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Cementbased materials, concreteportar, fluid transport, carbonation, material
characterizationglectricalcapacitancdaomography X-ray CTimaging inverse problems
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Acronyms Definitions

CaCo Calcium carbonate

Ca(OH) Calciumhydroxide

CCs Carbon capture andequestration
CcQ Carbon dioxide

CT Computerized tomography

ECT Electricakapacitanceéomography
EGT Enhanced geothermal energy
ERT Electrical resistance tomography
FEM Finite element method

ICL Imperial College London

NCSU North Carolina Stat&niversity
SF Sharp front

SHC Saturated hydraulic conductivity
UEF University of Eastern Finland
WFL Water front location

w/c Water-cement rato

1D One-dimensional

3D Three-dimensional
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1.1 General context

One of the main goals of S4@Ehe assessment of environmental risks in -geergy sub
surface operations such as carbon capture and sequestration (CCS), production of
unconventional hydrocarbons, and enhanced geothermal energy (EGT) production. Among
these risks are those caused byugitive emissionsof fluids from subsurface. Because
practically all gegenergy operations use structures madeceimentbased materials, such as
concrete the possible emission risks are directly linkedte durability ofthese materials

and structures, both in operating and abandoned wells.

The durability of cemenbased materials depends heavily on the fluid transport properties
that are intrinsicof those materialsand can change over timé&or example, in concrete
structures, the material can b#eteriorated due to corrosion of reinforcing steel, freebhaw
cycles andulfate attacks, if the material is permeable to water and other flu@tsthe other
hand,the local moisture content of the materiaff@cts therates ofhydration (Wyrzykowski
2016) and carbonation (Galan2013) These processes, in turn, affect tHeid transport
propertiesof the material.

For the purposes of this reportytration is a chemical reaction in which the compoundls
cement form chemical bonds with water moleesl and become hydrates or hydration
products.Carbonation in contrastjsachemical reaction, wherein the presence of moisture

¢ calciumhydroxide (Ca(OR)and carbon dioxide (Goform calcium carbonatéCaC@) and
water. While thehydration process causes hardening of concrete, the effecadbonation

is much more complex:The calcium carbonate formed in carbonation occupies a larger
volume thanthe initial calcium hydroxide and thus carbonation decreases the porosity of the
material, increasing its strengtiAéhraf2016) On the other handgarbonationdecreaseshe

pH of concrete from around 13 to around 8, which is undesirable inithieity of themetallic
reinforcements, because the alkaline environment protects trenforcements from
corrosion(Alonso1988) Carbonation may also cause shrinkage wimety lead to excess
tension and cracking of the materigdan2013)

Methods for testing the fluid transport properties okmentbased materialare still limited
mainly becase of the complexity of the materials and fluid transport within th@ra.ensure
the safety of structures made of concrete, it is important to develop new tooladquiring
information on these propertie?New instruments and methodologies are needed essentially
to fulfil two mainpurposes: 1)o provide reliable and affordable testing methods to field sites
and 2) to provide tools for researchers whose work @@thimproving understanding of the
complex iteractions of fluids in cemerbased materials, and eventually, improving the
safetyof structures made of these materials.

1.2 Deliverableobjectives

This deliverabl¢D3.7)reports research carried out fone SACE work packagdr@truments
and Tools: Devepment and Deploymentand n particular, forTask 3.3; Electrical imaging
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of fluid flows in cemenbased materialsThe main goal m this research is to develop new
tools for characterizing the fluid transport properties of ceméatsed materials in laboratory
conditions. Twamagingmodalitieswere chosenElectricalcapacitancegomography(ECT),
which uses lowenergy electromagneticfields, and X-ray computerized tomographyQT)
which is based othe use of higkenergy electromagnetic radiation.

Theprimaryresearch questionef this deliverable; all addressed in Sectidhg are:

1 Gould ECT be used for imaging thvaenensional (3Djyransport of fluids in cement
based materials?

1 Can the information provided by ECT be further used for quantifying (some of the)
transport properties of cemenrbased materials?

1 Could Xay CT provide further insight on the fluid transport in thesaterials? Here,
the specific interest is in monitoring of reactive processes, especially carbonation, as
well as transport of moisture in fractured media.

2 aSiK2R2f 23A0Ff I LILINRI OK

The measurement principles of botHeetrical capacitancetomography (ECT) iad X-ray
computerized tomographyd]) are illustrated schematically Figure 1

In ECTa set ofelectrical capacitancdasetween electrodes placed around the periphery of an
objectare measured. Based on these measurements, the elecpemahittivity distribution

s [' & igsidlethe object is reconstructe@CT is an imaging modality of relatively kpatial
resolution; this isddue tothe 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 radidiiss®ed modalities.

CT, in contrast, is a transmissidgype tomographic modality, which usésrays for imaging

the spatially distributed attenuation coefficient p=p(x)sideanobject The spatialesolution

of CT is superior to ECT.

electrodes Itenzity
with known u,
voltages
: Measured charges
o ¢ Q=Q(U; &) I=ih,ntx)
JEAEEN -~ l_ T
. I \‘ T - - A .
. 7 | - A
1 .
! 1
o~ attenuation coefficient /
perrnittivity distri bt
distributien stn btien detectors

Figurel. Schematic illustratioof the two imaging modalities used in this project. Left: In E@&Etrical capacitanc:
0SG6SSyYy YdzZf GALX S LI ANR 27 deterditel bRRitng eaghyof the K& trottasadh Sehiin
(U) whilekeeping other electrodes grounded and measuring the electric charges (or alternatively, currents) on the e
These measurements depend on the spatially distributed electrical permitiivitys] evithin the object. Right: In-day C1
the intensiies (1) in detected planar images depend on the spatially distributed attenuation coefficiprk).
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2.1 ECT imaging of cemetiased materials

In recent years another electrical imaging modalitywhich isreferred to as electrical
resistance tomographyERT,)has been applietb imagingmoisture distributions in cement

based materialgdu Plooy2013 Hallaji 2015, Smyl 2016, Smyl 2017, Rymarczyk2018,
Suryanto2017,1 2 @012) ERT uses electric currents and potential measurements from
electrodes attache@ y G KS YIF GSNRARFf Q& & dzNJcbn@ustivily andsNB O2 v &
thus suitable only for imaging surfasget specimens or specimens that have high water
content, because such samples are electrically conductieeovercome the problem with

imaging electrically resistive (surfadey) specimens, another electrical imaging technique,
ECTwas proposed by the UEF group (Voss 2016, Voss 2018). Unlike ERT, ECT does not require
Ohmic contact to the specimen.

While previousstudieshad demonstrated the capability of EG3 detect moisture content
changes(Voss 2016)and to qualitatively imagehe 2D moisture ingresgvoss 2018)n
cementbased materials, ECHad not been applied to imaging thregimensionally
distributed properties of ementbased materialdefore this projectin 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 abderving qualitative differences
between materials, the aim was also to quantify one of the most important fluid transport
properties of cemenbased materials, namely saturated hydraulic conductivity (SHC).

To validate the capability of E@Ximage 3D moisture flow, the results were corrobted
using an independent experimental procedure referred to as falling head method
(Ghasemzadel2014) to estimate SHCs of the materials; these SHCs were then used as
material parameters when simulating the flove®emputationally usingcommercial finite
element software HYDRUS 3(Sejna 2012). In the experiments aimingoatantifying SHC
using ECT, thiallinghead method- based SHC estimates were used as reference values.

2.2 X-ray CT imaging of cemetitased materials

Before this project,Xxray CThad been wsed for monitoring certain flovs and reaction
phenomena in cemenbased materials: kvasshown to be able to imagge progression of
carbonation front(Han2013 Liu2016,du Plessi2019) unsaturated wateflow (both with
(Yang2015)and without(Oesch2019)tracers), as well asacersdiffusion in water saturated
and cracked samplg®arma2013) Further, micreCT has been used for imaging structures
of macropores and larger mesoporghi Plessi2019)in smaliscale specimens.

The purpose of tb researchconducted within the S4CE consortiwwas to study the
possibility of imaging even more complpkenomenain cementbased materialsincluding
interactions between the moisture transport, carbonation and cracking. Mpeefically, the
applicabiity of Xray CT to monitoring carbonatioand water transport processes inside
cracked cemenbased materials ainsaturated statevasinvestigatel.
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Within the S4CE consortiumegearch for Task 3.3 WP3 involved strong international
collaboration and mobility. Thieading partner (UEF, Finland) carried out the-R&T of the
research in close collaboration with North Carolina State Univeid®5U, USA); this included
joint supervision of PhD studengs well as a twanonth visit by a UEF PhD student to NCSU

in 2018 InX-ray CTpart, UEF and NCSU collaborated with another S4CE partner, ICL (UK); all
experiments withX-ray CTwere carried out in ICL, where UEF and NCSU researchers visited
twice, in 2018and 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 reSétgion3.1 consider&CT imaging
of moisture flowand the potential use of this tool imaterial characterizationand Section
3.2 reports the experimental studies offray CT imaging of complex flows and reactions
cementbased materials.

3.1 ECT imagingf moisture flow & material characterization

The ECT experiments were carried out in UEF Process tomography laboratory in Kuopio. In
the experiments leading t@ur first journal paper(Voss 2019)the measurements were
performed using an older ECT systétitL300and in thefollow-up publication (Voss 2020),

a new ROCSOLECTERT-system purchased for this project was used. In all cades, t
tomographic reconstructions of the 3D permittivity distribution were computed using image
reconstruction software wtien in UEFA large portiorof the research activitie this project

were related to developing computational methods used for image reconstructit;m
improve the imaging qualityfrom this report, howeverthe details of the computational
methods areomitted, and the focus is on experimental results and their interpretation.

3.1.1 ECT of 3D moisture flow in cemebtsed material

The purpose of this study was to investigate whether ECT could be used for imaging 3D
moisture flows in cemenbased materialfVos 2019).For this aim, mortaispecimensof

three different porosities were produced, anged in the experimentsThe watercement

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 bcement used in the concrete or mortar mix. The porosity of
the hardened mortar depends on wig the higher w/cof 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 illustratedrigure2. Cylindrical mortar specimens were exposed

to water using a wateraservoir 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 togenuinely 3D flow in the material. In the second scheme, the entire tdps@iwas
exposed to water (Figure 2, righth this case, the flow of water was essentially (5Be
Section 3.1.2)
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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 pairfor each specimen, the ECT device was let to run
measurements sequentially the rate of 1 frame per second for 240 hours.

The 3D ECT reconstructions corresponding to three specimens of different wiktihe
intervalsare illustrated in Figure 3ere, dark blue colazorresponds talarge change in the
electrical permittivity, indicating increase in the local water contérarall 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/86), the flow rate is clearly
lowest, while the material of highest porosity (w/c 0.56) correspondsedighest flow rate.

Figure2: Left: Schematic illustration of a specimen, water reservoir and ECT electrodesgtiacgles) in 3D flow setup.
External shield and grounded stripes between electrodes are not shown here. Middle: Photographs of the experimental setup
and the interor of the ECT sensor. Right: Schematic illustration of the 1D flow setup.

For comparisonthe moisture flow was also simulated numerically, by using a commercial
HYDRUS 3Boftware Sejna 2012), which approximates theA O K ledqudiéhdy finite
element method (FEM. The material parameters needed for modelitfte flow were
determined in a segrate 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 materia
with highest w/c. Furthermore, the simulated water content distributions are in rather good
agreement with the corresponding ECT reconstructions in Figut#®®ever,the shapes of

the water plumes in ECT reconstructions and modeled distribut@nsorresponding times

have slight differencesrhis ispartly caused by th@onlinear dependence of the electrical
permittivity on the water contentand partly due to natural spatiaariations in the material
parameters, which are assumed to benstantA y (G KS wA OKIF NRQ& Y2RSf
simulation.These factors, however, do not explain the biggest qualitative difference between
the 3D distributions in Figures 3 and 4, which Iee iIhodeled moisture distributions at times

144 and 240 loverestimae the volume of the water plume in specimens witi'c of 0.42

and 0.55 compared to the ECT reconstructions.
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Figureb: 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 segiatefint
permittivity is shown on the right and the scale gfdn the left. Right: The monitored absorbed water volumégvay color)

and the integrated moisture content distribution, i.e. the simulated absorbed water volume, (black color) as function of time
for the spetmens 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 discrepancybetween ECT reconstructions (Figure 3) and simulated water contents
(Figured) at the later stages of the water ingressniginly caused by the fact that A OK | NR Q &
unsaturated flow equation neglects the gabase because itassumes thathe gas phase

R2Sa y2a0 LXlIe& ye NBEtS Ay mdd8is vaidpragasiRuidF t 2 6 LJ
two-phase flows only if the ggshasepressure is approximately constant and equal to the
external pressurgBear2012) However, this condition is not fulfilled at later stag#sthe
experiments considered in this study becausethe specim@s were sealedto avoid
evaporation, and hence the air that the water displacethim pores remains in the porous

material. Thusthe flow simulationsshow almost constant absorption rate through the
experimentsalthoughthe rate should decrease over tim&his effect is further illustrated in

Figure 5, which shows botiCT-basedpermittivities and HYDRUS 3iased water contents

integrated over the specimen volume plotted as functions of time. Both of these quantities

are compared with the visually obs&d absorbed water volumes Y in the experiments.

This figure shows that, indeed, ER8sed reconstructions feature theecreaseof flow over

time in all specimens, and this decrease is in good correspondence with that indicated by the

Vi curves. This adervation justifies the conclusion that ECT enables estimatingthisture
propagation withinmortarmoreNBS f A 6f & GKIy wAOKINRQa Y2RSt o

3.1.2 Estimation ofSHQusing ECT

Figure 6 shows the reconstructed 3D permittivity distributions in the case of the 1D flow setup
illustrated in Figure 2 (right)n this experimentthree mortar types (w/c of 0.36, 0.42 and
0.55) were used. Again, the ECT reconstructions show clearediffes in the flow rates
between specimens.
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Figure6: Experimental study for estimating the SHC of cerbaised materials: The reconstructed 3D permittivity distribution

at 6, 24, 48 and 66 hours of water ingress for the threetanaspecimens. The top, middle and tooh 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 colcscale.
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Figure7: Experimental study: (g}t) 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 eeM#&-E. (d) Theater front
locations as a function of time t determined from the ECT reconstructions.
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From the ECT reconstructignkD profiles of the electrical permittivity were extracted for all
three materials; profiles corresponding to seven instants of time are plotted in Figude 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 therated hydraulic
conductivities (SHC) of the materiglthis was done by fitting a 1D flow model referred to as
sharp front(SF)Jmodelto the WFL data ifrigure 7 (d); for detailsye refer to the published
manuscript (Voss 2020).

The estimatedSHCs oftte three mortar materials are listed ifable 1 For comparison, the

table also shows reference values obtained by the falling head method described in (Voss
2019). For the mortarwith the two highest w/c (0.55 and 0.42), the ERaSed estimates for

SHC ee rather close to the reference values. For the material with lowest w/c (0.36), the
difference between the estimates is much higham,a percent basigndthe reference value

is slightly outside the error limits of the EGdsed estimate.tlis notewothy, however that
although materials fothe ECT experiments and for the reference tests were taken them
samebatches,the specimens exhibit natural variation in thenaterial properties. In other
words, the SHCs of the specimens used in ECT dne reference test weraot equal.

Tablel: Experimental study: SHC values measured with the reference metheoagatilestimated SHC values and the error
limits.

K" (em/h) | K& (em/h) | £ AKS (em/h)

w/c 0.55 3.88.107° 3.48.107° 0.63-10~°
w/c 0.42 1.25-107° 1.14.107° 0.38.10~°
w/c 0.36 0.19-107° 0.57-107° 0.26-1077

The main advantage of ECT over the falling head metivb@hrepresens thecurrent state
of-the-art in SHC measuremeris that the ECbased 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 rd®uof the projectwe believe thateCTholds
promisefor becoming a tool for characterizing cemdrised materialshrough automated
measurement of SHChis could be beneficial for remotely assessing cements durability.

3.1.3 Effects of conductivity and rebar® ECT

To complement theexperimens, several numerical studiesere conducted tamprowe the
image quality and, especially, minimithe effects of uncertain factors in the measurement
setup. Here, we briefly review twof the topics addressed the fect of the electrical
conductivity to ECT arttie problem of electrical imagingf reinforced concrete structures.

In Figure 8 we show results of a numerical simulation study, where tlffe@ of electrical
conductivitywas investigated. This topic is relevant in moisture flow imaging, because ECT
where the electrical permittivity is reconstructed, neglects theontribution of the
conductivityto the measurementslthough the increase of moisture content in cement
basedmaterials increases also the conductivity of the material.
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Figure8: (a)(b): True simulated relative permittivity and conductivity profiles as a function of heigld) (Epe EChased
permittivity profile reconstructions cgmated using the 156 kHz and 1.25 MHz synthetic data.

In the simulationresults shown in Figure, 8he 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 cdemensionally distributed electrical properties in a 3D
cylindrical geometry was oasidered, 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 Fi§{p demonstrate that
when the frequency of the sinusoidal potential used in the electrode excitations is relatively
low (156 kHzxeglecting the contribution ahe conductivity in the ECT image reconstruction
leads to overestimatiorof the electrical permittivity by almost 508 When 1.25 MHz
excitation is usegdthe overestimation of the permittivity is only 20(%gure 8 (d))

This studys useful from practical points of view, becausdatmonstrateghe importance of

choosing high enough frequency for targets that featwlso highconductivity besides
permittivity. Inthe subsequent experiments of this proje&CT measurements wecarried

out with potential excitationsof 1.25 MHz frequencywhich was the highestavailable

frequency of the measurement devicemvailable for the experiments).Details of this
numericalstudy are given in the thesis work (Voss PhD thesis 2020).

The effects of metallic reinforcemestn concrete structures were studied another thesis

work (Rasanen MSc thesis 2018his topic is relevaninot onlywhen considering onsite
measurements of reinforced concrete structures, but also in laboratory environmemt
cases where the concrete samples are drilled from existing, reinforced, concrete structures.
Here, the imaging modality was ERT,, igectrical 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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Figure9: 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. BojtBeclkaistructed image
if the presence or rebar is not accounted #ottom righ) Reconstructed image using the developed computational method

In Figure 9we reportan example of numericaésults where the true concrete specimen (in
this case, a concrete slalpntaining metallic reinforcementwas imaged using electrical
tomography. Thepanels in thetop row show the true conductivity distribution, and the
geometry of the reinforcing metals. ®ke in thebottom row show the reconstructed
conductivity distributions in cases where the presence of rebars was neglected (Fig. 9 (c)) and
when the effects of rebars wermsteadaccounted for (Fig. 9 (d)). In the former case, the
reconstructed conductivity contas severe artefacts while in the latter cas®mnductivity
distribution is close tothe true distribution. An essential feature of the developed
computational methodapplied for the results in Figurei9 that the reconstruction ipanel

(d) did not requie accurate knowledge of the location and orientation of the rebaet; in
contrast, the uncertainties of these factors were handled in the framework of Bayesian
inverse problemgKaipio 2006)

3.2 X-ray CT imaging of complex flows and reactions

This part of tle research activities was conducted in collaboration with S4C partner Imperial
College Londo@ICL).The photographs in Figure 10 were taken in the ICL laboratory where
the experiments on CT imaging of cemdiatsed materials were carried out in 2018 and.20
Samples prepared in NCSWvere made otement paste The w/c, and hence, porosity of the
material was high. The samples were dried in g\eprocesswhichalsoinduced cracks into

the samples. The drying wasiot completed, so thatasmall amount ofmoisturewasleft inside

the sampls. In ICL, these samples were CT scanned before, during and after injecting fluids
into the samples in specifically designed experiments.
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FigurelQ: Left: UEF and NC State visitors inla@lwith Ronny Pini, June 2018. Right: Petri Kuusela (UEF) setting up the core
holder for Xray CT.

Figurell: Schematic illustration of the experimental setup X CT imaging of fluid transport and reactions in cement
basel materials.

The correspondentexperimental setup is schematically illustrated in Figure 11. A cement
based sample was placed in a ctia@dder made of aluminumand the fluids were supplied
from one end of the cordolder. The extra space inside the cdrelder was filled with water
which was exposed to a confinement pressthiat wasset 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 shrinkays.

CT scans wem@btainedusingthe medical scanner shown in Figure T@e CT reconstructions,
representing the distributed attenuation coefficient of the material, were computed using a
software provided bylCL.Sample results are shown kigure 12left), whichillustrates the

CT reconstruction of a specimen before fluid injectiansthis figure dark and light ggy
colorscorrespond to low and high attenuation coefficients, respectively. This imhge/s

the inhomogeneity of the moisture distriltion within the sample; indeed, the attenuation

of the Xrays 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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