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Abstract 9 

Performance of OPC and composite cements including limestone ternary blended concretes 10 
and pastes exposed to natural carbonation, leaching, and freeze-thaw (FT) cycles and their 11 
coupling were investigated. The combined regime is analogous to the Capillary suction, 12 
internal damage and Freeze-thaw (CIF) test. The freeze-thaw results showed that composite 13 
cement concretes are more susceptible to surface scaling and internal damage. Microanalysis 14 
of complementary cement pastes revealed partial carbonation after equilibration at 65% RH. 15 
Decalcification due to leaching accompanied capillary suction, profound in the partially 16 
carbonated ternary cement pastes such that portlandite was depleted from the surface before 17 
the FT cycles commenced. Successive cycles increased porosity; heterogeneity and 18 
coarsening of the pore structures were drastic when carbonation and leaching preceded FT, 19 
modifying the C-S-H morphology and composition. Curtailing carbonation and leaching 20 
reduced surface scaling and internal damage to comparable levels as OPC of the same 21 
strength class. These findings imply that changes in porosity and phase assemblage in 22 
composite cements caused by carbonation and leaching contributed to their FT susceptibility. 23 

Keywords: Limestone ternary cement; carbonation; leaching; freeze-thaw resistance; 24 
durability; microstructure 25 

1 Introduction 26 

Freeze-thaw damage is a major durability concern for concrete structures in cold climates. 27 
Typical defects manifest in the form of surface scaling, internal damage, or their combination. 28 
De-icing salts and critical saturation are pre-requisites for the surface scaling form of freeze-29 
thaw damage [1, 2]. This form of deterioration may not initially impair structural integrity, being 30 
just unsightly, but successive losses of material can eventually be detrimental, reducing the 31 
cover around reinforcing bars and accelerating other forms of deterioration. Internal structural 32 
damage meanwhile culminates in micro-cracks and, as a result, reduces durability and 33 
engineering performance. Whether the same mechanisms control these indicators of freeze-34 
thaw damage remains contentious [3-7].   35 

Freeze-thaw resistance of composite cement concretes has been the subject of several 36 
investigations [1, 8-13]. Laboratory data show that concretes with high slag [14-16] or 37 
limestone [17, 18] loading without adequate air entrainment are more susceptible to freeze-38 
thaw damage, but the extent of damage is less drastic in complementary field exposed 39 
concrete [8, 14, 19]. This brings into question aspects of laboratory testing of FT that interfere 40 
with outcomes. For example, the capillary suction, internal damage and freeze-thaw (CIF) test 41 
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method stipulates 21-day equilibration at 65% RH and re-saturation of 7-day specimens before 42 
exposing to FT cycles while ASTM C666 and C672 recommend 28-day drying in air at 50% 43 
RH. Previous studies have demonstrated microstructural alterations caused by some of these 44 
treatments [20-33], but the extent to which these influence freeze-thaw performance has not 45 
been clarified. Such understanding is critical especially for composite cement concrete with 46 
high clinker substitution since the above conditioning may significantly alter the 47 
microstructures. 48 

Microstructural aspects other than pore structures e.g. phase assemblages and their volume 49 
and their implications on FT have received limited consideration. Some studies have 50 
speculated the role of ionic migration during freeze-thaw [11, 13] while in-situ reactions 51 
involving hydrated assemblages and other ions, e.g. carbonation and chlorides are also 52 
reported [9, 12, 13, 19, 34]. Postulated FT mechanisms such as the hydraulic pressure, closed 53 
container, microscopic ice-lens and the glue-spall hypotheses [2, 35-38] do not explain such 54 
ionic interactions. The osmotic and crystallization pressure theories consider ionic interaction 55 
in the degradation process but these assume migration of substances e.g. CO2 and Cl- into 56 
concrete [6, 7, 10, 11, 19]. Loss of species through leaching alters the microstructure and have 57 
been reported to accelerate freeze-thaw damage [10, 13]. In examining the stability of air-58 
voids in concrete, Detwiler et al. [39] observed deposits of  portlandite around air-void 59 
perimeters, whilst increasing calcium concentration in the pores during freezing was reported 60 
elsewhere [40, 41]. Given that composite cements are prone to carbonate due to low Ca 61 
concentration with attendant coarsening of pore structures in addition to ionic transport during 62 
FT cycles, the combined action of carbonation and leaching deserve thorough examination. 63 
The objective of this contribution is to systematically investigate phase assemblages and pore 64 
structural changes during equilibration and conditioning regimes of the FT test. The 65 
experimental design allowed isolation of allied degradation mechanisms, and microstructural 66 
findings were validated on concrete specimens.  67 

2 Materials & Methods 68 

Materials 69 

Four concrete mixes were investigated; Portland cement, a binary slag blend, and two 70 
limestone ternary composite cements, designated as C, CS, CSL and CS2L (where L and 2L 71 
respectively indicate the presence of 10 and 20% limestone in the cement). The pure Portland 72 
cement samples were prepared from CEM I 42.5 R according to BS EN 196-1, while CEM I 73 
52.5 R cement was used in the composite cements. The clinker to SCM ratio was maintained 74 
at 50:50, with limestone and slag considered as SCMs. The total sulfate content was 75 
maintained at 3% by considering the sulphate content of the CEM I 52.5R with addition of 76 
natural anhydrite to balance. The formulated cements were homogenized in a laboratory ball 77 
mill, using polymer balls. Table 1 shows the chemical composition and specific surface area 78 
of the materials, determined by XRF and Blaine measurements respectively.  79 

Concrete mix design was by the yield method, taking into account the specific gravities of all 80 
constituent materials. The w/c ratio for concrete was maintained at 0.5 with water absorption 81 
by the aggregates accounted for in the mix design. The following predefined values were kept 82 
constant in the mix designs: 320.3kg/m3 cement, 2.5% total entrapped air and 0.54 fine to 83 
coarse aggregate ratio. The coarse aggregates were quartzite, 20% of which was 10mm with 84 
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the remainder being 20mm. Air entrainment admixtures were not used in any of the mixes. 85 
Table 2 shows the mix proportions per cubic metre. 86 

 87 

Table 1 Chemical composition (% weight) and Blaine fineness of the investigated materials 88 

Material CEM I 42.5 R CEM I 52.5 R  Slag Limestone  Anhydrite 

SiO2 

Al2O3 

TiO2 

MnO 

Fe2O3 

CaO 

MgO 

K2O 

Na2O 

SO3 

P2O5 

LOI (Others) 

20 

5.4 

0.3 

0.1 

2.6 

62.5 

1.4 

0.8 

0.1 

3.2 

0.2 

3.4 

20.4 

5.6 

0.3 

 

2.5 

62.1 

1.7 

0.7 

 

3.5 

0.1 

3.1 

34.9 

11.6 

1.1 

0.3 

0.5 

41.8 

5.8 

0.5 

 

3.1 

 

+1.5(0.4) 

2 

0.8 

 

 

0.3 

53.1 

0.6 

0.1 

 

 

 

42.3 (0.8) 

2 

0.6 

 

 

0.2 

38.3 

1.5 

0.2 

 

52.2 

 

3.7 (1.3) 

Blaine, m2/kg 383 593 454 328 472 

 89 

Table 2 Concrete mix design (kg/m3) 90 

Mix ID CEMI Slag Limestone Anhydrite Effective 

water  

Aggregates 

Fine 10mm 20mm 

C1 320.3 - - - 160.2 651.8 237.7 950.8 

CS 162.3 150.8 - 7.2 160.2 648.8 236.6 946.4 

CSL 163.9 121.8 27.4 7.2 160.2 648.1 236.4 945.5 

CS2L 163.9 91.4 57.8 7.2 160.2 647.4 236.1 944.5 

NOTE: The composite cements contained 3% sulfate content.  91 

Methods 92 

Freeze-thaw test on concrete 93 

The FT test was performed according to a modified PD CEN/TR 15177:2006 [42] in deionized 94 
water using the CIF method. The concrete specimens were made according to BS EN 12390-95 
2. The 150mm cubes were split into two using PTFE sheets. After demoulding, the specimens 96 
were cured for 6 days and conditioned at 65% RH, 20⁰C for 21-days. The lateral sides of the 97 
specimens were thereafter sealed using a 2-part epoxy resin before commencing the 7-day 98 
capillary suction in deionized water. The specimens were then subjected to 56 FT cycles in 99 
deionized water according to the profile shown in Figure 1. In our setup, one FT cycle lasted 100 
24-hours instead of 12-hours in the CIF test method [42]. The cycle is consistent with that 101 
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used in the slab test and reflects the typical day and night winter cycles. However, duration at 102 
the minimum temperature was kept consistent at 3-4 hours. Freeze-thaw damage was 103 
assessed in terms of the water uptake by the specimens, scaled matter and internal structural 104 
damage. The scaled mass was collected at regular intervals during the test. The test 105 
containers and specimens were subjected to 3 minutes cleaning in a sonic bath and the scaled 106 
matter washed on a filter paper. These were dried to constant mass in a glovebox on a hot 107 
plate at 40°C. Internal structural damage was assessed in terms of the relative dynamic 108 
modulus (RDME) based on the mean transit time of wave pulses through the specimens. 109 
Additionally, the water uptake was evaluated from the mass change in the specimens during 110 
the test, measured on a weighing balance with 0.1g accuracy. The water suction time was 111 
taken as the sum of the re-saturation and the cumulative thawing time of 7-hours per cycle 112 
[43]. 113 

 114 

Figure 1 Temperature profile for the FT test as measured in the test solution 115 

Freeze-thaw test on cement pastes 116 

Initial studies with the cement pastes revealed sequential removal of surface matter, as 117 
illustrated in Figure 2. Significant cracks formed initially in the outer 2 – 4mm layers with 118 
successive FT cycles. The material contained within the cracks spalled eventually, exposing 119 
the layers underneath for a repetition of the cycle. Subsequently, full-scale experiments were 120 
designed to study the microstructures of the outer surfaces and cores of the cement pastes 121 
as a function of the specimen conditioning and FT environment, as shown schematically in 122 
Figure 3. Complementary cement paste samples were prepared using a vortex mixer from the 123 
mix design shown in Table 2but without aggregates. The cement pastes were cast into 25mm 124 
diameter plastic vials. These were stored on a lab rotator for 24 hours to minimize bleeding 125 
before being transferred to a water-bath maintained at 20⁰C for 6-days. To simulate the 126 
surface and core of the samples in line with observations from Figure 2, two sets of 7-day old 127 
paste samples were crushed into 1 – 2mm thick particles. The sets mirroring the outer layers 128 
were conditioned and exposed as per the CIF method (i.e. equilibrated at 65% RH and 20⁰C 129 
under atmospheric CO2, designated as CIF. Meanwhile, those corresponding to the core were 130 
kept sealed until 28-days. Both sets were saturated and subsequently exposed to cyclic FT 131 
conditions in: 132 
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(i) Deionized water (designated as CIF-DI) to clarify the impact of carbonation during 133 
equilibration on FT, and  134 

(ii) Saturated lime solution (designated as series CIF-L) to differentiate the effect of 135 
leaching. The comparison between series CIF-L and series CIF gave a basis to 136 
assess the coupled effect of carbonation and leaching.  137 

 138 

Figure 2 Sequence of FT on cement pastes 139 

 140 

Series  Conditioning Capillary suction and FT testing 

CIF 65% RH, 20oC in ambient air Deionised water 

CIF-DI sealed Deionised water 

CIF-L Saturated lime solution 

     

 7d   7d-21d exp   7d sat-0 FT   7d sat-25 FT 

    28d sealed      

Figure 3 Schematic of the equilibration and FT testing regimes of the cement pastes 141 

Note: Key stages of characterization are marked with the boxes 142 

 143 

In all cases, the re-saturation and FT tests were performed at a solid/liquid ratio of 1:500 and 144 
the test solutions were renewed weekly. The solids comprised the crushed paste samples and 145 
5mm thick slices for subsequent indentation measurements and scanning electron 146 
microscopy. At the required stage, about 10g of the crushed paste samples for TGA, XRD and 147 
MIP and slices for SEM were hydration stopped by double solvent exchange. For TGA and 148 
XRD, the crushed pastes samples were ground in iso-propanol (IPA) for 20 minutes, but for 149 
24 hours for the MIP and SEM specimens. The IPA was filtered under gravity followed by 150 
flushing with diethyl-ether. The residue was subsequently dried on a hot plate heated at 40oC 151 
for 10 minutes. The specimens were subsequently stored in mini-grip bags until testing. The 152 
procedure was carried out inside a glove-box which was kept free of CO2 by purging with 153 
nitrogen gas.  154 

TGA was performed on a Stanton Redcroft 780 Series Analyser under nitrogen. About 16-18 155 
mg of additionally ground powder sample was heated in a platinum crucible at a rate of 20 156 
°C/minute up to 1000°C. The portlandite and calcium carbonate contents were computed 157 
between ~400-500°C and ~650–800°C from the TGA trace using equations (1-2) respectively. 158 

0 FT 11FT 25 FT
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The contents were normalized to the ignited weight at 550°C for portlandite and 1000⁰C for 159 
calcium carbonate.  160 

𝐶𝐻 = 𝐶𝐻𝑇𝐺 74 18⁄𝑀5500𝐶 ∗  100% − − − − − − − (1) 161 

𝐶𝑐 = 𝐶𝑐𝑇𝐺 100 44⁄𝑀10000𝐶 ∗  100% − − − − − − − (2) 162 

Note, CH is portlandite content, CHTG is % weight loss due to water in calcium hydroxide, Cc 163 
is calcium carbonate content and CcTG is the % weight loss due to CO2 in calcium carbonate, 164 
M550°C is the ignited weight at 550°C and M1000°C, the ignited weight at 1000°C. Note that the 165 
tangent method was used to calculate the mass losses CHTG and CcTG from the TG curves.  166 

XRD scans were acquired on a Bruker D2 Phaser benchtop diffractometer equipped with a 167 
Lynxeye detector using a CuKα anode operating at 30 kV and 10 mA. The scans were 168 
performed with a step size of 0.0334° over a range of 5-70 °2θ. TOPAS Academic software 169 
v4.2 was used to quantify the phase contents at the key stages in Figure 2 including the 170 
residual slag content. The refinement procedure, based on the external standard method is 171 
detailed elsewhere [44]. The bound water content was used to correct x-ray absorption in the 172 
attenuation co-efficient calculations. Subsequently, the refinement results after each stage of 173 
the test was rescaled to 100g of the paste. Accuracy of the QXRD calculations for the 174 
crystalline phases is ± 1% and that of the GGBS is ± 2%. 175 

MIP measurements were performed on 1 – 2mm thick crushed samples using a 176 
Quantachrome Instruments’ PoreMaster-60. Approximately 1 g of sample was intruded with 177 
mercury at the rate of 6-19 MPa/min up to 400 MPa at 22°C. The intrusion data was converted 178 
to cumulative pore volume using the cylindrical and plate model together with the Washburn 179 
equation, taking the contact angle and the surface tension of mercury as 140° and 0.48 N/m 180 
respectively. The data is presented in terms of the cumulative intruded volume and derivative 181 
after smoothening by the adjacent averaging method. The pores were subsequently classified 182 
according to [45].  183 

Micro-indentation 184 

Micro-indentation measurements were performed on the series CIF paste samples after 185 
equilibration and before capillary suction (i.e. 7d-21d exp) and then after 25 FT cycles (i.e. 7d-186 
21d exp-7d sat-25FT). The 5mm thick slices were hydration-stopped by freeze-drying to 187 
constant mass, then impregnated in resin. After setting, the samples were ground on silicon-188 
carbide abrasive paper and an intermediate non-woven pressed cloth but without scratch 189 
remover to minimize artefacts on the surface. The indents were prescribed in a rectangular 190 
grid of 10 x 10-indents with 75-100 micrometer spacing, i.e. covering a large portion of surface 191 
including variety of microstructural phases. CSM nano-hardness tester with a corner cube 192 
indenter was used. The surface roughness was estimated (based on optical imaging) to be in 193 
the range of tens to hundreds of nanometres over a 50x50 micrometer area. Consequently, a 194 
relatively large indentation depth (in the scale of 10 micrometers) was implemented to 195 
minimize the influence of uneven surfaces and obtain effective properties from a larger volume 196 
(~50x50x50 µm3). As a result, the majority of indents were produced within the matrix and the 197 
results characterize the matrix properties. A typical grid and a single point indent at a higher 198 
magnification are shown in Figure 4.  199 
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The high magnification image in Figure 4 indicates a regular indent shape, meaning the local 200 
roughness was acceptable in the scale [46]. However, heterogeneity due to intermixing of 201 
hydrates and unreacted grains was noticed. Consequently, some fluctuations in the results 202 
were anticipated. The indentation data are presented in terms of the Young’s modulus (Eit) 203 
derived from the reduced modulus (Er) according to [47].  204 

 205 

Figure 4 Micro-indentation grid and magnified image of the indent 206 

3 Results and discussion 207 

3.1 Freeze-thaw performance of concrete in deionized water 208 

Figure 5 (a – d) shows representative photographs of concrete samples taken after 56 FT 209 
cycles. Meanwhile, the extent of surface scaling is shown in Figure 6. These reveal surface 210 
scaling in all concretes, irrespective of the cement type. The damage was more pronounced 211 
in the composite cement concretes, more so in the limestone containing mixes. Increasing the 212 
limestone content from 10 to 20% further increased scaling. A lower resistance to scaling in 213 
concrete containing more than 45% GGBS or 10% limestone contents were reported 214 
elsewhere [3, 16, 18]. However, the observation of surface scaling among concrete samples 215 
subjected to FT in deionized water is in contrast with suggestions that the presence of de-icing 216 
salts is a pre-requisite for surface scaling [1, 2, 5, 7] 217 

Internal damage and water uptake during the FT exposures are also shown in Figures 6 and 218 
7. In all mixes, significant internal damage preceded surface scaling. The onset of internal 219 
damage, as revealed by the reducing RDME, commenced sooner in the composite cement 220 
concrete, while the neat cement mix did not experience any measurable damage until after 28 221 
FT cycles. Not only were the composite cement mixes more susceptible, but the presence of 222 
limestone further accelerated internal damage such that, these were already below the 80% 223 
failure criterion [48] by the 28th FT cycle.  224 

 225 
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Figure 5 Scaling of surface matter from concrete samples after 56 FT cycles in deionized water; (a) C, 

(b) CS, (c) CSL and (d) CS2L 

 226 

 

Figure 6 Effect of cement type on the internal damage and 

surface scaling due to FT 

Figure 7 Moisture uptake during FT as a 

function of the cement composition 

 227 
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Figure 7 shows significant moisture uptake occurred in all concrete during the initial 7-day 228 
capillary suction, though at different rates. The trends continued during FT, with the so called 229 
pumping effect caused by contraction of the matrix during thawing , as well as micro-cracks 230 
arising from internal damage, contributing to an increased suction of the test solution into the 231 
concrete. These observations reflect the extent of internal damage among the samples, being 232 
greatest in the limestone ternary cements. Weight gain due to capillary suction was highest in 233 
the composite cement mixes compared to the neat cement mix. It is noteworthy that a higher 234 
apparent sorptivity was measured in the latter mixes [49]. Consequently, damage induced by 235 
FT seems to account for the higher moisture uptake in the composite cement concrete.  236 

A point of interest in the water-uptake profiles is the time to reach the ‘nick point’ on the water-237 
uptake vs. time curve. This point is indicative of critical saturation of the matrix ; after which 238 
further moisture uptake should slow down considerably, unless exacerbated by pressure and 239 
associated micro-cracks. From Figure 7, the time to reach the nick-point coincided with the 240 
onset of internal damage in mix C. However, in the composite cement concrete, significant 241 
internal damage had already occurred before the ‘nick-point’. This suggests that the water 242 
uptake-internal damage correlation during FT, as reported elsewhere [43], is less relevant in 243 
these mixes. Evidence of internal damage after a couple of FT cycles in the composite cement 244 
mixes suggests the matrix was perhaps critically saturated after the initial 7-day re-saturation. 245 
Further evaluation of the phase assemblages and pore structure is needed to clarify the 246 
underlying factors for these observations.  247 

3.2 Microstructural changes at the paste level 248 

The above observations warrant a critical evaluation of the interplay between cement 249 
composition and FT resistance of concrete. The cements investigated here differed with 250 
respect to the contents of hydrated phase assemblages and pore structures [44, 50].To 251 
elucidate the extent and mechanism of interaction between these, FT tests were designed to 252 
separate the inherent microstructural effects from those changes induced by the test regime 253 
including potential carbonation and leaching as illustrated in Figure 3. The results are 254 
presented in terms of the changes in the phase assemblages and pore structures focusing on 255 
mixes C and CSL at stages of the test illustrated in Figure 3 and without carbonation and or 256 
leaching. 257 

3.2.1 Microstructure of partially carbonated cement pastes subjected to FT in deionized 258 
water (CIF method): Series CIF 259 

Phase assemblages 260 

The capillary suction, internal damage and freeze-thaw (CIF) test method  used to investigate 261 
the concrete specimens required 7-day moist curing followed by equilibration for 21 days at 262 
65% RH and 20°C before exposure to the FT cycles. The protocol mimics natural exposure 263 
and hence does not take into account carbonation of the specimens. Important questions 264 
therefore arise concerning the extent of carbonation during equilibration and its impact on 265 
resistance to subsequent FT cycling.  266 

DTG plots in Figure 8 (a and b) reveal systematic differences in the hydrate contents (i.e. C-267 
S-H, ettringite, Hc/Mc and CH) as well as the calcium carbonate signatures. There was a 268 
significant reduction in the signals due to C-S-H and ettringite after equilibration, irrespective 269 
of the type of cement. Meanwhile, more calcium carbonate formed while portlandite 270 
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diminished. The former decomposed at lower temperatures, suggestive of metastable calcium 271 
carbonate, consistent with [51]. However, carbonation alone does not explain the significant 272 
changes in the C-S-H signals. Portlandite in both mixes after equilibration implies buffering 273 
against carbonation of the C-S-H and ettringite. However, simultaneous carbonation of 274 
portlandite and other calcium bearing assemblages e.g. C-S-H, ettringite have been noted 275 
elsewhere [52]. The x-ray diffraction patterns (Figure 9 a and b) corroborate reduced ettringite 276 
contents, and calcite formation from portlandite. However, changes in the AFm phases were 277 
slight, from both DTG and XRD data.   278 

Besides equilibration, Figure 8 further reveals modifications in the hydrated assemblages 279 
upon saturation in deionized water. DTG and XRD both showed more C-S-H, ettringite and 280 
AFm (particularly Mc) in both cements. Unlike CSL, over 50% of the pre-equilibration 281 
portlandite content was still present in mix C after the initial capillary suction. The calcite 282 
content however increased upon saturation due to crystallization of the carbonate polymorphs 283 
formed from equilibrating the samples at 65% RH. This is consistent with the DTG in Figure 8 284 
and the findings of Dubina et al. [53] who observed a shift towards crystalline carbonates with 285 
increasing relative humidity.  286 

  

Figure 8 DTG trace of samples tested according to series CIF (a) mix C, (b) mix CSL 

  

Figure 9 XRD plots of samples tested according to series CIF (a) mix C, (b) mix CSL 

 287 
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QXRD (Figure 10) facilitates examination of the changes in the residual phase assemblages. 288 
In interpreting the results, one must however recognize that these specimens constituted an 289 
open system, in that, hydration, carbonation, and leaching occurred simultaneously, as 290 
noticed in Figure 8 and 9.  291 

Figure 10 (a and b) confirm lower ettringite contents in both cements after equilibration. 292 
Meanwhile, portlandite was lost from both systems upon exposure to deionised water, with 293 
the formation of calcite, but the loss was complete in the ternary blend. In mix C, 294 
monocarboaluminate (Mc) formed at the expense of hemicarboaluminate (Hc) but these 295 
phases co-existed in mix CSL. The increased calcite and x-ray amorphous phase contents 296 
over this period indicate a combination of carbonation and potential alterations in crystallinity 297 
of some assemblages due to drying and/or carbonation.  298 

 

 

 

Figure 10 Quantitative XRD analysis of the pastes tested according to series CIF (a) mix C and (b) mix CSL 

 299 

The extent of clinker and slag hydration during the 7-day capillary suction were within the 300 
accuracy of the QXRD technique. However, continued hydration during FT is evident from the 301 
residual clinker and slag contents at the end of the test. Additional ettringite precipitated after 302 
saturation and stabilized during FT such that the contents were comparable or greater than 303 
the levels prior to equilibration, as reflected in Figure 8. Partial decomposition and 304 
reprecipitation of ettringite as a function of RH was noticed elsewhere [24, 25]. Meanwhile, the 305 
monocarboaluminates contents became more prevalent but the calcium carbonate content 306 
increased concurrently (Figure 8). A significant increase in the XRD amorphous phase content 307 
at the end of the test, prominently in mix CSL is noteworthy.  308 

Pore structure  309 

Modifications in the phase assemblages due to partial carbonation during equilibration, 310 
saturation, and FT was reflected in the pore structures. The cement paste samples were 311 
analysed after the stages in Figure 3 using mercury intrusion porosimetry. Figure 11 (a – d) 312 
shows the cumulative intruded volumes and their derivatives.  313 

Four main clusters of accessible pore sizes are noticed in the derivative plots, viz. pores < 10 314 
nm, 10nm – 100nm, 100 nm – 1000 nm and > 1000 nm. Pores ranging between 10 -100 nm 315 
dominated both cements. The prevalence of pores finer than 10 nm that characterized mix 316 
CSL after 7-day moist curing is typical of slag containing cements [30, 31, 50, 54], attributable 317 
to the intrinsic gel porosity of the additionally formed C-S-H.  318 
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 319 

  

Figure 11 MIP measurement of cement paste samples tested according to series CIF 

Note: (a) Pore distribution of Mix C, (b) pore distribution of mix CSL, (c) cumulative intruded volume in mix C 

and (d) cumulative intruded volume in mix CSL 

 320 

Equilibration in atmospheric CO2 clogged the gel pores in mix CSL but the capillary pores 321 
coarsened, leading to a significant increase in the total porosity. Conversely, the meso-322 
capillary pores (i.e. 10 – 30nm) were clogged in mix C after partial carbonation, but less than 323 
reported elsewhere for mortar samples [30, 51]. Minimal changes in the gel porosity of mix C 324 
indicates minimal carbonation of the C-S-H, potentially due to buffering by portlandite. A 325 
corresponding reduction in the total porosity was noticed consequently. Distinctive to mix CSL 326 
is the dominant cluster of micro capillary pores after equilibration. Such alterations in the pore 327 
distributions have not been reported in previous carbonation studies on composite cements, 328 
but the overall increase in porosity is consistent with the literature [30, 51, 52].  329 

Figure 11 shows that the 7d capillary suction preceding the FT cycles caused moderate 330 
refinement in the pore distribution in mix C but more significantly in mix CSL. In both cements 331 
however, the volume of pores finer than 10nm increased after capillary suction, and the 332 
subsequent FT cycles refined all pore ranges without a notable change in total porosity. The 333 
micro-capillary pores were the only exception after FT, becoming dominant with increasing 334 
cycles, more so in the limestone ternary cement.  335 
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3.2.2 Microstructure of non-carbonated cement paste samples subjected to FT in 336 
deionized water: Series CIF-DI  337 

The preceding section highlighted modifications in the phase assemblages and pore 338 
structures induced by equilibration in atmospheric CO2 and saturating the cements in 339 
deionized water as part of the FT test. The changes in microstructure and phase assemblage 340 
were significant, such that determining the reasons for resistance to FT could not be 341 
deciphered. In an attempt to separate the influence of carbonation from FT, paste samples, 342 
cured for 28-days in a non-carbonating atmosphere were saturated and subjected to FT cycles 343 
in de-ionized water. Subsequently, these were characterized using thermal analysis and XRD. 344 

Figure 12 (a and b) reveals moderate increase in the C-S-H and ettringite signals in both 345 
cements. Figure 13 (a and b) meanwhile shows insignificant changes in the ettringite content 346 
while the XRD amorphous content increased. Consequently, the increased DTG signal 347 
indicate ongoing hydration and hence additional C-S-H and other assemblages. This is 348 
consistent with the increased portlandite content also.  349 

  

Figure 12 DTG plots of series CIF-DI (a) mix C, (b) mix CSL 

 350 

Capillary suction before and during the FT cycles was accompanied by less drastic increase 351 
in the C-S-H and ettringite signals compared to series CIF. Figure 13 does not reveal 352 
additional ettringite upon saturation, instead an increase in the XRD amorphous content. 353 
Meanwhile, increasing AFm signatures continued through to saturation, but stabilized 354 
afterwards. 355 

Portlandite loss due to saturation in deionized water occurred even before exposure to the FT 356 
cycles, but to a lesser extent compared to series CIF. About 50% of the portlandite in mix CSL 357 
was lost after the 7-day saturation but considerably more portlandite was still present in mix 358 
C. This implies that the severity of portlandite loss depended on the cement type and pre-359 
exposure microstructures. Besides, additional monocarboaluminates formed while the x-ray 360 
amorphous content increased. Similar trends were observed after 25 FT cycles with 361 
appreciable increase in the x-ray amorphous content in both cements.  362 

 363 
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Figure 13 Quantitative XRD analysis of the pastes tested according to series CIF-DI (a) C and (b) CSL 

 364 

Unlike series CIF, significant proportion of all phase assemblages were still present after 25 365 
FT cycles and at comparable levels. This implies stability of phase assemblages at any stage 366 
depended largely on the microstructure presented. Moreover, carbonation appears to expose 367 
the inherent susceptibility of the limestone ternary cements (i.e. CSL) to decalcification.  368 

3.2.3 Microstructure of cement pastes subjected to FT without carbonation nor 369 
leaching: series CIF-L 370 

Phase assemblages 371 

Series CIF and CIF-DI showed both cements to be susceptible to carbonation during 372 
equilibration, and decalcification upon capillary suction in deionized water. These phenomena 373 
altered the microstructures present at the start of the FT cycles. These changes were 374 
sufficiently significant so as to obscure assessment of the true performance of the cements 375 
against FT, although to a lesser extent compared to series CIF. Consequently, series CIF-L 376 
sought to evaluate the microstructure of the cements subjected to FT without carbonation nor 377 
leaching. Samples were cured as in series CIF-DI but capillary suction and FT exposure was 378 
performed in a saturated lime solution. The focus here is on the microstructures following the 379 
initial capillary suction and freeze-thaw in saturated lime solution.  380 

From the DTG plots in Figure 14, the C-S-H and ettringite signals increased marginally after 381 
the 7d capillary suction and then after the 25 FT cycles irrespective of cement type. This is 382 
consistent with the observations in series CIF and CIF-DI. Unlike the other series however, 383 
the portlandite contents were stable in mix C but there was marginal consumption of 384 
portlandite as well as calcite noticed in CSL. 385 
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Figure 14 DTG plots of the series CIF-L samples (a) mix C, (b) mix CSL 

 387 

The XRD plots in Figure 15 and QXRD in Figure 16 confirm ettringite stability after capillary 388 
suction and exposure to the FT cycles. Similar to series CIF and CIF-DI, the QXRD results in 389 
Figure 16 show increased XRD amorphous content, prominently after the 25th FT cycle. 390 
Consequently, the increased signal at ~110°C (Figure 16) seems to be associated with 391 
formation of additional C-S-H. Despite the prevalence of monocarboaluminates over hemi, the 392 
Hc/Mc transformation was moderate compared to series CIF and CIF-DI where carbonation 393 
and or leaching preceded the FT cycles. The Hc/Mc transition is consistent with the trends in 394 
calcite consumption observed by TGA and XRD i.e. Figure 14 to 16.   395 

  

Figure 15 XRD plots of the series CIF-L samples (a) mix C, (b) mix CSL 

 396 

Figure 16 (a and b) further indicates the progress of hydration during the initial capillary 397 
suction, continuing through the FT cycles. Differences in the residual clinker contents in both 398 
cements at the key stages were comparable among all three series.  399 
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Figure 16 Quantitative XRD analysis of the pastes in series CIF-L (a) mix C and (b) mix CSL 

 401 

Pore structure 402 

Figure 17 (a and b) shows distribution of the accessible pores in mixes C and CSL at the key 403 
stages of the FT test for series CIF-L (i.e. without exposing the cements to atmospheric CO2 404 
nor leachable test solution).  405 

Compared to the pore distribution after 7-days, porosity reductions were noticed after 28-days 406 
curing, caused by the additional hydrates. Herein, the extent of micro-capillary pore refinement 407 
was greater than that induced by carbonation, as observed in series CIF. Capillary suction in 408 
the lime solution reduced total porosity further but the affected pore ranges differed with the 409 
cement type. The micro-capillary pores became dominant in mix C despite densification of 410 
meso-pores. Conversely, gel and micro-capillary pores were refined in CSL with slight 411 
increase in the threshold pore size due to dominance of meso-capillary pores. 412 

Exposure to the FT cycles did not alter the pore distributions nor the total porosity significantly 413 
in the ternary blend. However, there were slight modifications in the neat OPC mix. These 414 
were in contrast with the post FT observations in the CIF series for the CSL samples, where 415 
there was a significant increase in porosity. Notwithstanding the pore structural fluctuations 416 
due to equilibration and saturation, the total porosity after 25 FT cycles were comparable for 417 
each mix, with higher total porosity in the neat cement paste. These results reveal that 418 
carbonation during the equilibration is antecedent to the heterogeneous pore structure.  419 
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Figure 17 MIP measurement of cement paste samples tested according to series CIF-L 

Note: (a) Pore distribution of Mix C, (b) pore distribution of mix CSL, (c) cumulative intruded volume in mix C 

and (d) cumulative intruded volume in mix CSL 

 420 

3.3. Discussion 421 

At the investigated 0.5w/c ratio, surface scaling and internal damage were greater in the 422 
composite cement concretes, including the limestone ternary cement mixes (Figure 5 and 423 
Figure 6). Characterization of the cement paste samples revealed marked differences in phase 424 
assemblages and pore structures when the samples partially carbonated during equilibration 425 
than those that didn’t. The limestone ternary cement samples were more sensitive in this 426 
regard. Therefore, understanding the factors driving these changes offers new insight into the 427 
mechanism controlling their performance in the freeze-thaw test. The discussion that follows 428 
analyses these factors and evaluates the underlying mechanisms through which they 429 
potentially influenced freeze-thaw resistance and hence a hypothesis to explain susceptibility 430 
of the composite cements to this form of damage is proposed and validated on lab-scale 431 
concretes.  432 

Hydration and microstructure development during equilibration  433 

The microstructures, i.e. the degree of hydration, phase assemblages and porosity, at the start 434 
of FT cycles depended on the cement type, but the influence of the equilibrating environment 435 
was considerable. After 7d moist curing and start of equilibration, the degree of hydration of 436 
clinker in the CEM I and ternary cement is calculated to be 80 ±2%. Meanwhile, the degree of 437 
hydration of slag was approximately 35 ±5%, with limited consumption of limestone, as noticed 438 
in Figure 8 and 10. This means that overall degree of hydration in the ternary cement was 439 
~55% compared to ~80% in the neat Portland cement, as shown in  Figure 18, revealing an 440 
underdeveloped microstructure at the start of equilibration. This is not surprising and the 441 
controlling mechanisms are well understood [44, 55, 56]. However, the hydration degree and 442 
the pore structures at the beginning of exposure have significant implications on phase 443 
assemblage alterations arising from the equilibration.  444 

Figure 18 shows the relationship between degree of hydration as determined from QXRD, 445 
bound water contents and total porosity. The figure shows continuing hydration during 446 
equilibration. There were good correlations amongst the samples that did not carbonate where 447 
porosity reduced and bound water increased with increasing hydration degree. For the partially 448 
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carbonated samples however, the bound water contents were lower in both cements than the 449 
pre-equilibration levels. This mainly arose from drying and mild changes in the C-S-H, CH, 450 
and AFt contents (see Figure 8 to 10). Meanwhile, porosity decreased in mix C due to the 451 
combined effect of carbonation and hydration, while the total porosity increased in CSL. The 452 
increased porosity and reducing bound water content may seem inconsistent with the progress 453 
of hydration. Evaluation of the calcium hydroxide and carbonate contents before and after 454 
equilibration however show greater degree of carbonation of calcium bearing hydrates i.e. C-455 
S-H and ettringite besides portlandite in mix CSL compared to C. These have larger molar 456 
volumes than calcite and hence explain the increased porosity. 457 

The question then arises as to how hydration progressed at 65% RH, contrary to the widely 458 
held belief that hydration ceases below 80% RH [21, 57]. Hydration of clinker and slag at later 459 
ages depend on pore solution chemistry, available space for hydrate growth, and internal 460 
humidity [28, 29, 54, 58]. At the onset of equilibration, the microstructure is partially saturated, 461 
allowing diffusion controlled hydration [59]. While most alite will have reacted by 7d [44], belite 462 
and C4AF, the dominant residual clinker minerals could still hydrate at 65% RH [60]. Moreover, 463 
a moisture gradient between the outer surface and the core of the 1-2 mm crushed paste 464 
samples, will allow self-desiccation and so further hydration. Furthermore, water is released 465 
upon carbonation of portlandite and the C-S-H, and these may sustain hydration despite the 466 
reduced relative humidity. Having said that, the water released upon carbonation may 467 
eventually equilibrate with the ambient RH, and coarsening of the pore structure upon 468 
carbonation, as shown in Figure 11 could facilitate evaporation, reducing the extent of 469 
hydration and hence the bound water compared to those from series CIF-L, Figure 18.  470 

 471 

Figure 18 Evolution of the degree of hydration, bound water and total porosity as a function of sample 472 
equilibration and FT 473 

Renewed hydration and microstructure during capillary suction and FT 474 

Saturating the cements in deionized water modified the microstructures, especially in the 475 
partially carbonated limestone ternary cement sample (series CIF). Additional C-S-H, 476 
ettringite, carboaluminates and calcite were confirmed in Figure 8 - 10, concurrent with the 477 
loss/consumption of portlandite. These are consistent with the corresponding refinement of 478 
gel-pores while meso and micro-capillary pores rather increased (see Figure 11). Important 479 
questions therefore arise concerning these microstructural changes, e.g. was portlandite 480 
consumed into other hydrates or leached into the test solution? If leaching occurred, then what 481 
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is the source of the additional ions that formed more hydrates, and what implications have 482 
these alterations on the subsequent freeze-thaw resistance? 483 

Increasing calcite contents after the initial 7-day capillary suction (Figure 8-10) suggest 484 
crystallization of poorly crystalline calcium carbonate phases upon saturation, evident as a 485 
shift towards higher temperature decomposition [61, 62]. Meanwhile, a high concentration of 486 
calcium was noticed in the leachate (Figure 19). This implies portlandite was not only 487 
consumed into additional hydrates but its solubility in the test environment [26, 63] caused 488 
leaching. Leaching of calcium ions has also been reported in concrete dams experiencing 489 
freeze-thaw damage [11]. Despite portlandite depletion in CSL, additional calcium was 490 
detected in the test solution over the course of freeze-thaw cycles. The C-S-H Ca/Si 491 
decreased accordingly in the ternary blended cement while that in the neat cement mix was 492 
stable (Figure 21). This implies portlandite buffered decalcification of the C-S-H in the neat 493 
cement during freeze-thaw as has been noted elsewhere upon carbonation [52, 64].  494 

Calcium uptake into hydrates during capillary suction cannot be discounted. Hydration of 495 
clinker (mainly C2S) and slag during capillary suction were evident from Figure 10 and Figure 496 
18 with increases in bound water contents plus pore refinement. Within the accuracy of the 497 
QXRD/PONKCS technique [44], the unreacted clinker and slag contents were comparable 498 
irrespective of the equilibration environment. This implies a more spontaneous rate of 499 
hydration amongst the partially carbonated samples, particularly in the ternary cement and 500 
thus explains the additionally formed hydrates.  501 

Concerning ettringite, crystallinity is sensitive to relative humidity [22, 24] and its stability has 502 
implication on the pore structure due to its large molar volume. Sulfates were detected in the 503 
leachates only after the capillary suction as shown in Figure 19. Partial decomposition of 504 
ettringite and the C-S-H signatures were noted after equilibration in atmospheric CO2 (Figure 505 
8) due to simultaneous carbonation and drying. It is thus reasonable to associate the additional 506 
ettringite with sulfates evolved from carbonation of ettringite and potentially desorption from 507 
the C-S-H. Modification of these during equilibration has been discussed in the preceding 508 
section. It must be emphasised that the XRD data did not identify gypsum nor other crystalline 509 
sulfate-bearing phases were detected after equilibration. Sulfate detection only after the initial 510 
capillary suction, concomitant with the increasing ettringite content suggests these emerged 511 
from amorphous water-soluble sulfate-bearing products, plausibly formed at the equilibration 512 
stage. Meanwhile, secondary ettringite and AFm phases arising from portlandite dissolution 513 
to maintain pore solution charge-balance has been suggested elsewhere [65]. 514 
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 515 

Figure 19 Concentration of calcium ions (solid lines) and sulfate ions (dashed lines) in the test solutions at 516 
various stages of the FT test as determined by Ion Chromatography. 517 

 518 

Backscattered SEM images showing morphological changes in the C-S-H on the freezing 519 
fronts (corresponding to series CIF) compared to the core of the cements (series CIF-L) are 520 
shown in Figure 20. Unlike the neat cement, the partially carbonated and leached regions in 521 
the ternary cement was characterised by increased capillary porosity, consistent with the MIP 522 
results.  523 

  

Figure 20 Backscattered SEM images showing the freezing front and the core of the cement samples for 524 
mixes C (left) and CSL (right) 525 

 526 

Meanwhile, the C-S-H Ca/Si ratios were lower in the freezing front, confirming decalcification 527 
in both cements. The ternary cement inherently contained higher C-S-H S/Ca ratios, typical at 528 
3 – 4% sulphate in the cement [66]. The S/Ca ratio did not change significantly after freeze-529 
thaw. However, strong intermixing between the C-S-H and ettringite dominated the decalcified 530 
region in the ternary cement, Figure 21. The C-S-H/ettringite intermix, noticed only in the 531 
carbonated and leached ternary cement regions indicates possible late ettringite precipitation, 532 
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likely occurring in confined spaces within the C-S-H [67] which could also accelerate freeze-533 
thaw damage.   534 

 

 

Figure 21 Composition of the C-S-H after 25FT cycles, tests conducted according to Series CIF and CIF-DI for 535 
(a) neat cement mix, C and (b) limestone ternary cement mix, CSL   536 

 Implication of the microstructural changes on freeze-thaw resistance and comparison 537 
with other postulated freeze-thaw damage mechanisms 538 

Heterogeneous microstructures caused by the combination of carbonation, hydration, and 539 
leaching, characterised the cements at the start of the FT cycles. These influenced the 540 
subsequent freeze-thaw performance in two ways: 541 

1. Increased permeability in the composite cement hydrated matrix and 542 
2. Late precipitation of large-volume phase assemblages   543 

Partial carbonation during equilibration reduced total porosity in the neat cement but that of 544 
the limestone ternary cement increased. This agrees with observations in high SCM composite 545 
cements reported elsewhere [30-32, 52, 64]. Leaching, during saturation of the samples 546 
meanwhile increased capillary porosity despite refinement of gel pores and overall reduction 547 
in total porosity (Figure 11). These changes reflected in a greater uptake of the test solution, 548 
Figure 7, indicative of increased permeability in the composite cements including the limestone 549 
ternary blends. Additionally, the MIP data show increased threshold pore diameters after 550 
carbonation in both cements, Figure 22. It must be noted that composite cements are 551 
inherently associated with lower threshold pore diameters [30, 31, 50]. Coarsening of the 552 
pores during carbonation and leaching leads to more interconnecting pores than the neat 553 
Portland cement. But, the proportion of gel and capillary pores, and their modification exert 554 
even more significant influence on saturation, ice nucleation and growth. The CIF conditioning 555 
regime altered the pores in this range significantly in the limestone ternary cement samples at 556 
the start of the freeze-thaw cycles. Depending on the water to pore wall adhesion and pore 557 
solution composition [6, 7], the test solution (deionized water in this case) infiltrating the gel 558 
and meso-pores (<30nm) may also present a decreased freezing point or remain unfreezable 559 
at low temperatures [68], increasing the ice-induced pressure at the freezing centres. These 560 
changes are preceded by a more percolating matrix, accelerating the time to critical saturation 561 
whilst coarsened capillary pores also increase the volume of freezing centres. Indeed, the FT 562 
cycles induced additional meso/micro-capillary pores in all cements Figures 11 and 17. Such 563 
pores saturate readily and serve as freezing centres [35, 68]. Therefore, the profound internal 564 
damage and scaling in these (Figure 6) can be explained partly by the pore structural changes 565 
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occurring before and during the freeze-thaw cycles. That is, a more permeable microstructure 566 
caused by carbonation and leaching is percolated during capillary suction with the dominant 567 
meso-capillary pores becoming critically saturated and providing heterogeneous freezing 568 
sites. Prevalence of saturated gel pores sustain the damage as the fluid migrates to the ice 569 
nucleus in the larger pores [37]. This aligns with the hydraulic pressure theory [6, 36, 69], 570 
which attributes freeze-thaw damage to saturated confined pores and their characteristics at 571 
freezing temperatures. Specifically, the role of carbonation and leaching in modifying the pore 572 
distribution and composition of the pore fluid (equilibrated with the phase assemblages) before 573 
and during freeze-thaw cycles play an important role in freeze-thaw resistance.  574 

 575 

Figure 22 Effect of cement type on the threshold pore diameter at the different stages of the test 576 

 577 

Crystallization pressure due to ice growth in confined pores is a recognized freeze-thaw 578 
damage mechanism [7, 69]; the magnitude of which is a function of temperature, ice crystal 579 
shape, and supersaturation [70]. The microanalysis data presented above revealed 580 
precipitation of additional phase assemblages alongside ice crystals over the course of freeze-581 
thaw cycles. The additional hydration products were more pronounced in the partially 582 
carbonated limestone ternary cement (see Figure 10 and 21). The origin of these additional 583 
hydrates have been discussed above. Specifically, ettringite, carboaluminates, XRD 584 
amorphous phases increased in addition to crystallisation of calcium carbonate. The 585 
increasing volume fractions would also increase the crystallization pressure proportionate to 586 
the molar volume of the crystals [67]. To precipitate ettringite and carboaluminates, the pore 587 
solution must be saturated with respect to the contributing species (i.e. calcium, aluminium, 588 
carbonates and sulfates). Not only do external sources of ions (e.g. chlorides) exert 589 
crystallization pressure [70] but so do late dissolution and precipitation of hydrates [67]. This 590 
implies that the later formed hydrates to an extent influenced the freeze-thaw resistance. 591 
However, since neither crystalline gypsum nor monosulfoaluminate were noticed by XRD, it is 592 
difficult to formulate the exact solubility product equations to estimate the magnitude of 593 
crystallization pressures and hence this effect was not explored further. Notwithstanding, the 594 
freeze-thaw cycles and hence ice growth already provides flaws in the matrix to allow the 595 
generated pressure to propagate, contributing to damage of the concrete. This is consistent 596 
with accelerated surface scaling due to freeze-thaw induced micro-cracks and its coupling with 597 
external loads [38, 71].  598 
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The increasing capillary porosity and decalcification reflected on the micro-mechanical 599 
properties of the pastes, as shown in Figure 23 for the partially carbonated cements before 600 
and after the FT cycles. The modulus distribution is typical of cement hydrates [56, 57]. The 601 
mean stiffness at the end of the equilibration was higher in the neat Portland cement (32 602 
±4GPa) compared to the ternary blend (~ 22 ±3GPa), explained in part by the inherently low 603 
C-[A]-S-H Ca/Si in composite cements [58] and, by extension, carbonation. There was 604 
evidence of portlandite after equilibration in both cements, but not in the ternary cement mix 605 
after 25 FT cycles, consistent with the XRD and TGA data. Whereas stiffness of the low density 606 
C-[A]-S-H in the ternary mix did not change significantly after freeze-thaw, that in the neat 607 
cement shifted towards the low-density range. Decreasing micro-mechanical properties of 608 
cement matrix upon freeze-thaw has been reported elsewhere [12, 13]. The observations here 609 
indicate the significance of portlandite, plausibly restraining the C-S-H gel under stress 610 
conditions. Since portlandite is stiffer than C-S-H, its depletion reduces the bulk modulus, 611 
weakening the matrix and resistance to the pressure associated with ice growth.  612 

 613 

Figure 23 Frequency density plot of the Young’s modulus of carbonated and freeze-thawed pastes from 614 
micro-indentation  615 

Note: Ranges corresponding to the different hydrates were taken from [46, 72]. 616 

Hypothesis for freeze-thaw damage in composite cements and validation in concrete 617 

Based on the above discussion, it is hypothesized that the combined influence of carbonation 618 
and leaching exacerbated freeze-thaw damage in the investigated composite cement 619 
concrete. The C-S-H, ettringite and portlandite carbonated to a greater extent in the ternary 620 
cement compared to the neat cement, resulting in a coarsening of the pore structures. Calcium 621 
and sulphates leached into the test solution during capillary suction and freeze-thaw cycles 622 
but at the same time additional phase assemblages formed. These changes, absent in the 623 
samples that did not carbonate and leached, refined the nano-pores whilst the micro-pore 624 
volume increased, consequently increasing suction capacity of the samples. Additionally, 625 
portlandite depletion reduced matrix stiffness increasing susceptibility to freeze-thaw damage.  626 
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corresponding to series CIF-L) were investigated. Figure 24 (a and b) shows representative 630 
photographs of the specimens after 56 FT cycles. Marked improvement in the scaling 631 
resistance is evident. Meanwhile, Figure 22 (c) indicates that internal damage still occurred 632 
but to a much lesser extent than in those reported in Figure 6, where the samples partially 633 
carbonated before saturation and freeze-thaw (i.e. the CIF regime).  634 

  

 

Figure 24 Effect of curtailed carbonation and leaching on freeze-thaw resistance of non-carbonated 

concrete (a) mix C after 56 FT cycles, (b) mix CSL after 56 

4 Conclusions 635 

We investigated internal damage and surface scaling of OPC and composite cement 636 
concretes and their complementary cement pastes subjected to freeze-thaw tests. The testing 637 
regime comprised exposure to natural CO2 and saturating the samples in de-ionized water 638 
before exposure to the freeze-thaw cycles. The composite cement concretes (prepared at 639 
50% replacement of OPC, 0.5 w/c ratio and without air entrainment) were more susceptible to 640 
deterioration. Comprehensive characterisation of the microstructures, including phase 641 
assemblages, pore structures and micro-mechanical property measurements, revealed 642 
defects caused by carbonation and leaching. The main conclusions are: 643 

1. Combined carbonation and leaching led to pore structure changes, formation of new 644 
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changes combined to render the concretes more susceptible to damage upon freeze-646 
thaw.  647 

2. The inherently low portlandite contents in the composite cements with 50% clinker 648 
substitution increased the carbonation risk of all calcium bearing hydrates. We 649 
observed concurrent carbonation of ettringite and the C-S-H while some portlandite 650 
was still present. Carbonation was more pronounced in the limestone ternary cement 651 
and the porosity increased accordingly. 652 

3. Capillary suction before and during the freeze-thaw cycles led to both continued 653 
hydration and leaching of calcium, alkalis and sulfate ions. Loss of portlandite due to 654 
leaching increased micro-capillary pore volume whilst simultaneous hydration further 655 
refined the gel and meso-pores. The total porosity and threshold pore sizes decreased 656 
accordingly in the neat cement paste. However, the partially carbonated limestone 657 
ternary cement showed increasing percolation threshold diameter. 658 

4. The poorly crystalline calcium carbonate formed during equilibration in an ambient CO2 659 
environment converted to calcite during freeze-thaw cycling, whilst more ettringite, 660 
AFm and X-ray amorphous phases also formed per unit paste. These refined the pores 661 
but their formation might also have contributed to the crystallization pressure in the 662 
matrix.  663 

The above findings demonstrate changes in the phase assemblages and pore structures due 664 
to the test-conditioning regime of carbonation, leaching and hydration, which reduce 665 
performance. Carbonation modified the phase assemblages and adversely increased porosity 666 
in the ternary blended cement. Resumed hydration occurring simultaneously with leaching 667 
during capillary suction altered the pore structure, becoming more heterogeneous in the 668 
blended cement and accelerating  damage, as demonstrated by improved performance when 669 
samples were conditioned in limewater rather than deionised water. Therefore, freeze-thaw 670 
deterioration should be considered as more than purely a physical phenomenon, being 671 
affected by phase changes also.    672 
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