Construction and Building Materials 199 (2019) 637-651

=
Construction
and Building

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

Review

A review of X-ray computed tomography of concrete and asphalt )
construction materials e
Anton du Plessis *>*, William P. Boshoff®

4 Stellenbosch University CT Facility, Stellenbosch University, South Africa
b physics Department, Stellenbosch University, South Africa

“Depart

ment of Civil Engineering, Stellenbosch University, South Africa

HIG

HLIGHTS

o The use of X-ray microCT for concrete and asphalt building materials is reviewed.

« Successful applications of this technique to concrete and asphalt materials are summarized.
« Insight into the current capabilities and state of the art is provided.

« Newly developed methods are discussed and demonstrated.

« Suggestions are made for sampling and scan strategies for different analysis types.

ARTICLE INFO ABSTRACT

Article history: The microstructural details of concrete and asphalt construction materials are crucial in understanding
RECE}VEd 17 May 2018 and improving their material properties for structural applications in civil engineering. Various destruc-
Received in revised form 8 October 2018 tive and non-destructive test methods are widely used in this field, but the use of non-destructive X-ray

Accepted 11 December 2018
Available online 19 December 2018

micro computed tomography is still widely under-estimated and the capabilities not yet fully appreci-
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1. Introduction
1.1. Background

X-ray computed tomography (CT) and micro computed tomog-
raphy (microCT) has been used for non-medical materials analysis
for a number of years, with the last 10 years seeing the technique
evolve from a qualitative imaging tool to a quantitative analysis
method, in materials science in particular [1]. The method has also
found particular application in geomaterials and geosciences as has
been discussed in the review paper [2]. Other fields were the tech-
nique is well established is for industrial non-destructive testing
applications [3], dimensional metrology [4], additive manufactur-
ing [5], food science [6] and biological sciences [7]. The recent
growth and development of the technique has been driven by
advances in equipment hardware availability and the development
of software tools for the analysis and handling of the large data sets
generated. Despite the tremendous growth, there has not been a
thorough review of the applications relevant to concrete and
asphalt construction materials. There has been only one book
chapter summarising the use of the technique in civil engineering
in general [8]. The present review article aims to fill this gap and
demonstrate the current state of the art.

1.2. Historical perspective

In the early days of X-ray microCT, the 3D characterization of
aggregates and the void distribution in asphalt was already consid-
ered useful as outlined in [9-11]. Earlier studies were focused on
visualisation and image segmentation, or indicating the ability to
non-destructively visualize the internal details of concretes and
other cement based materials [12-14]. Prior to the availability of
high resolution microCT, there have been various efforts using
medical X-Ray CT scanners with reasonably good results despite
the poor resolution relative to microCT - the increased X-ray inten-
sity results in sharper images and better contrast for large features,
as demonstrated in a direct comparison for a concrete block in [15].
The terms CT and microCT are often used interchangeably, but gen-
erally both techniques use X-ray radiation and CT is typically
referred to when scans are done using medical scanners with res-
olutions of approximately 0.5 mm, while microCT typically refers
to laboratory cone beam scanners where resolutions are variable
from 0.3 mm down to typically 0.005 mm (5 um) or lower.

The early works where the high resolution microCT technique
was applied to concrete and asphalt materials were reviewed in
2008 [16]. Although there had been numerous studies making
use of X-ray microCT to image concrete and asphalt materials ear-
lier than 2008, the true potential of the technique has only in the
last 10 years become apparent, as the quantitative analysis capa-
bilities have been developed further, and these have been utilised
beyond the point of demonstration only - ie. to answer specific and
often very interesting scientific questions relevant to these
materials.

Almost 10 years ago, Cnudde et al [17] demonstrated the huge
potential for microCT of building stones and concretes, showing
how 3D visualization and analysis of the porosity in these materi-
als correlate well with traditional measures such as mercury

porosimetry, and how this can in some instances provide superior
information helping to provide an improved understanding of such
building materials. These authors at the time mentioned the gen-
eral need for improvements in microCT resolution, signal-to-
noise ratio and more powerful software in order to bring the tech-
nique to its full potential. The last 10 years has seen significant
growth and development in exactly these areas, with improve-
ments in computer hardware and software allowing more complex
image-based analysis to be performed, while microCT hardware
has improved significantly and such systems have also become
more widely available.

Numerous studies were published in this last ten years using
microCT to analyse concrete and asphalt: these studies can usually
be categorized by the type of information gained by microCT, with
broad categories being the sections in this review: porosity, phase
identification and density, damage and failure analysis, fibre rein-
forcement, temporal evolution or time-lapse studies (also in-situ
studies) and image based simulations and modelling using
microCT data. These studies generally either use simple qualitative
3D visualization or quantitative 3D analyses which can sometimes
be more complex and time consuming, and are often customized to
the application. Qualitative 3D visualizations may be useful for
viewing the directionality or clustering of reinforcement fibres,
viewing pore shapes or the connectivity of pore networks or for
viewing the location and extent of a crack. Quantification of the
data in 3D is always necessary when comparing samples, looking
for small but important differences between samples or for making
quantitative conclusions. Examples of this include total pore frac-
tion, largest pore size, pore size distributions, pore shape distribu-
tions, fibre distribution, crack widths, volume fractions of
aggregate stones or bitumen and more recently, 3D image-based
simulations allowing determination of absolute permeability and
maximum flow rates, for given input parameters. Connected poros-
ity can be analysed for flow path complexity using tortuosity anal-
ysis of the pore networks. Finally, structural mechanics simulations
allow the analysis of stress distributions and effective elastic mod-
ulus of the real material, compared to idealized models.

In general not all the above-mentioned information can be
obtained from every sample type, and microCT can be applied in
different ways, depending on the analysis requirements. Despite
the non-destructive nature of the method, some sample prepara-
tion may be required to obtain best results for a particular applica-
tion. For example, for asphalt, an approximately 70 mm core
provides a good field of view while maintaining sufficient resolu-
tion to visualize the macroporosity and pore network. For its
microporosity, an even smaller sample needs to be sectioned,
which might require sampling statistically relevant numbers of
small sections for microporosity.

This review covers published work mainly in the last 10 years,
focusing on the microCT methodologies and strategies that have
been used successfully for concrete and asphalt materials in recent
years. This demonstrates the type of information that can be
acquired and the complexity required for this type of analysis,
for concrete and asphalt materials. This provides insight into the
current practical capabilities of the technique, also using selected
examples from the authors’ laboratory. These examples are mostly
from as-yet unpublished works. Finally, suggestions are made
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Fig. 1. Schematic of the microCT scan process, as applied to an asphalt sample. The 2D projection images are recorded as the sample is rotated, and shown below is an
example of a CT slice image which can be viewed and analysed after reconstruction.

based on the above-mentioned literature and experience for
microCT sampling, scanning and image analysis strategies for dif-
ferent types of analysis requirements for concrete and asphalt
based materials. All discussions are relevant to both concrete and
asphalt materials, and the two material types are used inter-
changeably in the scope of this review paper.

2. Basic principles of X-ray microCT

X-ray microCT is based on the same principles as medical com-
puterised axial tomography developed originally in the early 1970s
for medical imaging [18]. The specialized field of industrial
microCT developed in the early 1990s when high resolution X-
ray sources and detectors became available allowing high resolu-
tion CT in the microscale (medical scanners typically have
0.5 mm or more pixel sizes). The principles of the technique are
described in detail in [19], in this section a brief overview is
provided.

A typical laboratory microCT system is schematically illustrated
in Fig. 1: comprising of an X-ray source, rotation stage with sample,
and planar detector. A sample is loaded onto the rotation stage in
ambient conditions using low-density mounting materials — usu-
ally no further sample preparation is necessary. The sample size

and loading angle determines the resolution that can be obtained,
hence sample sectioning may be required for the best scan quality
and resolution. The cone beam of X-rays is projected onto the sam-
ple, creating a 2D projection image on the detector. In this case the
disk-shaped sample is loaded in a side-ways configuration to allow
least material penetration distance along many angles, allowing a
higher contrast. The sample can be loaded at any angle, but keep-
ing flat surfaces angles relative to the X-ray beam direction mini-
mizes surface artifacts. This “real-time” digital X-ray image can
often be used for non-destructive testing purposes: major cracks
or flaws can be easily identified. X-ray and scan settings are
selected based on the sample type and size, and the optimised
parameters may vary depending on the goal of the scan, varying
the scan time from a few minutes to many hours; a typical good
quality scan time is 1 h per sample. For more considerations of
scan parameter optimization the reader is referred to [7]. It is
important to realize that X-rays are entirely non-destructive and
no changes are induced in the sample due to the X-rays, due to
the very low doses and low absorption. In the process of CT scan-
ning, the sample is rotated and many (typically between 500 and
4000) 2D projection images are recorded during a full 360 degree
rotation. After scanning, these images are used to compute
(reconstruct) the volumetric dataset representing the sample.
This reconstruction process is typically based on the Feldkamp
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back-projection algorithm, usually performed with software pro-
vided with the hardware [20]. The reconstructed data comprises
of a 3D grid of volumetric pixels (voxels) with brightness values
related to the X-ray density of the material it represents. X-ray
density is related to both physical density and atomic mass, there-
fore a denser object will appear brighter in the CT data. The asphalt
sample in Fig. 1 shows a CT slice image with a close-up region indi-
cating the clear imaging of aggregates, void spaces and bitumen.
This is a typical result from CT and requires no further effort for
viewing, besides moving slice by slice through the data to view dif-
ferent parts of the sample. This qualitative result (visualization of
slices) is often enough, and is cost effective as no further data pro-
cessing is required.

For further quantitative analysis, various software tools can be
used for making different volumetric measurements as are
described later in this review. This image analysis procedure is
not always obvious and custom analysis procedures sometimes
need to be developed for a particular application or sample type.
The time investment in image analysis is often under-estimated
and remains one of the challenges with CT. All image analysis
and processing shown as examples in this review were done using
the software Volume Graphics VGSTUDIO MAX 3.2.

The basic microCT process therefore involves the sample setup,
scanning, reconstruction and image visualization and analysis.
Basic guidelines for microCT scanning can be found in [7], which
are aimed at biological samples, but generally the guidelines are
similar for all material types. Concrete materials are denser and
might contain heavier atomic compositions than typical biological
samples, so higher voltages and beam filtration is typically
required. This makes beam hardening correction very important
as well, in order to obtain useful images. Beam hardening refers
to increased absorption of lower-energy X-rays as the beam moves
through a sample, resulting in inhomogenous attenuation of the
beam energies in different materials and along different path
lengths in the sample. The result is brighter areas near the edges
of the sample compared to the interior (cupping effect) and in
extreme cases streaks around dense objects (streak effects). Most
of the work presented in this review can be done at a typical lab-
oratory microCT facility such as that described in [21]. Besides
these typical systems, other variations are accessible. These
include in particular: (a) higher voltage micro/macroCT systems
up to 600 kV for highly dense and large samples, (b) nanoCT sys-
tems with voxel sizes down to 50 nm for very high resolution
imaging of field of view of 150 um inside a small sample, and (c)
synchrotron tomography which allows any of the above: high res-
olution, high penetrating ability and fast scanning - this allows
advanced applications such as in situ monitoring of changes during
loading, for example. The advantage of laboratory-based systems
are that they are relatively easier to access and larger sample
throughput is typically possible.

3. Capabilities and analysis methods
3.1. Porosity

One of the most popular applications of microCT is porosity
analysis - this refers to the identification of pore spaces or voids
in the material, qualitatively visualizing this porosity spatial distri-
bution and quantitatively analyzing it. Qualitatively viewing
porosity in 2D slice images is simple and requires only basic image
contrasting and scrolling through images from one side of the sam-
ple to the other. Quantitative analysis requires the selection of pore
spaces by image segmentation, typically using some form of
thresholding to delineate the edge between pore space and mate-
rial. Once the segmentation is done, quantitative analysis allows
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Fig. 2. Porosity analysis of a concrete sample showing (a) CT slice image, (b)
porosity analysis of largest spherical pores, (c) porosity analysis of the largest non-
spherical pores.

the measurement of volume, surface area, sphericity and other
parameters for each void space and analyzing this pore statistical
information.

Fig. 2 demonstrates a simplified method of porosity analysis in a
small concrete sample with a roughly disk-shaped geometry and
diameter of 8 mm. The Fig. 2(a) shows a CT slice image in greyscale,
with a large spherical pore shown in the bottom right of the sam-
ple, and various smaller irregular shaped pores (black). Also clear
are the aggregate (dark grey) and hardened cement paste (brighter
grey with variations in intensity, due to chemical or physical den-
sity changes). Fig. 2(b) shows the result of a porosity analysis
where the selection of pores was limited to those pores having
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sphericity >0.6 and diameter >60 um (in other words all the lar-
gest, most spherical pores), colour coded according to diameter.
Fig. 2(c) shows the result of a porosity analysis where only the
pores with sphericity <0.6 were selected in the same sample and
colour coded.

The results in Fig. 2 are only visual representations, with a vast
amount of additional information that can be extracted: each pore
space has values for its total volume, surface area, sphericity, loca-
tion relative to the surface, XYZ position, projected area in all three
axes, etc. Statistical analyses such as pore size distribution can
therefore be calculated with this data.

As can be expected, the microCT-based porosity analysis of con-
crete materials is popular, due to the inherent porosity of these
type of materials and the important role these pores can play in
their mechanical and transport properties. There are important
correlations between pore size distributions and the strength of
concrete [22] and the transport properties of concrete [23].

As demonstrated in [17], the pore size distribution in concrete
can be quantified and evaluated using X-ray microCT within the
range of resolution allowed by the technique. In this study, mer-
cury intrusion porosimetry (MIP) was applied to the same samples
subjected to microCT scans and porosity information from this
technique compared to that of microCT. It was shown that MIP
allows the quantification of pore size distributions smaller than
that possible by microCT, but this method can be subject to some
errors such as the ink-bottle effect (where many pore connections
are small resulting in increased pore size contribution from small
pores and an underestimate of larger pore spaces). In this study
samples were also scanned after mercury intrusion, highlighting
areas of increased porosity including the interfacial transition zone
between cement paste and aggregate, which was not visible in
scans prior to mercury intrusion. It was also noticed that a crack
appeared in an aggregate which may possibly be attributed to
the mercury intrusion process.

Often porosity is measured by 2D sectioning [24] and image
analysis: this is called stereology [25]. In a study by Kim et al
[26], microCT slice images were used for this stereological process.
The virtual slicing by microCT eliminated sectioning errors and
allowed a comparison of stereological and direct 3D measure-
ments. They found significant inhomogeneity in porosity between
slices, which results in the requirement that at least ten 2D slice
images are required to provide acceptable average results from
the stereological method.

The pore spacing is an important factor affecting the durability
of cement and concrete materials subjected to freeze-thaw cycles,
therefore special 3D measures of the pore spacing were devised in
[27]. It was shown that the method works well but it was men-
tioned that high resolution and small sample sizes are required,
making it difficult to apply when large aggregates are used. In a
recent study by [28] small 6 mm concrete cores were analysed
for porosity and pore spacing, relevant to freeze-thaw durability
of the concrete. Difficulties with image segmentation were dis-
cussed in some detail with suggestions made on this process. It
was found that the pore spacing factor and specific surface could
be reliably calculated, but the sample size limited the ability to
determine bulk air content accurately. Damage due to freeze thaw
cycles are discussed further in Section 3.3.

Appropriate sampling of the data in the microCT scan is
required, as shown in a study of the porosity of small mortar spec-
imens [29]. This work showed deviations between the results
obtained by pycnometry and microCT, as one would expect - the
gas-based pycnometry method is expected to detect much smaller
pore spaces. More interesting is that, as the concrete was dried
over 28 days a reduced porosity was observed on the interior but
not as pronounced reduction near the surface of the samples. This
highlights the need for good selection of regions of interest for

analysis, and good sampling strategies required (eg. sample size
relative to pore sizes expected). It also demonstrates the additional
information obtained by microCT with regard to 3D distribution of
features.

Another more recent in-depth study [30] investigated the void
system of lightweight concrete, discriminating between voids in
the cement paste and those in the aggregate, requiring a custom
image analysis procedure. The authors used scans at two resolu-
tions to provide a more thorough combined pore size distribution,
using a power law to combine results from the two scans at differ-
ent scales. The authors mentioned the capability of submicron or
nanoCT systems to provide even higher resolution information of
smaller pores, such as those trapped inside hollow glass spheres.

High resolution pore analysis was performed in leached
cements using microCT and nanoCT instruments at voxel sizes of
1.8 um and 64 nm, with small field of views (and hence small sam-
ple sizes as well) [31]. This allowed the visualisation of pore con-
nectivity and variations in the porosity from different locations
relative to the surface.

Porosity in the interface zone between an existing concrete sub-
strate and a new overlay was investigated in [32]. It was shown
that the porosity varies in this zone depending on the surface
preparation and on the hardening time. The same authors subse-
quently analysed the pull-off adhesion relative to the porosity in
this interface zone [33].

Gas bubble size distributions in foamed cement were analyzed
in [34] as a function of foaming parameters. Chung et al [35] ana-
lyzed foamed concrete of varying densities — the pore size distribu-
tions and more complex measurements including anisotropy of
pores were analysed and compared to numerical and experimental
results of thermal conductivity and strength. In this case custom
image-based analysis procedures were developed using Matlab.

As mentioned before, image analysis can be the limiting step for
comparative analysis as this process often depends on the selection
of a user-defined threshold value. In the work presented in [36], a
simplified image analysis procedure is demonstrated which uses a
simple global threshold value, but automatically refines this
threshold locally at every point on the interface between the two
materials being segmented. This is a relatively simple procedure,
available in commercial software, not affected by human choice
within a reasonable range. The automatic local optimisation of
the threshold is described in more detail in a different study of
the quantification of mineral inclusions in rock drill core, where
the results where found to be in excellent agreement with tradi-
tional mineral quantification methods [37]. Besides the simpler
image analysis procedure, strategies for faster scanning was also
demonstrated in [36], making the technique more cost effective
and therefore more easily accessible. In addition to fast scanning,
the scaling of resources through a multi-user microCT facility such
as in [21] makes it possible for easier access and lower cost avail-
ability of this technology. Scanning multiple samples at once is also
possible with reduced quality as discussed in more detail in the
next section and in [38].

The above-mentioned simplified image analysis procedure was
used in a study of the porosity in high performance concrete made
using super-absorbent polymers (SAP) [39], where it was found
that the SAP particles increase the total porosity. However this
increase was not considered problematic as the SAP pores reduce
in size with aging, being partially filled with cementitious prod-
ucts. In different studies of concrete samples containing SAP,
microCT was also used with great success to quantify porosity
[40,41]. Porosity was also determined effectively by [42] by using
a Dual Energy X-Ray microCT method, which allows for improved
discrimination between materials of similar density. Besides lab-
based microCT, synchrotron CT has also been widely used for char-
acterisation of concrete porosity, see for example [43]| where the
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influence of nano-SiO, on the structure of alkali activated slag
cement composites was investigated. In a study by [44], the dete-
rioration of the pore network was studied due to electrochemical
leaching in the cement.

Despite all the above-mentioned studies of porosity of concrete
using microCT, the main limitation for accurate characterization of
concrete porosity is the wide range of pore sizes present in such
materials, and the limitation of typical laboratory microCT systems
in terms of resolution ranges. As mentioned above, nanoscale
porosity cannot be measured with the technique, only micro and
macro porosity can be measured. A second limitation associated
with this is the sample size scaling with achievable resolution -
for best quality characterization of small micropores, small sample
sizes are needed (eg. 10 mm or smaller) which can lead to loss of
macropore information or sampling problems. The scan strategy
and resolution therefore is crucial in best making use of the tech-
nique for porosity characterization.

It is envisaged that porosity analysis remains one of the major
functional uses of microCT of concretes and asphalt materials, with
new image analysis procedures allowing increasingly detailed
analyses of relative pore spacing, pore distances from the surface
or interfacial zones between materials, and local pore concentra-
tions. All these advanced image analysis methods will allow
improved understanding of these materials and the role of porosity
in their mechanical and other properties.

3.2. Phase identification & density

Phase identification refers to the ability to identify different
compositions or components in the microCT images. This is rela-
tively simple when the constituents are known, but requires image
segmentation to accurately delineate the materials and assign
them. It is important to realize that typical microCT does not allow
chemical analysis and the brightness differences between materi-
als are based only on a combination of atomic mass and physical
density [19]. Hence two materials might have similar grey values,
despite chemical differences. Nevertheless in practice, using high
quality scan parameters and good resolution allows the differenti-
ation of most materials from one another. Segmentation may be
prone to errors, especially in noisy data sets. This process is often
subject to human choice of threshold, which can be selected incor-
rectly or may vary across the sample due to brightness changes in
the scan data. Therefore continued efforts at different semi-
automated segmentation methods are crucial.

Density determination by microCT is possible based on grey-
scale calibrations, to obtain physical density measurements
directly from scan data. However, this method is not routinely used
as it involves accurate calibration of the greyscales, for each scan
parameter change, and due to potential changes in X-ray intensity
and detector sensitivity from the microCT system. Typically, some
form of grey-value calibration must be done, using well-defined
reference objects (phantoms) in the same scan as the object under
investigation. This concept has been demonstrated previously for
cements [45,46], but is not widely in use. A similar but slightly
improved method has been applied to density calibration for
low-density polymer and biological samples using a series of
known calibration samples, where differences of 0.1 g/cm? could
be quantified [47], and using dual energy CT to identify the validity
of the calibration, depending on the atomic composition of the
materials investigated [48]. The main limitation of the method is
the greyscale differences induced by chemical composition differ-
ences between the reference materials and the object investigated.
To overcome this limitation, it is possible to use the volumetric
measurement from microCT data of the material and scale mass,
to determine mean density. This method has been demonstrated
recently in a methodology paper in [49].

While the absolute density determination of each constituent is
not always necessary, it is important to be able to distinguish
between aggregate, bitumen and air/voids, for example. The smal-
ler the sample is, and the lower the voltage that can be employed,
the better the material discrimination as a general rule. Fig. 3
shows a 70 mm diameter asphalt core sample, with a basic seg-
mentation indicating aggregates in yellow, bitumen in green and
pores spaces in blue. This segmentation process can be achieved
using a variety of image analysis methods, but the simplest is man-
ual thresholding. For more details of image analysis methods the
reader is referred to [7,50-52]. A point to note here is that gener-
ally, the best magnification is achieved by scanning one sample
at a time. In some cases when resolution and image quality is
not crucial, faster scanning is possible, up to a few minutes per
sample as demonstrated in [36] for a concrete cylinder. The other
option is to scan numerous samples in one scan volume - the dis-
advantage is reduced X-ray penetration and associated image qual-
ity, as well as poorer resolution. However, if samples are small and
requirements are not stringent, this can be a very cost effective
solution as described in [38].

The imaging of water in microCT scan data has been the topic of
extensive investigation in various material types and is not usually
possible due to the low attenuation coefficient of water for X-ray

Fig. 3. Segmentation of asphalt sample into pore space (blue), bitumen (green) and aggregate (yellow). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. Cracking in concrete core, shown as (a) central CT slice image, (b) 3D surface view, (c) 3D crack and porosity view, example from [60].

radiation. Nevertheless, the comparison of images of asphalt con-
crete saturated and dry allowed the analysis of water evaporation
in [53]. It was also shown to be possible to distinguish water from
similar density host material using a dual energy microCT method
[54]. Due to the complexity of concrete-based material composi-
tions this method is not the best way to visualize water content.
The use of tracers in the water is more likely to work as demon-
strated in [55]. Another option, instead of X-rays, is neutron radio-
graphy and neutron tomography which may be used as shown in
[56]. Neutrons are very strongly absorbed by water and this makes
for high contrast imaging of water distribution. The other advan-
tage is that neutrons have high penetrating power, making it pos-
sible to image large samples. The disadvantage is the complexity of
such systems (especially the safety requirements) and the general
lack of easily accessible neutron facilities. For a recent review of
neutron radiography and tomography, the reader is referred to
[57].

Phase identification and density determinations using X-ray
imaging and microCT are envisaged to continue playing an impor-
tant fundamental role in understanding the 3D distribution of dif-
ferent components in asphalt and concrete mixes. It is envisaged
that the absolute density determination of uniform materials can
be useful, for example to characterize aggregates or bitumen sepa-
rately, for example.

3.3. Damage and failure analysis

Structural damage of concrete and asphalt can occur in many
forms, but the most common damage observed is cracking. Dam-
age can also be in the form of surface degradation, for example
freeze-thaw damage, internal swelling, e.g. alkali silicate reaction
[58,59], or corrosion of steel reinforcing, which subsequently
causes cracking and spalling. X-ray CT has been used in the past
to determine the cause and extent of damage to concrete, but
has mostly been limited to research in laboratories rather than
on-site or industrial investigations. A simple CT slice image of a
concrete core of 200 mm high by approx. 60 mm diameter, is
shown in Fig. 4, this is taken from an industrial project but some
images are shown in [60]. As shown in this image, cracking is dis-
tinctly different from porosity, and identified as planar connected
features.

X-Ray CT was used to determine the level of damage in con-
crete, with crack tortuosity measured in [61] and similarly in
[55], as well as for cracks caused by freeze thaw cycles as measured
in [62]. This latter study made use of drilled cores from an existing
concrete channel and evaluated the significant freeze thaw damage

by using both X-Ray CT and acoustic emission testing. The X-Ray
CT data was used to determine the level of damage by calculating
average CT numbers. This correlated well with the acoustic emis-
sion results of the samples during compressive testing. In another
study it was demonstrated that X-Ray CT can be successfully used
for determining the damage caused by freeze thaw cycles [63].
They used different mortar samples (conventional, air entrained,
with and without fly ash) exposed to freeze thaw cycles. The sam-
ples were cylinders 24 mm high and 12 mm in diameter. The air
void distribution of the samples were easily captured using the
X-Ray CT scan and the quantification of the internal damage, espe-
cially the internal cracking and increased void connectivity due to
the freeze thaw action was performed.

Determining the extent of internal cracking in concrete can be a
useful diagnostic and research tool. Self-healing of cracks in con-
crete is a relatively new field of research [64-66]. The determina-
tion of the effectiveness of self-healing of internal cracks has been a
problem as only the surface can be viewed. X-Ray CT has made it
possible to determine the internal self-healing capabilities in situ.
One example is the work of [67] where bacterial-based self-
healing was applied by use of hydrogel spores encapsulated bacte-
rial spores (bio-hydrogels). The internal cracking of control sam-
ples (hydrogels) was compared to the performance of samples
with bio-hydrogels. It was easy to determine that the bio-
hydrogel resulted in a higher level of self-healing. Internal cracks
of up to 0.5 mm was bridged by the bio-hydrogel. Another study
[68] also looked at the effect of the addition of micro-capsules on
the self-healing of cracking causes by reinforcement corrosion
while [69] used microCT to determining the self-healing ability
of superabsorbent polymers in concrete.

Cracking is common in concrete structures, but the problem is
that it can normally only be viewed from the surface and the inter-
nal cracking intensity and pattern are unknown. Using X-Ray CT
the internal cracking can now be viewed. Transport tracers can
be used to determine the internal crack pattern, e.g. [55], and then
linking that to diffusion. Cesium carbonate was used as the tracer
and it was found that even though the majority of the cracks were
captured, the tracer fluid didn’t reach all the cracks. Due to the data
obtained by X-Ray CT they could link the crack width and crack
constrictivity to the diffusion. Similar work has also been done
by [70] who used cesium chloride as the tracer in the water. They
found this method to be successful in monitoring the flow of water
through uncracked mortar.

Sulphate attack can degrade concrete and cause significant
damage and is common in concrete sewerage pipes [71]. In a dif-
ferent study the effect of combined sulphate attack and drying
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wetting cycles on the damage of the concrete samples was investi-
gated [72]. They used X-Ray CT to determine the development of
both the internal voids and their connectivity. One of their conclu-
sions was that the damage started in the inside of the specimen,
not from the outside. This would have been difficult to detect if
X-Ray CT was not used. Similar tests were conducted in [73], but
this time comparing the damage of conventional concrete and con-
crete containing recycled concrete aggregates (RCA). It was found
that the RCA improved the resistance to sulfate attack. The
improvement was due to the higher water absorption of the RCA
which caused a denser structure, however it was also mentioned
that the higher porosity and defects of RCA may result in a poorer
performance.

Steel rebar corrosion inside cement paste samples was investi-
gated by microCT in [74], where the corrosion products could be
identified and quantified, and the corrosion-induced cracking also
observed. The bulk of the corrosion was measured at the site of
cracking. A similar study investigated the corrosion of steel bar
inside concrete samples over a 12 week period, comparing results
with electrochemical techniques and measuring volumetric mate-
rial loss using microCT [75]. The ability to visualize corrosion on
steel bars inside concrete allows unique perspectives and identifi-
cation of corrosion in situ, as demonstrated in [76]. In this study
corrosion stains were observed in the concrete around the steel
bar, and the corrosion pits could be visualized with exceptional
clarity.

Many more studies used microCT for damage detection due to
reinforcement corrosion, e.g. [68,77,78]. Carbonation, a known pre-
cursor of corrosion, happens from the exposed surface inwards.
When the carbonation front reaches the reinforcing, the corrosion
is typically initiated. Two different studies used microCT to deter-
mine the depth of carbonation in concrete [79,80]. Chloride ion
ingress into concrete has the same effect of carbonation as it initi-
ates the steel corrosion once it reaches the reinforcing. In the study
by [81] they used microCT effectively to determine the extent of
ingress of chlorides in concrete.

As clearly demonstrated in this section, the visualization of fail-
ure in concrete materials is one of the major advantages of
microCT, as the non-destructive viewing of cracks or degradation
allows unique insights into the causes of these issues. One of the
future opportunities is in multi-scale CT investigations, ie. subse-
quent to initial overall scan of a sample, a small internal section
can be identified and scanned at higher resolution. This has
become more common using improved hardware and software
tools in commercial microCT systems (eg. off-axis rotation centre,
coupled with region-of-interest scan - ie. field of view is not lim-
ited by sample size). Another development is the use of helical scan
trajectory and associated reconstructions, which allow improved
data quality (less artefacts in images), thereby improving the avail-
able field of view of existing hardware (for the same detector size
and geometrical magnification). The use of microCT for failure
analysis is therefore set to grow as these capabilities are more
widely appreciated and the associated newer techniques are
implemented more widely.

3.4. Fibre reinforcement

Concretes are often reinforced by a variety of fibres ranging
from polymers to steel fibres, of varying lengths, geometries and
volumes reinforced. The aim of the fibre is mostly to increase the
post cracking tensile strength of the concrete and add general duc-
tility. Fibre reinforcement is still a topic of ongoing research and
development [82]. One obvious use of microCT is to visualize the
extent and distribution of fibres in the material, as mentioned in
the review of industrial microCT applications [3].

In a detailed study in [83], the distribution of steel fibres in con-
crete samples were investigated. It was shown that with poor
design and mixing, fibres can sink to the bottom of the mixture
resulting in an unwanted inhomogenous fibre distribution. The
fibres near the surfaces in those samples with high fibre content
lead to many fibres following the edge profile, also an unwanted
effect. This study indicated the ability to quantify the fibre orienta-
tions and distributions, which can be very useful to optimize mix-
ing ratios and times. This study was conducted using medical CT
with voxel sizes in the region of 1 mm, which is very interesting.
Medical CT is not typically used for accurate dimensional measure-
ments and is mainly aimed at imaging only. However, as demon-
strated in this study, medical CT provides sufficiently high
quality images to analyze fibre orientations and distribution in rea-
sonably large samples. This has also been demonstrated previously
in [84] where medical CT and industrial microCT were directly
compared on the same samples of concrete, for porosity analysis
and reinforcement fibre distribution and orientation analysis.

A detailed microCT study investigated 100 mm diameter sam-
ples for porosity and fibre orientation and fibre density, and corre-
lated this information with mechanical test results [85]. It was
found that fresh samples contain bubbles towards the top and
fibres towards the bottom of the sample, which leads to lower
yield strength in mechanical tests.

Similar work was conducted in concrete samples subjected to
3-point bend tests, to better understand the role of the fibres in
the failure process, as reported in [86]. Some ongoing work on
the same type of samples is shown in Fig. 5 where the mechanical
testing is done in static and fatigue modes and the behaviour of the
fibres in relation to the concrete cracking can be observed at any
stage of testing. This work is still ongoing but Fig. 5 clearly shows
the value of the 3D visualization of the fibres (with angular colour
coding). It is possible to count the number of fibres crossing the
notch area, and it is expected that the number of fibres and the ori-
entation of the fibres strongly affect the mechanical properties.

A great number of other studies successfully determined the
steel fibre orientation/dispersion in the concrete, namely
[87,88,97-100,89-96]. This was even done for synthetic fibres
[98,101] which is more complex due to the similarity of the density
of the fibres and the matrix. MicroCT thus has become a very handy
tool for visualising the internal distribution of fibre in fibre rein-
forced concrete.

In a recent study of polymer fibre pullout from concrete test
specimens, the use of microCT allowed accurate measurement of
the actual pullout distance, indicating significant fibre elongation
[102]. A similar study was performed investigating the pullout
and crack behaviour of steel fibres using microCT [103].

The internal void distribution of fibre reinforced concrete is also
important as often more voids are present when fibres are added.
The following studies successfully looked at the internal void
structure of fibre reinforced concrete [100,104-107]. The evolution
of the cracking of fibre reinforced concrete has also been investi-
gated [108].

It is expected that this capability to visualize and analyze fibres
inside the concrete material will add value to future development
work for creating optimized composite fibre reinforced concrete
materials. As building materials developments moves towards
lightweight and ultra high performance concrete materials, fibre
reinforcement and the optimization thereof will become increas-
ingly important.

3.5. Temporal evolution or time lapse studies
The non-destructive capability of microCT allows time-lapse or

so-called 4D studies, allowing the visualization and analysis of
changes occurring in a sample. The advantage of this is that the
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Fig. 5. Steel fibres in concrete beam analyzed for angular orientation (indicated by the colour coding) and 3D distribution.
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Fig. 6. An 8 mm disk-shaped sample (the same as in Fig. 2) was subjected to in-situ loading and microCT scans at progressively higher loads. Imaged here are the aligned
slices at 200 N, 300 N, 400 N and after failure at 490 N. The force-displacement curve shows the steps where the test was stopped for microCT scans.
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exact changes can be directly monitored rather than relying on
large numbers of samples and sectioning. Already mentioned in
section 3.3 is the temporal monitoring of changes induced by
freeze-thaw cycles, sulphate attack, self-healing processes and
steel bar corrosion. Another obvious application is the visualization
of leaching processes. Leaching of cement materials has been
investigated by high resolution synchrotron CT, where the forma-
tion of microcracks due to the leaching process was observed using
time-lapse CT of leached cement samples [109]. This micro-
cracking in the cement material was explained by the reduction
in the strength of the cement material around rigid aggregates,
and confirmed by simulations.

Corrosion behavior of self-compacting lightweight concrete was
investigated in [110]. In particular the chloride-induced reinforce-
ment corrosion was investigated, using microCT to confirm differ-
ences in rheological and mechanical performance based on image
analysis. Temperature induced damage was investigated by
microCT of cement paste samples in [111], where crack initiation
was observed at 600 °C and massive fracturing occurred above
900 °C. Water drying from porous asphalt was studied by time-
lapse CT in a series of scans over 60 h [53]. In this work the water
loss was carefully followed in 3D images, and non-uniform drying
behavior could be correlated with water caps in pore spaces near
the surface which, when removed, increase the drying rate.

In-situ microCT of concrete cubes under compressive loading
was investigated by [112], indicating the ability of the microCT
images and associated digital volume correlation to accurately fol-
low fracture evolution. In addition, image-based simulations were
used to obtain elastic modulus values which compared very well to
that obtained from digital volume correlation. Similar work was
also done by [113] and [114]. An example of in-situ compressive
loading and microCT imaging of a sample is shown in Fig. 6. In this
case a 500 N load cell is used, and full microCT scans recorded at
different loading forces (in this case 200, 300, 400 and 500 N).
The slice images from scans at each loading condition are vertical
cross-sections, aligned to show the same slice position in each
scan. The sample in this case failed at 490 N, but no cracks were
observed at the scan prior to failure at 400 N. Also observed in this
case is that the failure occurs right through one of the larger aggre-
gate stones, an interesting result.

Time-lapse imaging of the same sample is clearly one of the
major advantages of the microCT technique, with the simplest
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being the imaging of a sample at various stages of failure or degra-
dation, scanned at different time steps to monitor the progression
of failure. This stepwise scanning can be done by scanning the
sample at predefined time steps ex situ, or using in-situ compres-
sion, tensile or temperature stages. The major challenge at this
point is the large data sets and aligning all these data sets in a prac-
tical and simple manner.

3.6. Image based simulations and modelling

Simulations are often used to predict material properties, inves-
tigate structure-property relationships and obtain new insights
into material behaviour. The advantage of simulation is that the
level of complexity can be varied and the property can be analysed
independent of other variables, in a cost effective manner com-
pared to physical laboratory tests. However, often the simulations
may be too simplistic or may be very computationally intensive or
even impossible. Both of these latter issues are being constantly
improved as the detail obtained by microCT allows improvement
of the models, with real morphological inputs, while computa-
tional resources have improved tremendously in the last few years
and continue to improve with cloud-based and other super-
computer or distributed computing resources becoming more
readily available. Two of the most important simulation types
which are relevant to direct simulation using microCT data, are
mechanical simulations and absolute permeability simulations,
which are described below in more detail. Not discussed here are
thermal conductivity and gas diffusion, both of which find little
application in concrete and asphalt materials, at least at the micro
and macro scales accessible to the microCT technique.

3.6.1. Mechanical simulation

Micromechanical structural mechanics simulations make it
possible to highlight stress distributions around and between
pores and thereby highlight locations of possible failure and crack
formation, as demonstrated for high resolution microCT images
[115]. Micromechanical simulations of concrete and asphalt mate-
rials, based on CT images, have mostly been done using medical CT
scanners at 1 mm resolution, as demonstrated for asphalt in
[116,117] for example.

In an early work by Landis and Bolander [118], the fracturing of
concrete with and without aggregates were analyzed by in-situ
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Fig. 7. Structural mechanics simulation - voxel based finite element simulation of elastic compression, based on homogenous elastic properties for cement and aggregate
combined. Highest stress area along centre and around pores are shown as expected for this type of sample. This is also the location of fracture when subjected to

compression as shown in Fig. 6.
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microCT and the presence of the aggregate particles showed in 3D
the more complex fracture paths. This was extended to demon-
strate how to incorporate information from microCT data of such
materials in continuum simulation models. Another example of
image-based simulation is given in [35] where binarized microCT
images of foamed concrete were used as a basis for simulations
of thermal conductivity and compressive elastic modulus and
strength. Details of the procedure are not provided but the study
clearly indicates the power of this methodology, to investigate
material properties based on 3D images.

Cracks can also be determined in concrete samples and then
used as input data for mechanical and other analyses. One such
example is that of [119] where the internal void structure of a cube
splitting test sample was determined using X-Ray CT and used as
the geometric input for a 3D finite element analyses. Damage-
plasticity was used as a material model and reasonable results
were found when comparing the actual and numerical strengths
and crack patterns. Analyses in 2 dimensions using inputs from
microCT scans has also been performed [120-122] on notched
beams tested using a three point bending setup. The concrete
was modelled as a four phase material using a continuum damage
approach and it was found that the interface transition zone (ITZ)
was the dominant influence in the results. The cracks propagated
through the ITZ rather than the air voids as one would expect. Sim-
ilar work has also been done by [123]. Mechanical simulations
based on microCT scans of asphalt materials have also been per-
formed with one example being the investigation of chip seal mod-
els as reported in [124].

An example is shown in Fig. 7, which is based on the data of the
experiment in Fig. 6 described in the previous section - a concrete
disk-shaped sample subjected to compression testing and microCT
imaging. In this case the unloaded sample data is subjected to
micromechanical simulation - an area at the bottom is fixed in
all degrees of freedom and load applied in compression to the
top area. The simplistic simulation assumes a two-material model
of material and air. The stress distributions in this case are mainly
along the centre of the specimen and this correlates to the final
failure location as expected.

While these studies demonstrate the utility of 3D image-based
mechanical simulations, the current capability for microCT resolu-
tion coupled with more computing power allow for much more
detailed simulations in many cases. These more advanced simula-
tions will in future further advance the understanding of the roles
of microporosity, aggregates and binder materials and their inter-
facial zones on the mechanical properties of concrete and asphalt
materials.

3.6.2. Permeability & pore network tortuosity

One of the first microCT-based measures of permeability and
tortuosity of a pore network in concrete materials at high resolu-
tion was by [125], where they used synchrotron radiation com-
bined with 3D random walk simulations to determine the
tortuosity and permeability of the pore network. They found that
as the cement paste hardens over 28 days, the porosity and pore
connectivity reduces, increasing the tortuosity.

A study by Wang & Dai [126] recently indicated the capability of
microCT-based simulation of permeability and diffusivity of
cement mortar mixes, eliminating or reducing the need for exten-
sive lab-based testing of such properties. This study was performed
using 10 mm cube samples, and small sections used for simulation.
It was mentioned that simulation results for permeability are
under-estimated due to smallest pore spaces and pore throats
being missed in the microCT data, but that this provides useful rel-
ative information for materials design purposes. In a study by [55],
the diffusivity of concrete samples could be followed using tracers
and microCT scans.

This technique is particularly suitable and useful for asphalt
characterization. While microCT has resolution limits as men-
tioned above, which makes small pores and small pore connections
invisible to the microCT images, large pore spaces and connected
macroporosity, such as that found in typical asphalts can be ana-
lyzed for connectivity and permeability. This is done using an
image-based laminar flow simulation, illustrated in Fig. 8 for a typ-
ical asphalt sample: 70 mm diameter disk-shaped sample. The
interest is to understand the permeability and its vertical and hor-
izontal differences, and especially to compare different samples. In
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Fig. 8. Asphalt permeability simulation, showing (a) the entire 70 mm-diameter
disk-shaped asphalt sample, (b) 3D image of streamlines corresponding to highest-
velocity flow and highest mass transport, (c) 2D slice image showing the flow paths
in the void spaces between aggregates, bitumen and cement.
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this example the simulation is demonstrated vertically, with stron-
gest flow paths visualized in 3D, and velocity profiles shown in the
2D slice image.

The simulation of permeability and pore network connectivity
analysis is especially useful for characterization of asphalt materi-
als as mentioned above, and this capability can be used to improve
asphalt designs and monitor changes in their permeability beha-
viour over time, but important attention must be given to obtain
similar image quality and apply similar simulation parameters
when comparing different samples. Some form of standardization
will be required if this is to be used more widely for comparative
purposes.

4. Summary and perspectives

As has been demonstrated in this review, the use of microCT for
characterization of concrete and asphalt materials has matured to
the point where the following summarizes the current state of the
art:

- Medical CT scans are sometimes used quite successfully in
numerous studies, despite the higher accuracy of microCT
scans. Medical CT is still more widely available and allows a lar-
ger sample to be scanned in a much reduced time compared to
microCT. This makes it particularly useful for quick testing of
large numbers of samples, as the scan time is typically a few
seconds only. Despite the resolution limits, fibre orientations,
large pores and large cracks can be easily visualised.

- MicroCT is already widely used for the 3D analysis of porosity of
small concrete samples, which can be termed a “routine”
analysis type

Table 1
Proposed sampling and scanning strategies.

- Its use for other applications is relatively underutilized thus far,
but is set to grow in usage
- Latest developments in hardware and software associated with
microCT have improved the quality and simplicity of obtaining
quantitative results from the technique
- Advanced applications which may find particular use in the
area of concretes and asphalt are image-based permeability
simulations, and structural mechanics simulations or finite ele-
ment modelling of the microCT data. More advanced porosity
analyses (eg. local porosity hotspots or clustering) and their cor-
relation with actual mechanical properties or fracture behavior
(eg using time-lapse CT) also holds great promise for improved
understanding of material properties.
- Image analysis of a microCT scan is often still the limiting step,
requiring complex procedures, custom development or user-
defined influence in selecting a material threshold for segmen-
tation. This step is often a bottleneck and may hamper the
larger-scale use of the technique, therefore advances in auto-
mated analysis and standard methodologies are required
Besides image analysis, the other limiting factor is the lack of
understanding of the technique, which results in incorrect sam-
pling or scan resolution for a particular application. It is not
always realized that a microCT scan can be done in many differ-
ent ways.
Related to the above, standardization is lacking in the field,
especially with regards to sample sizes (and hence resolution
limits) for different application types, and the associated meth-
ods for image analysis, which can be standardized for each
application. In a first attempt towards this standardization goal,
some scan strategies are suggested below in Table 1 for differ-
ent applications.

Information required

Sample type

Scan method

Expected results

Bulk visualization of fibres, large
cracks, aggregates and major pore
spaces

Bulk visualization of fibres, large
cracks, aggregates and major pore
spaces

Macro porosity

Macro permeability

Micro porosity

Fibre reinforced concrete
visualization and analysis

Failure analysis investigations

Time lapse studies

Large samples up
to 2 m long and
500 mm wide

Up to 300 mm
cores

30-100 mm core
diameter

~70 mm core/disk
diameter
1-25 mm core

5-50 mm
diameter core

Suggest multiscale
investigation: scan
large sample, view
data, section area
of interest, scan at
higher resolution
and continue this
process.

Any of above
sample sizes

Medical CT, scan
time ~10's

High voltage and
current, strong
beam filters, long
scan times
Fast/medium scan
quality

High quality
Very high quality
settings required,
long scan times
High quality

High quality,
multiple scans

As above

Images of interior of sample, can be used for
qualitative viewing only in most cases.

Images of interior of sample, can be used for
qualitative viewing only in most cases.
Quantitative analysis of large features are
possible

Macroporosity, for statistical comparison -
total porosity, max pore size, pore size
distribution

Macroporosity, permeability simulation valid
for large pore spaces

Microporosity, all pores >1.5-75 pm diameter
pores quantified, depends on sample size
Detailed permeability simulation and pore
network visualization possible

Visualization of fibres in 3D, image processing
may allow quantitative analysis of fibre angles,
lengths, etc.

Multiple scans provide overview and
sequential higher resolution images of area of
interest. These can be overlapped.

Before-after scans can be overlapped virtually
and viewed for comparison in aligned CT slice
images, followed by quantitative comparison
of 3D measurements

“Fast, medium, high quality and long scan times refer to approximately 20 min, 1 hr, 2 hrs and 4 hrs or more. This includes typical scan times only, sample setup and post-scan

reconstruction and analysis is excluded and can vary significantly depending on computing hardware and software available.
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