declines. It has been proposed that the 245 

higher porosity in high w/c concrete leads to dilution of alkali in the larger pore fluid volume (Lenzner, 246 

1981). 247 
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 248 

Figure 1. Section through the 0.6 w/c ratio specimen (Mix 2) at selected ages. Arrows indicate the 249 

appearance of aggregate cracks. 250 
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 251 

Figure 2. Section through the 0.7 w/c ratio specimen (Mix 1) at selected ages. Arrows indicate the 252 

appearance of aggregate cracks. 253 
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 254 

Figure 3. Section through the 0.8 w/c ratio specimen (Mix 3) at selected ages. Arrows indicate the 255 

appearance of aggregate cracks. 256 
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 257 

Figure 4. Surface images constructed from CT scans of the cylindrical specimens scanned at 357 258 

days (Mix 6 = 344 days). 259 

 260 

The magnitude of strains measured in the specimens is considerably higher than those observed using 261 

the larger conventional concrete prism specimens used in BS 812-123. This is presumably the result of 262 

the smaller specimen size, which is likely to present less resistance to expansion, and possibly the 263 

higher dosage of alkalis. It should also be noted that the extent of surface cracking, specifically in terms 264 

of crack widths, is in agreement with the magnitude of expansion displayed by the three specimens.  265 
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 266 

Figure 5. Expansion of cylinders with different water / cement ratios, measured in terms of 267 

increase in average diameter (dashed lines are generated by the model described in this paper). 268 

 269 

Figure 6 shows sections through the specimens incorporating measures to control ASR expansion. In 270 

all cases there is no evidence of cracking of glass particles, but surface cracking is evident, again, most 271 

clearly seen in the surface images in Figure 4. Cracking is most substantial in the case of the specimen 272 

containing LiOH, where the density of cracks would appear to be comparable with the PC mix with a 273 

w/c ratio of 0.7. Whilst it initially appears that cracking is absent in the case of the specimen containing 274 

fly ash, closer examination indicates that there are many cracks – albeit extremely narrow - on its 275 

surface (the image includes a further magnified region of the surface with enhanced contrast to show 276 

these cracks more clearly). Thus, crack density appears to be similar for all specimens, with only crack 277 

width varying and mirroring the magnitude of expansion measured (Figure 7). 278 

 279 

 280 
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 281 

Figure 6. Section through the Mix 4, 5 and 6 specimens at the beginning and end of the testing 282 

programme. 283 
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 284 

Figure 7. Expansion of cylinders utilising different ASR control measures, compared to a PC control, 285 

measured in terms of increase in average diameter (dashed lines are generated by the model 286 

described in this paper). All water / cement ratios = 0.7. 287 

 288 

Some darker rims are again visible around the particles, but barely visible in the case of the specimen 289 

containing fly ash. However, they are present to some extent from the beginning of the experiment. 290 

 291 

DISCUSSION AND APPROACH TO MODELLING 292 

A number of features of the CT-scan images and their progression appear to support the previously 293 

discussed experimental observations from the literature. In particular, the cracking of aggregate either 294 

prior to any cracking of the cement matrix - or at least simultaneous to it – is confirmed. This strongly 295 

implies that a strong shell is formed between the ASR gel layer around aggregate particles and the 296 

cement matrix, acting to restrain expansion until the shell fractures. Additionally, the presence of a 297 

seemingly similar density of cracks on the surface of all specimens, but widely differing crack widths, 298 

points to certain aspects of the ASR process which have been under-examined previously. 299 
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 300 

It was considered useful to translate this proposed mechanism into a more formal model, to allow its 301 

validity to be explored, with the quantitative and qualitative results of CT scanning used as a means 302 

of validation. 303 

 304 

Approach to Modelling Expansion 305 

It was decided that the model should take into account the observed formation of cracks in the 306 

aggregate, since this has the potential to change the rate at which ASR progresses. It is therefore useful 307 

to set the scene for such a model by bringing together both the results of CT scanning presented 308 

above, and the ideas surrounding the encapsulating shell mechanism of ASR. 309 

 310 

If it is to be assumed that the formation of a calcium-rich shell around the ASR gel is able to prevent 311 

its flow into concrete pores, the build-up of pressure will only be relieved when the shell - and the 312 

cement matrix it is adjacent to - ruptures. At this point, there will be a near-instantaneous expansion 313 

of the confined gel, with the newly-created crack providing space into which the confined ASR gel can 314 

exude. Thus, expansion deriving from a specific aggregate particle will be a discrete event: only 315 

occurring instantaneously when fracture of the surrounding matrix occurs, and ceasing immediately 316 

afterwards. Extending this idea, expansion of a collection of aggregate particles in a cement matrix 317 

(i.e. concrete) can be viewed as a sequence of discrete fracture and expansion events. 318 

 319 

ASR Reaction Products in the Model 320 

If the position is initially adopted that expansion resulting from ASR is solely the result of the 321 

transformation of reactive aggregate into a product with a higher volume, it will be necessary to 322 

examine what this means for the case of glass aggregate. It is first useful to treat soda-lime-silica glass 323 

as a chemical compound, with the composition NaSi3O6.5, which, using an assumed density of 2500 324 

kg/m3, has a molar volume of 84.5 cm3/mol. 325 
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 326 

It has been proposed that the most appropriate analogue for ASR gel is the mineral kanemite 327 

(NaHSi2O5·3H2O) (Wieker et al., 1995). Certainly, kanemite has a Na2Oeq:SiO2 ratio of 0.26, which is 328 

close to the composition of ASR gel – typically between 0.15 and 0.25 (Davies and Oberholster, 1988; 329 

Knudsen and Thaulow, 1975). Moreover, it shares many of the same structural features of ASR gel 330 

(Hou et al., 2005; Wieker et al., 1995). 331 

 332 

If it is assumed that kanemite is the reaction product where glass comes into contact with sodium and 333 

associated hydroxide ions, the reaction will take the form: 334 

2NaSi3O6.5 + Na+ + OH- + 10H2O  3NaHSi2O5·3H2O 335 

Since kanemite has a molar volume of 111.1 cm3/mol (Garvie et al., 1999), there is an increase in 336 

volume of 97%. This figure is arrived at under the assumption that the water, sodium ions and 337 

hydroxide ions are initially located on the exterior of the calcium-rich shell surrounding the aggregate, 338 

and diffuse through the shell to take part in the reaction. 339 

 340 

However, potassium was used in the experiments as a means of increasing the alkali content. A 341 

potassium-bearing compound (KHSi2O5), structurally comparable to kanemite, exists (Le Bihan et al., 342 

1971; Deng et al., 1989), albeit with no water of crystallisation. Previous work has implied a continuous 343 

solid solution between kanemite and KHSi2O5, of the form (Na,K)HSi2O5.nH2O (Kirkpatrick et al., 2005). 344 

However, there appears to be little experimental evidence of this. Therefore, assuming discrete 345 

volumes of sodium and potassium kanemite are formed, the following reaction occurs: 346 

2NaSi3O6.5 + K+ + OH- + 7H2O  KHSi2O5 + 2NaHSi2O5·3H2O 347 

The molar volume of KHSi2O5 is 72.3 cm3/mol, yielding a lower volume increase than where only 348 

sodium kanemite is formed: 74%. It is typically observed that potassium produces less expansion than 349 

sodium during ASR (Lu et al., 2006). It is assumed that it is this second reaction which is occurring in 350 

the experiments, since the quantity of potassium considerably outweighs that of sodium. 351 
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 352 

Whilst X-ray diffraction of ASR gel identifies features which are observed in kanemite, the gel has little 353 

long-range order (Kirkpatrick et al., 2005). It has been proposed that this is the result of the formation 354 

of a suspension of colloidal particles of kanemite, with NMR results suggesting cross-linking of the 355 

particles to create a fully interconnected network. Thus, the presence of free water between the 356 

kanemite particles may also contribute to expansion. Indeed, expansion of synthetic ASR gel has been 357 

determined to be as high as around 125% (Struble and Diamond, 1981), implying that the presence of 358 

free water must play a role. However, as well as additional water, application of pressure was also 359 

required to induce this level of expansion. 360 

 361 

The model proposed in the next section takes the initial position of assuming that the change in 362 

volume is the result of a straightforward chemical transformation and does not involve free water. 363 

This, of course, does not that mean assuming that water is not involved – it is clearly necessary for the 364 

transport of ions and as constituents of the reaction products. It should not be presumed that the 365 

author considers this mechanism the correct one. Rather, it is a means of exploring whether it is 366 

credible. 367 

 368 

THE ASR MODEL 369 

The approach taken to modelling ASR presented in this paper essentially follows the ASR mechanism 370 

outlined by Ichikawa and Miura (Ichikawa and Miura, 2007). However, it also includes the 371 

phenomenon of aggregate fracture. This aspect was deemed as having potential significance, since 372 

fracture clearly generates new surfaces which are also able to take part in the reaction. If a spherical 373 

aggregate particle is used by way of example, fracture of the particle across its widest thickness will 374 

yield two surfaces, effectively increasing the total aggregate surface area by 50%. 375 

 376 

In addition, the model initially makes the following assumptions and simplifications: 377 
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• the development of pressure in the ASR gel is the result of chemical pressure; 378 

• the calcified zone around the ASR gel is wholly impermeable to the gel, but permeable to ions 379 

moving from outside of the calcified layer into the gel; 380 

• sodium and potassium are treated as being a generic alkali, R. 381 

The model developed was a discrete-time model comprising a sphere of reactive aggregate embedded 382 

in a hollow sphere of cement matrix. The aggregate sphere initially has a radius la. The cement matrix 383 

shell has a thickness of lm. During ASR, two reaction products form. ASR gel is formed through a 384 

conversion of the aggregate particle, starting from its outer surface. This layer has a thickness lg. 385 

However, at the interface between the gel and the cement matrix, a calcified layer will begin to form 386 

as a result of the gel reacting with calcium ions. The calcified layer has a thickness lc. This configuration 387 

is shown in Figure 8 as a two-dimensional diagram. 388 

 389 

Figure 8. Schematic diagram of the ASR model. 390 

The volume of ASR gel, Vg, is: 391 

𝑉𝑉𝑔𝑔 =
4
3
𝜋𝜋 ��𝑙𝑙𝑎𝑎 + 𝑙𝑙𝑔𝑔�

3 − 𝑙𝑙𝑎𝑎
3� 392 

Eq1. 393 

The rate at which the conversion of aggregate to ASR gel occurs is dependent on the quantity of free 394 

alkali ions in the zone occupied by gel. This is controlled by the rate at which alkali ions can diffuse 395 

through the calcified zone. These ions are assumed to diffuse in a manner described by Fick’s first law. 396 
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If it is assumed that, because the calcified zone is thin and the area of its inner surface area 397 

approximates that of its outer surface, the increase in the number of moles of free alkali ions in the 398 

gel over a time interval Δt is given by the equation  399 

∆𝑚𝑚𝑅𝑅𝑔𝑔 = 4𝜋𝜋𝑙𝑙𝑎𝑎02 𝐷𝐷𝑅𝑅
�[R+]𝑚𝑚 − [R+]𝑔𝑔�

𝑙𝑙𝑐𝑐
∆𝑡𝑡 400 

Eq2. 401 

where [R+]m is the concentration of free alkalis in the pore solution of the cement matrix; [R+]g is the 402 

free alkali concentration in the gel; DR is the diffusion coefficient of alkalis through the calcified zone; 403 

la0 is the original radius of the glass particle; and mRg is the number of moles of R+ in the gel. For 404 

simplicity, [R+]g is defined as: 405 

[R+]𝑔𝑔 =
𝑚𝑚𝑅𝑅𝑔𝑔

𝑉𝑉𝑔𝑔
 406 

Eq3. 407 

This approach treats the gel exclusively as a volume of water. This is clearly not the case. However, 408 

given the uncertainty of how much of the gel volume is free water and how much is chemically-bound 409 

in the gel, this is a tolerable compromise. The consequence of this is that during refinement of model 410 

parameters, DR will be underestimated, and should be viewed as an ‘effective’ diffusion coefficient. 411 

 412 

In the model, alkali ions can exist in two states: free and bound. Free ions are in aqueous solution and 413 

contributing to either [R+]m or [R+]g (and mRm and mRg). Bound ions are incorporated into the ASR gel 414 

and, thus, unable to take part in any further reaction. It is assumed that the free alkalis entering the 415 

gel are accompanied by an equal concentration of OH- ions. [R+]m is reduced by the amount of alkalis 416 

entering the gel. In the case of [R+]m, only a fraction of the matrix volume is free water capable of 417 

dissolving alkali ions. This fraction is more readily estimated than for the case of the gel. However, 418 

because there is still a degree of uncertainty, it was decided to take the same approach as for the gel: 419 

[R+]𝑚𝑚 =
𝑚𝑚𝑅𝑅𝑚𝑚

𝑉𝑉𝑚𝑚
 420 

Eq4. 421 
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mRm is the mass of alkali in the cement matrix, and Vm is the volume of the cement matrix. The effect 422 

of this on estimation of DR is to act against the underestimation deriving from the simplified treatment 423 

of alkali concentration in the gel. 424 

 425 

A proportion of free alkalis in the gel zone will react with the glass surface to give a combination of 426 

kanemite-like compounds as described in the discussion, but where the alkalis are all R, allowing the 427 

reaction to be simplified to: 428 

2RSi3O6.5 + R+ + OH- + 7H2O  3RHSi2O5·2H2O 429 

For this reaction, it is assumed that precisely the required quantity of water enters the gel from the 430 

cement matrix through the calcified layer at a rate identical to that of the alkali ions. 431 

 432 

The nature of the kinetics of the reaction between OH- ions and silica minerals has been examined by 433 

Kim and Olek (Kim and Olek, 2014), with reference to experimental results obtained by Brady and 434 

Walther (Brady and Walther, 1990), which demonstrate a dependence on the ionic strength of the 435 

solution in contact with the mineral. They derived an equation for the rate of reaction which, modified 436 

to the scenario described by the model, takes the form: 437 

𝑟𝑟𝑎𝑎 = (4𝜋𝜋𝑙𝑙𝑎𝑎2)𝐹𝐹𝑒𝑒−𝐸𝐸𝑎𝑎/𝑅𝑅𝑅𝑅[R+]𝑔𝑔
𝑥𝑥𝑎𝑎+0.2 438 

Eq5. 439 

where F is the pre-exponential factor with units of mol/m2/s, Ea is the activation energy of the glass 440 

(J/mol); R is the gas constant (J/mol.K); T is absolute temperature (K); xa is the partial order of the 441 

reaction which is dependent on the nature of the glass, but may also change with temperature; and 442 

the term in curved brackets is the surface area of the glass sphere. 443 

 444 

The reduction in the number of moles of free alkali in the gel over an interval Δt will be: 445 

∆𝑚𝑚𝑅𝑅𝑔𝑔 =
𝑙𝑙𝑎𝑎
2
∆𝑡𝑡 446 
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Eq6. 447 

The reduction in the volume of aggregate as a result of reaction during this time interval is: 448 

∆𝑉𝑉𝑎𝑎 = 𝑙𝑙𝑎𝑎𝑉𝑉𝑚𝑚𝑎𝑎∆𝑡𝑡 449 

Eq7. 450 

where Vma is the molar volume of glass. Aggregate volume is related to aggregate radius, la, by the 451 

formula: 452 

𝑙𝑙𝑎𝑎 = �3𝑉𝑉𝑎𝑎
4𝜋𝜋

3
 453 

Eq8. 454 

The calcified layer around the ASR gel layer grows as a result of the diffusion of Ca+ ions through itself. 455 

Again, the approach taken in developing the model was to treat the calcified layer as a chemical 456 

compound of fixed stoichiometry. A composition for the calcified layer was arrived at using a Ca/Si 457 

ratio located at the midpoint of the typical range for CSH gel (1.5), and assuming that all SiO2 and 458 

alkalis are retained from the ASR gel. Thus, the formula for the calcified zone was: 459 

2Si2RHO5·H2O + 6Ca2+ + 12OH-  Ca6R2Si4O15·9H2O 460 

Although Ca6R2Si4O15·9H2O is a notional compound used to simplify the model, characterisation of the 461 

Na2O-CaO-SiO2-H2O system has identified a sodium-substituted solid solution phase which 462 

accommodates this composition (Brown, 1990). There is an absence of data regarding the equivalent 463 

potassium-containing system. 464 

 465 

It is assumed that the calcium ions passing through the calcified zone react immediately with the ASR 466 

gel such that the zone thickens inwards towards the centre of the sphere. This mechanism has been 467 

confirmed by measurements of ion concentrations from the inside and outside of particles of silica gel 468 

exposed to mixed solutions of sodium and calcium hydroxide (Dent Glasser and Kataoka, 1982). The 469 

resulting calcified zone is considered wholly insoluble. The number of moles of Ca2+ passing through 470 

the calcified zone into the gel in time interval Δt is: 471 
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∆𝑚𝑚𝐶𝐶𝑎𝑎𝑔𝑔 = 4𝜋𝜋𝑙𝑙𝑎𝑎02 𝐷𝐷𝐶𝐶𝑎𝑎
�[𝐶𝐶𝐶𝐶2+]𝑚𝑚 − [𝐶𝐶𝐶𝐶2+]𝑔𝑔�

𝑙𝑙𝑐𝑐
∆𝑡𝑡 472 

Eq9. 473 

where [Ca2+]g is 0, due to the assumed instantaneous nature of the reaction. 474 

 475 

It is assumed, given the apparent volume stability of the calcified zone, that it has a molar volume 476 

exactly half that of the ASR gel (Vmg, 36.2 cm3/mol for the combination of potassium and sodium gel 477 

formed when potassium is the main source of alkali), since two moles of gel form one mole of calcified 478 

compound. Thus, the increase in volume of the calcified zone over a time interval Δt is: 479 

∆𝑉𝑉𝑐𝑐 =
∆𝑚𝑚𝐶𝐶𝑎𝑎𝑔𝑔

12
𝑉𝑉𝑚𝑚𝑔𝑔 480 

Eq10. 481 

Thus, the calcified zone thickens by: 482 

∆𝑙𝑙𝑐𝑐 = �
∆𝑉𝑉𝑐𝑐 −

4
3 �𝑙𝑙𝑎𝑎 + 𝑙𝑙𝑔𝑔�

3

−4
3𝜋𝜋

3

− 𝑙𝑙𝑎𝑎 − 𝑙𝑙𝑔𝑔 483 

Eq11. 484 

whilst the ASR gel layer thickness reduces by the same amount. In forming an additional volume of 485 

calcified material, the concentration of free calcium ions in the gel (mcag) returns to zero at the end 486 

of each interval of Δt. 487 

 488 

The variable Vg discussed above corresponds to gel wholly constrained by the calcified layer. If 489 

unconstrained, it is assumed that the transformation of glass to ASR gel leads to a volume increase of 490 

74%, as discussed previously. The pressure (P) resulting from this change in volume can be related 491 

through the compressibility of ASR gel (βg): 492 

𝑃𝑃 = −
𝑉𝑉𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑎𝑎 + 𝑉𝑉𝑐𝑐 − 𝑉𝑉𝑎𝑎0

𝑉𝑉𝑎𝑎0𝛽𝛽𝑔𝑔
 493 

Eq12. 494 
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Compressibility has units of m2/N, Vgu is the unconstrained volume of gel, and Va0 is the volume of the 495 

aggregate particle at t = 0. The average compressibility of ASR gel has been determined using X-ray 496 

absorption and Brillouin spectroscopy as 3.03×10-11 m2/N (Moon et al., 2013). The composition of the 497 

gel had a Na2Oeq/SiO2 value of 0.19 and a water content of slightly more than that of kanemite, but is 498 

nonetheless reasonably close. 499 

 500 

In modelling failure of the glass aggregate particle, it is assumed that a three-crack configuration is 501 

formed. This is envisaged as occurring through a two-stage process, in accordance with the nature of 502 

the aggregate cracks observed using CT scanning. A gel pressure is reached which causes a single crack 503 

to propagate through the width of the particle. It is assumed that this crack will initiate at a defect at 504 

the aggregate surface where stress is concentrated. As the gel pressure increases further, a second 505 

crack will initiate and propagate through the material until it reaches the first crack. This crack 506 

configuration is shown schematically in Figure 9. For an individual particle, only the pressures at which 507 

each crack forms need to be defined. When the lower gel pressure (P1) is reached, it is assumed that 508 

a crack of length 2ra forms, whilst a crack of length ra forms at the higher pressure (P2). 509 

 510 

Thus, when the pressure capable of inducing the first crack is reached, the surface area of the 511 

aggregate particle increases by 2πla2, whilst the area increases by a further πla2 when the second crack 512 

forms. It is assumed that gel immediately enters the cracks and that the diffusion of R+ and OH- ions 513 

into the cracks is instantaneous. 514 

 515 
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Figure 9. Schematic diagram of the configuration of the first and second cracks forming in an 516 

aggregate particle. 517 

 518 

The crack surfaces then start reacting with R+ and OH- ions in the same manner as the original 519 

aggregate surface. These additional surfaces must be added in Equation 5 as they are created, and 520 

subtracted as the spherical glass particle continues to be converted to gel. Thus, the term in curved 521 

brackets in Equation 5 becomes 6𝜋𝜋𝑙𝑙𝑎𝑎2 after the first crack forms and 7𝜋𝜋𝑙𝑙𝑎𝑎2 after the second. 522 

 523 

Eventually a pressure is reached where the calcified layer and the cement matrix simultaneously 524 

fracture, and the constrained gel is free to expand to its unconstrained volume. This fracture is 525 

assumed to take the form shown in Figure 11, splitting the cement shell through its centre, with the 526 

crack width reflecting the amount of expansion the gel undergoes from a constrained to an 527 

unconstrained state. ASR gel is exuded into the resulting crack to eventually fully fill it. The volumetric 528 

strain resulting from expansion of the now-fractured sphere is: 529 

𝜀𝜀𝑣𝑣 =
𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑔𝑔𝑔𝑔 − 𝑉𝑉𝑎𝑎0
𝑉𝑉𝑎𝑎0 + 𝑉𝑉𝑚𝑚

 530 

Eq13. 531 

Converting volumetric strain into linear strain assumes that expansion is the same in all directions: 532 

𝜀𝜀𝑙𝑙 =
�𝑉𝑉𝑚𝑚 + 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑎𝑎3 − �𝑉𝑉𝑚𝑚 + 𝑉𝑉𝑎𝑎0

3

�𝑉𝑉𝑚𝑚 + 𝑉𝑉𝑎𝑎0
3  533 

Eq14. 534 

It is assumed that the crack provides sufficient volume to accommodate all exuded gel, and so 535 

expansion ceases after fracture. 536 

 537 

It should be noted that the sequence followed in this proposed mechanism may not be as simple in 538 

reality. The model proposes a sequence of discrete events illustrated in Figure 10: (a) fracture, (b) 539 

expansion of the gel solely around the aggregate, and (c) exudation of gel into cracks driven by the 540 
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formation of new ASR gel after fracture. However, it is likely that events (b) and (c) will actually overlap 541 

to some extent: fracture will lead to simultaneous expansion of the gel and its partial or complete 542 

exudation into the crack, resulting in a reduced magnitude of linear strain. 543 

 544 

Up to this point, the ASR process has been viewed from the perspective of a single aggregate particle. 545 

If all aggregate particles in a volume of concrete behaved identically, simultaneously fracture of all 546 

calcified layers would occur leading to a single, instantaneous expansion event. This is not the case:  547 

experimentally the rate of expansion rises from zero, reaches a peak and declines back to zero. On the 548 

basis that the model presented so far is correct, the reason for this behaviour is that the gel pressure 549 

at which the calcified layer fractures – referred to as the ‘critical gel pressure’ from this point forward 550 

- varies between particles. 551 

 552 

For this reason, a statistical approach to describing the fracture of multiple model units is required. 553 

The approach adopted in applying the model to the experimental data was to assume a log-normal 554 

distribution of critical gel pressures within the specimens. This assumption was based on evaluation 555 

of preliminary goodness-of-fit analysis for a selection of distributions to the experimental data. 556 

 557 

Initially, it was necessary to establish a typical shape for the linear strain versus time curve produced 558 

by the model, since this would allow a simple equation to be used to describe the expansion behaviour 559 

of a particle for the purpose of obtaining the log-normal distribution for each specimen studied. To 560 

calculate this, various values in the model were initially assumed: 561 

• All particles were assumed to be 3.25 mm in diameter – i.e. the median particle radius based 562 

on the upper and lower sieve aperture sizes used to obtain the glass particles. 563 

• The volumetric ratio of cement matrix to aggregate was 0.5. 564 

• The calcium concentration in the pore water of the cement matrix remained at 0.02 mol/l 565 

throughout, corresponding to the solubility of portlandite (Ca(OH)2) at 38°C. 566 
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• Values for the activation energy and pre-exponential factor for α-cristobalite at 38°C were 567 

assumed: 73,950 J/mol and 9.80×10-3 mol/m2/s respectively (Kim and Olek, 2014). The partial 568 

order of the α-cristobalite reaction at this temperature was found to be 0.457 by the same 569 

researchers. However, this value yielded very small magnitudes of expansion in the model and 570 

so a value of 1 was initially adopted. 571 

• The diffusion coefficients for Ca2+ and R+ were set to 1×10-17 m2/s. 572 

 573 

 574 

Figure 10.  The manner in which fracture and gel are treated in the model. (a) before fracture, (b) 575 

fracture and gel expansion, (c) gel exudation. 576 

 577 

Curves generated using these values and an initial R+ concentration of 32 mol/l are shown in Figure 578 

11. Three curves are shown: one in which the pressure required to fracture the glass particle is low 579 

(1×106 N/m2), one in which a single fracture occurs at a relatively high pressure (3×109 N/m2), and one 580 
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where the same event occurs followed by a second fracture at a pressure of 6×109 N/m2. In the case 581 

of the low fracture pressure, fracture occurs immediately, whilst fracture occurs at around 100 days 582 

in the case of the higher fracture pressure. The delayed fracture in the high fracture pressure model 583 

leads to a slightly lower linear strain at earlier ages compared to the low fracture pressure model, but 584 

the two values are very similar beyond 300 days. It can therefore be concluded that the additional 585 

reactive surface area makes very little difference to the overall quantity of gel formed. Examination of 586 

the model’s outputs indicates that the reason for this is that the increased rate of alkali consumption 587 

resulting from reaction with the larger surface produced by fracture almost completely offsets the 588 

greater surface available for conversion to gel – in other words, the increase in surface area only 589 

changes the locations in which gel is formed, not the total volume. 590 
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 591 

Figure 11.  Nature of the linear strain versus time relationships generated by the model. 592 

 593 

Where a second fracture event occurs, greater expansion compared to the other scenarios is 594 

observed, but, again, the effect is small. 595 

 596 
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Thus, it was concluded that a single relationship could be used to approximately describe the linear 597 

strain curve, and regardless of whether particle fracture occurred. Because the fracture of the calcified 598 

layer depends on gel pressure, this variable was used as the starting point. Considering various 599 

functions for describing gel pressure, a two-parameter power law relationship of the form 𝑃𝑃 = 𝐶𝐶𝑡𝑡𝑏𝑏 600 

was chosen. The relationship between unconfined linear strain, εl, and gel pressure can be derived 601 

from equations 12 and 14: 602 

𝜀𝜀𝑙𝑙 =
−��𝑉𝑉𝑎𝑎0+𝑉𝑉𝑚𝑚

3 − �𝑉𝑉𝑎𝑎0 + 𝑉𝑉𝑚𝑚 + 𝛽𝛽𝑔𝑔𝑉𝑉𝑎𝑎0𝐶𝐶𝑡𝑡𝑏𝑏
3 �

�𝑉𝑉𝑎𝑎0+𝑉𝑉𝑚𝑚
3  603 

Eq15. 604 

Thus, the following relationship was fit to each experimental strain curve (Figures 5 and 7): 605 

𝜀𝜀 = �𝜀𝜀𝑙𝑙(𝑡𝑡 = 𝑡𝑡𝑛𝑛)�
1

𝜎𝜎√2𝜋𝜋𝐶𝐶𝑡𝑡𝑏𝑏
𝑒𝑒
−(ln 𝑎𝑎𝑡𝑡𝑏𝑏−𝜇𝜇)2

2𝜎𝜎2
𝑡𝑡𝑛𝑛

𝑡𝑡𝑛𝑛−1

∞

𝑛𝑛=1

 606 

Eq16. 607 

where tn = time at time interval n; 608 

 μ = mean of the natural logarithm of the critical gel pressure; and 609 

 σ = standard deviation of the natural logarithm of the critical gel pressure. 610 

 611 

This approach assumes that when the calcified layer around an aggregate particle fractures, the 612 

resulting crack follows a path which avoids all other particles. This is unlikely in reality. However, since 613 

an aggregate particle whose shell and surrounding matrix are fractured by another particle’s crack will 614 

not contribute towards expansion, due to the statistical approach to fracture adopted, this aspect has 615 

no influence on the model’s outputs, and so does not require inclusion.   616 

 617 

Model Outputs 618 

Figure 12 shows the unconfined linear strain curves obtained from curve fitting by refinement of a 619 

and b. In the case of Mixes 1 and 3, it is evident that the rate of expansion increases with decreasing 620 
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w/c ratio. Additionally, in the case of the low alkali and fly ash-containing mixes, there is a noticeably 621 

lower rate of expansion – in the case of these mixes, comparison is made with Mix 1, since this also 622 

has a w/c ratio of 0.7. 623 

 624 

It is likely that the increase in the rates of expansion deriving from decreasing w/c ratios is the result 625 

of differences in the concentrations of pore solution alkalis. At lower w/c ratios, the concentrations of 626 

alkalis will be higher, leading ultimately to a faster rate of alkali-silica reaction. This also provides an 627 

explanation for the lower rate of expansion in the mix containing low alkalis. It is generally agreed that 628 

fly ash controls ASR by causing a proportion of free alkalis to be incorporated into the additional CSH 629 

phases produced by its pozzolanic reaction. Thus, the fly ash mix possesses both a lower alkali content 630 

and a reaction mechanism that reduces this further, giving the lowest rate of expansion. 631 
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 632 

Figure 12.  Unconfined linear strain resulting from gel formation obtained by curve fitting.  633 

 634 

In the case of the mix containing LiOH, the rate of expansion is only slightly less than the PC reference. 635 

Two mechanisms have been proposed for the ASR-controlling influence of lithium compounds. Firstly, 636 

it has been suggested that the incorporation of lithium in ASR gel causes it to occupy a smaller volume 637 
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than the sodium- and potassium-bearing gel (Mo et al., 2003). Secondly, the possibility that the 638 

formation of a layer of lithium silicate at the aggregate surface protects it from further reaction has 639 

been proposed (Mitchell et al., 2004). The linear strain curves in Figure 12 do not exclude either of 640 

these mechanisms, since both would have a similar effect. 641 

 642 

Cumulative log-normal distributions of the critical gel pressure are shown for Mixes 1 to 3 in Figure 643 

13, with distribution parameters listed in Table 3. w/c ratio has a strong influence over the mean 644 

critical gel pressure, which decreases with an increase in this ratio. This would appear to indicate that 645 

the strength of the calcified layer, whilst assumed to be occupying space previously occupied by glass, 646 

is influenced by the strength of the surrounding cement matrix. 647 
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Figure 13.  Cumulative frequency for critical gel pressure for the PC-only mixes obtained by curve 649 

fitting. 650 

 651 

An important feature of the plots in Figure 13, is that all three mixes reach states in which almost all 652 

of the calcified layers around aggregate particles have cracked by the end of the experiment. Thus, at 653 

the end of the measurement period the crack density in all three specimens should be similar, but 654 
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crack widths would be narrower with increasing w/c ratio, since formation of cracks at lower gel 655 

pressures would produce less expansion. This is in agreement with Figure 4, where cracking is evident 656 

in all specimens, with the main difference being crack width. 657 

 658 

Table 3. Standard deviation and mean values from the log normal distributions of critical gel 659 

pressure obtained by curve fitting. 660 

 w/c RATIO 

STANDARD DEVIATION (eσ), 

N/m2 

MEAN (eμ), 

N/m2 

Mix 1 0.7 2.71 1.38×109 

Mix 2 0.6 2.08 2.19×109 

Mix 3 0.8 2.15 1.35×109 

Mix 4 0.7 1.27 6.31×108 

Mix 5 0.7 2.15 9.89×108 

Mix 6 0.7 2.75 1.05×109 

 661 

 662 

Figure 14 shows the cumulative distribution curves obtained from the mixes where measures to 663 

control ASR were employed. All of the distribution means are lower than that of the 0.7 w/c ratio PC-664 

only reference. This is particularly true of the fly ash mix. It is also notable that the standard deviation 665 

of the fly ash mix is significantly lower than the other mixes, meaning that fracture of the calcified 666 

layers occurred early on in the experiment, with discrete fracture events occurring in rapid succession. 667 

This is of significance, since early fracture yields low levels of expansion, due to relatively small 668 

volumes of gel having formed. Thus, it would appear that the low ASR expansion observed in this mix 669 

was partly the result of early formation of cracks, rapidly bringing expansion to a halt. It must be 670 

recalled that the surface of this specimen, viewed using CT scanning displayed very narrow cracks. 671 

 672 
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The standard deviation reflects the variation in critical gel pressures amongst the population of 673 

aggregate particles, and will be partly dependent on the distribution of features at the inner and outer 674 

surfaces of each calcified layer acting as sources of stress concentration. Whilst this may suggest that 675 

the presence of fly ash yields calcified layers possessing a more uniform distribution of defects, the 676 

reason is more mundane – strength is a characteristic that cannot be negative, and a lower upper 677 

critical gel pressure (as displayed by the fly ash mix) acts to limit the standard deviation. Nonetheless, 678 

this aspect needs further investigation, through the introduction of more experimental variables.  679 

 680 

The lower mean critical gel pressure observed in the fly ash mix is to be expected if it is to be assumed 681 

from the PC-only mix results that the strength of the calcified layer and cement matrix are related – a 682 

50% PC / 50% fly ash blend will certainly have a lower strength than a 100% PC paste of the same w/c 683 

ratio. A loss in strength can also be expected for the mix containing lithium hydroxide: a 1% by mass 684 

addition to PC pastes has been shown to reduce strength by almost 40% compared to the control at 685 

28 days (Mo, 2005). In these experiments, the reduction in the mean critical gel pressure resulting 686 

from the addition of lithium is around 25% for a 2.7% addition.  687 
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Figure 14.  Cumulative frequency for critical gel pressure for the mixes employing ASR-controlling 689 

measures (plus the 0.7 w/c ratio PC-only mix) obtained by curve fitting.  690 

 691 

In the case of additions of sodium and potassium to PC pastes, it is generally observed that, whilst 692 

there is an increase in strength with alkali content at very early ages, there is a decrease in strength 693 

by 28 days (Mota et al., 2018). This is clearly not what is seen in the critical gel pressure distribution. 694 

Whilst accelerated ASR testing started at an age of one day - and it is conceivable that the strength of 695 

the mix was initially reduced by the lower alkali content - continued hydration of the cement during 696 

testing would have led to this effect being reversed. Therefore, it must be assumed that - if weakening 697 

resulted from reducing the alkali addition - it was either limited to the calcified layer, or it was the 698 

result of undissolved K2SO4 in the PC-only reference mix acting to effectively reduce the w/c ratio. The 699 

second of these explanations is probable, since the low fluidity in the fresh pastes observed with 700 

higher levels of K2SO4 supports the likelihood of a higher ratio of solids to liquid. 701 

 702 

Thus, in the case of all of the ASR-controlling mixes, using the proposed model as a means of 703 

interpretation suggests that the reduction in expansion is a combination of both the formation of 704 

smaller volumes of gel and early crack formation. 705 

 706 

It should be recalled that the CT scan showed that cracking of the glass aggregate particles occurred 707 

to a greater extent in mixes with lower w/c ratios. This can be related to the results of the model, since 708 

it is the mixes with w/c ratios of 0.6 and 0.7 which have the highest mean critical gel pressures. Using 709 

these CT scan images and the model, some attempt can be made at estimating the pressure at which 710 

the glass particles start to fracture. The proportion of aggregate particles displaying cracks in the CT 711 

images of the 0.6, 0.7 and 0.8 w/c specimens is 0.39, 0.77 and 0.33 respectively. This means that, in 712 

the case of the 0.8 w/c specimen, it might be expected that 67% (i.e. 100% minus 33%) of the calcified 713 

layers had fractured by the time the fracture of aggregates had stopped, preventing pressures around 714 



38 
 

this proportion of aggregate particles reaching a level that would cause them to crack. Examining 715 

Figure 14, this coincides with a gel pressure of around 1.9×109 N/m2, implying that the glass particles 716 

began fracturing at a pressure slightly below this. The same approach gives values of 2.7×109 and 717 

0.7×109 N/m2 for the 0.6 and 0.7 w/c specimens, respectively. It would therefore seem likely that the 718 

glass particles started to fracture at a gel pressure in the order of 1×109 N/m2. 719 

 720 

These pressures are high, but not impossibly so. Previous researchers have measured maximum 721 

‘swelling pressure’ of ASR gel of 1.09×107 N/m2 and 2×106 N/m2 (Struble and Diamond, 1981; 722 

Gholizadeh-Vayghan and Rajabipour, 2017), but this involved synthetic gel in volumes far in excess of 723 

the volume that might be formed by a single aggregate particle. Theoretical thermodynamic 724 

calculations of the gel pressure causing a glass particle to fracture have arrived at a value of 4×106 725 

N/m2 (Ichikawa and Miura, 2007). However, previous research on soda-lime-silica glass under 726 

confining pressure has established that the compressive stress required to cause failure increases with 727 

this pressure (Chocron et al., 2013). Under a hydrostatic pressure of 4×109 N/m2, a compressive 728 

strength of between around 4.0×109 and 5.5×109 N/m2 was measured, which fits better with the gel 729 

pressure at which fracture appears to have occurred in the experiments described in this paper. 730 

 731 

The mean critical gel pressures also seem high when it is considered that failure will be tensile in 732 

nature. The mean values for all the specimens are situated around 1 GPa, whilst the tensile strength 733 

of hardened Portland cement paste is typically in the order of MPa. However, it must be remembered 734 

that the critical gel pressures are described in terms of a statistical distribution, and so there are 735 

failures in the typical tensile strength range. If the specimens were progressively loaded in tension, it 736 

would be one of these low stress fractures that would cause catastrophic failure. In contrast, during 737 

ASR a progressive deterioration process unfolds where many calcified layers and parts of the cement 738 

matrix are sufficiently strong to experience much higher pressures before fracture occurs. 739 

 740 
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The dashed lines in Figures 5 and 7 are the results from the modelling process. 741 

 742 

The original ASR model was then used to fit curves to the unconfined linear strain curves. The 743 

approach taken was to adopt the assumed values outlined previously, with the exception of the partial 744 

order of the reaction and the diffusion coefficients. [R+]m, DR, DCa, xθ, a single variable (J) used to 745 

represent the term 𝐹𝐹𝑒𝑒−𝐸𝐸𝑎𝑎/𝑅𝑅𝑅𝑅in Equation 5, P1 and P2 were refined to obtain a fit with the unconfined 746 

linear strain curve for Mix 2. It was assumed that xa and J would remain the same throughout, and so 747 

the values obtained for Mix 2 (xa = 1.84, J = 2.69×10-15 mol/m2/s) were used to fit the remaining curves. 748 

 749 

In the case of Mix 6 (which contains lithium hydroxide), two approaches have been adopted – one in 750 

which the mechanism of ASR is considered to be the same as in the other specimens, and one in which 751 

the molar volume of the gel is reduced compared to conventional ASR gel. 752 

 753 

The manner in which the volume of ASR gel might be reduced in the presence of lithium is somewhat 754 

uncertain. There does not appear to be a lithium-bearing equivalent of kanemite. A compound with 755 

the formula Li4H2Si2O7 exists (Völlenkle et al., 1970), but taking the potassium-based reaction 756 

proposed previously and including lithium ions as reactants does not yield a reduction in the 757 

magnitude of expansion. Other lithium silicates which could possibly be products of ASR include 758 

Li2Si2O5·2H2O (Tomilov et al., 1978), NaLiSi2O5·2H2O (silinaite) (Grice, 1991) and K2.6Li9.4Si16O38·4.3H2O 759 

(Park et al., 2006). Exploring all of the possible reactions capable of forming these compounds, it was 760 

concluded that the only one leading to a reduction in expansion was: 761 

2NaSi3O6.5 + 0.75K+ + 3Li+ + 3.75OH- + 4.25H2O  K0.75H0.25LiSi2O5 + 2NaLiSi2O5·3H2O 762 

where K0.75H0.25LiSi2O5 is K2.6Li9.4Si16O38·4.3H2O expressed in simplified form. K2.6Li9.4Si16O38·4.3H2O and 763 

silinaite have molar volumes of 79.4 (when scaled down to a unit cell comparable to the other 764 

compounds) and 90 cm3/mol respectively. The reaction produces expansion of 54%. 765 

 766 
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The results of curve fitting are shown in Table 4. It should be noted that during all refinements the 767 

pressures causing crack formation in an aggregate particle were initially set at 1.5×109 and 1.6×109 768 

N/m2 for the first and second cracks, respectively. However, these values did not change during 769 

refinement, presumably as a result of their minor influence over the shape of the expansion curve. 770 

 771 

The proposal that a higher alkali concentration is experienced by reactive aggregate in concrete mixes 772 

with a lower w/c ratio is supported by these results: of the PC-only mixes, [R+] decreases with 773 

increasing w/c. It should be remembered that simplifications within the model mean that these 774 

concentrations should not be viewed as being representative of the true concentrations, although it 775 

is notable that their magnitudes are within the range that might be expected. 776 

 777 

Table 4.  Parameters estimated from curve fitting the ASR model to the unconfined linear strain 778 

curves with gel expansion = 74%. 779 

MIX 

PARAMETER DIMENSION AT 365 days 

DCa, m2/s 

[R+]m, 

mol/l DR, m2/s 

Calcified layer 

thickness, μm 

Constrained  gel 

thickness, μm 

2 (PC, 0.6 w/c) 9.03×10-16 22.7 2.26×10-18 0.11 696 

1 (PC, 0.7 w/c) 7.90×10-15 19.8 2.06×10-18 0.15 529 

3 (PC, 0.8 w/c) 9.00×10-13 12.9 5.06×10-18 1.19 212 

4 (PC/FA, 0.7 w/c) 2.13×10-11 11.4 4.66×10-18 5.76 51 

5 (low alkali, 0.7 w/c) 1.97×10-11 14.9 1.43×10-17 5.54 181 

6 (lithium, 0.7 w/c) 1.63×10-14 17.4 1.71×10-17 1.88 382 

6 (lithium, 0.7 w/c)* 7.24×10-15 20.7 2.03×10-18 1.46 554 

*silianite and K0.75H0.25LiSi2O5 as gel, expansion = 54% 780 

 781 

 782 
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In the case where measures were taken to reduce alkali concentrations, the lowest [R+] value is 783 

present in the fly ash-containing specimen, and the next lowest in the low-alkali mix, which is 784 

expected. Where lithium hydroxide was used, alkali levels vary depending on the expansion attributed 785 

to gel formation. The case where a less expansive gel is assumed gives a slightly higher alkali 786 

concentration than the 0.7 w/c PC-only reference, which is probable, since the total alkali content - 787 

including lithium - will be higher. Thus, the model results support the proposal that ASR is controlled 788 

by lithium through a reduction in gel expansion. 789 

 790 

The diffusion coefficient of calcium ions (DCa) varies considerably between specimens. In the case of 791 

PC-only specimens, diffusion through the calcified layer is considerably slower in the low w/c ratio 792 

specimen, and increases by six orders of magnitude as the w/c ratio increases. This implies that the 793 

w/c ratio of the surrounding matrix strongly influences the mass transport characteristics of the 794 

calcified layer, as well as its strength. Whilst the w/c ratio of the specimens where ASR control 795 

measures were employed was maintained at 0.7, the critical gel pressures required to cause fracture 796 

increased in the sequence FA < low alkali < lithium hydroxide, and all were lower than the PC-only 797 

equivalent. The opposite sequence is seen for DCa. Thus, it is reasonable to conclude that the porosity 798 

of the cement matrix influences the mass transport characteristics of the calcified layer. 799 

 800 

Some caution is required in interpreting the results of curve fitting. Whilst the model consistently 801 

converged to similar values regardless of the initial values of the refined parameters, potential inter-802 

dependence of variables and how these might influence the results of refinement must be considered. 803 

Two of the parameters (DCa and [R+]) anti-correlate strongly and, by doing so, influence the model in 804 

similar ways. For instance, a high concentration of alkalis in the cement matrix will lead to faster 805 

formation of gel and, hence, faster expansion. Similarly, a low calcium diffusion coefficient will lead to 806 

the formation of a thin calcified layer which will lead to faster movement of alkalis into the gel and, 807 

again, higher rates of expansion. Despite this, the diffusion coefficients are within the range applicable 808 
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to movement through a porous medium, and the trends that emerge from curve fitting present a 809 

coherent explanation of what is happening during the ASR process. 810 

 811 

Table 4 also shows the extent to which calcified and ASR gel layers have developed in the model after 812 

a period of 365 days. The thickness of the calcified layer is dependent on the diffusion coefficient of 813 

calcium ions through the layer itself. However, where a thicker calcified layer forms in the model, it is 814 

not sufficiently thick to noticeably affect diffusion of alkalis: in the case of Mix 3, which has the highest 815 

DCa value of the PC-only mixes, the diffusion coefficient of alkalis remains higher than Mixes 1 and 2. 816 

 817 

The predicted ASR gel thickness is highest in the mixes where the model predicts pore solution alkali 818 

concentrations are highest. It is seemingly unaffected by the estimated alkali diffusion coefficient, 819 

suggesting that alkali concentration (and w/c ratio, which will control the concentration of alkalis) is 820 

more influential than the calcified layer’s ability to limit their movement. It should be noted, however, 821 

that the thickness of the ASR gel layer predicted appears to be thicker than observed in the CT scans. 822 

In the case of Mix 2, for instance, measurements on the CT image indicate a maximum gel thickness 823 

of around 300 μm (although this may not be constrained), which is less than half that predicted. 824 

 825 

It should be pointed out that the thickness is calculated from the total volume of gel formed, and does 826 

not take into account the formation of gel within cracks in the aggregate. However, examination of 827 

the model allows the main possible reasons to be traced to two assumptions: 828 

• The compressibility of the gel may be lower; 829 

• The magnitude of volume increase resulting from the transformation of glass into gel is higher 830 

than that assumed. 831 

Whilst both of these are possible, there is no reason to doubt the value for compressibility of ASR gel 832 

obtained from the literature, and altering its value within the range typical of condensed inorganic 833 

materials has only a minor effect on the gel thickness. However, assuming gel expansion of 125% (see 834 
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Discussion) and repeating the curve fitting process (Table 5) has the effect of reducing the gel thickness 835 

to 372 μm in the case of Mix 2. This implies that the increase in volume associated with the formation 836 

of ASR gel does not derive purely from differences in molar volumes, and expansion deriving from an 837 

additional quantity of water between colloidal gel particles is likely. For the recalculated values in 838 

Table 5, the magnitude of expansion was 111% for the lithium hydroxide mix in accordance with the 839 

reduced expansion assumed previously. xa and J were again refined (xa = 1.96, J = 2.65×10-15 mol/m2/s). 840 

 841 

Table 5.  Parameters estimated from curve fitting the ASR model to the unconfined linear strain 842 

curves with gel expansion = 125%. 843 

MIX 

PARAMETER DIMENSION AT 365 days 

DCa, m2/s [R+]m, mol/l DR, m2/s 

Thickness of 

calcified layer, 

μm 

Constrained  

gel thickness, 

μm 

2 (PC, 0.6 w/c) 9.60×10-16 10.2 2.17×10-18 1.07 372 

1 (PC, 0.7 w/c) 9.91×10-16 8.2 2.21×10-18 1.07 293 

3 (PC, 0.8 w/c) 1.21×10-14 4.9 4.37×10-18 1.72 118 

4 (PC/FA, 0.7 w/c) 4.12×10-14 2.1 1.38×10-18 2.72 30 

5 (low alkali, 0.7 w/c) 1.05×10-12 6.7 3.90×10-18 1.88 103 

6 (lithium, 0.7 w/c) 1.03×10-14 8.0 1.63×10-18 1.61 215 

6 (lithium, 0.7 w/c)* 6.27×10-15 9.0 1.85×10-18 1.40 276 

*gel expansion = 111% 844 

 845 

Practical Implications 846 

In summary, what is evident from the model – if the mechanism it describes is to be accepted – is that 847 

both the concentration of alkalis that reactive aggregate encounters and the porosity of the cement 848 

matrix (which influences strength, mass transport) play critical roles in defining how much expansion 849 
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is observed. Moreover, since porosity will itself influence the concentration of alkalis in the pore 850 

solution, this characteristic plays a critical role. 851 

 852 

Guidance on limiting the damage done by ASR varies, but three features are typically (i) limiting alkali 853 

levels, (ii) the incorporation of pozzolanic or latent hydraulic materials, and (iii) the use of ASR-854 

controlling admixtures. It is evident from the experimental results that all three approaches are 855 

effective, but it is notable that in each case the reduced expansion observed appears to be through a 856 

combination of the conventionally-cited mechanisms, plus a reduction in the strength of both the 857 

cement matrix and calcified layer formed around the reactive aggregate particles. 858 

 859 

The w/c ratio of a mix influences the response to ASR significantly. There are many good reasons for 860 

not increasing the w/c ratio of concrete simply to limit damage from ASR. However, it is worth 861 

considering whether the opposite approach is viable. As w/c reduces, the alkali concentration will 862 

increase to a point where the pore solution becomes saturated. At this point the rate of ASR reaction 863 

will stabilise. Additionally, the cement matrix will become stronger, presumably leading to a shift of 864 

the critical gel pressure distribution to higher levels. It has been seen that such a shift has a detrimental 865 

effect with respect to ASR expansion within the range of experimental parameters explored in this 866 

paper, since deferred failure of the calcified zone until higher pressures leads to greater expansion 867 

when fracture does occur. However, it is likely that as the mean critical gel pressure increases further, 868 

a point will be reached where many of the calcified layers within a volume of concrete are sufficiently 869 

strong to remain intact at least throughout the ASR testing period. Thus, reduced expansion is likely 870 

to be observed at lower w/c ratios than those studied in this paper, and a further phase of this study 871 

is now underway to investigate this aspect, again using the model as a means of exploring the effects. 872 

 873 

In the case of low w/c mixes, there exists the question of what will eventually happen regarding the 874 

volumes of constrained gel within a volume of concrete. Realistically, it is likely that the stresses 875 
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imposed by the confined gel will ultimately be relieved through fracture. Thus, one conclusion that 876 

should not be drawn from the results and analysis presented in this paper is that a low w/c ratio is a 877 

viable means of controlling ASR. 878 

 879 

Guidance on limiting ASR identifies criteria for interpreting the results of prism-type tests, relating 880 

expansion measured during testing to field experience of an aggregate’s propensity to cause cracking 881 

in concrete (Wigum et al., 2019). The experimental and model results presented in this paper suggest 882 

that the formation of cracks still occurs at low levels of expansion, albeit with much smaller crack 883 

widths. This may be of limited significance: mass transport through cracks increases 884 

disproportionately with respect to their width (Reinhardt and Jooss, 2003; De Schutter, 1999), and so 885 

from a durability perspective this is possibly not a serious issue. However, further investigation of the 886 

extent to which durability is compromised by small levels of ASR expansion is probably warranted. 887 

 888 

Conclusions 889 

A series of experiments were conducted to establish whether CT scanning could be used as a tool to 890 

further understand the processes occurring during alkali-silica reaction. The technique proved viable 891 

for visualising the cracking of aggregate particles. Cracking within the cement matrix was less clearly 892 

visualised, although imaging of the cylinder surfaces showed the extent of cracking well. The 893 

technique also allowed quantitative measurement of the expansion of the cylinders. 894 

 895 

The cracking of aggregate is a signifier of higher levels of concrete expansion. However, it plays little 896 

part in influencing the rate of expansion itself. 897 

 898 

In addition, a model developed to further explore the processes observed by CT scanning and based 899 

on a mechanism proposed by Ichikawa and Miura suggests the following: 900 
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• The ASR response of concrete containing reactive aggregate is dependent on the alkali 901 

concentration that the aggregates experience and the porosity of the cement matrix. Porosity 902 

influences a number of parameters: alkali concentration, matrix strength and mass transport. 903 

• Expansion resulting from gel formation cannot be attributed solely to the change in molar 904 

volumes resulting from the ASR reaction. Additional free water must be involved. This aspect 905 

needs to be investigated further. 906 

• Some measures employed to limit expansion resulting from ASR – specifically, the use of fly 907 

ash and lithium admixtures - appear to partly rely on a weakening of the cement matrix, as 908 

well as the conventionally-cited mechanisms. 909 

• The proposed mechanism requires that extensive cracking of concrete occurs during ASR, 910 

regardless of the magnitude of expansion observed. What differs between different 911 

magnitudes of expansion is the width of the cracks formed. 912 

• The magnitudes of gel pressures attained around some aggregate particles are extremely high. 913 

However, the pressures are compatible with measurements of the compressive strength of 914 

glass under confining pressure. 915 

Thus, it is concluded that the ASR mechanism proposed by Ichikawa and Miura is viable, with the 916 

exception that their suggestion that expansion can be attributed exclusively to a change in molar 917 

volumes should be rejected. The experiments described in this paper only explore a limited number 918 

of variables in a manner which is clearly incomplete. An additional set of experiments incorporating a 919 

wider range of variables are being undertaken to examine behaviour at lower w/c ratios.  920 

 921 
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