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Abstract 5 

A new image analysis procedure for quantifying microcracks from three-dimensional (3D) X-ray microCT images of 6 
concrete is presented. The method separates microcracks from air voids and aggregates by combining filtering and 7 
morphological operations. It was applied to study the effects of supplementary cementitious materials (SCMs) and 8 
curing age on autogenous shrinkage-induced microcracks in low w/b ratio concretes, and to determine the 9 
representative elementary volume (REV) for various properties of microcracks and air voids. Results showed that slag 10 
and silica fume significantly increased autogenous shrinkage and related microcracking. These SCMs increased volume 11 
fraction, width, length, dendritic density, anisotropy, and connectivity of microcracks, but decreased specific surface 12 
and tortuosity. Similar trends were observed with age. Comparison between 3D and 2D measurements was made. REV 13 
analysis showed that a sampling volume of ~20 × 20 × 25 mm3 is sufficient for characterising most parameters of 14 
autogenous shrinkage microcracks and air voids in concrete. 15 
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1 Introduction 18 

High performance concrete (HPC) is widely used in civil engineering applications to provide enhanced strength and 19 
durability. HPC is achieved by using very low water/binder (w/b) ratios, supplementary cementitious materials (SCMs) 20 
such as silica fume (SF) and ground granulated blastfurnace slag (GGBS), and admixtures, especially superplasticiser. 21 
However, such HPC is prone to self-desiccation and autogenous shrinkage of the paste matrix [1-3]. Autogenous 22 
shrinkage induces tensile stresses in the cement paste as a result of aggregate restraint and when the tensile strength is 23 
exceeded, microcracking occurs. 24 

Numerous studies have been carried out to understand the nature of autogenous shrinkage [2, 4-7] and to develop 25 
methods such as internal curing [6, 8, 9] to reduce microcracking. Nevertheless, very few studies have performed direct 26 
characterisation of autogenous shrinkage-induced microcracks. This is partly because it is difficult to arrest these 27 
microcracks since the sample needs to be maintained under autogenous conditions throughout the preparation process 28 
[3]. Furthermore, due to their high complexity, microcracks are practically difficult to characterise especially in three-29 
dimensions at the concrete scale. 30 

Two-dimensional (2D) microscopy techniques, notably optical and scanning electron microscopy (SEM), are by far the 31 
most commonly used techniques for characterising microcracks. These techniques have been applied to quantify 32 
microcracks induced by autogenous [3, 10, 11], drying shrinkage [12-16] and mechanical loading [17-19]. However, they 33 
are stereology-based [20, 21] and provide only 2D characteristics such as area fraction, density, length, width and 34 
degree of orientation, some of which are manually obtained. Moreover, invasive sample preparation steps including 35 
cutting, drying, epoxy impregnation, grinding and polishing are usually required. These may introduce artificial damage 36 
that further complicates the characterisation of inherent microcracks [12, 22]. 37 

In light of these limitations, researchers have turned to modelling as an alternative method for studying microcracks. 38 
The formation of microcracks, their effects on mass transport and correlations to aggregate properties have been 39 
modelled in two-dimensions [23-27]. 3D models have also been used to study the effects of microcracks on the 40 
diffusivity and permeability of concrete [28-30]. A major advantage of 3D computational models is that microcracks of 41 
various characteristics can be generated to enable a systematic study. Nevertheless, they are computationally 42 
expensive to run and their true representativeness remains questionable.  43 

With advances in 3D imaging, it has become possible to capture microcracks in concrete using techniques such as 44 
focused ion beam nanotomography (FIB-nt), laser scanning confocal microscopy (LSCM) and X-ray microtomography (X-45 
ray µCT) [31-33]. Amongst these, X-ray µCT is the most widely used technique thanks to its ability to perform non-46 
destructive scanning of large samples. Furthermore, this technique requires minimal sample preparation and hence is 47 
particularly suited for imaging cracks. More recently, X-ray µCT has been coupled with digital volume correlation for 48 
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imaging developing microcracks [34, 35]. This method is able to provide a detection accuracy of one tenth of a voxel but 49 
it requires a reference image acquired under identical imaging conditions to the cracked image. X-ray µCT has been 50 
used to image cracks induced by drying [36], freeze-thaw actions [37-39], carbonation [40] and leaching [41]. 51 
Nevertheless, most of these studies performed only qualitative assessments or basic measurements of the microcracks. 52 
The main reason lies in the fact that it is difficult to accurately segment microcracks from capillary pores and air voids, 53 
due to their similar greyscale values and complex morphology.  54 

Recently, machine learning and deep learning methods have emerged as a promising tool for image segmentation of 55 
cement-based materials. For example, Dong et al. [42] and Lorenzoni et al. [43] applied deep convolutional neural 56 
networks-based methods to extract freeze-thaw microcracks from concrete, and polymer fibres and air voids from 57 
strain-hardening cement-based composites respectively. However, such methods are usually computationally 58 
expensive to run and they require human inputs and substantial optimisation of various parameters, all of which can 59 
affect segmentation accuracy.  60 

Microcracks are inherently connected to air voids and capillary pores that contribute to transport [13, 44]. Depending 61 
on the degree of microcracking, the influence of microcracks on transport may outweigh those of capillary pores and air 62 
voids [15, 45]. As such, it is highly desirable to be able to isolate the contribution of microcracks and understand their 63 
interactions with pores and air voids. Promentilla et al. [37] measured various 3D parameters of voids in mortars 64 
subjected to freeze-thaw (e.g. volume fraction, connectivity and diffusion tortuosity), but no attempt was made to 65 
separate microcracks from the connected pores and air voids. Several studies [38, 39, 46] have proposed methods for 66 
isolating microcracks, but these are applicable only to diffuse (< 0.1% vol. fraction), isolated and morphologically simple 67 
microcracks.  68 

This study presents a new 3D image analysis procedure for extracting complex microcracks from X-ray µCT images of 69 
concrete. X-ray µCT was used because it is non-destructive, it requires minimal sample preparation and it resolves 70 
microcracks as fine as ~10 µm in cm-scale samples [33]. The proposed method involves segmentation and separation of 71 
microcracks, air voids and aggregates using a series of filtering and morphological operations. The method was then 72 
applied to study the effects of binder type and curing age on autogenous shrinkage-induced microcracks in low w/b 73 
ratio concretes. Volume fraction, specific surface area, density, degree of anisotropy, width, length, shape, connectivity 74 
and tortuosity of the microcracks were measured. The representative elementary volume (REV) for various properties 75 
of microcracks and air voids was also investigated.  76 

2 Materials and methods 77 

Four concrete mixes were prepared according to the mix proportions in Table 1 at w/b of 0.25 and 0.30. The mix 78 
proportions were calculated using the absolute volume method. Ordinary Portland cement CEM I 52.5R, CEM I 52.5R 79 
with 9 wt.% replacement of SF and pre-blended CEM III/B 42.5N with 70% GGBS were used as binders. Their oxide 80 
composition and physical properties are given in Table 2. Thames Valley sand (≤ 5 mm) and gravel (≤ 10 mm) were used 81 
as fine and coarse aggregates respectively. Their physical properties and particle size distribution are provided in Table 82 
3 and Fig. 1 respectively. Tap water was used as batch water. A polycarboxylate-based superplasticiser (Sika® 83 
ViscoCrete 20 RM) was used to improve the workability of the mixes. Additional water was added to account for water 84 
absorption by the aggregates. Total aggregate volume fraction was kept between 60 and 68% to ensure good 85 
compaction. 86 

All samples were mixed in a 30-litre pan mixer. Binders and aggregates were dry-mixed for around 30 s prior to the 87 
addition of water for further mixing of 3 min. Silica fume and superplasticiser were pre-dispersed in batch water. 88 

Cylindrical samples (80 × 300 mm) were prepared for autogenous shrinkage measurements. The samples were 89 
compacted with vibrating table in three equal layers until no significant release of air bubbles. All mixes were easily 90 
compacted with no evidence of bleeding or segregation. Samples were kept hermetically sealed in their moulds 91 
wrapped in cling film to prevent moisture exchange, and cured at 20oC for up to ~ 150 d. Periodic weighing found 92 
negligible mass change (< 0.1%) with time, showing the effectiveness of the sealed curing. Shrinkage was measured 93 
using a linear contact method adapted from ASTM C490 [47] with an invar length comparator of 0.001 mm accuracy. 94 
Details on the set-up are provided in [32]. Linear shrinkage was calculated as (L0 – L) / L0 × 106 µε, where L0 is the 95 
original length at initial set (6 h for C-0.30 and C-0.30-SF; 12 h for C-0.30-GGBS) and L is the deformed length measured 96 
at regular intervals up to ~150 d. Three replicate samples were measured and averaged. 97 

For 3D imaging, cylindrical samples (95 × 65 mm) were cast in lidded plastic moulds, compacted and cured as above 98 
for 14 d. This was chosen because the rate of autogenous shrinkage is typically highest within the first two weeks (see 99 
Section 4.1). After curing, cylindrical cores of 30 mm diameter were diamond cored vertically from the centre of each 100 
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sample for imaging with X-ray µCT. 30 mm diameter cores were chosen as a balance between achieving good spatial 101 

resolution and representative sampling (3 maximum aggregate size). 102 

In addition, a replicate sample was prepared with C-0.30-SF for continuous in situ imaging. This sample was slightly 103 

different to the cored samples as it was cast directly and seal-cured in a 30 × 65 mm plastic mould. At 1, 3, 7, 14 and 104 
28 d, the sample was scanned as-is in the mould without disturbing the microstructure and autogenous shrinkage 105 
process. This demonstrates a major advantage of in situ X-ray imaging for time-dependent study such as crack 106 
monitoring.  107 

X-ray µCT was performed using a Metris X-Tek HMX ST 225 CT scanner. The X-ray source was operated at 220 kV and 108 
200 µA. The source-sample-detector distances were set to 92 mm and 1088 mm respectively to ensure optimal fit of 109 

the sample within field of view (FOV). A total of 3142 projections were acquired at 0.1146 rotation step for each 110 
sample and the exposure time was set to 1.25 s per frame. A 0.5 mm copper filter was applied to improve image quality 111 
by removing beam hardening effects. The entire imaging process took approximately 1 h per sample. This was followed 112 
by an automated image reconstruction involving centre shift and beam hardening corrections. The output images were 113 
saved as a stack of slices at 2011 × 2011 × 2011 voxels of 15.5 µm voxel size in 16-bit TIFF files. 114 

3 Image analysis 115 

The 3D images were processed to separate microcracks, air voids and aggregates, using the method summarised in this 116 
section. Then, the microcracks and air voids were analysed using a range of parameters, in 3D and 2D as comparison. 117 
The proposed method consists of the following steps: image pre-processing, segmentation, phase separation and 118 
quantification. Full details are given in [32].  119 

3.1 Pre-processing & segmentation 120 

All images were converted to 8-bit and normalised by histogram stretching to facilitate subsequent image processing 121 
and analysis performed in Fiji (v.1.51d) [48] and Avizo® Fire (v.7.1, VSG, France). Sub-volumes of ~1320 × 1320 × 1670 122 
voxels were extracted from the centre of the cored samples to avoid edge effects caused by the cast surface or coring 123 
operation. For the in situ samples, a larger sub-volume of ~1550 × 1550 × 1900 voxels was extracted because the 124 
images contained less edge effects. A 3D median filter with a small radius of 1 voxel was then applied to remove 125 
random noise and preserve feature definition. 126 

Fig. 2 a-b provide an example processed image slice of C-0.25-SF and its corresponding greyscale histogram, showing 127 
characteristic peaks related to the phase distribution. Images from X-ray µCT appear similar to backscattered electron 128 
(BSE) images of concrete [49, 50]. The grey level produced by X-ray µCT is dependent on the linear attenuation 129 
coefficients of the phases present within the scanned volume. Air-filled voids and microcracks (marked by arrows) 130 
appear dark due to the near-zero attenuation coefficient of air. As such, these phases are indistinguishable based on 131 
grey levels, which complicates analyses. Furthermore, aggregate particles exhibit a range of intermediate grey levels, 132 
some of which overlap with those of air voids, microcracks and the paste matrix. Capillary and gel pores are not 133 
detectable due to insufficient resolution.   134 

Having tested many thresholding methods to segment microcracks and air voids, the Overflow method [50] was found 135 
to give most consistent and reliable results based on visual comparison between segmented and original images. This 136 
method was originally developed for segmenting pores from BSE images. It has been validated using 3D Monte-Carlo 137 
simulations [51] and applied to segment voids from X-ray µCT images of cement-based materials (e.g. [52-54]). In this 138 
method, the upper threshold for voids is determined from the transition (inflection) point in the cumulative brightness 139 
histogram, at which the segmented void phase starts to ‘overflow’ into the surrounding solid phases. Fig. 2 c-d show 140 
the application of this method and the corresponding binary image. The threshold varies slightly between samples 141 
because the image histogram changes with the sample composition and imaging settings. However, the same 142 
procedure was applied to all samples throughout the study to ensure consistency. It should also be noted that this 143 
procedure was applied globally to the entire 3D image volume. 144 

3.2 Phase separation 145 

Fig. 2d shows that the microcracks and air voids have been successfully extracted. However, the segmented image also 146 
included voxels that belong to aggregate particles with low grey levels, most likely porosity and noise made up of a 147 
single or small cluster of voxels. Here, an algorithm is presented to separate these phases morphologically. The 148 
algorithm involves three main steps: (1) removal of aggregates sharing similar grey levels with microcracks and air 149 
voids, (2) extraction of air voids and (3) preservation and clean-up of microcracks. These steps are illustrated in Fig. 3 to 150 
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Fig. 5, using the same image slice from C-0.25-SF as an example. It should be noted that all operations are performed in 151 
three-dimensions and semi-automated. 152 

An external morphological gradient filter [55] with a half-kernel size of 3 voxels is applied to the greyscale image to 153 
detect and preserve the edges of all void phases (Fig. 3 a-b). The void-solid boundaries exhibit high grey level variations 154 
and these are enhanced by the gradient filter. The filtered image is segmented using the Overflow method (Fig. 3c), 155 
followed by a series of cleaning operations including despeckling by 3 voxels, dilation using a 2-voxel half-kernel ball 156 
element and hole-filling based on 26-connectivity (Fig. 3d). It is noted that dilation and hole-filling may alter the 157 
morphology of the microcracks. However, these operations enable isolated voxels in the aggregates to be selected and 158 
removed using Pick and Move in Avizo® Fire (Fig. 3e), which is performed in 3D whereby all voxels belonging to the 159 
same phase are selected by clicking on one of its voxels.  160 

Fig. 3f shows the extracted aggregates obtained by subtraction, followed by dilation and hole-filling as before. 161 
Subtracting this image from Fig. 2d removes most aggregates (Fig. 3g). The remaining aggregates connected to either 162 
microcracks or air voids are selected and removed using Pick and Move (Fig. 3i). Fig. 3k shows the extracted aggregates 163 
(sharing grey levels with microcracks and air voids) obtained by adding up the morphologically segmented (Fig. 3h) and 164 
manually selected (Fig. 3j) masks. Note that the addition operation is performed in 3D. The result matches well with the 165 
original greyscale image (Fig. 3l).  166 

Subsequent removal of air voids is performed on three levels (Fig. 4). On the first level, objects with a 3D shape factor 167 
(S.F.) between 0.5 and 1.5, and a volume of > 100 voxels are removed by means of Sieve Analysis in Avizo® Fire (Fig. 4a-168 
b). This removes air voids that are spherical and isolated. The remaining air voids are non-spherical such as those that 169 
are coalesced or connected with microcracks (Fig. 4c). These voids are disconnected on the second level by binary 170 
erosion with a half-kernel size of 3 voxels. The eroded image is subjected to Sieve Analysis as before (Fig. 4d). The 171 
resulting mask is dilated with a half-kernel of 4 voxels to ensure that all remaining air voids are reverted back to their 172 
original size. Fig. 4e shows the air voids removed in the second level following a logical AND operation between the 173 
dilated mask and Fig. 4c.  174 

Any remaining air voids are removed on the third level by further erosion with a larger half-kernel of 6 voxels, followed 175 
by manual selection (Fig. 4g) and finally dilation with a half-kernel of 7 voxels. Fig. 4h shows the selected air voids. The 176 
addition of the sub-masks from all three levels yield all of the extracted air voids (Fig. 4i). Again, the segmented air 177 
voids correspond well with the air voids seen in the original image (Fig. 4j).  178 

Fig. 5a shows the resulting mask following the removal of aggregates and air voids. It is clear that microcracks are well-179 
preserved, but a small amount of noise and unidentified features remain. In order to remove these, a close operation 180 
with a half-kernel of 1 voxel is applied (Fig. 5b), followed by filtering of objects with a shape factor > 5 and a volume of < 181 
50,000 voxels (Fig. 5c). This procedure preserves most microcracks, but occasionally removes some very small 182 
microcracks. To improve this, manual selection of these microcracks is carried out (Fig. 5e). Fig. 5f shows the final 183 
extracted microcracks obtained by adding up the morphologically segmented (Fig. 5c) and manually selected (Fig. 5e) 184 
masks. The segmented microcracks match well with those in the original image (Fig. 5g). 185 

3.3 Quantification 186 

Having segmented the microcracks and air voids, these “features of interest” (FOI) were quantified in 3D and 2D via a 187 
number of parameters detailed in Table 4. These can be classified into global parameters (volume fraction, specific 188 
surface area (SSA), density and degree of anisotropy (DA)) and local parameters (width, length, shape, connectivity and 189 
tortuosity). Measurements were carried out using either BoneJ (v.1.4.0) [56] in Fiji or Avizo® Fire. It should be noted 190 
that for 2D analysis, individual image slices were analysed and the results combined. 191 

The segmented FOIs were first labelled by classifying voxels belonging to the same object based on 26-neighbourhood 192 
and assigning them with a unique number to identify individual microcracks or air voids. Then, the properties of each 193 
object were measured. 3D surface area was measured either by counting the exposed voxel face area or by 194 
reconstructing a polygonal isosurface mesh using the marching cubes algorithm [57]. An alternative line-object 195 
intersection count method was also used. This involves counting the number of intercepts between a set of line probes 196 
and the FOI in order to estimate perimeter or surface area using stereology [58]. 197 

Degree of anisotropy (DA) was computed in 3D and 2D using the mean intercept length (MIL) method [59, 60]. This 198 
method applies a large number of vectors of equal length through the image. For each vector, the number of intercepts 199 
between FOI and image background is counted, and the mean intercept length is calculated. A cloud of values 200 
representing the vector multiplied by its mean intercept length is then built up and subjected to eigenvalue analysis. 201 
The calculated degree of anisotropy ranges between 0 and 1, representing no preferred structural direction (isotropic) 202 
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and fully anisotropic feature respectively. Further in 2D, a set of line probes is drawn across the image at 0o, 45o, 90o 203 
and 135o, and the number of intercepts with FOI is counted [61]. The intercept density is then calculated for each image 204 
slice in the xy, xz and yz planes and presented in the form of a rose diagram to show orientation.  205 

The microcracks were skeletonised by means of medial surface axis thinning [62]. This algorithm erodes the object 206 
symmetrically and iteratively to a medial skeleton that preserves the topology of the original object. The skeletonised 207 
microcracks were then used for measuring dendritic length, density and geometric tortuosity. Microcrack width was 208 
determined using local thickness measurement that computes the largest spheres that fit within the local structure 209 
using Euclidean distance transform [63, 64]. From the measured local values, a volume-weighted mean thickness and 210 
thickness distribution were calculated. 211 

Connectivity was determined as the volumetric ratio of the largest connected microcrack to all microcracks. Two 212 
definitions of tortuosity were considered: geometric tortuosity and centroid path tortuosity. Geometric tortuosity was 213 
calculated as the ratio of the actual length to the shortest (Euclidean) length of the skeletonised microcracks [65]. 214 
Centroid path tortuosity describes the degree of convolution and this was calculated as the path length through the 215 
centroids of microcracks on every image slice divided by the straight distance between the end slices along the x, y or z 216 
axis [66]. 217 

Air voids were quantified for C-0.25-SF as above with slight modifications. For example, air void density was defined as 218 
the number of voids per image volume. Diameter was calculated as sphere-equivalent since air voids are approximately 219 
spherical. Sphericity was calculated as the surface area of the equivalent sphere divided by the surface area of the air 220 
void.  221 

4 Results 222 

4.1 Autogenous shrinkage 223 

Fig. 6 shows the measured autogenous shrinkage for 0.30 w/b concretes with different binder types. As expected, the 224 
presence of silica fume and slag increased autogenous shrinkage due to greater chemical shrinkage and pozzolanic 225 
reaction [6, 67-69]. Slag increased shrinkage by nearly a factor of two compared to the CEM 1 concrete. The strain 226 
values measured are broadly in line with previous studies. For example, Igarashi et al. [5] and Lee et al. [68] reported 227 
autogenous shrinkage strains of 220 µε to 340 µε for ~0.33 w/b concrete with 10 wt.% silica fume at 7 d and 50 wt.% 228 
GGBS at 180 d respectively. In all cases, the highest shrinkage increment was observed in the first two weeks and the 229 
rate progressively decreased thereafter. The 14-day strain values were 48%, 66% and 85% of the total strains (~150 d) 230 
for the neat, silica fume and slag-blended systems respectively. 231 

4.2 Volume fraction, specific surface area, degree of anisotropy 232 

Fig. 7 shows example 3D views of the original image, extracted sub-volume, extracted aggregates, air voids and 233 
microcracks from C-0.25-SF. The total volume fraction of the segmented phase (Fig. 7c) was 9.2%, of which 6.1% was in 234 
aggregate particles (Fig. 7d), 2.1% were air voids (Fig. 7e) and 1.1% were microcracks (Fig. 7f). The presence of a 235 
relatively large amount of air voids is unsurprising given that full compaction is difficult to achieve for concretes with 236 
low w/b ratios. These are consistent with our earlier study [44]. A well-compacted conventional concrete would contain 237 
around 1% vol. of entrapped air. Detailed quantification of the air voids is presented in Section 4.6. 238 

The extracted microcracks, most of which are bond cracks surrounding aggregates, span uniformly across the entire 239 
image volume and appear highly interconnected, indicating that the microcracks were induced by autogenous 240 
shrinkage. Some of the bond microcracks resemble the interfacial transition zone (ITZ), i.e. the porous region of cement 241 
paste around aggregates. This is not unexpected given that microcracks tend to initiate and propagate preferentially in 242 
the ITZ, which is usually the weakest part of concrete [13, 70]. However, as opposed to microcracks, the ITZ contains 243 
gradients in hydration products and capillary pores smaller than the voxel resolution, and therefore it has less defined 244 
morphology and lower contrast. 245 

Table 5 shows the 3D microcrack analyses for all samples. The measured volume fraction, SSA and degree of anisotropy 246 
ranged from 0.28 to 3.28%, 18.3 to 50 mm-1 and 0.49 to 0.75 respectively. The presence of silica fume and slag 247 
increased microcracking due to the greater autogenous shrinkage (Fig. 6). Compared to CEM I system (C-0.30), the 248 
microcrack volume fraction was ~6 times higher in the silica fume-blended system (C-0.30-SF) and ~12 times higher in 249 
the slag-blended system (C-0.30-GGBS). Replicates from C-0.30-SF (Sample 2, Table 5) exhibited very similar microcrack 250 
data, suggesting that individual samples are representative. However, C-0.25-SF showed slightly less microcracking 251 
compared to C-0.30-SF, most probably due to differences in aggregate content and associated restraint.  252 
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Data from continuous in situ imaging of C-0.30-SF in Table 6 show that microcrack volume fraction increased with time. 253 
Approximately 70% of the microcracks occurred in the first 24 h. It is interesting to note that the cast samples produced 254 
slightly lower microcrack volume fraction compared to the cored samples at similar age (14 d, Table 5). This discrepancy 255 
could be due to size effect.  256 

As expected, SSA based on voxel face measurements were much higher than those based on isosurface. This is due to 257 
the jagged discretised representation of voxel face, as opposed to the smooth representation of isosurface. The line-258 
object intercept count method gave similar values to isosurface. The SSA decreased slightly with increasing microcrack 259 
volume fraction irrespective of age. This suggests that the microcracks grew more by volume than by propagating new 260 
surfaces. However, it should be pointed out that new microcracks might have formed but not resolved by the imaging 261 
system. Overall, C-0.25-SF showed the highest SSA due to a combined effect of low w/b ratio and silica fume, resulting 262 
in a refined microstructure [67, 71] that is prone to self-desiccation. 263 

The degree of anisotropy (DA) was generally above 0.50, indicating that the microcracks were preferentially orientated. 264 
DA was strongest in slag-blended systems followed by silica fume-blended and neat systems. Fig. 8 presents the MIL 265 
vector clouds of microcracks in the xy, xz and yz planes together with their 2D orientation at 0o, 45o, 90o and 135o. It can 266 
be seen that the microcracks are fairly isotropic in the xy plane, but preferentially orientated at 0-180o in the xz plane 267 
and 90-270o in the yz plane. This is attributed to the direction of casting and compaction (perpendicular to the xy plane) 268 
as well as the shape of the sample that would influence stress development. The DA for C-0.25-SF was lower than C-269 
0.30-SF, possibly due to the lower aggregate fraction. Continuous in situ measurements (Table 6) show DA increased 270 
with age and the value at 14 d agreed with those of the cored samples (Table 5). 271 

4.3 Number of cracks, density, width and length 272 

The total number of cracks, dendritic density, average width and length ranged from 282 to 1338, 0.14 to 1.13 273 
mm/mm3, 148 to 205 µm and 5.93 to 29.4 mm respectively. Amongst the 0.30 w/b systems, the highest dendritic 274 
density was observed with the slag-blended system, followed by the silica fume-blended and neat systems, in line with 275 
the volume fraction results. Curing age had a relatively small effect on dendritic density. However, the number of cracks 276 
decreased because the microcracks interconnect and merge as they propagate over time. It is also worth noting that C-277 
0.25-SF showed higher dendritic density than C-0.30-SF despite having lower volume fraction of microcracks. This is 278 
consistent with the fact that C-0.25-SF had a higher number of narrow and short microcracks. 279 

Cumulative frequency distributions (Fig. 9) show that the microcracks had lengths between 0.1 and 10 mm and widths 280 

between ~30 and 300 m. These are significantly larger than drying-induced microcracks which are typically ≤ 10 µm 281 
wide and < 100 µm long [15]. Presence of slag or silica fume increases both the length and the width of the microcracks. 282 
On average, the microcracks in blended systems were 2.4 to 5 times longer and 1.2 to 1.4 times wider, corroborating 283 
shrinkage and dendritic density results. Continuous in situ imaging shows that the average length increased significantly 284 
(by 70%) from 1 to 7 d and remained stable thereafter, suggesting that the propagation and merging of microcracks is 285 
most substantial at early ages. Curing age had a considerable effect on microcrack length (Fig. 9b), but less so on the 286 
width distribution (Fig. 9d). All C-0.30-SF samples showed a similar crack width distribution, irrespective of replicates, 287 
age and sample size. Further analysis with a larger number of replicates would enhance the statistical significance of 288 
these results. 289 

4.4 Connectivity and tortuosity 290 

The measured connectivity and centroid path tortuosity of microcracks ranged from 18.0 to 89.1 and 2.78 to 15.2 291 
respectively (Table 5 and 6). The slag-blended system showed the highest connectivity, followed by the silica fume-292 
blended and neat systems. Interestingly, the connectivity of microcracks in C-0.30-SF was relatively stable with curing 293 
period (Table 6). It is worth noting that the connectivity measured on cast samples was higher than the corresponding 294 
values from the cored samples. This is indicative of a size effect and higher physical restraint imposed by a smaller 295 
mould. The connectivity of microcracks in C-0.25-SF was about half that of C-0.30-SF. The reason for this is unclear, but 296 
could be related to the lower aggregate content in C-0.25-SF resulting in less ITZ where bond cracks tend to occur.  297 

The average geometric tortuosity was 1.27 across all samples irrespective of binder, age and sample size. This trend 298 
was also observed with capillary pores in cement pastes [72] and is attributed to the FOI being skeletonised to a large 299 
number of short and relatively straight branches. This shows that geometric tortuosity based on skeletonisation is not 300 
reliable. On the contrary, the centroid path tortuosity varied between samples. Tortuosity was lowest in the slag-301 
blended system, followed by the silica fume-blended and neat systems. As expected, tortuosity reduced with age (Table 302 
6). It is interesting to note that tortuosity was highest in the z axis in nearly all cases. This is consistent with the 303 
observation that the microcracks were orientated preferentially in the z plane. 304 
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Fig. 10 correlates various crack parameters of C-0.30-SF with autogenous shrinkage measured at 1, 3, 7, 14 and 28 d. As 305 
expected, most parameters show positive correlations with shrinkage except tortuosity. This corroborates the results 306 
presented above and gives confidence to the image analysis method proposed. Future studies may involve using digital 307 
volume correlation to measure shrinkage at microstructural level to enable more precise correlations with the 308 
development of microcracks.  309 

4.5 2D vs. 3D measurements 310 

Table 7 presents the results from 2D microcrack analysis and these are compared against 3D measurements in Fig. 11. 311 
As expected from stereology, the volume fraction from 2D measurements agreed perfectly with 3D analyses. The crack 312 

widths from 2D analyses were slightly higher than 3D values by a factor of 1.3, consistent with expectation that 313 
distances measured on a random plane will overestimate the true normal distance.  314 

However, all the other 2D measurements are much less reliable or meaningful. For example, the average crack lengths 315 
and dendritic densities were about one order of magnitude smaller when measured in 2D compared to 3D. Such large 316 
disparities are to be expected given that 2D analysis split microcracks that are interconnected in three-dimension into 317 
many short fragments, thereby overestimating the number of cracks and underestimating average lengths. In contrast, 318 
the total lengths in 2D were an order of magnitude larger than the values in 3D because microcracks from every image 319 
slice were analysed and added up. The 2D values of degree of anisotropy quantified in xy, xz and yz planes were also 320 
much lower than the 3D values. This is due to the fact 2D analysis considers only individual planes and hence is unable 321 
to fully capture the three-dimensional nature of microcracks.  322 

4.6 Representative elementary volume (REV) 323 

The 3D image of C-0.25-SF (20 × 20 × 25 mm3) was used to determine the representative elementary volume (REV) 324 
required for analysing various properties of microcracks and air voids. The image contained > 14,000 air voids (2.1% 325 
vol.) with a density of 1.32 per mm3. The isosurface SSA of the air voids was 14.9 mm-1 and the average sphere-326 
equivalent diameter was 220 µm. Most of the voids (> 95% population) was in the range of 0.1 to 1 mm in diameter, 327 
which corresponds to the expected size of entrapped air. The air voids had a degree of anisotropy of 0.14 and an 328 
average sphericity of 0.93, confirming that they were indeed isotropic and spherical. 329 

From the centre of the main image, nine sub-volumes ranging from 0.1% to 73% of the main image volume 330 
(corresponding to 10% to 90% in terms of width) were extracted and analysed individually (Fig. 12). Results are 331 
presented in Fig. 13. Each data point was normalised to that of the main image (100%), acting as a benchmark. It should 332 
be noted that the scale on the y-axes vary between subfigures and the x-axes represent sub-volumes expressed as a 333 
percentage of the main image. Most parameters showed high variability when the analysed volumes were ≤ 34% (or ≤ 334 
70% in width, i.e. ~14 mm) but became relatively stable (within ±0.1 of the benchmark) as the image volume increased, 335 
confirming representativeness.  336 

In contrast, the degree of anisotropy for microcracks fluctuated over the entire range of analysed sample volumes (Fig. 337 
13b), suggesting that a larger sampling volume is needed for characterising such direction-dependent parameter. The 338 
measured values for air voids were generally less sensitive to image volume compared to microcracks. This is probably 339 
because air voids are isolated features, smaller in size and independent of directional bias. The results show that the 340 
sampling volume chosen of ~20 × 20 × 25 mm3 is sufficient for characterising most parameters of autogenous 341 
shrinkage-induced microcracks and air voids in concrete with a maximum aggregate size of 10 mm. This represents 2 to 342 
2.5 times the largest aggregate particle size in the concrete and is consistent with previous study using 3D numerical 343 

modelling that showed that a computational cube with dimensions of 2.5 the largest aggregate particle can give 344 
representative diffusivity if adequate realisations are simulated and averaged [29]. Further analysis on a larger quantity 345 
of samples and perhaps using a larger sample size would be required to confirm these findings. 346 

5 Discussion 347 

The proposed image analysis method is automated except for the final selection of remaining features (e.g. Fig. 5e), 348 
which is inevitable because of overlapping grey levels between pores, cracks and aggregate particles (Fig. 2). Other 349 
parameters (e.g. kernel size and choice of filters) have been optimised and can therefore be applied to other types of 350 
concrete and microcracks (e.g. freeze-thaw and drying shrinkage-induced). It is also envisaged that the method will be 351 
applicable to images acquired from other 3D imaging techniques such as focused ion beam-nanotomography (FIB-nt) 352 
and laser scanning confocal microscopy (LSCM) [31, 33]. However, the parameters for filtering and morphological 353 
operations may need to be optimised accordingly, especially since these techniques can resolve finer features such as 354 
capillary pores. 355 
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In this study, the minimum resolvable feature can be taken as ~36 µm (2.3× voxel size based on the Nyquist theorem), 356 
which is about one-thousandth of the sample diameter. Finer microcracks may be detected if a smaller voxel and 357 
sample size are used, but the ability to characterise a representative volume of concrete would be affected. Further 358 
characterisation with a higher resolution technique such as FIB-nt or LSCM is required to confirm the presence of finer 359 
cracks. Lura et al. [3] showed that autogenous shrinkage-induced microcracks in cement pastes restrained by cylindrical 360 
steel rods ranged from 11 to 25 µm. On the other hand, ring tests performed on concrete subjected to self-desiccation 361 
and external drying [73] suggest a wider crack range of 10 to 800 µm, presumably due to the combined effect of 362 
autogenous and drying shrinkage and the presence of coarse aggregate particles. 363 

3D analysis can yield very different results to 2D analysis, even when both are performed on the same sample and 364 
images. The main disparity lies in the fact that 2D analysis is stereology-based and relies on assumptions which may not 365 
be valid. 2D analysis fragments interconnected microcracks into smaller individual microcracks. Furthermore, it is 366 
inadequate for determining true orientation as only one plane is analysed, leading to ambiguous interpretation. Other 367 
parameters such as connectivity and tortuosity, which are highly relevant to mass transport, are only measurable in 3D. 368 
These findings confirm the advantage of 3D over 2D analysis.  369 

Our previous work using 3D LSCM found that the REV for capillary porosity for a range of blended cementitious 370 
materials at 5% relative error was ~1003 µm3 [72]. However, the REV required for analysing various properties of 371 
microcracks and air voids is much larger than 1003 µm3 (as shown in this study) since the REV depends on the length 372 
scale of the features of interest and spatial variability. The determined REV is probably a lower limit since concrete is 373 
prone to larger-scale heterogeneities induced by bleeding, segregation and other defects, that may not have been 374 
accounted for. As such, the validity of the REV and its applicability to other concrete need to be further investigated by 375 
testing a larger number of samples. Nevertheless, it is worth noting that the measured REV is consistent with that 376 
obtained via 3D numerical modelling of mortars and concretes containing different aggregate particle shapes with 377 
porous ITZ [74].   378 

The microcrack characteristics measured in this study can be used as inputs for modelling the effects of microcracks on 379 
various transport processes. Alternatively, direct simulations can be performed on 3D images using finite difference and 380 
element, and lattice methods. Existing simulations have relied on computational models of idealised structures. 381 
Therefore, it would be interesting to compare these with experimental 3D microstructures. Simulated transport 382 
properties can also be compared with experimental measurements. However, decoupling and isolating the influence of 383 
microcracks from capillary pores and moisture content on transport is not straightforward. 384 

Autogenous shrinkage is an intrinsic property of cement-based materials. In low w/b ratio concretes such as HPC, 385 
autogenous shrinkage can induce significant microcracking. As demonstrated in this study, the severity of microcracking 386 
increases with time-dependent shrinkage, and the presence of silica fume and slag. This is in line with current 387 
understanding [6, 67-69].  Further work concerning the influence of autogenous shrinkage-induced microcracks on 388 
mass transport will be presented in a separate paper [75]. Here, it is worth noting that drying shrinkage-induced 389 
microcracks are mainly 1 to 10 µm in width and occur primarily on the exposed surface [15]. By contrast, this study 390 
shows that autogenous shrinkage microcracks are much larger (100 to 300 µm) and occur throughout the sample with 391 
higher connectivity and preferential orientation. As such, their importance on long-term durability of concrete, 392 
especially HPC, is non-trivial.  393 

6 Conclusions 394 

A new 3D image analysis procedure for extracting and quantifying microcracks from X-ray µCT images of concrete was 395 
presented. The method was applied to study the effects of supplementary cementitious materials (SF, GGBS) and curing 396 
age (up to 150 d) on autogenous shrinkage-induced microcracks in low w/b ratio concretes. The main findings are as 397 
follows: 398 

a) The proposed method isolates microcracks from other phases including air voids and aggregates. The method uses 399 
the Overflow method to segment the entire void phase followed by a series of filtering and morphological 400 
operations to separate different phases prior to measurement.  401 

b) Autogenous shrinkage and related microcracking was most severe in the slag-blended system, followed by the 402 
silica fume-blended and neat CEM I systems. Slag increased shrinkage by nearly a factor of two compared to the 403 
CEM 1 concrete. Autogenous shrinkage increment was highest in the first two weeks, and the rate progressively 404 
decreased thereafter. 405 

c) The detected microcracks occupied volume fractions ranging from 0.28 to 3.28% vol., increasing with age and 406 

severity of autogenous shrinkage. The crack widths and lengths observed were between ~36 and 300 m, and 0.1 407 



Cement & Concrete Research (2021) Accepted 

9 
 

and 10 mm respectively. They span across the sample volume, but preferentially orientated in the direction of 408 
casting and are highly interconnected.  409 

d) The presence of slag and silica fume increased the volume fraction, width, length, dendritic density, degree of 410 
anisotropy and connectivity of microcracks, but decreased specific surface area and tortuosity because the cracks 411 
interconnect as they propagate over time. Microcracks in the slag-blended system showed the highest connectivity 412 
and lowest tortuosity.  413 

e) Microcrack volume fraction measured from 2D analysis agreed with 3D analysis, but all other 2D measurements are 414 
less reliable. Microcracks become fragmented in 2D, and this leads to overestimation of the number of cracks and 415 
underestimation of average crack length. Furthermore, 2D analysis is unable to capture the true orientation, 416 
connectivity and tortuosity of the microcracks, leading to erroneous interpretation.  417 

f) REV analysis showed that a sampling volume of ~20 × 20 × 25 mm3 is sufficient for characterising most parameters 418 
of autogenous shrinkage microcracks and air voids in concrete. This represents 2 to 2.5 times the largest aggregate 419 
particle size, consistent with previous numerical modelling studies. 420 

g) Autogenous shrinkage microcracks are much larger, interconnected and preferentially orientated than drying-421 
induced microcracking, which are typically ≤ 10 µm wide, < 100 µm long and concentrated near the exposed 422 
surface. Therefore, their influence on mass transport is expected to be significant and this warrants further 423 
investigation.  424 
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Analysis of autogenous shrinkage-induced microcracks in concrete from 3D images 527 
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 531 

Table 1 Mix proportions. 532 

Mix ID 
CEM I 

(kg/m3) 
SF 

(kg/m3) 
GGBS 

(kg/m3) 
Water 

(kg/m3) 
Free w/b 

Sand 
(kg/m3) 

Gravel 
(kg/m3) 

Superplasticiser 
(kg/m3) 

C-0.25-SF 488 49 - 134 0.25 712 1068 5 

C-0.30 503 - - 151 0.30 718 1077 5 

C-0.30-SF 451 45 - 149 0.30 718 1077 5 

C-0.30-GGBS 147 - 342 147 0.30 718 1077 5 

 533 

 534 

Table 2 Oxide composition and physical properties of binders. 535 

Binder 
Oxide composition (%) Loss on 

ignition (%)  
Fineness 
(cm2/g) 

Specific 
gravity CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 Cl- 

CEM I 52.5R 63.4 20.8 5.4 2.4 1.6 0.3 0.7 2.9 <0.1 2.10 2910 3.06 

CEM III/B 42.5N 48.0 29.2 8.9 1.2 4.8 0.2 0.6 2.6 0.1 1.40 4635 2.90 

Silica fume 0.15 98.7 0.31 0.02 0.04 0.09 0.30 - - 0.47 - 2.30 

 536 

 537 

Table 3 Properties of aggregates. 538 

Aggregate type Max aggregate size (mm) Specific gravity 24-hr absorption (%) Moisture content (%) 

Sand 5 2.56 0.80 0.20 

Gravel 10 2.70 0.76 0.45 

 539 

  540 

                                                                 
1 Corresponding author. E-mail: hong.wong@imperial.ac.uk Telephone: +44 (0)20 7594 5956 
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Table 4 Measured parameters for the segmented features of interest (FOI, microcracks or air voids) and their 541 
definitions in 3D and 2D.  542 

Parameter Software Method Definition 

G
lo

b
al

 

Volume fraction Fiji (BoneJ) 
Voxel counting 3D: total volume of FOI ÷ image volume  

Pixel counting 2D: total area of FOI ÷ image area 

Specific surface 
area (SSA) 

Fiji (BoneJ) 

Voxel face 3D: total exposed voxel face area ÷ total volume of FOI 

Marching cubes - 
Isosurface [57]  

3D: total exposed isosurface area ÷ total volume of FOI 

Avizo® Fire 
Line-object intercept 
count method [58] 

3D: total area ÷ total volume of FOI  

2D: total perimeter ÷ total area of FOI  

Degree of 
anisotropy (DA) 

Fiji (BoneJ) 
Mean intercept length 
(MIL) [59, 60] 

3D & 2D:  

MIL = vector length ÷ number of intercepts with FOI; 

DA = 1 – [smallest eigenvalue ÷ largest eigenvalue of MIL 
vector cloud] 

Avizo® Fire Intercept method [61] 
2D: Number of intersections between FOI and line probes at 
0o, 45o, 90o and 135o ÷ total length of line probes 

M
ic

ro
cr

ac
ks

 

Width  Fiji (BoneJ) 
Thickness computing [63, 
64] 

Volume (3D) or area (2D) based local size of microcracks 
computed by fitting the largest sphere (or circle) to every 
point in the FOI.  

Length  Fiji (BoneJ) 

Dendritic length via 
medial surface axis 
thinning [62] 

3D: volume ÷ voxel face area of individual skeletonised 
microcrack 

2D: area ÷ pixel side length of individual skeletonised 
microcrack 

Density  Fiji (BoneJ) 

Dendritic density via 
medial surface axis 
thinning [62] 

3D: total dendritic length of skeletonised microcracks ÷ image 
volume  

2D:  total dendritic length of skeletonised microcracks ÷ image 
area 

Connectivity  Avizo® Fire Labelling 
Volume of largest connected microcrack ÷ total volume of 
microcracks 

Geometric 
tortuosity  

Fiji (BoneJ) 
3D medial surface axis 
thinning [62, 65] 

Total dendritic length ÷ total Euclidean length of skeletonised 
microcracks 

Centroid path 
tortuosity  

Avizo® Fire 
Centroid path computing 
[66] 

Total path length through centroids of microcracks on each 
image plane ÷ straight distance between two end planes along 
x, y or z axis 

A
ir

 v
o

id
s Density  Avizo® Fire Labelling Total number of air voids ÷ image volume (3D) or area (2D) 

Diameter  Avizo® Fire Labelling Sphere-equivalent diameter = [6 × volume of air void ÷ π]1/3 

Sphericity  Avizo® Fire Labelling [π1/3 × [6 × volume of air void]2/3] ÷ surface area of air void 

 543 

  544 
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Table 5 Three-dimensional microcrack analysis of cored samples after 14 d curing. Numbers in parentheses represent 545 
standard error. 546 

Parameter C-0.30 C-0.25-SF 
C-0.30-SF 

C-0.30-GGBS 
Sample 1 Sample 2 

Volume fraction (%) 0.28 1.06 1.67 1.56 3.28 

Specific 
surface area 
(mm-1) 

Voxel face  42.2 50.0 32.8 31.4 23.3 

Isosurface 29.9 35.3 23.4 23.3 20.1 

LICM 27.1 32.2 21.2 21.6 18.3 

Degree of anisotropy (-) 0.49 0.56 0.70 0.68 0.75 

Number of cracks (-) 282 1338 366 566 395 

Average width (µm) 148 (3.5) 159 178 (5.2) 169 (4.2) 205 (4.5) 

Total length (m) 1.67 12.3 6.51 6.23 11.6 

Average length (mm) 5.93 (2.00) 9.20 17.8 (7.6) 11.0 (5.0) 29.4 (25.0) 

Dendritic density (mm/mm3) 0.14 1.13 0.62 0.56 1.00 

Connectivity (%) 23.4 18.0 31.2 38.6 89.1 

Geometric tortuosity (-) 1.28 1.27 1.27 1.29 1.27 

Centroid path 
tortuosity (-) 

x 10.22 6.71 3.55 8.68 3.06 

y 10.06 6.12 3.81 4.55 2.78 

z 15.23 8.89 9.24 5.20 6.75 

 547 

 548 

Table 6 Continuous in-situ 3D microcrack analysis of cast samples from C-0.30-SF. Numbers in parentheses represent 549 
standard error. 550 

Parameter 
C-0.30-SF 

1 d 3 d 7 d 14 d 28 d 

Volume fraction (%) 0.98 0.99 1.11 1.26 1.37 

Specific 
surface area 
(mm-1) 

Voxel face  36.1 34.7 33.9 31.4 33.6 

Isosurface 25.8 24.8 24.1 23.3 23.9 

LICM 23.3 22.4 21.8 21.6 21.6 

Degree of anisotropy (-) 0.58 0.66 0.61 0.67 0.71 

Number of cracks (-) 441 422 295 350 362 

Average width (µm) 169 (5.2) 171 (5.3) 176 (5.5) 177 (5.3) 191 (5.5) 

Total length (m) 7.14 7.21 8.11 8.86 9.41 

Average length (mm) 16.2 (7.5) 17.1 (12.2) 27.5 (14.2) 25.3 (15.5) 26.0 (18.6) 

Dendritic density (mm/mm3) 0.42 0.43 0.48 0.52 0.55 

Connectivity (%) 47.1 46.2 46.5 47.1 48.0 

Geometric tortuosity (-) 1.26 1.26 1.26 1.24 1.27 

Centroid path 
tortuosity (-) 

x 5.65 5.72 5.51 4.97 4.68 

y 5.68 5.71 5.54 5.41 5.23 

z 10.49 9.99 9.42 9.21 8.71 

 551 

 552 
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Table 7 Two-dimensional microcrack analysis of cored samples after 14 d curing. 

Parameter C-0.30 C-0.25-SF C-0.30-SF (Sample 1) C-0.30-GGBS 

Volume fraction (%) 0.28 1.06 1.67 3.28 

Specific surface area - LICM (mm-1) 4.89 29.3 6.98 8.10 

Degree of anisotropy (-) 

xy 0.16 0.21 0.30 0.28 

xz 0.42 0.34 0.44 0.50 

yz 0.35 0.15 0.38 0.37 

Number of cracks (-) 12007 281455 28283 30568 

Average width (µm) 179 167 263 283 

Total length (m) 14.0 77.4 70.0 126 

Average length (mm) 1.17 0.28 2.48 4.12 

Dendritic density (mm/mm3) 0.02 0.11 0.10 0.18 
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Fig. 1 Particle size distribution of aggregates. 553 

 

  554 
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Fig. 2 Image pre-processing and segmentation. a, Cropped and median-filtered image slice of C-0.25-SF showing 555 
microcracks (arrowed), voids and aggregates. b, Greyscale histogram of (a). c, Determining the greyscale threshold 556 
for segmenting microcracks and air voids using the Overflow method. d, Segmented image of (a). 557 
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Fig. 3 Extraction of aggregate voxels with low grey levels that overlap with those of microcracks and air voids. 559 
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Fig. 4 Extraction of air voids performed on three levels: a-b, c-e and f-h. 561 

 

  562 

a
Fig.2(d) – Fig. 3(k) 

Segmented air voids 

& microcracks 

b
Air voids filtered to S.F. 0.5 

to 1.5; volume > 100 voxels

c
Fig.4(a) – 4(b)

d
Eroded & filtered 

to S.F. 0.5 to 1.5  e
Dilated, AND Fig.4(c)

Air voids disconnected 

from other features

+

f
Fig.4(c) – 4(e) Further erosion & manual 

selection of remaining air voidsg h
Dilated, AND Fig.4(f)

Remaining air voids  

+

=
i

Total extracted air voids
j

5 mm



Cement & Concrete Research (2021) Accepted 

22 
 

Fig. 5 Extraction of microcracks following removal of aggregates and air voids. 563 

 

  564 

a
Fig.4(a) – Fig.4(i) 

b
Closed

c
Filtered to S.F. > 5; 

volume < 50,000 voxels

d
Fig.5(b) – Fig.5(c) e

Manually selected 

remaining microcracks

f
Fig.5(c) + Fig.5(e)

Total extracted microcracks 

+

=
g

5 mm



Cement & Concrete Research (2021) Accepted 

23 
 

Fig. 6 Effect of binder type on autogenous shrinkage (linear deformation) of concretes at w/b 0.30. 565 
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Fig. 7 3D views of original image (a), extracted sub-volume (b), total segmented phase (c), extracted aggregates (d), 567 
air voids (e) and microcracks (f) from C-0.25-SF. All dimensions in mm. 568 
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Fig. 8 Orientation of microcracks in C-0.30, C-0.30-SF and C-0.30-GGBS presented in 3D MIL vector clouds and 2D rose 570 
diagram of intercepts at 0o, 45o 90o and 135o (indicated by thickened black line) in xy, xz and yz planes. 571 
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Fig. 9 Cumulative distribution of microcrack length (a-b) and width (c-d) for all samples. 573 
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Fig. 10 Correlations between various crack parameters and autogenous shrinkage (linear deformation) of C-0.30-SF. 575 
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Fig. 11 Comparison between 3D and 2D analyses of microcracks for a range of parameters. 577 
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Fig. 12 Extraction of nine sub-volumes ranging from 0.1% to 73% (corresponding to 10% to 90% width) from the main 579 
image (20× 20 × 25 mm3) for REV analysis. Diagram not to scale. 580 
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Fig. 13 Change in measured 3D values for microcracks (a-c) and air voids (d-e) for C-0.25-SF as a function of image volume (20 × 20 × 25 mm3). Each data point was 
normalised to the value of 100% image volume. Horizontal dashed lines represent 0.9 to 1.1 boundaries. 
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