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11 Abstract

12 The results of a backscattered electron imaging study of the microstructure of the steel- and 

13 aggregate-cement paste interfaces of reinforced concrete systems hydrated at 20°C temperature are 

14 reported. The mix using neat OPC showed increasing calcium hydroxide (CH), and decreasing porosity 

15 and anhydrous cement levels with respect to age. Higher CH and porosity, and lower anhydrous 

16 cement levels at the interfaces compared to the bulk cement were also shown. Mixes incorporating 

17 ground granulated blast furnace slag (GGBS) at various cement replacement levels showed 

18 consistently low CH, and decreasing porosity, anhydrous cement and unreacted slag levels with 

19 respect to age. Higher CH and porosity, and lower anhydrous cement and unreacted slag at the 

20 interfaces compared to the bulk were also shown. The slope profiles of unreacted slag at the 

21 interfaces were steeper suggesting a narrower interfacial transition zone and thus tighter packing for 

22 the GGBS incorporated mixes.

23

24 Keywords: Backscattered Electron Imaging (B); Image Analysis (B); Interfacial Transition Zone (B); 

25 Characterisation (B); Granulated Blast-Furnace Slag (D)
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27

28 1. Introduction

29 The most common cause of durability loss in steel reinforced concrete is corrosion of the steel 

30 reinforcement bars, or more commonly called steel rebars. This is of great socio-economic 

31 importance, with direct losses (e.g. rehabilitation, repair and maintenance) in the range of billions of 

32 US dollars per annum worldwide [1]. An area of interest with respect to reinforced concrete is the 

33 ‘lime layer hypothesis’. The initial assumption was that the interface region between the steel rebar 

34 and the concrete is composed of largely segregated lime (calcium hydroxide) (CH) from the hydration 

35 reaction of the calcium silicates, and ensures the passive state of the steel rebar (e.g. [2-4]).  Many of 

36 these earlier studies on the steel-concrete interfaces however used fractured surfaces which may 

37 preferentially occur at weaker areas. 

38

39 The use of backscattered electron (BSE) imaging of polished sectioned specimens is becoming 

40 widespread in concrete microstructural studies, partly because when combined with the process of 

41 image analysis, it provides a method of obtaining quantitative results that are unbiased and 

42 therefore more representative of the concrete system.  The difficulties of obtaining representative 

43 specimens and the rigorous specimen preparation process may be a possible reason why there have 

44 been few studies made on the steel-concrete interfaces using polished cut sections (e.g. [5-9]). There 

45 are even fewer studies quantitatively characterising the distribution of hydration products from the 

46 steel-concrete interfaces (e.g. [6-9]); this may be attributed to the time-consuming factor of the 

47 image analysis process [10]. 

48

49 Based on qualitative observations of BSE micrographs, Glass et al. [5] concluded that there was no 

50 preferential arrangement of hydration products at the steel-concrete interface. Due to difficulties in 

51 specimen preparation, 200 µm steel ribbons were used to emulate steel rebars. It is likely that this 

52 small size may have contributed to the finding since the physical interaction of the ribbon during the 
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53 placing and compacting stages may have led to non-preferential arrangement of the concrete 

54 components and cement hydration products. If a typical cement particle size is taken as 20 µm, then 

55 the ribbon, which would be acting as a “wall”, would be 10x larger than that cement particle. 

56 However, a rebar of 8 mm diameter would be 400x larger than that same cement particle. Zayed [6] 

57 performed quantitative analysis of BSE micrographs and found no increases of CH at the interfaces.  

58 However, it is likely that the image selection may have included undersides of rebars, which would 

59 have different profiles than the topsides (as discussed later in Section 3.1. Qualitative Microstructural 

60 Observations). The width of the strips used in the image analysis process may have also been too 

61 wide (as discussed later in Section 2.5. Image Analysis). Horne et al. [7] performed quantitative 

62 analysis of BSE micrographs, and classified images in accordance with the orientation of the rebars; 

63 and also between top and underside of the rebar ribs. They concluded that the top of the ribs of 

64 rebars cast in vertical direction and topside of rebars cast in horizontal direction had higher amounts 

65 of CH at the interface as compared to the bulk cement paste.   

66

67 Incorporation of cement replacements including Ground Granulated Blast Furnace Slag (GGBS) into 

68 concrete may satisfy intended properties such as improved durability, as well as contributing towards 

69 environmental sustainability. Many studies (e.g. [11-15]) confirm the superiority of GGBS 

70 incorporated concrete as compared to plain concrete systems.  Mohammed et al. [15] compared the 

71 interfaces of reinforced concrete systems and based on qualitative secondary electron imaging (SEI) 

72 observations and electron microprobe analyser tests concluded that concrete incorporating GGBS 

73 had a denser C-S-H morphology than neat ordinary Portland cement (OPC) concrete, and that the 

74 denser morphology blocked chlorides from penetrating into the system. This conclusion of denser C-

75 S-H morphology is consistent with the different morphology of C-S-H in slag-rich cement blends when 

76 compared with neat OPC, as observed by Richardson & Groves [16] and Taylor et al. [17] using 

77 transmission electron microscopy (TEM).  

78
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79

80 Whilst few quantitative studies utilising BSE micrographs have been reported on reinforced concrete 

81 systems as discussed previously, there does not appear to be any for concrete systems incorporating 

82 GGBS. This may likely be due to difficulties of specimen preparation as discussed previously (and also 

83 later in Section 2. Experimental Methodology), and also due to difficulties in allocation of the 

84 hydration products (as discussed later in Section 2.5. Image Analysis). This article reports findings of 

85 comparison studies done for steel reinforced concrete systems incorporating neat OPC and 

86 OPC/GGBS, including the qualitative and quantitative microstructural findings of the properties at the 

87 steel- and aggregate-cement interfaces.

88   

89 2. Experimental Methodology

90 2.1. Materials & Moulds Used 

91 The main binder used was ordinary Portland cement which also conforms to BS EN 197 Portland 

92 Cement CEM 1 classification, with mineral composition approximately 50.4% C3S, 22.2% C2S, 8.4% 

93 C3A and 9.2% C4AF, and henceforth referred as OPC.  Ground Granulated Blastfurnace Slag (GGBS) 

94 was also used as partial cement replacement. Binder information for the OPC and GGBS including 

95 oxide composition and typical specific surface area (SSA) is summarised in Table 1. The coarse 

96 aggregates (CA) and fine aggregates (FA) used were of quartzitic nature and of gravel type and 

97 obtained from the same quarry. The physical properties of the CA was a blend of crushed and 

98 uncrushed type and of 10mm nominal maximum size; this size was preferred due to the 

99 microstructural nature of the study. The aggregates were segmentable in the Image Analysis process, 

100 utilising elemental distribution maps as per Brough & Atkinson [18].   Water used was clean and 

101 potable water to simulate on-site conditions. 

102

103 Table 1 – Binder Information for OPC and GGBS Used In Study

Chemical Constituent % SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3
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OPC 21.15 5.13 3.04 64.51 2.15 0.27 0.58 - 2.67

GGBS 34.45 13.21 0.60 38.07 8.06 <0.30 0.41 0.49 -

104

105 The reinforcement used was 8mm plain (i.e. non-ribbed) 250Y grade mild steel reinforcement bars. 

106 These were preferred due to ability to be analysed in both vertical and horizontal orientation, and 

107 were the most optimum with respect to the specimen preparation methodology utilised. Non-ribbed 

108 rebars were also preferred as Horne et al. [7] had used ribbed rebars and found differences in 

109 properties of concrete microstructure at the top and underside of rebar ribs for concrete cast in 

110 vertical direction.  The rebars were purposely left as-is, with only loose rust removed, to simulate on-

111 site conditions. Moulds used were 150mm cube moulds purposely constructed for the study. 

112 Different moulds were used which ensured fixed alignment of the steel rebars in either vertical or 

113 horizontal directions, emulating fixed on-site conditions. The rebars were positioned rigidly in the 

114 final location prior to casting of the concrete, as per on-site conditions, and therefore addressed the 

115 possible ambiguity on whether the rebars were positioned prior or after the concrete had been 

116 placed.  Whilst practices had been undertaken to simulate on-site conditions as much as possible in-

117 lab, it is appreciated that other real on-site factors may also have effect on the results, for example 

118 rust on rebars, intersection of rebars, presence of tie-wires or contamination of rebar surface [19]. 

119 These are however isolated and/or controlled for this study to reduce the possibility of results being 

120 affected by unknown factors. 

121

122

123 2.2. Summary of Concrete Mixes

124 This article discusses the results from 3 principal concrete mixes. These comprise of GGBS used as 

125 cement replacement at 0% (i.e. a neat OPC concrete mix), 50% and 70% replacement levels and 

126 referred as OPC Mix, 50GGBS Mix and 70GGBS Mix respectively.  The mixes were cured at 20°C 

127 temperature at 100% humidity conditions. Specimens were then obtained via coring at various ages 

128 including 1, 3, 7, 28 and 270 days. It was not possible to obtain 1 day age specimens from the GGBS 
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129 mixes since the concrete had not hydrated and hardened enough to withstand the coring process. A 

130 series of tests were done for each mix, which included tests for fresh and hardened properties, and 

131 microstructure tests.  The scope of work also included similar concrete (and cement) mixes produced 

132 and cured at simulated elevated temperature conditions. This article concentrates on microstructural 

133 analysis of the mixes cured at 20°C whereas the results for those cured at elevated temperature will 

134 be published elsewhere.  The mean compressive strength results of the mixes, as summarised in 

135 Table 2, will be compared later with the findings from the microstructural study. 

136

137 Table 2 – Mean compressive strength results 

Mean Compressive Strength (MPa) at Age
Mix

1 Day 3 Day 7 Day 28 Day 270 Day

OPC Mix 14.60 30.35 43.70 59.70 76.80

50GGBS Mix 8.05 19.65 30.15 50.65 80.20

70GGBS Mix 4.35 11.40 22.31 43.00 66.60

138

139 To take into consideration the potential variability property of concrete, the experiments were 

140 devised such that all results were from the same mixes. In addition, the materials for the concrete 

141 mixes were all from the same batch to further reduce potential discrepancies due to materials 

142 properties.  A default mix design of CA:FA:binder ratio by weight of 3:2:1 and a water/binder ratio by 

143 weight of 0.5 was utilised for the mixes.  Cement replacement used was percentage replacement by 

144 weight.  

145

146 Based on results of trial mixes, the selected default water/binder ratio of 0.5 was found to be 

147 optimal.  Concrete consistence (or formerly referred as concrete workability) could be measured 

148 using a single indirect consistence test, in this case the Slump Test, and therefore direct comparisons 

149 of concrete consistence could be made between all mixes. Full compaction was achieved for all mixes 

150 at this water/binder ratio; avoiding inadequate compaction for the mix with the lowest consistence 

151 and ensuring cohesiveness remained for the mix with the highest consistence. The mixes were 
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152 compacted using a mechanical vibrating table, with compaction ensured once all the air bubbles 

153 from the fresh concrete were eliminated, and immediately stopped before segregation occurred. The 

154 water/binder ratio used did not necessitate using chemical admixtures, which may have otherwise 

155 compromised the findings, especially due to the microstructural nature of the study. 

156

157

158 2.3. Specimen Preparation

159 At the required age, reinforced concrete of approximately 25mm in diameter with the rebar in the 

160 centre, was cored using a water-cooled concrete core drill equipped with a diamond-bit core barrel. 

161 Specimens with the steel-concrete interfaces exposed were then obtained by cutting through the 

162 specimens either through the vertical (longitudinal) axis of the cores for rebars of vertical 

163 orientation, or through the horizontal (transversal) axis of the cores for rebars of horizontal 

164 orientation, using a water-cooled concrete cutting saw (Discoplan-TS Streurs). The blade was 

165 diamond-tipped and able to cut through both concrete and steel rebar. Hydration was stopped by 

166 immersion of the specimens in liquid nitrogen and then freeze dried using a freeze drier, thus 

167 allowing analysis to be done at later ages. 

168

169 Preliminary grinding was initially performed to eliminate defects due to the original cutting process 

170 and expose the real specimen surface behind the cut surface. This was achieved by manually grinding 

171 each specimen using coarser sized silicon carbide abrasive paper. A reflected light microscope (Ziess) 

172 was used to visually assess the specimen quality. Each specimen was then epoxy impregnated to 

173 preserve its features during the subsequent grinding and polishing stage. 

174

175 The grinding and polishing process was done using a grinding and polishing machine (Struers 

176 Rotopol) equipped with a rotating turntable.  Silicon carbide papers of successively finer sizes placed 

177 on the machine were used to grind and polish the specimen until it was flat enough for 
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178 microstructural analysis via BSE imaging using a scanning electron microscope (SEM). A reflected light 

179 microscope was similarly used to assess the specimen quality and whether it was acceptable to 

180 proceed to the subsequent grinding/ polishing stage using finer-sized paper. In general, a specimen 

181 was considered acceptable to proceed to the next grinding/ polishing stage once most of the defects 

182 from the previous grinding/ polishing stage has been predominantly eliminated.  The specimen face 

183 to be analysed was then sputter coated with a thin film of carbon.  It is noted that the grinding and 

184 polishing process was one of the difficult parts of the specimen preparation stage partly because of 

185 the difficulty of preparing reinforced concrete specimens representative of the system and the 

186 importance of user experience, and has major effect on the quality of the specimen to be analysed.

187

188

189 2.4. Microstructural Analysis

190 The principal investigation was quantification of the distribution of hydration products from both the 

191 steel- and aggregate-cement interfaces using image analysis of the BSE micrographs and elemental 

192 distribution maps of areas of the specimens.  A CamScan Series 4 SEM was used to examine the 

193 specimen.  The SEM was equipped with an energy dispersive X-ray (EDX) detector (Oxford 

194 Instruments EDX) which was used to collect elemental maps and quantitative analyses of selected 

195 points.  Optimum settings used for BSE imaging (and also EDX mapping) was an accelerating voltage 

196 of 20 keV, a spot size of 1, a working distance of 28 mm and a tilt angle of 0°.  The settings were 

197 optimum with respect to factors including resolution, specimen damage, aberration and perspective. 

198

199 The specimen was initially viewed in SEI mode. This allowed the user to confirm the flatness of the 

200 area to be analysed and also allowed less bias of preferential acquisition of specific features (e.g. 

201 selecting areas of high CH content) since the user was less aware of the hydration product 

202 distribution of that area. Micrographs in BSE imaging mode were then taken of random areas which 

203 contained the distribution of hydration products at the steel-cement interface. These areas also 
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204 generally showed the aggregate-cement interface.  Damaged areas (such as cracking) and air voids 

205 not part of the microstructure were avoided.  For each area, X-ray maps of specific elements were 

206 also recorded. 

207

208

209 2.5. Image Analysis

210 An image analysis software (KS400 Imaging System Software, Carl Zeiss Vision GmbH) was used to 

211 extract quantitative information from each set of BSE micrographs and the elemental maps taken.  

212 Binary masks were produced by allocating a specific range within the greyscale histograms for phases 

213 which have clear allocations, or from a single or a combination of specific elemental distribution 

214 maps.  The former method was preferred since the elemental maps were of lower quality than the 

215 BSE micrographs, but in situations of greyscale level overlaps, the latter was more optimal. 

216

217 Porosity maps (for pores with width greater than about 0.5 µm), CH maps, anhydrous cement maps, 

218 aggregate maps and steel maps were obtained as per method utilised by Horne et al. [7] (and 

219 outlined by Richardson [20]). In addition, CH maps could also be formed from the arithmetic 

220 production of the calcium (Ca) and silicon (Si) elemental maps.  These were necessary for the GGBS 

221 mixes since the unreacted slag particles were at similar greyscale levels with the CH.  For the GGBS 

222 mixes, unreacted slag binary masks were therefore obtained from the arithmetic subtraction of the 

223 CH binary mask from the combined CH & GGBS binary mask (which were at similar greyscale levels). 

224 The remaining binary mask was for the C-S-H; this was obtained by the total area subtracted with the 

225 sum of the other binary masks, including the steel and aggregate. Due to known inclusions and/or 

226 intermixing of CH, monosulphates, ettringite and pores which are too fine to be distinguished at the 

227 magnification level used, these are termed as undesignated hydration products (UHP). 

228
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229 Successive strips were then produced from the steel-cement interface to the bulk cement paste, 

230 each strip being 4 pixels in width which equates to approximately 1.88 µm. The width used was 

231 similar to Horne et al. [7] and was found to be optimal in terms of avoiding local variation or intrinsic 

232 heterogeneity [10] if too narrow, and unrepresentative average if too wide. As a comparison, Zayed 

233 [6] used strip width of approximately 5 µm which may have considerably averaged the results 

234 obtained.  50 strips, equating to 94 µm total width were produced; it is considered that this would be 

235 bulk cement. The width utilised is based on Horne et al. [7] who used total width of approximately 

236 120 µm for both the steel- and aggregate-cement interfaces, and Scrivener [21] who considered that 

237 the most significant differences in properties occurs over the first 15-20 µm from the interface with 

238 respect to the aggregate-cement interfacial transition zone (ITZ). 

239

240 The distribution of hydration products in each strip was then recorded.  Similar strips were produced 

241 from the aggregate-cement paste interface, with consideration given so that both the strips from the 

242 steel-cement and aggregate-cement interfaces did not overlap with one another, thus avoiding 

243 duplicate results.  This process meant that the total area of the strips reduced towards the bulk 

244 cement paste from each interface, and so this reduced accuracy towards the bulk should therefore 

245 be considered. Horne et al. [7] illustrated the reducing accuracy whereby the 95% confidence 

246 intervals became larger due to the number of images contributing to the result decreasing as the 

247 distance from the interface increases. The number of images utilised was up to 60 images from 2 

248 specimens. Duraman [22] similarly showed a graphical example via a specimen where the total 

249 cumulative area at the steel-concrete interface was 42000 pixels which reduced to 20000 pixels at 

250 the furthest point from the interface.  Figure 1 demonstrates the production of strips from the steel- 

251 and aggregate-cement interfaces based on the original BSE micrograph using image analysis. 

252

Figure 1- BSE micrographs at 500× magnification showing (a) the original image and (b) 

the production of strips from the steel- and aggregate-cement interfaces via image analysis. 
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The distribution of hydration products in each strip was subsequently recorded.

253

(a) (b)

254

255 Macro functions within the image analysis software were developed for the above processes due to 

256 the repetitive nature.  Specific sets of macros were developed for each concrete system.  For each 

257 mix at each age, up to 60 sets of images were taken from 2 to 3 specimens.  This number was similar 

258 to Horne et al [7] who concluded that this was the highest practicable number possible within 

259 reasonable timescales to provide statistically significant profiles, in addition to reduced accuracy 

260 towards the bulk.  Scrivener [10, 21] had previously acknowledged the time factor to be one of the 

261 biggest obstacles of quantitative characterisation of BSE images.   

262

263

264 3. Results and Discussion

265 3.1. Qualitative Microstructural Observations

266 The ‘wall-effect’ with the steel rebar acting as the wall was observed at lower magnification levels 

267 (e.g. Figure 2 at 50x magnification) with larger sized aggregates (not necessarily CA) predominantly a 

268 considerable distance away from the steel interface. Likewise the wall-effect with the CA acting as a 

269 wall was also observed with no CA being in close vicinity with other CA and agrees with qualitative 

270 observation from other studies (e.g. [23, 24]).  Figure 2 and Figure 3 shows examples of regular 

271 observations of the ‘wall-effect’.  This observation also provides a basis of preferential arrangement 

272 of the cement particles within the concrete with the steel rebar and the larger aggregates behaving 
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273 as a wall thus disrupting the non-preferential arrangement of the cement particles. This results in 

274 smaller grains being closer to the ‘wall’ and larger grains further away.

275

Figure 2- BSE micrographs at 50× magnification showing coarse aggregate (CA) to be (a) 

typically far from the steel, and (b) a rare occurrence of a larger sized aggregate located close 

to the steel

(a) (b)

276

Figure 3- BSE micrograph at 50× magnification of coarse aggregate (CA) to be typically far 

from other CA

277

278

279 Rebars in horizontal orientation predominantly displayed underside bleeding which created a gap 

280 that remained with time. Figure 4 shows a reinforced concrete specimen at 270 day age in horizontal 

281 orientation and the underside gap due to the bleeding effect. The bleeding effect was similarly 

282 reported in qualitative [15, 25] and quantitative [7] microstructural studies of reinforced concrete. 

283

Figure 4- Schematic representation of bleeding occurring in a horizontal steel rebar of a 270 
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day old reinforced concrete specimen at 50× magnification

284

285

286

287 As shown in Figure 5, the unreacted slag particles were regularly observed to be closer to the steel 

288 interface whereas the anhydrous cement particles were further away from the steel interface. As 

289 expected, this was more obvious during the early ages where both the unreacted slag and anhydrous 

290 cement particles were prominent throughout the hardened cement paste. This finding will be 

291 discussed further in the quantitative results.

292
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Figure 5- BSE micrograph at 500x magnification of 50% GGBS incorporated reinforced 

concrete at 3 day age

293

294

295 3.2. Quantitative Results of OPC Mix at 20°C 

296 The distribution profiles of hydration products at various ages for the OPC Mix are shown in Figure 6 

297 for the steel-cement interface and in Figure 7 for the aggregate-cement interface. The hydration 

298 products in both cases comprise of (a) Calcium Hydroxide, CH; (b) Porosity; (c) Anhydrous cement 

299 particles and (d) Undesignated hydration products (UHP).  Porosity refers to pores with width greater 

300 than about 0.5 µm and UHP is predominantly C-S-H gel, with minor inclusions and/or intermixing of 

301 of CH, monosulphates, ettringite and pores which are too fine to be distinguished at the 

302 magnification level used. Porosity and UHP are henceforth referred as such.

303

304

Figure 6- Distribution of hydration products from 

the steel interface at various ages for the OPC 

Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Undesignated Hydration Products, UHP

Figure 7- Distribution of hydration products from 

the aggregate interface at various ages for the 

OPC Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Undesignated Hydration Products, UHP

305

(a) (a)
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(b) (b)

(c) (c)

(d) (d)

306

307 The general trend with increasing age was an increase in CH, a decrease in porosity (i.e. pores greater 

308 than about 5µm), and a decrease in anhydrous cement at both the interfaces and bulk cement paste. 
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309 There was also generally an increase in UHP. The general comparison of hydration products at the 

310 interfaces with the bulk cement paste was higher CH, higher porosity and lower anhydrous cement. 

311 There was no specific trend for the UHP between the interfaces and the bulk cement paste.

312

313 The trends for the CH, porosity, anhydrous cement and UHP at each age and the subsequent changes 

314 with progressing age can be attributed to the ongoing hydration process of the cement.  The 

315 differences in magnitude of the CH, porosity and anhydrous cement between both the steel- and 

316 aggregate-cement interfaces with the bulk cement paste can be attributed to the wall-effect. The 

317 generally accepted concept [21] is that during the concrete placing and compaction stages, the rebar 

318 and aggregate interfaces act as walls which disturbs the packing and arrangement of the cement 

319 grains. Under normal conditions the cement grains should have no preference in arrangement, but in 

320 the presence of these walls, the tendency would be for smaller grains to occupy the wall and larger 

321 grains further out. The increased CH at the aggregate-cement interface was similarly observed [7, 10, 

322 24, 26-28] in other quantitative BSE microstructural studies of concrete via image analysis. In this 

323 case, the peak value close to the interface increases from about 16% at 1 day to 28% at 270 days, 

324 whilst the value in the bulk cement paste is about 14% at 270 days.  

325

326 The higher quantity of CH at the steel-cement interface agrees with a number of qualitative studies 

327 of steel-concrete interfaces using fractured surfaces [2-4, 29-33] which additionally suggest that 

328 those qualitative observations may be representative of the concrete systems.  Few BSE 

329 microstructural quantitative analyses have been done on the interfaces of reinforced concrete, 

330 primarily due to difficulty of specimen preparation, as discussed previously. The CH trends observed 

331 agree with the quantitative analyses reported by Horne et al. [7]. The differences in numerical values 

332 can possibly be attributed to different mixing methodologies and rebar confinements.  

333
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334 The anhydrous cement profiles showed the largest variation of results between the different ages 

335 and provide the most direct comparison with the macro-structure properties of the concrete, in this 

336 case the compressive strength. Whilst there was variability at greater distances from the interfaces 

337 (due to poor statistics, as explained earlier), nevertheless the anhydrous content of the bulk cement 

338 paste for both interfaces can be approximated to 26, 18, 16, 14 and 8% at ages 1, 3, 7, 28 and 270 

339 days respectively. These results correlate well with the compressive strengths of the OPC Mix at the 

340 same ages (i.e. approximately 15, 30, 44, 60 and 77 MPa from Table 2).  For the porosity,  only the 1 

341 day age and 3 day age showed differences in magnitudes between the interfaces and the bulk 

342 cement paste. The porosity profiles were progressively decreasing with age; the 7 day, 28 day and 

343 270 day ages were approximately similar in profiles and magnitude with approximately 2% in the 

344 bulk cement paste.

345

346

347 3.3. Quantitative Results of GGBS Mixes at 20°C 

348 Figure 8 and Figure 9 shows the distribution profiles of hydration products at various ages for the 

349 50GGBS Mix at distance away from the steel-cement and aggregate-cement interfaces respectively. 

350 The hydration products comprise of (a) Calcium Hydroxide, CH; (b) Porosity; (c) Anhydrous cement 

351 particles; (d) Unreacted slag and (d) Undesignated hydration products (UHP).  Designations for 

352 porosity and UHP are as per explained in Section 3.2 and are henceforth referred as such. Similarly 

353 Figure 10 and Figure 11 shows the distribution of hydration products for the 70GGBS Mix.

354

355

Figure 8- Distribution of hydration products from 

the steel interface at various ages for the 50GGBS 

Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Unreacted Slag

Figure 9- Distribution of hydration products from 

the aggregate interface at various ages for the 

50GGBS Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Unreacted Slag
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(e) Undesignated Hydration Products (e) Undesignated Hydration Products

356

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)
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357

358

Figure 10- Distribution of hydration products 

from the steel interface at various ages for the 

70GGBS Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Unreacted Slag

(e) Undesignated Hydration Products

Figure 11- Distribution of hydration products 

from the aggregate interface at various ages for 

the 70GGBS Mix cured at 20°C
(a) Calcium Hydroxide, CH

(b) Porosity

(c) Anhydrous Cement

(d) Unreacted Slag

(e) Undesignated Hydration Products
359
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(d) (d)

(e) (e)

360

361

362 The general trend with increasing age for both the 50GGBBS Mix and 70GGBS Mix was a decrease in 

363 porosity (i.e. pores greater than about 5µm), a decrease in unreacted slag, and an increase of UHP at 

364 both the interfaces and bulk cement paste. The anhydrous cement was generally low throughout 

365 although the profile at 3 day age was marginally higher compared to later ages; this was more 

366 noticeable in the 70GGBS Mix. Aside from at the interfaces, the CH profiles were also generally low 

367 throughout.  The amount of unreacted slag was greater than anhydrous cement at each 

368 corresponding age; this was especially evident with the 70GGBS Mix.  The general comparison of 
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369 hydration products at the interfaces with the bulk cement paste was higher CH, higher porosity, 

370 lower anhydrous cement, and lower unreacted slag. The slope gradients of the anhydrous cement 

371 and the unreacted slag from the interfaces to the bulk cement paste differed; with the unreacted 

372 slag having a steeper gradient than the anhydrous cement profile. 

373

374 A comparison between the 50GGBS Mix and the 70GGBS Mix showed the CH profiles in the bulk 

375 cement paste to be similar being low throughout all ages. Both mixes showed greater amounts of CH 

376 at the interfaces compared to the bulk cement paste; the CH profile at the interface was greater for 

377 the 50GGBS Mix. The porosity comparison showed similar profiles and levels at each corresponding 

378 age.  The unreacted slag was greater in the 70GGBS Mix throughout all ages. In addition, the slope 

379 gradient of the unreacted slag at the steel-cement interface in the 70GGBS Mix was steeper than the 

380 corresponding gradient of the 50GGBS Mix, whilst was similar at the aggregate-cement interface.

381

382 The trends for the porosity, unreacted slag and UHP at each age and the subsequent change with 

383 progressing age can similarly be attributed to the ongoing hydration of both the anhydrous cement 

384 and slag particles. Similar to the OPC Mix, the differences in magnitudes of the CH, porosity, 

385 anhydrous cement and unreacted slag can also be attributed to the wall effect. 

386

387 The CH profile was consistently low in the bulk cement paste throughout the ages, at approximately 

388 2-6% ranges.  This is likely due to the on-going production of CH from the hydration of the calcium 

389 silicates within anhydrous cement, which is subsequently consumed by the slag reaction to produce 

390 C-S-H. Once CH is produced and the subsequent slag reaction process initiated, would result in both 

391 reaction processes occurring simultaneously until either the reaction of anhydrous cement or slag 

392 has ceased.  The interfaces showed higher CH levels compared with the bulk cement paste, however 

393 showed no specific trend with respect to age. It is likely that localised effects of either presence or 

394 absence of CH and slag had contributed to this result. 
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395

396 The greater volume of unreacted slag compared to anhydrous cement at early age are as expected, 

397 due to the delayed start of reaction of the slag prior to the production of CH from the calcium 

398 silicates. At early age, the volume of unreacted slag of the 70GGBS Mix is higher than that of the 

399 50GGBS Mix. This is as expected due to the higher GGBS replacement level.  The unreacted slag 

400 profile at the interfaces showed a steeper gradient than the anhydrous cement at the same age; this 

401 was especially evident at early age of 3 days. This observation suggests that there is better packing of 

402 the slag as compared to the cement, leading to a narrower ITZ.  This proposal is further reinforced 

403 with the unreacted slag profile at the steel-concrete interface slope gradient being steeper for the 

404 70GGBS Mix than the corresponding gradient in the 50GGBS mix. These findings were also observed 

405 visually from the BSE micrographs as was explained previously. Based on qualitative microstructural 

406 observations on fractured surfaces, Gao et al. [34] reported that the ITZ appeared denser with 

407 increasing GGBS content (they used 20% and 60% replacement levels) and is therefore in agreement 

408 with the findings discussed.  

409

410

411 3.4. Comparisons Between OPC and GGBS Mixes 

412 The profiles for the unreacted cement were generally lower for the GGBS mixes compared to the 

413 OPC Mix at each age and were as expected in consideration of the replacement.  At 270 days age the 

414 quantity in the bulk paste was approximately 8, 5 and 3% for the OPC Mix, 50GGBS Mix and 70GGBS 

415 Mix respectively.  It is likely that for the 70GGBS Mix both the low anhydrous cement and low CH 

416 content led to slower reaction of the slag at this late age. 

417

418 The OPC Mix and GGBS mixes showed generally decreasing porosity with respect to age.  The 

419 porosity profiles were similar at later ages, all showing a low level of pores > ≈0.5 µm at later ages, 

420 with similar values, except for the 70GGBS Mix which was slightly higher at approximately 4%.  
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421 However, differences were observed at early age: for example, the porosity for the GGBS mixes at 3 

422 days was similar to that of the OPC Mix at 1 day age, which can be attributed to the slower initial 

423 hydration reaction of the slag.

424

425 The CH profiles showed steady increases both at the interfaces and in the bulk cement paste with 

426 increasing age for the OPC Mix but was not the case for the GGBS mixes.  The OPC Mix followed a 

427 steady trend of increase of CH with respect to age whilst the GGBS mixes were generally low 

428 throughout, the latter likely due to the ongoing production of CH from the hydration of the calcium 

429 silicates and consumption from the slag reaction to produce C-S-H, as had been explained previously. 

430

431 The OPC Mix showed a steady increase of CH at the interfaces with increasing age, which would be 

432 advantageous in terms of protection of the steel rebar from generalized corrosion due to an 

433 enhanced pH buffering capacity.  The GGBS mixes also showed CH at the interface, though less than 

434 the OPC Mix at the same ages, and with no specific trend with respect to age.  The approximate 

435 values of % CH present at an interface (the peak value) and in the bulk cement paste at 270 days are 

436 summarized in Table 3, taking into account the profiles from both the steel- and aggregate-cement 

437 paste interfaces.  The lower % CH in the GGBS mixes was compensated by higher UHP, which 

438 comprises predominantly of C-S-H.  Whilst providing reduced buffering capacity, it is possible that 

439 this subsequent replacement of CH at the steel interface with C-S-H might enhance protection of the 

440 steel from corrosion by providing a physical barrier to the ingress of aggressive ions.  

441

442 Table 3- The approximate peak and bulk %CH after 270 days hydration and the estimated 

443 approximate thickness of the ITZ (µm)

Approximate % CH Estimated Thickness of the ITZ (µm)

Interface 

(Peak)

Bulk Calcium 

Hydroxide

Porosity 

(>≈0.5 µm)

Anhydrous 

Cement

Unreacted 

Slag

UHP

OPC Mix 22-28 14 10-15 7 15-50 - 10

50GGBS Mix 16 2-4 15 5 15-20 15 0-10
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70GGBS Mix 6 2 15 5 20-30 10-15 0-10

444

445 The OPC Mix and GGBS mixes showed a steady increase of % UHP, though the rates were not similar, 

446 with respect to age.  Most of the differences can be attributed to the partial replacement of OPC 

447 with GGBS for the GGBS mixes and thus the initial slower reaction as compared to a neat OPC mix.  

448 The UHP profiles were inversely similar with the porosity profile relationship between the OPC Mix 

449 and GGBS mixes. At early age, the values for the % UHP in the 50GGBS and 70GGBS mixes were lower 

450 than the OPC Mix (approximately 58 and 56 % respectively, compared to 68 % at 3 days age), most 

451 likely due to the slower initial hydration of the slag. At later ages however, the values were very 

452 similar (approximately 80 and 78 % compared to 79 % at 270 days age).  Since the UHP is comprised 

453 largely of C-S-H, it is perhaps unsurprising that the values for % UHP correlate quite well with the 

454 compressive strengths; the strengths of the OPC, 50GGBS, and 70GGBS mixes were approximately 

455 30, 20 and 11 MPa at 3 days age, and 77, 80 and 67 MPa at 270 days age.  

456

457 Scrivener et al. [24] considered that the effective thickness of the ITZ varies with the microstructural 

458 feature being studied and during the course of hydration.  Values for the approximate width of the 

459 ITZ for the concrete samples studied in the present work are given in Table 3, estimated from the 

460 profiles from both steel- and aggregate-cement paste interfaces of CH, porosity, anhydrous cement 

461 and unreacted slag. It is evident that the results are consistent with Scrivener et al.’s view.

462

463

464 4. Conclusions

465 Quantitative analysis using the image analysis process was utilised for sets of BSE micrographs of OPC 

466 and OPC/GGBS reinforced concrete systems at various ages. The profiles and properties of these 

467 systems at the steel- and aggregate-cement paste interfaces and the bulk cement paste were 

468 studied.  The main findings are as follows: 
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469

470 1. The OPC Mix generally showed increasing CH, decreasing porosity (i.e. pores greater than 

471 about 5µm), decreasing anhydrous cement and increasing UHP levels with respect to age.

472 2. The OPC Mix generally showed higher CH, higher porosity and lower anhydrous cement 

473 levels at the interfaces compared to the bulk cement paste.

474 3. The GGBS mixes generally showed decreasing porosity, decreasing anhydrous cement, 

475 decreasing unreacted slag and increasing UHP levels with respect to age. The CH was 

476 predominantly low throughout.

477 4. The GGBS mixes generally showed no specific trend of CH at the interfaces with respect to 

478 age. There was generally lower CH with increasing GGBS proportion.

479 5. The GGBS mixes generally showed higher CH, higher porosity, lower anhydrous cement and 

480 lower unreacted slag levels at the interfaces compared to the bulk cement paste.  

481 6. The GGBS mixes generally showed lower CH, higher porosity, lower anhydrous cement and 

482 lower UHP levels at the same corresponding early age; and lower CH, similar porosity, lower 

483 anhydrous cement, and similar UHP levels at the same corresponding later ages when 

484 compared to the OPC Mix. 

485 7. The GGBS mixes generally showed that the unreacted slag profiles had a steeper slope at the 

486 ITZ than the anhydrous cement profiles at the same age, suggesting a narrower ITZ for the 

487 GGBS mixes compared to the OPC Mix. 

488 8. An increase in GGBS proportion led to a steeper slope of the unreacted slag profile at the ITZ, 

489 suggesting the ITZ distance is inversely proportional to the GGBS replacement level. 

490

491
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