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Abstract 10 

Concrete inherently contains pores and microcracks that can adversely impact its mechanical properties and long-term 11 
durability. However, characterising microcracks is difficult due to their complex, multiscale and three-dimensional (3D) 12 
nature. This paper presents an evaluation of 3D imaging techniques for characterising microcracks induced by different 13 
mechanisms. Seven cement pastes, mortars and concretes subjected to drying shrinkage, autogenous shrinkage and 14 
freeze-thaw cycles were investigated using focused ion beam nanotomography (FIB-nt), broad ion beam serial section 15 
tomography (BIB-SST), laser scanning confocal microscopy (LSCM) combined with serial sectioning and X-ray 16 
microtomography (µCT). The study shows that the characteristics of microcracks vary significantly depending on 17 
exposure conditions. Yet there is no single technique that can capture the entire size range of microcracks from sub to 18 
tens of µm within a sufficiently representative sampling volume. The achievable image volume and resolution, and the 19 
advantages and disadvantages of each technique are compared and discussed.  20 
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1 Introduction 23 

Concrete as a widely used construction material is susceptible to various hygrothermal conditions that induce 24 
microcracking such as repeated wetting/drying and freezing/thawing. These inherent microcracks affect mechanical 25 
properties [1] and may facilitate ingress of deleterious substances [2] thereby initiating or exacerbating other forms of 26 
deterioration such as reinforcement corrosion. Therefore, it is essential to characterise microcracks to enable better 27 
understanding of their impact on concrete durability. However, microcracks are highly complex, multiscale and time-28 
dependent. They vary greatly in size, density, orientation and morphology depending on the mechanism and extent of 29 
degradation. Furthermore, they propagate through cement paste, paste-aggregate interface and aggregate particles, 30 
and may ultimately form a percolated crack network.  31 

Conventional methods for detecting microcracks in concrete structures include ultrasonic and acoustic methods. 32 
However, these provide limited information on the actual physical characteristics of microcracks. Imaging methods such 33 
as optical microscopy and scanning electron microscopy [3-6] allow direct observation and characterisation of 34 
microcracks, but they are only able to provide a two-dimensional (2D) representation of inherently three-dimensional 35 
(3D) features. Characteristics such as connectivity, tortuosity and orientation, which are relevant to mass transport, 36 
cannot be adequately determined from 2D sections [7]. Nevertheless, there exist several imaging techniques for 37 
elucidating microcracks in 3D. These can be broadly classified into destructive serial sectioning tomography and non-38 
destructive X-ray tomography. 39 

Focused ion beam nanotomography (FIB-nt) combines FIB milling and scanning electron microscopy (SEM) to 40 
reconstruct 3D volumes on the nm scale. Its application to cement-based materials remains limited due to the relatively 41 
small image size, typically in the order of tens of µm. Available studies have focused on characterising the particle size, 42 
shape and interfacial topology of cement particles [8-10], particle structures in cement suspension [11], surface 43 
roughness [12], nanoscale pore structure [13-18] and morphology of different solid phases [15] of hardened cement 44 
paste. Next generation Xe+ plasma FIB [19], broad ion beam serial sectioning tomography (BIB-SST)  [20-22] and serial 45 
block-face SEM based on ultramicrotomy [23-25] offer possibilities to image larger volumes, potentially up to hundreds 46 
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of µm in size while maintaining the resolution of SEM. These techniques are yet to be applied to investigate microcracks 47 
in cement-based materials. 48 

Laser scanning confocal microscopy (LSCM), a form of optical sectioning microscopy, allows non-destructive 3D imaging 49 
at sub-µm resolution. This is a well-established in biological sciences, but only a handful of studies have used LSCM to 50 
investigate cement-based materials, primarily due to the limited imaging depth [26]. Examples of applications include 51 
fluorescence imaging of capillary pores, ‘Hadley’ grains and aggregate surface geometry in thin sections of mortar and 52 
concrete [26-28], real-time imaging of cement hydration [29] and surface characterisation in the reflectance mode [30-53 
32]. Recently, LSCM has been combined with serial sectioning to reconstruct several hundreds of µm of cement-based 54 
materials at sub-µm resolution [33]. This technique has been applied to characterise and determine the representative 55 
elementary volume (REV) of capillary pores in blended cement pastes [34, 35] 56 

X-ray micro-computed tomography (µCT) is a non-destructive 3D imaging technique, where series of 2D projection 57 
radiographs are taken at different angles to reconstruct the 3D structure of an object. This technique has seen 58 
increasing use on cement-based materials, owing to its ability to image large volumes (up to several cm thick) with 59 
minimal sample preparation. Laboratory-based µCT scanners are now capable of achieving spatial resolutions of < 1 60 
µm, similar to those of synchrotron-based µCT [36-38]. Nevertheless, the sample size for achieving such resolutions is 61 
usually limited to sub-mm. Emerging X-ray nano-CT can achieve resolutions in the order of tens of nm in cement paste 62 
of tens to hundreds of µm thick [39, 40]. Existing applications of µCT to cement-based materials have been extensively 63 
reviewed, in particular for characterising microcracks induced by freeze-thaw [41-43], sulphate attack [44, 45], 64 
carbonation [46], and leaching [47-49]. 65 

Despite the prevalence of 3D imaging techniques and their applications to cement-based materials, no studies have 66 
focused on their feasibility for 3D characterisation of microcracks. The type and range of microcracks that can be 67 
characterised with these techniques remain unclear. This study aims to fill the gap by evaluating several 3D imaging 68 
techniques in terms of their achievable sampling volume and resolution for characterising microcracks at different 69 
length scales. FIB-nt, BIB-SST, LSCM combined with serial sectioning and X-ray µCT were used to image microcracks in 70 
paste, mortar and concrete samples subjected to drying shrinkage, autogenous shrinkage, and freeze-thaw cycles. The 71 
evaluation of these 3D imaging techniques has never been carried out in a single study. The advantages and limitations 72 
of each technique, and the challenges involved are discussed. It is anticipated that the findings from this study would 73 
provide information for future research and applications concerning 3D characterisation of microcracks. 74 

2 Experimental  75 

2.1 Materials and samples 76 

A range of cement paste, mortar and concrete samples with varying degrees of microcracking were prepared for 77 
investigation. Ordinary Portland cement CEM I and silica fume, with oxide composition as shown in Table 1, were used 78 
as binders. The loss on ignition (LOI), specific gravity and fineness of CEM I were 2.1%, 3.06 and 2905 cm2/g 79 
respectively. The LOI and specific gravity of silica fume were 0.47% and 2.30 respectively. CEN-Reference sand (with a 80 
maximum particle size of 2 mm), Thames Valley sand (≤ 5 mm), Thames Valley gravel (≤ 10 mm) and crushed limestone 81 
(≤ 10 mm) were used as fine and coarse aggregates. Crushed limestone (CaCO3) was used to promote microcracking 82 
because of its higher stiffness compared to that of gravel. The particle size distributions of the aggregates are shown in 83 
Fig. 1 and their specific gravity, 24-hour water absorption and moisture content are provided in Table 2.  84 

The mix proportions are shown in Table 3. Two cement pastes (P 0.40 & P 0.45), one mortar (M 0.50) and four 85 
concretes (C-DS, C-FT, C-AS-0.25 & C-AS-0.30) with water/binder (w/b) ratios ranging from 0.25 to 0.50 were prepared. 86 
P 0.45 and C-FT were samples from previous studies, [35] and [33] respectively. The w/b ratio of concretes containing 87 
silica fume was intentionally kept low at 0.25 to 0.30 to induce autogenous shrinkage. A polycarboxylate-based 88 
superplasticiser (Sika ViscoCrete® 20 RM) was used to improve the workability of these mixes. Additional water was 89 
added to the batch water to account for aggregate absorption in all mortar and concrete samples to ensure that the 90 
target free w/b ratios were achieved. The total aggregate volume fraction was kept in the range of 60 to 68% and the 91 
fine to total aggregate mass ratio for the concrete samples was kept at 0.4 to ensure good workability and compaction.  92 

P 0.45 was mixed in a Hobart mixer whereas P 0.40 and M 0.50 were hand-mixed. The remaining samples were mixed 93 
in a 30-litre capacity pan mixer, where binders and aggregates were dry-mixed for 30 s prior to the addition of water for 94 
further wet mixing of 3 min. Silica fume was pre-dispersed in batching water together with superplasticiser. P 0.40 and 95 
M 0.50 were cast in plastic moulds of 30 × 30 × 15 mm3 and hand-compacted. P 0.45, C-DS and C-FT were cast in steel 96 
moulds of 100 mm diameter × 25 or 50 mm thick. C-AS-0.25 and C-AS-0.30 were cast in lidded plastic moulds of 95 mm 97 
diameter × 65 mm thick to prevent moisture exchange with the environment (to induce autogenous shrinkage). These 98 
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samples were compacted in three layers on a vibrating table until no significant release of air bubbles. All samples were 99 
compactable with no evidence of significant bleeding or segregation. 100 

2.2 Curing and conditioning regimes 101 

The samples were carefully demoulded and subjected to curing for 4, 7 or 14 days. Curing was carried out either in 102 
water, in 95% RH (fog room) or sealed in cling film at 20oC to generate varying degrees of maturity. After curing, the 103 
samples were exposed to several conditioning regimes to induce various types and degrees of microcracking. Table 4 104 
summarises the curing and exposure conditions for all samples. 105 

P 0.45, P 0.40, M 0.50 and C-DS were exposed to drying to generate shrinkage-induced microcracks. P 0.45 was dried at 106 
55% RH, 20oC in the presence of soda lime to prevent carbonation, until the mass change was < 0.01% per day. P0.40 107 
and M 0.50 were oven-dried at 30oC for 3 d followed by solvent exchange for hydration stoppage whereas C-DS was 108 
oven-dried at 105oC.  109 

C-FT was subjected to 56 cycles of freeze-thaw according to the test procedure described in PD CEN/TR 15177:2006 110 
[50]. After curing in water bath, the sample was immediately surface-dried with a paper towel and placed in a freezing 111 
chamber at -20oC for 8 h. Subsequently, the sample was thawed in a water bath at +20oC for 4 h. This process was 112 
repeated for 56 cycles. Following freeze-thaw cycling, the sample was dried in a stepwise manner at gradually 113 
increasing temperatures of 30oC, 40oC and 50oC to prevent additional cracking.  114 

C-AS-0.25 and C-AS-0.30 were kept sealed for 14 d at 20oC to generate autogenous shrinkage microcracks. There was 115 
no exchange of moisture with the environment throughout the conditioning process. Therefore, any microcracks 116 
developed in the sample could only be attributed to autogenous shrinkage caused by self-desiccation.  117 

2.3 Sample preparation for microscopy 118 

After conditioning, sub-samples were extracted from the samples and prepared for 3D imaging. The size of the sub-119 
samples and preparation methods varied depending on the 3D imaging techniques used (Table 4). FIB-nt and BIB-SST 120 
were used to image drying shrinkage-induced microcracks in P 0.40 and M 0.50. LSCM combined with serial sectioning 121 
was used to image freeze-thaw-induced microcracks in C-FT, whereas X-ray µCT was used to image drying and 122 
autogenous shrinkage-induced microcracks in P 0.45, C-DS and C-AS. 123 

For FIB-nt and BIB-SST, small blocks of 10 × 10 × 5 mm3 were prepared using a diamond saw. The blocks were vacuum-124 
impregnated with low viscosity epoxy resin, ground to remove surplus epoxy and ion beam-polished to achieve a flat 125 
surface for subsequent milling and imaging. The polished surfaces were coated with a thin layer of Au to minimise 126 
charging effects under SEM imaging. For LSCM, epoxy impregnation was performed prior to the extraction of a sub-127 
sample (40 × 20 × 8 mm3) from C-FT to preserve its microstructure. The epoxy resin was doped with 0.05 wt.% 128 
fluorescein to ensure visibility of pores and microcracks under fluorescence illumination. The block was extracted from 129 
the fully impregnated surface zone of the cylinder to ensure all microcracks and pores were filled with resin. The top 130 
face was then ground and polished down to 1 µm finish. For X-ray µCT, cylindrical cores of 400 µm, 4 mm, 9 mm and 30 131 
mm diameter were extracted from the exposed surface of samples. Cylindrical shape was chosen because of its optimal 132 
fit within the circular field of view (FOV) of an X-ray µCT scan. There was no further sample preparation involved. 133 

2.4 3D imaging 134 

FIB-nt was performed using a Zeiss Neon 40 cross beam Ga+ FIB-SEM. Prior to sectioning, a region of interest (ROI) was 135 
selected and deposited with a thin layer of Pt to protect the surface from undesirable ion-induced erosion. Three 136 
trenches were then milled around the Pt layer using a 30 nA milling current to expose a cube of 20 × 20 × 20 µm3 for P 137 
0.40 and 30 × 30 × 30 µm3 for M 0.50. Three reference lines for drift correction were created on top of the cubes using a 138 
1 nA milling current with an exposure time of 10 s. Automated serial sectioning was then performed by repeated cycles 139 
of ion beam milling and electron imaging. Ion beam milling was performed perpendicular to the sample exposure 140 
surface whereas electron imaging was performed at an angle of 54o. A milling current of 1 nA was used and the slicing 141 
distance was set to 40 and 60 nm for P 0.40 and M 0.50 respectively. Imaging was performed in the secondary electron 142 
(SE) mode with an accelerating voltage of 2 kV and a working distance of 5.1 mm. Images were collected at a 143 
magnification of 14,650× for P 0.40 and 9,600× for M 0.50. All images were digitised to give a voxel size of 20 × 20 × 40 144 
nm3 and 30 × 30 × 60 nm3 for P 0.40 and M 0.50 respectively. The y dimension of each voxel was corrected for 145 
distortion caused by the angle of the electron beam. Approximately 800 images were acquired for each sample and the 146 
whole process took around 15 to 20 h to complete.  147 

BIB-SST was performed using a JEOL SM-09010 Ar+ ion beam cross-section polisher and a Zeiss Supra 55 SEM. The ion 148 
beam polisher was operated at 6 kV accelerating voltage with a milling current of 150 nA. A Pt masking plate was used 149 
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to guide the ion beam vertically to the sample surface to produce a cross-section of several mm2. The milling process 150 
for each section took approximately 8 hours. After each milling step, the sample was coated with a thin layer of Au and 151 
transferred to the SEM for SE and BSE imaging. The microscope was operated at 25 kV accelerating voltage and a 152 
working distance of 4.6 mm. Images were collected in tile scans with a 10% frame overlap at 1,000× and 14,000× 153 
magnifications, and digitised to give a pixel size of 0.24 µm and 0.02 µm respectively. 154 

LSCM combined with serial sectioning was performed using a Leica TCS SP5 confocal microscope and a Struers LaboPol-155 
5 grinding machine. The method is described in detail in [33]. A Struers MD-Piano disc of 15 µm grit was used for 156 
sectioning. A 7N force was applied to the sample and grinding was carried out at 50 RPM for 2 to 3 s per direction to 157 
remove approximately 3 µm thick material. After each sectioning, a 488 nm Ar laser line at 15% intensity was used to 158 
induce fluorescence. A 40× (NA 1.25) oil immersion objective with spatial resolutions of 0.156 µm (xy) and 0.945 µm (z) 159 
was used to capture images at FOV of 350 × 350 µm2. Images were digitised to a voxel size of 0.378 × 0.378 × 0.148 160 
µm3. The sectioning and imaging process was repeated until the desired image thickness was achieved. The FOV was 161 
further extended in the xy plane by 2×2 tile scanning. The whole process took approximately 1 to 2 weeks to complete. 162 
The image stacks were aligned, stitched based on phase correlation and median filtered with a 1 × 1 × 1 kernel [33] in 163 
Fiji [51]. 164 

Four different X-ray µCT scanners with different resolving capabilities were used: an Xradia MicroXCT-400, a Metris X-165 
Tek HMX ST 225, an Xradia 520 Versa (Zeiss, Cambridge) and a Heliscan microCT (FEI, Houston). Each of these scanners 166 
have their respective advantages. For example, the Metris X-Tek HMX ST 225 has a maximum operating voltage of 225 167 
kV for improved X-ray penetration, the Xradia systems have optical lenses for additional magnification of up to 40× and 168 
the Heliscan microCT features helical scanning for stitch-free image acquisition. The imaging settings varied depending 169 
on the scanner configuration, sample type and size (Table 5). In general, the X-ray tube was operated at ≥ 100 kV to 170 
ensure sufficient X-rays penetrating through the samples. Exposure time per frame was set to ≥ 1.25 s, except for the 171 
Heliscan microCT (0.43 s for P0.45 & 0.36 s for C_AS_0.30 with 8 accumulations), to ensure good signal-to-noise ratio 172 
and image brightness and contrast. The total scan time ranged from ~1 to 12 h. The source-sample-detector distance 173 
was adjusted correspondingly to ensure optimal sample fit within the FOV of the detector. The resulting image voxels 174 
ranged from 200 nm to 30.2 µm. In general, the voxel size reduced with the core diameter due to ‘magnification’ of the 175 
sample in the FOV. For example, voxel sizes of 4.6 µm, 9.3 µm and 30.2 µm were achieved with core diameters of 4 176 
mm, 9 mm and 30 mm respectively on the Xradia MicroXCT-400. In the case of Xradia 520 Versa, ‘interior’ tomography 177 
was further performed at selected ROIs with high magnification objectives. 3D volume reconstruction of the collected 178 
2D projections was performed, with centre shift and beam hardening corrections applied. 179 

3 Results 180 

3.1 Focused ion beam nanotomography (FIB-nt) 181 

The reconstructed image volumes of P 0.40 and M 0.50 acquired with FIB-nt are shown in orthogonal views and 3D 182 
renderings in Fig. 2a-d. The image volumes were drift-corrected, cropped and filtered to remove artefacts.  183 

Drift correction was performed by aligning the image slices based on landmark (reference lines) search in the xy plane 184 
using a Template Matching plugin [52] in Fiji. An example is given in Fig. 2e showing the top view of the P 0.40 cube, 185 
where the reference lines (marked by arrows) and edges of the cube appear ‘straightened’ after alignment. Vertical 186 
stripes known as ‘curtaining’ intrinsic to FIB-nt due to variable resistance of material phases to ion milling was also 187 
observed. These artefacts were removed using a wavelet-fast Fourier transform filter as proposed by [53]. Fig. 2f shows 188 
an example image of an ion-milled surface of P0.40 before and after filtering. Peaks and troughs across the width of the 189 
image are clearly removed, as confirmed by the greyscale plot in Fig. 2g. Intensity gradient due to shadowing of 190 
electrons by the front trench is also visible in Fig. 2f but no correction was made for this. Such effect can be removed by 191 
either changing the sample geometry [54] or re-slicing the image data in the xz direction for intensity normalisation 192 
[55].  193 

Despite the fact that the samples were impregnated with epoxy, ‘pore-backs’ [55] are visible in the reconstructed 194 
image volumes, particularly in P 0.40 (Fig. 2a-b). This could be due to uneven epoxy impregnation or over-grinding of 195 
the sample surface, resulting in voids not filled with epoxy. Nevertheless, pores and microcracks are distinguishable 196 
based on their morphology. Fig. 2a-b shows matrix and bond cracks (marked by arrows) around a solid unreacted 197 
cement grain. In 2D orthogonal views, the microcracks appear short and isolated but in 3D, they appear interconnected, 198 
long and tortuous. The measurable crack widths ranged from 0.05 to 0.5 µm, spanning across half of the image volume. 199 
Fig. 2c-d shows the presence of microcracks in M 0.50. Only a small number of cracks were observed and they appear 200 
isolated and perpendicular to the surface in 2D and 3D. The microcracks were generally larger than those in P 0.40, 201 
ranging from 0.35 to 0.50 µm in width and < 10 µm in length.  202 
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The observed microcracks are one to two orders of magnitude smaller (width and length) than those reported in early 203 
studies involving large area 2D observation [6, 56]. The reason could be that the ROIs were sampled away from larger 204 
cracks and the image volumes were insufficient (i.e. 15 × 12 × 10 µm3 for P 0.40 and 25 × 23 × 20 µm3 for M 0.50) to 205 
capture larger cracks. Wu et al. (2015) [6] reported that mortars exposed to drying at 55%RH, 21oC and 50oC exhibited a 206 
cell-like crack pattern with crack densities of less than 1 per mm2 and average crack widths and depths of 3.1 to 3.6 µm 207 
and 8.7 to 17.3 mm respectively. This indicates that the image volume required to representatively capture such cracks 208 
would have to be at least a few mm in size. Clearly, FIB-nt is unable to provide such large image volumes even with Xe+ 209 
plasma ion sources. 210 

3.2 Broad ion beam-serial section tomography (BIB-SST) 211 

A typical BIB-polished cross section of M 0.50 is shown in Fig. 3a. The cross section was made up of 196 individual 212 
images acquired in the SE mode at 500× magnification. The milled area was pseudo-Gaussian in shape, reflecting the 213 
ion beam profile. The milled surface contained pronounced curtaining effects, similar to that observed in FIB-nt. 214 
Furthermore, the surface suffered from non-planarity especially towards the edge due to a reduced ion flux of the 215 
beam. The total milled area was several mm2, but only the centre of less than 0.5 mm2 was relatively flat.  216 

Fig. 3b presents five serial sections acquired in the centre of the milled area at higher magnifications. In the SE mode, 217 
topography effects such as curtaining and redeposition of milled materials are clearly visible. However, these effects 218 
are less obvious in the BSE mode. Distinct phases including aggregates, unreacted cement grains, hydration matrix and 219 
voids are discernible based on their greyscale and morphology. 220 

The thickness of each serial section was measured by imaging the top of the cross section and calculating the distance 221 
between successive sections [20]. The measured inter-slice thickness ranged from 11 to 20 µm, with a standard 222 
deviation of 4.9 µm. The poor repeatability and large thickness of the sections mean that the image resolution in the z 223 
direction is low and inconsistent compared to the xy plane. Fig. 3c-e shows the reconstructed orthogonal views and 3D 224 
rendering of M 0.50. The serial sections were stacked together and aligned in Fiji. The microstructure appears 225 
elongated in the z direction due to the voxel being disproportionately anisotropic in the z plane. A significant amount of 226 
information was lost between sections. This resulted in discontinuities in the microstructure, rendering the image 227 
volume unusable for characterising microcracks. 228 

In comparison to FIB-nt, more bond and matrix cracks, ranging from 0.5 to 2.5 µm in width (Fig. 3f, marked by arrows), 229 
were observed due to the significantly larger area imaged. Moreover, the microcracks appear longer and 230 
interconnected in 2D, spanning across hundreds of µm. The crack density seems higher than 1 per mm2, with most 231 
cracks concentrating in the cement paste matrix. It is possible that some of these microcracks were caused by grinding. 232 

3.3 LSCM combined with serial sectioning 233 

Fig. 4a shows the cylinder of C-FT impregnated with fluorescent epoxy resin. It can be seen that the epoxy penetrated 234 
half of the cylinder depth, showing densely distributed cracks with significant branching on the surface, indicating 235 
severe damage caused by freeze-thaw action. Fig. 4b shows a 2D LSCM image of the cross section acquired with a 5× 236 
objective. The images (Fig. 4b-e) were converted to grey scale and inverted to highlight microcracks and pores in black. 237 
Aggregates appear as large white particles with well-defined boundaries whereas the microporous cement paste matrix 238 
fills the space in-between. Microcracks can be seen forming around the aggregate particles and through the cement 239 
paste matrix, spanning across the entire FOV. 240 

The reconstructed single-FOV image volume is shown in Fig. 4c-d. In total, 50 image stacks with an average overlapping 241 
region of 36.6% ± 23.6% and an average phase correlation of 0.92 ± 0.04 were acquired with the 40× objective. This 242 
gave a total image volume of 302 × 302 × 167 µm3. Further details of the reconstruction are presented in [33]. Although 243 
the z resolution is 6× lower than the xy resolution, the microcracks do not appear distorted as much as the capillary 244 
pores [34] in the orthogonal views. This is because microcracks are intrinsically higher in aspect ratio and larger in size 245 
compared to capillary pores. Nevertheless, uneven brightness and discontinuities are visible along the sectioning depth. 246 
The microcracks occupy a large fraction (~7%) of the image volume and appear highly interconnected (Fig. 4d). The 247 
main cracks branch and connect with each other via capillary pores and finer microcracks, and the crack widths vary 248 
significantly even within the same branch, from ~0.5 to 22 µm. The crack surface morphology appears highly undulated 249 
with folds and creases clearly visible. 250 

Fig. 4e presents the extended image volume (662 × 662 × 80 µm3) with an increased FOV made up of 2 x 2 mosaic tiles, 251 
also acquired with the 40× objective. The total number of image stacks acquired was 96 and the average overlap and 252 
phase correlation between stacks were 15.5% ± 2.0% and 0.91 ± 0.05 in the xy plane and 26.9% ± 10.4% and 0.88 ± 0.04 253 
in the z plane respectively. Due to the larger FOV, the propagation of cracks around aggregates and through the paste 254 



Cement & Concrete Research (Accepted, 2020) 

6 
 

matrix were more representatively captured. It can be clearly seen that the bond cracks surrounding aggregates tend to 255 
be larger than those in the paste matrix, suggesting that the cracks have initiated at the aggregate-paste interface. 256 
Moreover, many cracks which appear isolated in 2D are interconnected via either smaller cracks or pores, forming a 257 
percolated network in 3D. In comparison with drying shrinkage-induced microcracks [6], freeze-thaw-induced 258 
microcracks appear more interconnected, tortuous, densely distributed and variable in width. 259 

The smallest crack widths observed were one to two orders of magnitude finer than those reported in [41, 43], which 260 
used X-ray µCT to investigate mortars exposed to freeze-thaw action. This indicates that a significant number of smaller 261 
cracks might have been missed in the studies although the image volumes were 2,600× to 7,000× larger than that 262 
above. It is possible to extend the image volume of LSCM to the order of cm3 but the acquisition process would be 263 
significantly prolonged.  264 

3.4 X-ray microtomography (µCT) 265 

The effect of sample size on voxel resolution of X-ray µCT is demonstrated with C-DS cores in Fig. 5a-b. Similar to BSE 266 
images, pores and microcracks appear the darkest whereas unreacted cement particles (< tens of µm) appear brightest. 267 
As the core diameter decreased, phase contrast between fine aggregates and cement paste improved due to increased 268 
differential X-ray absorption. 269 

The detectable crack widths in C-DS ranged from ~10 to 16 µm, ~21 to 68 µm and ~75 to 115 µm in the 4 mm, 9 mm 270 
and 30 mm cores respectively due to the reduction in voxel resolution (Table 5). Nevertheless, there were not many 271 
cracks and most were bond cracks surrounding aggregate particles, appearing isolated with no specific orientation. It is 272 
likely that the bond cracks are interconnected via finer matrix cracks, as observed in P 0.40 and M 0.50 with FIB-nt and 273 
BIB-SST, but not adequately resolved with X-ray µCT. Indeed, the smallest cracks observed were two to three orders of 274 
magnitude larger than those measured by [6] on a similar w/c 0.5 concrete dried at 105oC, in which more than 80% of 275 
the cracks were < 10 µm. This suggests that a significant proportion of microcracks is not detected with X-ray µCT. 276 

The C-AS-0.25 and C-AS-0.30 cores (30 mm diameter) scanned with Metris X-Tek HMX ST 225, Heliscan microCT and 277 
Xradia 520 Versa achieved higher voxel resolutions of 15.5 µm, 12.7 µm and 22.5 µm respectively (Fig. 6a) due to higher 278 
detector efficiencies. In any case, these voxel resolutions are no better than the actual spatial resolution of the 279 
scanners and the minimum resolvable feature remains 2× to 3× the voxel size (see Discussion). Despite differences in 280 
voxel resolution, the samples appear similar in terms of the extent and morphology of microcracking. The Heliscan 281 
microCT gave the smallest detectable crack widths amongst the three systems. Nevertheless, the interior tomography 282 
obtained with Xradia 520 XRFM at voxel resolution 3 µm revealed the presence of smaller microcracks (~10 µm) 283 
although the FOV and signal-to-noise ratio were significantly poorer. 284 

In comparison to C-DS, the cores from C-AS showed higher degree of microcracking, with crack widths ~37 to 90 µm. 285 
Furthermore, the microcracks formed preferentially through air voids, aggregate-paste interface and cement paste 286 
matrix, suggesting that the air voids facilitate crack propagation. Fig. 6b shows an orthogonal view of the C-AS-0.30 core 287 
acquired with Heliscan microCT. It can be seen that the microcracks exhibit preferential orientation parallel to the xy 288 
plane, indicating strong anisotropy in 3D. This was not observed in the section views (Fig. 6a). The orientation of cracks 289 
may be related to sample shape and dimension, orientation of aggregates, casting direction and compaction. Fig. 6c 290 
shows the microcrack network and air voids in C-AS-0.25. The microcracks appear highly connected, tortuous and 291 
densely distributed throughout the entire image volume. Many spherical entrapped air voids were also observed, due 292 
to incomplete compaction of the low w/c ratio (0.25) concrete. Further quantification of the microcracks and air voids 293 
in terms of volume fraction, density and size will be available in a separate publication [58]. 294 

Further reduction in voxel resolution is possible with smaller sample sizes. Fig. 7a-d shows example images of P 0.45 295 
cores of 4 mm and 400 µm diameters acquired with the Heliscan microCT and Xradia 520 Versa with voxel resolutions 296 
of 2.29 µm and 0.2 to 0.4 µm respectively. The images acquired with Heliscan microCT (Fig. 7a-b) show a homogenous 297 
and dense paste microstructure. Unreacted cement particles with well-defined morphology can be seen evenly 298 
distributed throughout the sample. A microcrack of ~4 µm width, probably caused by coring, is also visible (Fig. 7b, 299 
marked by arrows). Nevertheless, capillary pores were not observed due to insufficient resolution. In contrast, the 3D 300 
images obtained with Xradia 520 Versa (Fig. 7c-d) appear more porous. A cracked unreacted cement particle is seen in 301 
Fig. 7d. Nevertheless, the spatial resolution is inferior to those of FIB-nt, BIB-SST and LSCM. 302 
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4 Discussion 303 

4.1 Challenges in 3D imaging of microcracks 304 

Our results show that important characteristics of microcracks including connectivity, orientation and length cannot be 305 
adequately characterised in 2D. Although 3D imaging provides better visualisation and characterisation, this remains a 306 
challenging task as the size of microcracks spans from sub-µm to hundreds of µm, and their morphology and density 307 
vary depending on the damage mechanism.  308 

Some general observations can be drawn on the microcracks investigated in this study. Drying shrinkage-induced 309 
microcracks are low-density and multiscale, ranging from sub to hundreds of µm depending on drying severity and 310 
presence of aggregates. Autogenous shrinkage produces microcracks of tens of µm wide that are densely distributed 311 
and preferentially orientated. Freeze-thaw cycles generate microcracks in the range of sub to tens of µm, which are 312 
well-distributed and highly interconnected. Clearly, the image volume and resolution required for capturing these 313 
cracks depend on the crack width and extent of cracking. 314 

For a typical concrete with a maximum aggregate size of 10 or 20 mm, the image volume should be in the order of 315 
several cm to ensure that microcracks around aggregate particles are captured. The required image resolution depends 316 
on the crack width, ideally sub-µm to capture the finest microcracks. Nevertheless, there is yet to be a technique 317 
capable of achieving such resolution on a cm-scale image volume. The REV for characterising microcracks remains to be 318 
established. However, 3D numerical modelling of microcracked concrete [59] suggests that a computational cube 2.5 319 
the largest aggregate particle can give representative mass transport provided that a sufficient number of replicates is 320 
simulated and the results averaged. Interestingly, experimental studies have also shown that an image volume of ~ 20 × 321 
20 × 25 mm3 is adequate for quantifying most parameters of autogenous shrinkage-induced microcracks in concrete[57, 322 
58]. This is significantly larger than the REV for capillary pores, which is in the order of 1003 µm3 [34]. 323 

4.2 Serial sectioning methods 324 

Serial sectioning and imaging methods such as FIB-nt, BIB-SST and LSCM require a series of sample preparation steps 325 
(drying, epoxy impregnation, grinding and polishing) that may damage the sample and introduce artificial cracks, 326 
further complicating analyses. The sectioning process can also generate artefacts such as curtaining, scratches, 327 
redeposition of materials and non-planar sections. Furthermore, the lengthy imaging process may cause variations in 328 
image resolution, brightness and contrast. All these factors complicate the reconstruction and subsequent analysis of 329 
the image dataset. Nevertheless, they can be minimised by careful execution and image processing.   330 

Another limitation intrinsic to serial sectioning is anisotropic resolution of the acquired image dataset. This occurs 331 
because the resolution in the sectioning direction tends to be worse than that of the imaging plane. This can result in 332 
image distortion and prevent orientational characterisation of microcracks. In the case of FIB-nt and BIB-SST, the axial 333 
resolution is directly related to the thickness of serial sections. For FIB-nt, the voxel dimension can be adjusted to 334 
achieve isotropy thanks to its ability to produce uniform nm thick sections. For BIB-SST, the minimum achievable 335 
section thickness reported to date is 260 nm [22] which is much  finer than those achieved in this study. Nevertheless, it 336 
remains difficult to ensure consistently uniform and parallel sections. For LSCM, axial distortion occurs due to the 337 
elongated nature of the point spread function and mismatch of refractive indices between the sample and immersion 338 
liquid. Axial compression based on the known shape or size of reference materials can be applied to correct for this 339 
effect [34, 60]. 340 

Perhaps, one of the biggest disadvantages of serial sectioning is their inability to ‘pre-screen’ the internal structure of a 341 
sample. As such, the selection of a suitable ROI for 3D imaging is a hit and miss process. This would be problematic for 342 
features that are highly variable such as microcracks. Uneven or inhomogeneous epoxy impregnation can further 343 
complicate the process. For LSCM, insufficient epoxy impregnation may cause some pores and microcracks to be 344 
undetected. Serial sectioning methods are also destructive, meaning the ROI cannot be revisited once sectioned. As 345 
such, it would highly desirable to be able to pre-select the ROI. This can be achieved with the use of non-destructive X-346 
ray µCT to obtain an overview of the internal structure prior to sectioning.  347 

4.3 Comparison of 3D imaging techniques 348 

Fig. 8 presents a graphical summary of the operating regimes of the 3D imaging techniques. The data points were 349 
derived from the present study and from literature. The y-axis represents the limiting spatial resolution calculated as 350 
2.3× the longest dimension of the achievable voxel based on the Nyquist theorem [61]. The x-axis indicates the 351 
achievable thickness of the image volume (not the actual sample physical dimension). In the case of FIB-nt, BIB-SST and 352 
LSCM, the image resolution and thickness are determined from the thickness (axial resolution) and extent of serial 353 
sectioning respectively.  354 
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It is clear from the figure that resolution reduces with increasing image thickness irrespective of the imaging techniques 355 
and that none of the techniques are capable of covering the entire range of microcracks. LSCM bridges the gap 356 
between nanoscale (FIB-nt & BIB-SST) techniques and X-ray µCT. New techniques such as X-ray nanoCT [39, 40] and Xe+ 357 
plasma FIB-nt [19] enable image thickness of up to ~100 µm and resolutions of ~0.1 µm. FIB-nt is limited by the 358 
achievable image volume (tens of µm) because the ion milling process is slow and accumulates artefacts. As such, it is 359 
suitable only for localised characterisation of microcracks for applications such as fracture surface analysis.  360 

BIB-SST is able to provide much larger image area than FIB-nt (up to mm2), but the image thickness and resolution 361 
(section thickness) is limited by the manual sectioning and imaging process. Other studies [21, 22] suggest the 362 
possibility of achieving sub-µm section thickness with BIB but the section remains inconsistent and non-planar. Perhaps, 363 
the real advantage of this technique can only be realised when the entire process becomes fully automated. 364 
Nevertheless, BIB-SST is useful for large-area observation of microcrack networks in 2D. 365 

The image volume of LSCM can, in theory, be extended to cm-scale to capture microcracks in mortar or concrete 366 
samples without degradation in resolution. However, the laborious sectioning and imaging process limits the technique 367 
for routine use. With a low-power objective (e.g. 10× NA 0.30), it may be possible to reconstruct image volume as large 368 
as 7 × 7 × 2 mm3 with axial resolution of ≥ 10 µm [62]. Furthermore, unlike the other techniques, LSCM detects only 369 
fluorescence in capillary pores and microcracks, and does not distinguish solid phases. 370 

For X-ray µCT, there is an inevitable trade-off between achievable resolution and image volume. Its resolution degrades 371 
from a few µm to tens of µm as the image volume increases from mm to cm. On the one hand, a large proportion of 372 
fine microcracks (<10 µm) such as those induced by drying shrinkage will be excluded if imaging is carried out at cm 373 
scale. On the other hand, imaging at mm scale to resolve microcracks may not be sufficiently representative. 374 

One may be tempted to compare 3D imaging techniques with other indirect techniques such as mercury intrusion 375 
porosimetry (MIP) and gas adsorption. However, these techniques are limited to pastes and mortars. Furthermore, they 376 
are incapable of distinguishing between microcracks, capillary pores, and air voids. As such, it would be impossible to 377 
make meaningful comparisons between them. 378 

4.4 Alternative approaches 379 

‘Hierarchical’ imaging combines complementary techniques to image at varying resolutions and image volumes without 380 
destroying the sample. X-ray µCT with adjustable FOVs [63] is used in conjunction with precise positioning based on 381 
landmarks [64] to identify ROIs for subsequent imaging with higher resolution techniques such as synchrotron-based X-382 
ray CT. The ROIs may be stitched together to form larger image volumes [65]. However, a prerequisite of this approach 383 
is that the sample is resolvable at different length scales independent of the physical sample size. 384 

The high resolution interior tomography on the Xradia 520 Versa X-ray CT is an example of hierarchical imaging. But as 385 
shown in this study, the very dense nature of concrete limits this approach and it is not possible to achieve sub-µm 386 
resolution without reducing the actual physical sample size to < 1 mm. However, with rapid advancement in high 387 
powered X-ray sources and larger flat panel detectors [66], it may soon be possible to achieve three or more decades of 388 
resolution within a fixed sample size.  389 

Another approach, but destructive, is to subdivide the sample to smaller volumes for separate X-ray imaging at high 390 
resolution. The sub-volumes are then stitched together to produce a final 3D dataset. A global overview of the sample 391 
can be pre-acquired at low resolution to facilitate the reconstruction process. A similar approach has been applied to 392 
reconstruct large volumes of neural tissues (∼120 × 32 × 80 µm3) with FIB-nt at a voxel resolution of 8 × 8 × 8 nm3  [67], 393 
using hot-knife sectioning or ultramicrotome to split tissues into 20 µm thick sub-volumes. In theory, such approach is 394 
applicable to cement-based materials. But a precise sectioning method that yields clean cuts on hard brittle materials 395 
with minimal material loss between sub-volumes does not yet exist. 396 

A statistical approach [68] involving sub-sampling of a large number of image volumes smaller than the REV is another 397 
possible approach. This has been applied to computationally generated cracks to model their impact on transport 398 
properties of concrete [59, 69]. However, the validity of such approach for quantifying the topology of real cracks 399 
including length, connectivity and tortuosity remains questionable. The difficulty lies in the fact that real cracks 400 
propagate and form highly interconnected networks which are multiscale, heterogeneous and anisotropic. In addition, 401 
microcracks are dependent on the size and orientation of aggregate particles. Therefore, statistical sub-sampling may 402 
lead to misrepresentation of these parameters. 403 
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5 Conclusions 404 

We evaluated 3D imaging techniques for their ability to characterise microcracks in cement-based materials. These 405 
included focused ion beam nanotomography (FIB-nt), broad ion beam serial section tomography (BIB-SST), laser 406 
scanning confocal microscopy (LSCM) combined with serial sectioning and X-ray microtomography (µCT). The 407 
evaluation of these advanced techniques has never been carried out in a single study. Seven cement pastes, mortars 408 
and concretes subjected to drying shrinkage, autogenous shrinkage and freeze-thaw cycles were examined. The key 409 
findings are: 410 

a) 3D imaging provides information which cannot be readily obtained from 2D images including microcrack 411 
connectivity, length and orientation. Microcracks are highly multiscale and morphologically variable depending on 412 
the degradation mechanism. Autogenous shrinkage and freeze-thaw cycles produce microcracks which are more 413 
interconnected and higher in density than those produced by drying shrinkage.  414 

b) FIB-nt provides nm-scale resolution, but the image volume is limited to tens of µm. As such, FIB-nt is more 415 
appropriate for localised characterisation of pores and microcracks. BIB-SST can provide larger image areas (a few 416 
mm2) but the serial sections are relatively thick (10 to 20 µm), inconsistent and non-parallel, resulting in 417 
discontinuities in microcrack images.  418 

c) LSCM combined with serial sectioning provides image volumes of several hundreds of µm with sub-µm resolution. 419 
This is sufficient to characterise capillary pores at representative elementary volume (REV). The image volume can 420 
be further extended to fully capture microcracks around aggregates in mortar or concrete by means of tile imaging, 421 
but the process is time-consuming and laborious.  422 

d) X-ray µCT is non-destructive and hence advantageous for 3D characterisation of large pores and microcracks. 423 
However, its resolution is highly dependent on sample size. For cm-scale samples, the minimum resolvable 424 
microcrack is ~10 µm. Smaller microcracks are observable only in mm-scale samples. Its spatial resolution is inferior 425 
to those of FIB-nt, BIB-SST and LSCM. 426 

e) Destructive techniques including FIB-nt, BIB-SST and LSCM combined with serial sectioning may introduce artefacts 427 
such as curtaining, scratches, material redeposition and artificial microcracks. Furthermore, these techniques tend 428 
to have anisotropic voxel, which may pose problems for orientational characterisation. In addition, destructive 429 
techniques are unable to ‘pre-screen’ the internal structures for accurate selection of ROIs.  430 

f) None of the available 3D imaging techniques can cover the entire range of microcracks in concrete at sufficiently 431 
high resolution and achieve a representative sampling volume. However, in combination, they enable localised and 432 
global characterisation of microcracks. 433 

g) A graphical summary of achievable spatial resolution against image thickness for 3D imaging techniques has been 434 
produced based on data from this study and those available in the literature (Fig. 8). Resolution decreases with 435 
increasing image thickness irrespective of the imaging technique. It is anticipated that this master plot is useful for 436 
informing future research and applications concerning 3D characterisation of microstructure. 437 

 438 

  439 
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3D imaging techniques for characterising microcracks in cement-based materials 620 

M.J. Maca, M.H.N. Yioa, G. Desboisb, I. Casanovac, H.S. Wonga1, N.R. Buenfelda 621 

 622 

Table 1: Oxide composition of binders. 623 

Materials 
Oxide composition (%) 

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 Cl- TiO2 P2O5 Mn2O3 

CEM I 63.4 20.6 5.6 2.4 1.6 0.2 0.7 2.9 < 0.1 - - - 

Silica fume 0.15 98.7 0.31 0.02 0.04 0.09 0.30 - - 0.39 0.02 0.01 

 624 

Table 2: Properties of aggregates. 625 

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 

Limestone 10 2.71 0.88 0.46 

 626 

Table 3: Mix proportions. 627 

Mix ID 
CEM I 

(kg/m3) 

Silica 
fume 

(kg/m3) 

Water 
(kg/m3) 

Free 
w/b* 

Sand 
(kg/m3) 

Gravel 
(kg/m3) 

Limestone 
(kg/m3) 

Aggregate 
volume 

fraction (%) 

Super-
plasticiser 

(kg/m3) 

P 0.40 1376 - 550 0.40 - - - - - 

P 0.45 1290 - 581 0.43 - - - - - 

M 0.50 510 - 255 0.50 1531 - - 67 - 

C-DS 399 - 200 0.50 702 - 1053 68 - 

C-FT 388 - 194 0.50 712 1068 - 67 - 

C-AS-0.25 488 49 134 0.25 712 1068 - 60 5 

C-AS-0.30 451 45 149 0.30 718 1077 - 68 5 

*Corrected for bleeding 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 
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Table 4: Curing and exposure conditions and imaging methods for all samples. 637 

Sample ID 
Sample dimensions 

(mm) 
Curing age 

(d) 
Curing condition Exposure condition Imaging method 

P 0.40 30 × 30 × 15 4 95 ± 2% RH Oven drying at 30oC FIB-nt 

P 0.45 100 Ø × 25 7 95 ± 2% RH 55% RH at 20oC X-ray µCT 

M 0.50 30 × 30 × 15 4 95 ± 2% RH Oven drying at 30oC FIB-nt, BIB-SST 

C-DS 100 Ø × 50 7 95 ± 2% RH Oven drying at 105oC X-ray µCT 

C-FT 100 Ø × 50 14 In water 56 freeze-thaw cycles LSCM 

C-AS-0.25 95 Ø × 65 14 Sealed Sealed at 20oC X-ray µCT 

C-AS-0.30 95 Ø × 65 14 Sealed Sealed at 20oC X-ray µCT 

 638 

Table 5: X-ray µCT imaging settings. 639 

 Xradia MicroXCT-400 
Metris X-Tek 
HMX ST 225 

Xradia 520 XRM Heliscan microCT 

Sample C-DS C-DS C-DS C-AS-0.25 P 0.45 C-AS-0.30 P 0.45 C-AS-0.30 

Sample dia. (mm) 4 9 30 30 0.4 0.4 30 30 4 30 

X-ray voltage (kV) 100 100 100 220 40 110 120 110 100 120 

Objective 4× 0.39× 0.39× - 20× 40× FPX 4× - - 

Approx. FOV (mm2) 42  92 302 302 0.42 0.22  302 32 5.92 32.52 

Voxel size (µm) 4.6 9.3 30.2 15.5 0.4 0.2 22.5 3 2.3 12.7 

Total scan time (h) ~ 2 ~ 2 ~ 2 ~ 1 6  11 3 12 ~ 3  ~ 4 

  640 
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Fig. 1: Particle size distribution of aggregates. 641 
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Fig. 2: FIB-nt imaging results. a-d, Orthogonal views and 3D renderings of the reconstructed image volumes of P 0.40 643 
cement paste (a-b) and M 0.50 mortar (c-d). Dimensions in µm. e, Alignment of the image slices based on reference 644 
lines. f, Removal of curtaining effect induced by ion-milling by wavelet-fast Fourier transform filter. g, Greyscale 645 
variation along image width of (f) before and after filtering.  646 
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Fig. 3: BIB-SST imaging results of M 0.50 mortar. a, Milled area revealing the pseudo-Gaussian beam profile. b, 647 
Successive milled sections acquired in BSE and SE modes. c-d, Orthogonal views (c) and 3D renderings (d) of the 648 
reconstructed image volume in BSE mode. Dimensions in µm. e-f, Orthogonal views in SE mode (e) showing 649 
microcracks in a close-up (f).  650 
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Fig. 4: LSCM imaging results of C-FT concrete. a, Microcracks on the cylinder surface revealed by epoxy impregnation. 654 
b, 2D overview of the microcracks acquired with a 5× objective. c-f, Orthogonal views (c, e) and 3D renderings (d, f) of 655 
the reconstructed single-FOV (c-d) and extended (e-f) image volumes acquired with a 40× objective. All dimensions in 656 
µm. 657 
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Fig. 5: X-ray µCT images of C-DS cores of 30 mm, 9 mm and 4 mm diameter acquired with Xradia MicroXCT-400. a, 659 
Example 2D image slices showing detectable microcracks (marked by arrows). b, Corresponding 3D renderings. All 660 
dimensions in µm. 661 
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Fig. 6: X-ray µCT images of C-AS cores. a, Comparison of imaging results across different scanners. b, Orthogonal view 664 
of C-AS-0.30 core. c, Extracted microcrack network and air voids from the reconstructed image volume of C-AS-0.25 665 
core. All dimensions in µm.    666 
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Fig. 7: X-ray µCT images of P 0.45 cores. a, Example 2D image slice of a 4 mm diameter core acquired with FEI 668 
Heliscan microCT. b, Close-up of a microcrack in (a). c, 3D rendering of a 400 µm core imaged with Xradia 520 XRM. 669 
Dimensions in µm. d, Example 2D image slice from the interior tomographic volume in (c). 670 

 
  671 

a
b

50 µm

dc

Interior 

tomography 

(voxel size: 

200 nm)

Full FOV 

tomography 

(voxel size: 

400 nm)

X

Y

Z

Unreacted 

cement



Cement & Concrete Research (Accepted, 2020) 

23 
 

Fig. 8: Comparison of 3D imaging techniques in terms of achievable image thickness and spatial resolution. Circles (○) 672 

denote data for FIB-nt, squares (□) for BIB-SST, crosses (×) for X-ray nanoCT, triangles () for LSCM and diamonds (◇) 673 
for X-ray µCT. Empty and filled symbols represent data from present study and literature respectively. Operating 674 
regimes of Xe+ PFIB-nt and X-ray nanoCT are adapted from [19]. 675 
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