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Definitions and acronyms
Acronyms

Definitions

CaCO3

Calcium carbonate

Ca(OH)2

Calcium hydroxide

CCS

Carbon capture and sequestration

CO2

Carbon dioxide

CT

Computerized tomography

ECT

Electrical capacitance tomography

EGT

Enhanced geothermal energy

ERT

Electrical resistance tomography

FEM

Finite element method

ICL

Imperial College London

NCSU

North Carolina State University

SF

Sharp front

SHC

Saturated hydraulic conductivity

UEF

University of Eastern Finland

WFL

Water front location

w/c

Water-cement ratio

1D

One-dimensional

3D

Three-dimensional
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1 Introduction
1.1 General context
One of the main goals of S4CE is the assessment of environmental risks in geo-energy subsurface operations such as carbon capture and sequestration (CCS), production of
unconventional hydrocarbons, and enhanced geothermal energy (EGT) production. Among
these risks, are those caused by fugitive emissions of fluids from subsurface. Because
practically all geo-energy operations use structures made of cement-based materials, such as
concrete, the possible emission risks are directly linked to the durability of these materials
and structures, both in operating and abandoned wells.
The durability of cement-based materials depends heavily on the fluid transport properties
that are intrinsic of those materials, and can change over time. For example, in concrete
structures, the material can be deteriorated due to corrosion of reinforcing steel, freeze-thaw
cycles and sulfate attacks, if the material is permeable to water and other fluids. On the other
hand, the local moisture content of the material affects the rates of hydration (Wyrzykowski
2016) and carbonation (Galan 2013). These processes, in turn, affect the fluid transport
properties of the material.
For the purposes of this report, hydration is a chemical reaction in which the compounds of
cement form chemical bonds with water molecules and become hydrates or hydration
products. Carbonation, in contrast, is a chemical reaction, where – in the presence of moisture
– calcium hydroxide (Ca(OH)2) and carbon dioxide (CO2) form calcium carbonate (CaCO3) and
water. While the hydration process causes hardening of concrete, the effect of carbonation
is much more complex: The calcium carbonate formed in carbonation occupies a larger
volume than the initial calcium hydroxide and thus carbonation decreases the porosity of the
material, increasing its strength (Ashraf 2016). On the other hand, carbonation decreases the
pH of concrete from around 13 to around 8, which is undesirable in the vicinity of the metallic
reinforcements, because the alkaline environment protects the reinforcements from
corrosion (Alonso 1988). Carbonation may also cause shrinkage which may lead to excess
tension and cracking of the material (Han 2013).
Methods for testing the fluid transport properties of cement-based materials are still limited,
mainly because of the complexity of the materials and fluid transport within them. To ensure
the safety of structures made of concrete, it is important to develop new tools for acquiring
information on these properties. New instruments and methodologies are needed essentially
to fulfil two main purposes: 1) to provide reliable and affordable testing methods to field sites,
and 2) to provide tools for researchers whose work aims at improving understanding of the
complex interactions of fluids in cement-based materials, and eventually, improving the
safety of structures made of these materials.

1.2 Deliverable objectives
This deliverable (D3.7) reports research carried out for the S4CE work package 3, Instruments
and Tools: Development and Deployment, and in particular, for Task 3.3 – Electrical imaging
PU
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of fluid flows in cement-based materials. The main goal in this research is to develop new
tools for characterizing the fluid transport properties of cement-based materials in laboratory
conditions. Two imaging modalities were chosen: Electrical capacitance tomography (ECT),
which uses low-energy electromagnetic fields, and X-ray computerized tomography (CT)
which is based on the use of high-energy electromagnetic radiation.
The primary research questions of this deliverable – all addressed in Section 3 – are:




Could ECT be used for imaging three-dimensional (3D) transport of fluids in cementbased materials?
Can the information provided by ECT be further used for quantifying (some of the)
transport properties of cement-based materials?
Could X-ray CT provide further insight on the fluid transport in these materials? Here,
the specific interest is in monitoring of reactive processes, especially carbonation, as
well as transport of moisture in fractured media.

2 Methodological approach
The measurement principles of both electrical capacitance tomography (ECT) and X-ray
computerized tomography (CT) are illustrated schematically in Figure 1.
In ECT, a set of electrical capacitances between electrodes placed around the periphery of an
object are measured. Based on these measurements, the electrical permittivity distribution
ε=ε(x) inside the object is reconstructed. ECT is an imaging modality of relatively low spatial
resolution; this is due to the diffusive nature to the electric field formation in the medium
(Kaipio 2006). On the other hand, the temporal resolution of ECT can be very high, up to
hundreds of frames per second. Moreover, ECT systems can be made portable, and the costs
of the measurement system are significantly lower than, e.g., in radiation-based modalities.
CT, in contrast, is a transmission -type tomographic modality, which uses X-rays for imaging
the spatially distributed attenuation coefficient µ=µ(x)) inside an object. The spatial resolution
of CT is superior to ECT.

Figure 1. Schematic illustration of the two imaging modalities used in this project. Left: In ECT, electrical capacitances
between multiple pairs of electrodes on the object’s surface are determined, by exciting each of the electrodes to a potential
(U) while keeping other electrodes grounded and measuring the electric charges (or alternatively, currents) on the electrodes.
These measurements depend on the spatially distributed electrical permittivity (ε=ε(x)) within the object. Right: In X-ray CT,
the intensities (I) in detected planar images depend on the spatially distributed attenuation coefficient (µ=µ(x)).
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2.1 ECT imaging of cement-based materials
In recent years, another electrical imaging modality, which is referred to as electrical
resistance tomography (ERT), has been applied to imaging moisture distributions in cementbased materials (du Plooy 2013, Hallaji 2015, Smyl 2016, Smyl 2017, Rymarczyk 2018,
Suryanto 2017, Hoła 2012). ERT uses electric currents and potential measurements from
electrodes attached on the material’s surface to reconstruct the internal conductivity and is
thus suitable only for imaging surface-wet specimens or specimens that have high water
content, because such samples are electrically conductive. To overcome the problem with
imaging electrically resistive (surface dry) specimens, another electrical imaging technique,
ECT, was proposed by the UEF group (Voss 2016, Voss 2018). Unlike ERT, ECT does not require
Ohmic contact to the specimen.
While previous studies had demonstrated the capability of ECT to detect moisture content
changes (Voss 2016), and to qualitatively image the 2D moisture ingress (Voss 2018) in
cement-based materials, ECT had not been applied to imaging three-dimensionally
distributed properties of cement-based materials before this project. In the experiments of
this project, cylindrical mortar specimens were exposed to water, and its ingress in 3D was
monitored with ECT. In addition to visualizing the flow and observing qualitative differences
between materials, the aim was also to quantify one of the most important fluid transport
properties of cement-based materials, namely saturated hydraulic conductivity (SHC).
To validate the capability of ECT to image 3D moisture flow, the results were corroborated
using an independent experimental procedure referred to as falling head method
(Ghasemzadeh 2014) to estimate SHCs of the materials; these SHCs were then used as
material parameters when simulating the flows computationally using commercial finite
element software HYDRUS 3D (Sejna 2012). In the experiments aiming at quantifying SHC
using ECT, the falling-head method - based SHC estimates were used as reference values.

2.2 X-ray CT imaging of cement-based materials
Before this project, X-ray CT had been used for monitoring certain flows and reaction
phenomena in cement-based materials: It was shown to be able to image the progression of
carbonation front (Han 2013, Liu 2016, du Plessis 2019), unsaturated water flow (both with
(Yang 2015) and without (Oesch 2019) tracers), as well as tracers diffusion in water saturated
and cracked samples (Darma 2013). Further, micro-CT has been used for imaging structures
of macropores and larger mesopores (du Plessis 2019) in small-scale specimens.
The purpose of the research conducted within the S4CE consortium was to study the
possibility of imaging even more complex phenomena in cement-based materials, including
interactions between the moisture transport, carbonation and cracking. More specifically, the
applicability of X-ray CT to monitoring carbonation and water transport processes inside
cracked cement-based materials at unsaturated state was investigated.
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3 Summary of activities and research findings
Within the S4CE consortium, research for Task 3.3 in WP3 involved strong international
collaboration and mobility. The leading partner (UEF, Finland) carried out the ECT-part of the
research in close collaboration with North Carolina State University (NCSU, USA); this included
joint supervision of PhD students as well as a two-month visit by a UEF PhD student to NCSU
in 2018. In X-ray CT part, UEF and NCSU collaborated with another S4CE partner, ICL (UK); all
experiments with X-ray CT were carried out in ICL, where UEF and NCSU researchers visited
twice, in 2018 and 2019. Note that WP8 was responsible for encouraging and enabling
international collaborations such as those that were critical for the successful completion of
the present Deliverable D3.7.
This section summarizes the research activities and results. Section 3.1 considers ECT imaging
of moisture flow and the potential use of this tool in material characterization, and Section
3.2 reports the experimental studies on X-ray CT imaging of complex flows and reactions in
cement-based materials.

3.1 ECT imaging of moisture flow & material characterization
The ECT experiments were carried out in UEF Process tomography laboratory in Kuopio. In
the experiments leading to our first journal paper (Voss 2019), the measurements were
performed using an older ECT system, PTL300, and in the follow-up publication (Voss 2020),
a new, ROCSOLE ECT-ERT-system purchased for this project was used. In all cases, the
tomographic reconstructions of the 3D permittivity distribution were computed using image
reconstruction software written in UEF. A large portion of the research activities in this project
were related to developing computational methods used for image reconstruction, to
improve the imaging quality; from this report, however, the details of the computational
methods are omitted, and the focus is on experimental results and their interpretation.

3.1.1 ECT of 3D moisture flow in cement-based material
The purpose of this study was to investigate whether ECT could be used for imaging 3D
moisture flows in cement-based materials (Voss 2019). For this aim, mortar specimens of
three different porosities were produced, and used in the experiments. The water-cement
ratios (w/c) of the mortars were: 0.36, 0.42 and 0.56. The w/c is defined as the ratio of the
weight of water to the weight of cement used in the concrete or mortar mix. The porosity of
the hardened mortar depends on w/c – the higher w/c of the mix is set, the higher the
porosity becomes. As the fluid transport properties of mortar depend on the porosity (and
related properties, such as pore connectivity), 3D ECT imaging was expected to show
differences in the flow rates of water in the materials of different w/c.
The measurement setup is illustrated in Figure 2. Cylindrical mortar specimens were exposed
to water using a water reservoir attached on the top surface of each specimen. In the first set
of experiments, the water reservoir covered only a small portion of the surface (Figure 2, left),
leading to genuinely 3D flow in the material. In the second scheme, the entire top surface was
exposed to water (Figure 2, right); in this case, the flow of water was essentially 1D (see
Section 3.1.2).
PU
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For ECT, 24 electrodes were attached on the surface of the specimen, which was first covered
with a thin insulating layer of plastic paint. For each specimen, the ECT device was let to run
measurements sequentially in the rate of 1 frame per second for 240 hours.
The 3D ECT reconstructions corresponding to three specimens of different w/c at six time
intervals are illustrated in Figure 3. Here, dark blue color corresponds to a large change in the
electrical permittivity, indicating increase in the local water content. For all three specimens,
ECT shows clearly the ingress of water to the material as time progresses. Furthermore, the
ECT reconstructions reveal clear differences between the flow rates of water in the specimens
having three different w/c: In the material of lowest porosity (w/c 0.36), the flow rate is clearly
lowest, while the material of highest porosity (w/c 0.56) corresponds to the highest flow rate.

Figure 2: Left: Schematic illustration of a specimen, water reservoir and ECT electrodes (black rectangles) in 3D flow setup.
External shield and grounded stripes between electrodes are not shown here. Middle: Photographs of the experimental setup
and the interior of the ECT sensor. Right: Schematic illustration of the 1D flow setup.

For comparison, the moisture flow was also simulated numerically, by using a commercial
HYDRUS 3D software (Sejna 2012), which approximates the Richard’s equation by finite
element method (FEM). The material parameters needed for modeling the flow were
determined in a separate experiment for each of the three materials (Voss 2019).
The results of the flow simulations are illustrated in Figure 4. As expected, the series of images
indicate that the flow rate is lowest in the material of lowest w/c and highest in the material
with highest w/c. Furthermore, the simulated water content distributions are in rather good
agreement with the corresponding ECT reconstructions in Figure 3. However, the shapes of
the water plumes in ECT reconstructions and modeled distributions at corresponding times
have slight differences. This is partly caused by the nonlinear dependence of the electrical
permittivity on the water content, and partly due to natural spatial variations in the material
parameters, which are assumed to be constant in the Richard’s model used for the flow
simulation. These factors, however, do not explain the biggest qualitative difference between
the 3D distributions in Figures 3 and 4, which is: The modeled moisture distributions at times
144 and 240 h overestimate the volume of the water plume in specimens with w/c of 0.42
and 0.55 compared to the ECT reconstructions.
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Figure 3: 3D ECT reconstructions of electrical relative permittivity change Δεr corresponding to 12, 24, 48, 96, 144 and 240 h
of water ingress for each mortar specimen (different rows). Relative permittivity change less than 1.5 is assigned transparent
and the green circle indicates the location of the water reservoir. Red rectangles illustrate the ECT electrodes.

Figure 4: 3D simulated volumetric moisture content θ corresponding to 12, 24, 48, 96, 144 and 240 h of water ingress for
each mortar specimen (different rows). Moisture content less than 0.01 is assigned transparent and the green circle indicates
the location of the water reservoir. Black rectangles illustrate the ECT electrodes.
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Figure 5: Left: The monitored absorbed water volume Vw (gray color) and the integrated permittivity change (black color) as
function of time for the specimens with w/c of 0.55 (solid line), 0.42 (dotted line) and 0.36 (dashed line). The scale of integrated
permittivity is shown on the right and the scale of Vw on the left. Right: The monitored absorbed water volume Vw (gray color)
and the integrated moisture content distribution, i.e. the simulated absorbed water volume, (black color) as function of time
for the specimens with w/c of 0.55 (solid line), 0.42 (dotted line) and 0.36 (dashed line). The scale of the simulated and
observed water volume is equal for both quantities.

This discrepancy between ECT reconstructions (Figure 3) and simulated water contents
(Figure 4) at the later stages of the water ingress is mainly caused by the fact that Richard’s
unsaturated flow equation neglects the gas-phase, because it assumes that the gas phase
does not play any role in the liquid flow process. The Richard’s model is valid for gas-liquid
two-phase flows only if the gas-phase pressure is approximately constant and equal to the
external pressure (Bear 2012). However, this condition is not fulfilled at later stages of the
experiments considered in this study because the specimens were sealed to avoid
evaporation, and hence the air that the water displaces in the pores remains in the porous
material. Thus, the flow simulations show almost constant absorption rate through the
experiments although the rate should decrease over time. This effect is further illustrated in
Figure 5, which shows both ECT -based permittivities and HYDRUS 3D -based water contents
integrated over the specimen volume plotted as functions of time. Both of these quantities
are compared with the visually observed absorbed water volumes (Vw) in the experiments.
This figure shows that, indeed, ECT-based reconstructions feature the decrease of flow over
time in all specimens, and this decrease is in good correspondence with that indicated by the
Vw curves. This observation justifies the conclusion that ECT enables estimating the moisture
propagation within mortar more reliably than Richard’s model.

3.1.2 Estimation of SHC using ECT
Figure 6 shows the reconstructed 3D permittivity distributions in the case of the 1D flow setup
illustrated in Figure 2 (right). In this experiment, three mortar types (w/c of 0.36, 0.42 and
0.55) were used. Again, the ECT reconstructions show clear differences in the flow rates
between specimens.
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Figure 6: Experimental study for estimating the SHC of cement-based materials: The reconstructed 3D permittivity distribution
at 6, 24, 48 and 66 hours of water ingress for the three mortar specimens. The top, middle and bottom rows show the
reconstructed permittivity distributions for specimens with w/c 0.55, 0.42 and 0.36, respectively. The reconstructed
permittivities are shown in the same colour scale.

Figure 7: Experimental study: (a)-(c) The ECT reconstructions of the 1D permittivity profiles for the three mortar specimens at
different times of moisture ingress. Horizontal dotted black line indicates the threshold value for WFL. (d) The water front
locations as a function of time t determined from the ECT reconstructions.
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From the ECT reconstructions, 1D profiles of the electrical permittivity were extracted for all
three materials; profiles corresponding to seven instants of time are plotted in Figure 7 (a)(c). Further, using the 1D profiles, the evolution of the waterfront location (WFL) was
estimated. Figure 7 (d) shows the estimates of the WFL for all three materials at multiple time
instants. Finally, the WFL estimates were used for determining the saturated hydraulic
conductivities (SHC) of the materials – this was done by fitting a 1D flow model referred to as
sharp front (SF) model to the WFL data in Figure 7 (d); for details, we refer to the published
manuscript (Voss 2020).
The estimated SHCs of the three mortar materials are listed in Table 1. For comparison, the
table also shows reference values obtained by the falling head method described in (Voss
2019). For the mortars with the two highest w/c (0.55 and 0.42), the ECT-based estimates for
SHC are rather close to the reference values. For the material with lowest w/c (0.36), the
difference between the estimates is much higher, on a percent basis, and the reference value
is slightly outside the error limits of the ECT-based estimate. It is noteworthy, however, that
although materials for the ECT experiments and for the reference tests were taken from the
same batches, the specimens exhibit natural variation in their material properties. In other
words, the SHCs of the specimens used in ECT and in the reference test were not equal.
Table 1: Experimental study: SHC values measured with the reference method, ECT-based estimated SHC values and the error
limits.

The main advantage of ECT over the falling head method, which represents the current stateof-the-art in SHC measurement, is that the ECT-based test system described in (Voss 2020)
carries out the measurements automatically, while the falling head method requires a large
amount of manual labor. In the light of the results of the project, we believe that ECT holds
promise for becoming a tool for characterizing cement-based materials through automated
measurement of SHC. This could be beneficial for remotely assessing cements durability.

3.1.3 Effects of conductivity and rebars to ECT
To complement the experiments, several numerical studies were conducted to improve the
image quality and, especially, minimize the effects of uncertain factors in the measurement
setup. Here, we briefly review two of the topics addressed: the effect of the electrical
conductivity to ECT and the problem of electrical imaging of reinforced concrete structures.
In Figure 8, we show results of a numerical simulation study, where the effect of electrical
conductivity was investigated. This topic is relevant in moisture flow imaging, because ECT,
where the electrical permittivity is reconstructed, neglects the contribution of the
conductivity to the measurements although the increase of moisture content in cementbased materials increases also the conductivity of the material.
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Figure 8: (a)-(b): True simulated relative permittivity and conductivity profiles as a function of height; (c)-(d) The ECT-based
permittivity profile reconstructions computed using the 156 kHz and 1.25 MHz synthetic data.

In the simulation results shown in Figure 8, the measurement data was simulated using a
model which accounts for both electrical conductivity and permittivity. To make evaluation
of the results simple, a case of one-dimensionally distributed electrical properties in a 3D
cylindrical geometry was considered, cf. the schematic drawing in Figure 2 (right). In the
inversion, i.e., when reconstructing the permittivity distribution based on synthetic data, the
effect of electrical conductivity was neglected. The results in Figure 8 (c) demonstrate that
when the frequency of the sinusoidal potential used in the electrode excitations is relatively
low (156 kHz), neglecting the contribution of the conductivity in the ECT image reconstruction
leads to overestimation of the electrical permittivity by almost 500 %. When 1.25 MHz
excitation is used, the overestimation of the permittivity is only 20 % (Figure 8 (d)).
This study is useful from practical points of view, because it demonstrates the importance of
choosing high enough frequency for targets that feature also high conductivity besides
permittivity. In the subsequent experiments of this project, ECT measurements were carried
out with potential excitations of 1.25 MHz frequency (which was the highest available
frequency of the measurement devices available for the experiments). Details of this
numerical study are given in the thesis work (Voss PhD thesis 2020).
The effects of metallic reinforcements in concrete structures were studied in another thesis
work (Räsänen MSc thesis 2019). This topic is relevant, not only when considering onsite
measurements of reinforced concrete structures, but also in laboratory environment – in
cases where the concrete samples are drilled from existing, reinforced, concrete structures.
Here, the imaging modality was ERT, i.e., electrical conductivity reconstructions were
considered, but the results provide insight also to ECT where the rebars have same effects to
measurements as in ERT.
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Figure 9: Results of a numerical simulation study. Top left) true electrical conductivity distribution inside a concrete slab
(inhomogeneity caused, e.g., by moisture profile. Top right) Steel reinforcement in the slab. Bottom left) Reconstructed image
if the presence or rebar is not accounted for. Bottom right) Reconstructed image using the developed computational method.

In Figure 9 we report an example of numerical results, where the true concrete specimen (in
this case, a concrete slab) containing metallic reinforcement was imaged using electrical
tomography. The panels in the top row show the true conductivity distribution, and the
geometry of the reinforcing metals. Those in the bottom row show the reconstructed
conductivity distributions in cases where the presence of rebars was neglected (Fig. 9 (c)) and
when the effects of rebars were instead accounted for (Fig. 9 (d)). In the former case, the
reconstructed conductivity contains severe artefacts while in the latter case, conductivity
distribution is close to the true distribution. An essential feature of the developed
computational method applied for the results in Figure 9 is that the reconstruction in panel
(d) did not require accurate knowledge of the location and orientation of the rebar-net; in
contrast, the uncertainties of these factors were handled in the framework of Bayesian
inverse problems (Kaipio 2006).

3.2 X-ray CT imaging of complex flows and reactions
This part of the research activities was conducted in collaboration with S4C partner Imperial
College London (ICL). The photographs in Figure 10 were taken in the ICL laboratory where
the experiments on CT imaging of cement-based materials were carried out in 2018 and 2019.
Samples, prepared in NCSU, were made of cement paste. The w/c, and hence, porosity of the
material was high. The samples were dried in oven; a process, which also induced cracks into
the samples. The drying was not completed, so that a small amount of moisture was left inside
the samples. In ICL, these samples were CT scanned before, during and after injecting fluids
into the samples in specifically designed experiments.
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Figure 10: Left: UEF and NC State visitors in ICL lab with Ronny Pini, June 2018. Right: Petri Kuusela (UEF) setting up the core
holder for X-ray CT.

Figure 11: Schematic illustration of the experimental setup in X-ray CT imaging of fluid transport and reactions in cementbased materials.

The correspondent experimental setup is schematically illustrated in Figure 11. A cementbased sample was placed in a core-holder made of aluminum, and the fluids were supplied
from one end of the core-holder. The extra space inside the core-holder was filled with water
which was exposed to a confinement pressure that was set higher than the inlet pressure –
the purpose of this pressure was to keep the injected fluids inside the sample. In addition, the
sample was sealed with plastic shrink wraps.
CT scans were obtained using the medical scanner shown in Figure 10. The CT reconstructions,
representing the distributed attenuation coefficient of the material, were computed using a
software provided by ICL. Sample results are shown in Figure 12 (left), which illustrates the
CT reconstruction of a specimen before fluid injections; in this figure, dark and light grey
colors correspond to low and high attenuation coefficients, respectively. This image shows
the inhomogeneity of the moisture distribution within the sample – indeed, the attenuation
of the X-rays is highest in the middle of the sample, because the moisture left to the sample
after non-complete drying process is located in the middle.
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The CT reconstruction in Figure 12 (right) also reveals the cracks that were caused by the
drying process: The cracks appear as thin structures of low attenuation. To get better
understanding of cracking and to visualize the crack pattern in 3D, new computational
methods for segmenting the volumes of cracks from CT reconstructions were developed in
this project. The resulting 3D crack pattern reconstruction is illustrated in Figure 12 (right).

Figure 12: Dry scan. (a) CT reconstruction of the sample before the injections. The voxel colours represent uncalibrated CT
units. (b) The cracks (depicted in yellow colour) segmented from the CT reconstruction using the crack extraction algorithm.

t = 1 min

t = 10 min

t = 20 min

t = 90 min

Figure 13: CT reconstructions of the sample during and immediately after the CO2 ingress, showing the growth of the
carbonated shell.
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3.2.1 Monitoring of a carbonation process
The first carbonation process experiment was carried out with CO2 injected to the sample at
10 bar pressure. The CO2 injection was continued for 90 min, and CT scans were collected at
various time intervals during the experiment. The results are shown in Figure 13. The CT
reconstructions reveal a rapid formation of a layer of material having high attenuation: This
white layer appears already in the image corresponding to instant 1 min after the start of CO2
injection. The formation is initiated at the perimeter of the humid area inside the sample, and
particularly, in the region where the cracks are connected with humidity. At the subsequent
instants of time, the layer of high attenuation keeps growing, and forms a closed shell inside
the sample.
The formation of the shell inside the sample is a result of a rapid carbonation process induced
by high concentration of CO2 due to the pressurized injection:
Ca(OH)2 + CO2  CaCO3 + H2O
The carbonation product, calcium carbonate (CaCO3) occupies larger volumes than calcium
hydroxide (Ca(OH)2) and hence, carbonation decreases the porosity of the material (Ashraf
2016). For this reason, the carbonated shell appears as a layer characterized by high
attenuation in the CT images of Figure 13. The reason for the shell forming in the perimeter
of the humid volume is that the reaction requires water to occur.
To better visualize the carbonated shell, it was extracted from the CT reconstructions
corresponding to states before and after the carbonation process. In Figure 14 (top left), the
carbonated shell is depicted with grey and the crack pattern with yellow colour.

3.2.2 Imaging moisture movement in cracked material
After the CO2 injection, water was injected to the same sample. New CT scans were collected
at several time intervals. Following a procedure similar to the one implemented above, the
water component was extracted by comparing the CT reconstructions at the state before
water injection and at different stages of water injection. The results are shown in Figure 14.
The 3D reconstructions depicted in Figure 14 show the movement of water in the sample
throughout the injection. A closer inspection of the images reveals that, as expected, the
penetration of water through the carbonated shell is very slow and it happens only during the
final stages of water injection. This confirms that the shell identified in Figure 13 is indeed
carbonate, as its porosity is likely smaller than that of the original specimen, and as a
consequence moisture diffusion through it is delayed.
Finally, Figure 15 shows a close-up view of a portion of a crack during the injection of water.
The set of images illustrate how water first fills the cracks in the sample, and after this, it starts
to absorb into the cement paste surrounding the cracks. These effects occurring in submillimetre length scale are tracked by X-ray CT.

PU

Page 19 of 25

Version 3.0

Deliverable D3.7

Figure 14: The carbonate shell, cracks and the moisture extracted from the CT reconstructions at different times of water
injection.

Figure 15: A zoom into a crack filling with water and the waterfront spreading into the cement-paste matrix. Axis units are
in mm.
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4 Conclusions and future steps
In order to assure the safety of geo-energy operations, new instruments for assessing the
performance of cement-based materials used in the well structures are needed. It is of
particular importance to be able to monitor how those material properties that control fluid
transport change over time, as these properties directly affect the durability of structures
made of concrete and other cement-based materials.
Within the context of the S4CE consortium, Deliverable D3.7 reports the results of laboratory
and computational tests that aimed at developing and testing tomographic imaging tools that
provide valuable information on the fluid transport properties of cement-based materials.
The two tomographic modalities used in this research were ECT, which uses electrical
capacitance measurements, and CT, which is based on attenuation of X-rays.
The results obtained show that ECT enables monitoring of 3D water flow in cement-based
materials. Moreover, the experimental studies demonstrated that ECT-based reconstructions
can further be used for estimating material transport parameters, particularly, the saturated
hydraulic conductivity (SHC). The experimental studies conducted in synergy with X-ray CT,
on the other hand, showed that CT enables monitoring of complex flow and reaction
phenomena in cement-based materials – including carbonation process, water transport in
fractured media, and their interactions.
The next steps of this research are:






PU

Imaging of cement-based materials with ECT and X-ray CT simultaneously. Preliminary
tests have already been performed in collaboration with ICL in 2019. However, the
quality ECT measurements was not adequate for reliable image reconstruction due to
difficulties caused by water leakages in the surface of the pressurized specimen.
Imaging of concrete. So far, mortar and cement paste samples were used, to enable
better validation of the results. However, because the majority of the structures in
geo-energy applications are made of concrete including large aggregates, it is
important to verify the developed instruments and methods for such materials.
Applying CT and ECT to imaging concrete is expected to yield positive results, although
the presence of large aggregates does increase the complexity of the material and
might affect the accuracy of imaging reconstruction.
Because in geo-energy applications, cement-based materials are often subjected to
harsh conditions – including high pressures and temperatures – further research on
monitoring processes under such conditions is needed to ensure the instruments
themselves are durable and reliable for applications on site.
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5 Publications resulting from the work described
Journal papers:
A. Voss, P. Hosseini, M. Vauhkonen, M. Pour-Ghaz, A. Seppänen: “Three-dimensional
electrical capacitance tomography – a tool for characterizing moisture transport properties
of cement-based materials”, Materials & Design, 181: 107967, 2019.
A. Voss, M. Pour-Ghaz, M. Vauhkonen, A. Seppänen, “Retrieval of the saturated hydraulic
conductivity of cement-based material using electrical capacitance tomography“, Cement and
Concrete Composites, Submitted.
P. Kuusela, M. Pour-Ghaz, R. Pini, A. Voss, A. Seppänen: “Imaging of a complex flow and
reactions in cement-based materials with x-ray CT” In Preparation, will be submitted to
Cement and Concrete Composites in spring 2020.
Theses
Mikko Räsänen: “Modeling of rebars in electrical imaging of concrete structures”, MSc thesis,
University of Eastern Finland, 2019.
Antti Voss: “Imaging moisture flows in cement-based materials using electrical capacitance
tomography, PhD thesis, University of Eastern Finland, 2020.
Refereed conference papers
A. Voss, M. Pour-Ghaz, M. Vauhkonen, A. Seppänen: “Three-dimensional Electrical
Capacitance Tomography Imaging of Cement-based Materials - Application to
Characterization of Moisture Transport Properties” in Smart Monitoring, Assessment and
Rehabilitation of Civil Structures (SMAR 2019), Potsdam, Germany, August 27-29, 2019.
Other conference presentations/invited talks/abstracts:
A. Seppänen: “Electrical Impedance Tomography, non-destructive testing and Bayesian
inverse problems”, Invited talk in Technical University of Denmark, March 13, 2018.
A. Seppänen, A. Voss, J. Jauhiainen, P. Kuusela, T. Savolainen, M. Pour-Ghaz: “Electrical
tomography for material characterization and structural health monitoring”, The
International Carbon Conference, Reykjavík, Iceland, September 10-14, 2018.
D. Weidmann, A. Seppänen, J. Koch, I. Daniel, T. Mitchell: “Development & Deployment of
novel instruments and tools within the Science for Clean Energy Project (S4CE)”, The
International Carbon Conference, Reykjavík, Iceland, September 10-14 2018.
A. Seppänen: “Electrical Impedance Tomography, inverse problems, material characterization
& structural health monitoring”, Summer School on inverse problems, Helsinki, Finland, June
3-7, 2019.
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P. Kuusela: “Imaging of moisture flows in cement-based materials using X-ray computer
tomography and electrical capacitance tomography”, Applied Inverse Problems Conference,
Grenoble, France, July 8-12, 2019.
P. Kuusela: “Imaging of moisture flows in cement-based materials using X-ray computer
tomography and electrical capacitance tomography”, Inverse days, Jyväskylä, Finland,
December 16-18, 2019.
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