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Can Electrical Resistance Tomography be used for imaging unsaturated
moisture flow in cement-based materials with discrete cracks?

a,l,*

Danny Smyl?®, Reza Rashetnia®, Aku Seppénen®, Mohammad Pour-Ghaz

% Department of Civil, Construction, and Environmental Engineering, North Carolina State University, Raleigh, NC
b Department of Applied Physics, University of Eastern Finland, Kuopio, Finland

Abstract

Previously, it has been shown that Electrical Resistance Tomography (ERT) can be used for monitoring
moisture flow in undamaged cement-based materials. In this work, we investigate whether ERT could be used
for imaging three-dimensional (3D) unsaturated moisture flow in cement-based materials that contain discrete
cracks. Novel computational methods based on the so-called absolute imaging framework are developed and
used in ERT image reconstructions, aiming at a better tolerance of the reconstructed images with respect to
the complexity of the conductivity distribution in cracked material. ERT is first tested using specimens with
physically simulated cracks of known geometries, and corroborated with numerical simulations of unsaturated
moisture flow. Next, specimens with loading-induced cracks are imaged; here, ERT reconstructions are
evaluated qualitatively based on visual observations and known properties of unsaturated moisture flow.
Results indicate that ERT is a viable method of visualizing 3D unsaturated moisture flow in cement-based
materials with discrete cracks.

Keywords: Crack Detection, Finite Element Analysis, Image Analysis, Mortar, Transport Properties

1. Introduction

The resistance of concrete structures to the ingress of moisture and aggressive ions is commonly considered
a measure of their durability [T, 2]. Cracking creates preferential pathways for moisture and aggressive ions
to penetrate the bulk material and decrease the durability of concrete structures [3, [, 5]. To understand the
role of cracks in moisture flow, and durability in general, imaging methods are needed.

Several imaging methods that exploit electromagnetic radiation have been used to study moisture move-
ment in concrete and other cement-based materials with discrete cracks. Roels et al. [6] used 2D X-ray
radiography to monitor moisture penetration in brick with discrete cracks to validate moisture flow simu-
lations. Roels and Carmeliet [7] later used a 2D X-ray radiography technique to study homogeneous and
non-homogeneous material with micro-scale discrete cracks. Pour-Ghaz et al. [8, [9] corroborated numeri-
cal simulations of unsaturated moisture flow with 2D X-ray radiography to assess moisture movement in a
saw-cut. Kanematsu et. al [I0] used neutron radiography to image moisture flow in bending-induced cracks;
they showed that the moisture content of the cementitious materials surrounding the cracks significantly
affects the rate of moisture ingress. Carmeliet et al. [II] measured crack distribution in concrete using 3D
microfocus X-ray Computed Tomography (CT) and monitored water distribution resulting from infiltration
of water in a variable aperture crack. Fukuda et al. [I2] investigated self-healing of cracks in low-permeability
concrete using X-ray CT imaging. Recently, Li et al. [I3] used neutron radiography to monitor water up-
take in simulated concrete pavement joints, showing that entrained air saturates more slowly than the gel
porosity. These examples demonstrate that cracking and moisture movement in cementitous material (and
porous material, in general) can be captured using imaging modalities based on electromagnetic radiation.
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Moreover, imaging based on electromagnetic radiation has provided significant insights into the role of cracks
in moisture flow in cracked material. However, these imaging methods are often impractical because they are
generally limited to small geometries (on the order of a few centimeters), have very high energy demands,
require large facilities (such as a nuclear reactor in the case of neutron imaging), may be invasive, and are
often expensive to perform [14] [15].

On the other hand, electrically-based methods generally do not have such testing limitations. In par-
ticular, Electrical Impedance Spectroscopy (EIS) has been previously used to monitor unsaturated moisture
flow in cement-based materials. In the majority of previous research studies utilizing EIS, electrode pairs
were embedded in cement-based material, and pairwise impedance measurements between electrodes were
performed. For example, McCarter and coauthors [16] [I7, I8 [19] embedded electrodes at different vertical
depths to detect the depth of the moisture ingress. In the approach proposed by McCarter et al. [19], the
maximum rate of impedance change (as a function of time) was assumed to indicate the arrival of the water
front at the height of an electrode pair. In addition, Rajabipour et al. [20] developed an analytical func-
tion using finite element simulations to relate pairwise impedance measurements to the location of "moisture
front.” However, the localization of the water front based on the pairwise impedance measurements is possible
only if the water front is approximately horizontally aligned, i.e., the water flow is one-dimensional (1D). If
the moisture content varies in three dimensions, interpretation of pairwise EIS measurements is a challenging
task.

In contrast to EIS, Electrical Resistance Tomography (ERT) reconstructs the spatial distribution of the
internal electrical conductivity resulting from moisture ingress without the need of ad hoc experimental and /or
analytical calibrations. Research reported in [21] 22] 23] was perhaps the first attempt to monitor 2D moisture
flow in cement-based material using ERT. More recently, ERT was used to monitor 1D ion and moisture flow
in concrete slabs [24]; the ERT reconstructions were corroborated with Ground Penetrating Radar (GPR). In
[14] ERT reconstructions of two-dimensional (2D) moisture flow in cement paste were compared with neutron
radiography images, showing a good qualitative agreement between the two imaging methods. Further, in
[25] ERT was shown to be capable of qualitatively imaging 3D moisture flow in large dimensional objects
made of cement-based materials, and in [26], an approach for quantifying the moisture content in cement-
based materials using ERT was proposed; the results were in good agreement with simulations of moisture
flow.

In all above cited ERT studies, moisture flow was imaged in cement-based materials that were undam-
aged. The cracking induces an additional difficulty to moisture flow monitoring on the basis of electrical
measurements: Cracks are complex 3D structures with high conductivity contrasts — unsaturated cracks be-
ing essentially non-conductive inclusions and water-filled cracks being highly conductive. In such conditions,
the inference of moisture distibution would be virtually impossible with EIS. ERT, on the other hand, carries
more information on the 3D distribution of the electrical conductivity than EIS, and furthermore, previous
research has demonstrated the potential of ERT for localizing non-conductive cracks in cement-based materi-
als [27), 28]. However, due to the diffusive nature of ERT, its spatial resolution is usually low [29], and it has
a limited ability to simultaneously image inclusions that feature different electrical properties. Hence, the
capability to separately detect unsaturated cracks in a uniform background and moisture flow in uncracked
material does not guarantee the ability to monitor moisture flow in cracked materials. Therefore, this paper
seeks for an answer to the question: Can ERT be used for monitoring 3D unsaturated moisture flow in
cement-based materials with discrete cracks?

To address the above question, a series of experiments is carried out, with physically-simulated cracks
and with discrete cracks that are generated by split-tensile loading. The physically-simulated cracks have
known geometries, which enables a comparison between ERT images and results of moisture flow simulations.
Because the specimens used in the experiments are large, neutron and X-ray tomography are not suitable
methods for corroboration [25] 26] [30] [§]; thus, the ERT reconstructions of samples with split-tensile loading
induced cracks are evaluated only by visual comparison with the photographs of the specimen.

In the following sections, material and sample preparation are discussed, a brief review of the ERT scheme
is provided, a method of simulating unsaturated moisture flow is presented, and finally results are reported
and discussed.
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2. Materials and sample preparation

2.1. General

For determining the feasibility of ERT for monitoring moisture flow in cracked cement-based material, a
total of five specimens were prepared. Two specimens had physically-simulated cracks and three had loading-
induced discrete cracks. The physically-simulated cracks included a cylindrical through-crack penetrating the
entire height of the specimen and a plate-like crack penetrating 2/3 of the specimen height; these specimens
are shown in Figures [lh and [Ip, respectively. The three specimens with discrete cracks were damaged using
split-tension loading and are shown in Figure [2l Two of these specimens had non-metallic fibers to reduce
the crack widths and decrease the rate of water ingress. The remaining specimen did not include fibers.

2.2. Materials

All of the specimens were made of ordinary Portland cement (Type I) and fine aggregate (natural river
sand, fineness modulus = 2.63). The water-to-cement ratio (w/c) was 0.60 and the volumetric aggregate
content was 40.0%. It should be noted that in selecting this mortar mixture, we ignored the contribution of
the Interfacial Transition Zone (ITZ). Percolation of ITZ, which may happen at a higher aggregate volume
fractions, may enhance the transport properties [3I]. The low aggregate content and high water-to-cement
ratio was used to increase the capillary porosity of the mortar, thereby increasing the rate of capillary
transport in the material. This effectively decreased the experimentation time, which would be longer using
a mortar mixture with a higher aggregate content and a lower w/c ratio. While all specimens used the same
cement and aggregates, two of the specimens were cast with 0.2% (by volume) non-conductive nylon fiber
reinforcement (directly replaced aggregate volume, to ensure identical cement paste content in all specimens)
to reduce crack widths resulting from split-tension loading. The nylon fibers were 1.9 c¢m long (aspect ratio
of 70) and had a tensile strength of 966 MPa. The mixing was carried out according to ASTM C192-06 [32].

To create the physically-simulated cracks (shown in Figures and ), inclusions were inserted in two of
the 10.20 x 20.30 cm cylindrical specimens immediately after casting. To construct the specimen with the
cylindrical through-crack, a rod (diameter 1.0 cm) was inserted through the top of the mold lid. The rod,
and the induced cylindrical crack, penetrated from top to bottom of the specimen. For the specimen with
the plate-like crack, a PVC plate inclusion of dimensions 0.8 cm x 6.6 cm X 6.6 cm was inserted into top
of the specimen. After 4 hours, the inserts were removed from the specimens and the specimen molds were
completely resealed using new plastic lids. The cylinders were then demolded after 24 hours and cut in half
using a wet saw to create the specimens used in ERT tests. In the case of the specimen with the cylindrical
through-crack, the bottom of the specimen was secured to a PVC plate using silicon caulking to ensure that
the bottom of the specimen was water-tight.

Figure 1: Specimens with physically-simulated cracks; (a) specimen with cylindrical through-crack and (b) specimen with
plate-like crack.

Due to the high w/c ratio, specimens were saturated after demolding at 24 hours. The specimens were
moved to an oven at 50°C for 5 hours to reduce their moisture content. The specimens were then sealed in
two layers of plastic bags and placed inside an environmental chamber at 23°C for at least 30 days to achieve
uniformity in the distribution of moisture content. The resultant volumetric moisture was determined to be
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0; = 0.07 by drying a set of identically-conditioned specimens of the same material and geometry. It should
be noted that #; was determined from specimens that did not include cracks. However, it can be safely
assumed that 6; was 0.07 also in the specimens with physically-simulated cracks.

After conditioning, the specimens without physically simulated cracks were damaged using the split-
tension loading similar to ASTM C496 [33]. In this procedure, each cylindrical mortar specimen was loaded
along the length of the specimen with a diametral compressive force. Such a load induces tensile stresses
and therefore splitting along the loading plane. Displacement-controlled loading at 0.05 cm/min was used to
generate cracks in these specimens.

Since the discrete cracks were difficult to observe in photographs due to the narrow crack widths, the
photographs of the specimens were converted to grey scale and then binary images (Figure [2| using image
analysis software [34]. In the image analysis, the thresholding method with an arbitrary threshold value (clip
level) was used to convert the images from grey scale to binary [35]. This, overall, resulted in overestimation
of the actual crack width, which was a function of the clip level. The purpose of Figure 2 is only to provide
a visualization of cracks and their locations and to qualitatively illustrate the differences between the crack
widths.

Figure 2: Binary images of specimens with discrete cracks; (a - ¢) top view of cracked specimens and (d - f) side view of cracked
specimens.

2.8. Preparation of the ERT samples and water reservoirs

The electrodes used in this work were made of colloidal silver paint which was applied to the surface of
the specimen using a small brush. The colloidal silver paint has a low resistivity and is fast drying, making
it a suitable material for ”painted” electrodes [II, B6]. A total of 24 square electrodes (with dimension of
1.30 cm x 1.30 cm) were painted on the outer surface of the cylindrical specimens. The electrodes were
arranged in three equally spaced 8-electrode rings. Figure [3p shows one of the specimens and the locations
of the electrodes. After the silver paint electrodes had dried, a 14-gage wire was connected on the surface
of each electrode using electric tape. Finally, the connection between electrodes and wires was force-secured
using zip-ties.

For specimens with physically-simulated cracks, custom water reservoirs matching the shape of physically-
simulated cracks were made from PVC. For specimens with discrete cracks, circular cylindrical PVC pipe



135

140

145

150

155

160

165

water reservoirs were used; they were placed 2.0 cm off center to induce asymmetric water flow in the cracks.
The reservoirs had a height of 5.0 cm and an internal diameter of 1.8 cm. A fully-prepared ERT specimen is
shown in Figure [3p.

Figure 3: Example of a specimen used in ERT testing: (a) location of the electrodes, (b) fully-prepared ERT specimen, and (c)
isometric view including the water reservoir.

3. Methods

3.1. Electrical resistance tomography

In Electrical Resistance Tomography (ERT), a set of electrodes is installed on the surface of an object.
Electric currents are applied between electrode pairs and resulting potential differences (voltages) are mea-
sured between multiple pairs of electrodes. Based on these voltage measurements, the distribution of the
electrical conductivity in the object is reconstructed. ERT is a special case of Electrical Impedance Tomogra-
phy (EIT), an imaging modality which uses both the electrode potential amplitudes and phase shifts between
the sinusoidal potentials and the injected currents to reconstruct the electrical admittivity distribution; in
ERT, the capacitive effects are neglected [37].

Mathematically, the reconstruction problem in ERT is a non-linear ill-posed inverse problem in the sense
that it may not yield stable or unique solutions and generally requires some sort of regularization. A variety
of ERT reconstruction methods have been developed [38]. Broadly, difference imaging and absolute imaging
are the most commonly used schemes. In difference imaging, the change in electrical conductivity is recon-
structed from potential measurements corresponding to two states. One advantage of difference imaging is
its robustness to modeling and systematic measurement errors, because the errors partially cancel due to
subtraction of the two data sets. Difference imaging, however, is often qualitative and has a very low reso-
lution due to the linearization of the nonlinear estimation problem [39]. In contrast to difference imaging,
absolute imaging quantitatively reconstructs conductivity by solving the full non-linear ERT problem.

In this work, the ERT reconstructions were computed within the absolute imaging framework. However,
because the target of primary interest in this work was the moisture content, the crack pattern within the
specimen was considered as an auxiliary unknown, which was not explicitly modeled/estimated — instead, the
initial conductivity was modeled as homogeneous, and the inhomogeneity related to cracking was accounted
for only via introducing an approximative modeling error term which was calculated based on reference
ERT measurements of the cracked specimens before the water ingress. This approach, adopted from [40],
circumvents the drawbacks of the standard reconstruction methods, namely: 1) errors caused by linearization
of the highly non-linear model in standard difference imaging, and 2) the difficulty of the standard absolute
reconstruction problem, associated with the high complexity of the conductivity distribution in the presence
of both unsaturated and saturated cracks. For an alternative, non-linear difference imaging -based approach
to account for the inhomogeneity of the background conductivity, see [41].

To solve the inverse problem of ERT, a forward model is needed. The most accurate forward model for
the ERT measurements, known to date, is the Complete Electrode Model [42] [43]. The CEM consists of the
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partial differential equation

V- (oVu) =0, 2€Q (1)
and the boundary conditions
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where ) is the target volume, and 0f) is its boundary, o is the electrical conductivity, u is the electric
potential, 7 is the outward unit normal, e; is the I*" electrode, and &, U; and I, respectively, are the contact
impedance, electric potential and total current corresponding to e¢;. Moreover, the current conservation law
must be fulfilled

Y n=0 (5)

Y ui=o. (6)

To approximate the solution of the CEM (Eqs. (1]- @) for an object of arbitrary geometry we used the
Finite Element Method (FEM) [44] 45]. Assuming a Gaussian noise model, the observation model for the
ERT measurements gets the form

V=Uo)+e (7)

where V' is a vector consisting of the measured electrode potentials, U(o) is the finite element (FE) -based
approximation for the mapping between a discretized conductivity distribution ¢ and electrode potentials V',
and e is the Gaussian-distributed noise. For details of the forward model, we refer to [45].

Reconstructing o from potential measurements V is an ill-posed inverse problem. This means that classical
solutions, such as least-squares estimate for o, are practically always non-unique and extremely intolerant
to measurement noise and modeling errors [46]. Due to the ill-posedness, we employed so-called Tikhonov
regularization [44], and estimated o as a solution of the following constrained minimization problem

Ezar§>rrolin[HLe(V—U(U)—e)||2+p(0)] ()

where L, is the Cholesky factor of the noise precision matrix and p(c) is a regularizing function (see below).
Further, € is an approximative modeling error term defined by

€= Viet — U(Uref) (9)

where Vier is a vector consisting of the ERT measurements at the reference state (i.e., before introducing
water) and U(oyef) is a vector of computed potentials corresponding to o,ef, a homogeneous estimate for the
of non-homogeneous conductivity of a specimen at the reference state. Here, the homogeneous estimate was
chosen to be g.ef = 0.28 (mS/cm), the electrical conductivity resulting from the sample conditioning described
in Section Thus, the error term e accounted for the discrepancy in the electric voltages resulting from
the presence of the cracks and the non-uniformity of the initial moisture content distribution. For further
discussion of the error model, see [40].
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The regularization function, p(c), carries prior information on the conductivity, and is generally formu-
lated such that it penalizes for undesirable or improbable features of o. Therefore, p(c) has a significant
influence on the solution of the inverse problem [47, 48, [49]. In this work, smoothness-promoting regular-
ization [50] was used, as it is particularly applicable to diffusive processes, such as moisture flow in porous
media. In smoothness-promoting regularization, the regularizing function takes the form p(c) = || Ls|?,
where L, is a spatially weighted discrete differential operator and « is a parameter which controls the weight
of the side constraint in the solution [46] 51]. Finally, in the solution , the constraint o > 0 was written
based on the physical constraint that electrical conductivity is always positive.

It should be noted herein that in cases of physically-simulated cracks that were large and had known
geometries, it would have been possible to model cracks as boundaries in the FE model [52], similarly to
models used for moisture flow simulations in next section. However, in the specimens featuring load-induced
cracks — as well as in the potential applications of the method — the crack shapes are not known. For this
reason, the cracks boundaries were not modeled in any of the the FE geometries.

To reconstruct the discretized conductivity distribution ¢ by solving the constrained optimization problem
@, the Gauss-Newton method was used. The forward model was solved using tetrahedron elements with a
maximum dimension of 2.0 mm, resulting in 828,188 elements. The mesh size was selected based on separate
grid coarsening studies; the chosen grid was found to ensure sufficient accuracy of the ERT forward model
while maintaining a feasible computational expense. The accuracy of the forward model affects the resolution
of ERT reconstructions. It should be noted, however, that the resolution is also affected by various other
factors, e.g., placement of the electrodes, measurement noise level, and the regularization methods used in
the image reconstruction. Generally, the resolution of ERT is relatively low, due to the ill-posedness of the
associated inverse problem [46].

The ERT forward model geometries were modeled as solid cylinders. All ERT calculations were carried
out using MATLAB and an adaptation of [53] [64] coupled with parallel processes on 12 quad-core processors
using 48 Gb of total memory and implementation of [55] to solve the systems of linear equations.

3.2. ERT measurement strateqy

The ERT measurements were carried out using an in-house developed ERT equipment described in [I4].
In all measurements, an alternating current with 0.10 mA amplitude and 40 kHz frequency was used. This
frequency was chosen based on Electrical Impedance Spectroscopy (EIS) measurements; at frequency 40 kHz,
the imaginary component of the impedance was at the minimum. We note herein that the selected frequency
based on the EIS measurements, applies only the material tested in this work since the frequency at which
the imaginary component of the impedance is minimum (the cutoff frequency) changes depending on the
microstructure of the material [50, 57]. One of the factors affecting the cutoff frequency is the moisture
content. The moisture content changes, of course, during an ingress experiment and may affect the cutoff
frequency. Therefore, the chosen cutoff frequency based on the initial condition of the material (40 kHz
here) may not be the most appropriate frequency during the entire duration of the experiment. Further
investigation on the effect of varying the measurement frequency during the experiment is required to fully
realize the effect of cutoff frequency on the ERT reconstructions.

The accuracy of the potential measurements was £1.0 x 108 V. In the ERT measurements, current was
injected between electrodes ¢ and j where i, j = {1, ...,24} and ¢ # j. Corresponding to each current injection,
potential measurements were taken with respect to a common ground. A total of 561 current injections and
4488 potential measurements were taken for each set of ERT measurements.

3.8. Numerical simulation of unsaturated moisture flow

3.3.1. Richards’ Equation
Isothermal unsaturated moisture flow in porous media was simulated using Richards’ Equation [58] [59]:

% — (%(K(h)%) +%(K(h)%‘) +%(K(h>%+1) (10)

where K = K(h) (mm/hour) is the unsaturated hydraulic conductivity, # (mm?®/mm?) is the volumetric
moisture content, h (mm) is the pressure head, and z, y, and z (mm) are spatial coordinates. As described
in [60], air voids affect the transport properties of cement-based materials. In Equation , however, air
diffusion and dissolution are neglected and only capillary suction is simulated. We note that air diffusion and
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dissolution occur primarily in late stages of moisture ingress [61} [62] 2], while capillary suction is the main
governing transport mechanism at early stages of unsaturated moisture ingress [63]. Since this work considers
moisture transport for durations less than 24 hours, neglecting the effects of air diffusion and dissolution can
be considered an appropriate approximation.

3.3.2. Material model

Commonly, the unsaturated hydraulic conductivity is expressed as the product of the relative hydraulic
conductivity, K, and the saturated hydraulic conductivity, K, such that K = K, K. Here, K was measured
experimentally as described in Sectionm For unsaturated porous media, Mualem’s equation [64] is used
to describe K,:

0 1 2
——, dx
K, —or | L m
Jo iy 4
60— 0,
= 12
o= "0 (12)

where 0 < © < 1.0 is the effective material saturation and 6, is the residual moisture content. 6, = 0 is
generally considered as an appropriate assumption for cement-based materials [65] [§]. 65 is the saturated
moisture content that was measured experimentally. [ is the tortuosity and pore connectivity parameter
and in this work I = —9.0 was taken from [66]. In [66], I was determined by fitting the results of numerical
simulations to the experimentally obtained sorptivity data using the maximum likelihood least squares fitting
approach. While the parameter I has been described as the tortuosity and pore-connectivity parameter, in
[64], this parameter is not, strictly speaking, a descriptor of classical tortuosity [67, 4] or pore connectivity
[68]. Indeed, in works such as [69] and [70], it was argued that I is fitting parameter with no physical meaning,.
Further discussion of I in cement-based materials is provided in [71] and [70].

In order to calculate the integrals in Eq. , the effective material saturation was expressed as a function
of the pressure head, ® = ©(h). We used the van Genuchten model [72, [73], which is of the form

1 1

M D 13)
where o (mm~!) and n(—) are fitting parameters. For other models, see [74,[69]. For cement-based materials,
instead of expressing water retention as © = ©O(h), the material sorption isotherm is generally obtained
experimentally as © = ©(RH), where RH denotes relative humidity. It should be noted that this work
neglected hysteresis effect for simplicity. As mentioned by [75} [76] and [T7] rewetting decreases the unsaturated
and saturated hydraulic conductivities. This would imply that our model overestimated unsaturated hydraulic
conductivity since we did not account for rewetting. Therefore, without knowing the rewetting isotherm there
is some uncertainty regarding the extent to which the unsaturated hydraulic conductivity was decreased. To
convert the experimentally obtained isotherm ©(RH) to the moisture retention curve as O(h), the Kelvin-
Laplace Equation was used [8][78]:

_ pwBT

My

h In(RH) (14)
where py, (kg/m?3) is the density of water, R = 8.845 JK 'mol~! is the universal gas constant, and
my, (kg/mol) is the molecular weight of water. By fitting the model to the water retention curve
O(h), van Genuchten parameters o = 2.63 x 1072 (mm~') and n = 1.77 were obtained. Figure 4/ shows the
fitted van Genuchten model and experimentally obtained data points.



270

275

280

285

290

— Fitted Retention Curve

) @® Experimental Measurement
10 lIIIIllIIlIIIIlIIIlIIII

0 0.04 0.08 012 0.16 0.20
mm3]

0 3

mm

Figure 4: Moisture retention curve for mortar using van Genuchten fitting

3.8.3. Determination of moisture transport model parameters

In this work, moisture flow simulations were only used to corroborate ERT reconstructions, and as such,
simulation of moisture flow was not the main objective of this paper. We, therefore, only provide a brief
description of the methods to obtain transport modeling parameters. Complete details of methods to simulate
moisture flow can be found in [79, [66] 611 [0, [65 [{].

The saturated hydraulic conductivity K was determined using an in-house developed equipment and the
application of Darcy’s law following procedures in [3], yielding Ky = 5.0 x 1073 (mm/hr). The saturated
moisture content 05 was determined from drying initially saturated specimens at 105°C for 48 hours, resulting
0s = 0.15. We note that by drying at 105°C for 48 hours, 65 may be overestimated due to the potential
dehydration of ettringite and other phases within the cement paste as well as the release of physically
adsorbed water on the C-S-H gel. Further, the initial moisture content 6; was calculated using the drying
procedure detailed in Section 2.2} and was determined to be §; = 0.07. Finally, the desorption isotherm was
experimentally measured using an automated sorption analyzer [80, [65]. A summary of the experimentally
obtained parameters (K, 6;, and 6;) and van Genuchten modeling parameters (a, n, I, and 6,) are provided
in Table[l] The parameters shown in Table [1| were used in all simulations.

Table 1: Moisture flow simulation hydraulic parameters

Ky (Bmy g (mmpy g (mmgy go(mmy 7 (<) a(5) n(-)

hr mm?3 mm?3 mm?3 mm

0.005 0.15 0.07 0 -9.0 0.026 1.77

8.8.4. Simulation of moisture flow in specimens with physically-simulated cracks

Commercially available Finite Element Software HYDRUS 3D [8I] was used to simulate unsaturated
moisture flow in specimens with physically-simulated cracks. Zero-flux boundary conditions were applied
to all surfaces except the surfaces from which water penetrated. For both specimens, a Dirichlet boundary
condition © = 1.0 was written for the outer surface of the crack, i.e., the material in contact with water was
modeled as fully saturated. The uniform initial moisture content 6; = 0.07 was considered, as discussed in
Section The model geometries are shown in Figure The finite element mesh consisted of tetrahedral
elements with a maximum dimension of 2 mm. The finite element model was solved in terms of moisture
content.
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Figure 5: Boundary conditions used in simulations of unsaturated moisture flow in specimens with artificial cracks; saturated
boundary conditions (red, crack surfaces) and zero-flux boundary conditions (gray, on all other surfaces)

4. Results and discussion

4.1. ERT reconstructions of moisture flow in physically-simulated cracks

Figure[6]shows the results of the experiments and moisture flow simulations for specimens with physically-
simulated cracks. Figure [6h corresponds to the specimen with the cylindrical physically-simulated through-
crack, and Figure[6b to the plate-like crack. Both in Figure[6p and [B], the first row represents the ERT-based
reconstructions of the conductivity distribution o after 1, 4, 12, and 24 hours of moisture ingress, and the
second row shows the simulated water content 6 at the respective times. Note that the images representing 6
show the water content within the computational domain, which excludes the contents of the cracks (cf. Fig.
5) — within the water-filled cracks, the water content is naturally equal to 1. Note also that the conductivity
of the unsaturated mortar (0.95) is assigned as transparent in the images representing the conductivity
distributions; this enables the visualization of the volumes of higher conductivity in 3D. The far left column
in the figure shows top view of the specimens.

The ERT-reconstruction corresponding to time of 1 h water ingress in the specimen with cylindrical
through-crack features a high conductivity in a volume, the shape and size of which are very similar to the
crack; that is, ERT has successfully located the cylindrical crack in the saturated condition. The conductivity
outside the crack is almost uniform and lower than within the crack, suggesting that water has not yet
absorbed significantly to the surrounding material. The simulated water content 6 at time 1 h is in agreement
with this result, § being above the initial moisture content (0.07) only in the close neighborhood of the
cylindrical crack. In the subsequent time steps (4, 12 and 24 h), the volume with high conductivity increases
steadily. The reconstructed conductivity distributions are again in a very good agreement with the moisture
flow simulation, featuring mutually very similar shape in the volumes of high ¢ and 6. The series of images
in Figure [6h suggest that ERT is able to capture the ingress of water in the surrounding material.

In the second experiment (Figure @b), the plate-like crack is localized by ERT. The vertical dimension
of the crack (2/3 of the specimen height) is traced relatively well, while tracing the length of the crack in
horizontal direction is less successful. As noted above, ERT is generally an imaging modality with a relatively
low resolution. Moreover, the resolution of ERT is generally not uniform within an object; the spatially
dependent resolution is affected, e.g., by the geometry of the object, placement of the electrodes, and the
regularization as well as other computational methods used in the image reconstruction [82]. Nevertheless,
the series of images corresponding to times 1, 4, 12 and 24 h shows the penetration of water to the material
around the crack. Again, the ERT reconstructions correspond to the results of moisture flow simulation
relatively well, supporting the ability of ERT to image water flow in cracked cement-based material.

We emphasize that the above comparison between the results of ERT and moisture flow simulation is
only qualitative, because ERT reconstructions report electrical conductivity o (mS/cm), whereas simulations
of moisture flow report the volumetric moisture content § (mm?/mm?). Note that the relationship between
o and 6 is nonlinear [26].
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4.2. ERT reconstructions of moisture flow in load-induced cracks

ERT reconstructions of the three specimens with loading-induced discrete cracks are visualized in Figures
and [8] While Figure [7] illustrates the reconstructed conductivity distributions as 3D contour plots, Figure
represents the conductivities on 2D horizontal slices at heights of 2, 4.5, 7, and 9.5 cm from the bottom
of the specimens. In both figures, the results of the two fiber reinforced specimens are shown in the first
two lines, and the results of the mortar specimen without fiber reinforcement in the third line. Again, in
Figures [7| and [8] the conductivity of the unsaturated mortar (0.95) is assigned as transparent, to enable the
visualization of the volumes of higher conductivity in 3D. The far left columns show the binary images of
the top of the specimens.

For the first fiber reinforced specimen (Figures and ), the ERT reconstruction corresponding to
15 min of water ingress shows increase of conductivity directly under the water reservoir and in a volume
extending from the location of the reservoir towards the side surface of the cylindrical specimen — i.e., to the
direction of the visible crack under the reservoir (cf. the binary image in Figure , left). In the subsequent
times (1, 4, 12 and 24 h), the volume of the high conductivity continues to extend, both horizontally and
vertically. The increase of conductivity is clearly strongest along the crack (see especially Figure ) The
reconstructed evolution of the conductivity has features that were expected for the ingress of moisture in a
cracked fiber-reinforced specimen: a crack saturates when in contact with water, and acts as a source of water
ingress for the surrounding material, similarly to the simple cases of physically simulated cracks in Figure [f]
Here, however, the ERT images indicate that in the beginning of the experiment, only a portion of the crack
gets saturated — north west direction from the reservoir, and not very deep vertically, yet the crack extends
horizontally through the entire diameter and vertically through the entire height of the specimen (cf. Figure
. This is also a plausible result, because the fiber reinforcement keeps portion of the cracks in the specimen
narrow, and the narrowest parts of the cracks do not saturate as quickly as the wide part of the crack. Indeed,
the volumetric flow rate in a parallel-plate crack (Q.) has been shown to increase proportionally to the cubic
power of crack width (w.) [3], i.e Q. o< w3. The observation of the conductivity increase being strongest
along the crack over the time-series was also an expected result: It indicates that the crack offers a preferred
pathway for the moisture ingress over the surrounding porous material.

In the case of the second fiber reinforced specimen (Figures [7b and ), the conductivity again increases
quickly in the location of the crack under the reservoir (cf. the binary image in Figure , left). Here, the
region of increased conductivity covers the entire length of the crack in the horizontal direction already in
the reconstruction corresponding to 15 min of water ingress. Vertically, however, the region of increased
conductivity only about 1/3 of the specimen height, which is probably again due to a narrow crack width
caused by the fiber reinforcement. However, the images of the reconstructed conductivity at times 1, 4, 12
and 24 h of water ingress show that the conductivity increases most strongly in the direction along the crack.
Simultaneously, the volume of the increased conductivity spreads in all other directions, again indicating the
capability of ERT to image the ingress of moisture in the material surrounding the crack.

In the last specimen (Figures and )7 the evolution of the conductivity distribution has mostly similar
properties to the previous cases: the increase of conductivity along the crack, and spreading of the conductive
region caused by the penetration of moisture to the cement-based material. The difference between this case
and the previous two cases is that here, the conductivity increases rapidly within the entire extent of the
crack under the water reservoir: The region of increased conductivity has already extended to the bottom of
the specimen after 15 min of water ingress. This is again an expected result, because this specimen was not
reinforced with fibers; it thus featured wider cracks which saturated rapidly.

In summary, the experiments with the specimens with loading-induced discrete cracks resulted ERT
reconstructions which clearly illustrate the flow of moisture in a cracked cement-based material. In the
absence of a proper corroboration method (such as an alternative imaging modality) for verifying the results,
the ERT reconstructions of the specimens with loading-induced discrete cracks were only evaluated based
on visual inspection of the crack pattern on the surfaces of the specimens. The reconstructed images are
in a good agreement with the visual observation, and they conform well with the known properties of the
unsaturated moisture flow in cement-based materials — indeed, the coupled moisture flow in cracks and the
surrounding material observed in the ERT reconstructions can be characterized as a well-known mobile-
mobile (dual permeability) moisture transport [79 [83] [5]. These results, together with the findings of the
experiments reported in Section [£.1] strongly support the feasibility of ERT for imaging unsaturated moisture
flow in cement-based materials with discrete cracks.
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5. Summary and conclusions

Cracks provide preferential pathways for moisture to flow into cement-based materials. Cracking therefore
significantly reduces material resistance to moisture ingress and, consequently, durability. Yet, few methods
offer ample resolution to visualize moisture flow in cracked materials without significant testing constraints.
The aim of this paper was to determine if ERT could be used to monitor 3D unsaturated moisture flow
in cement-based material with discrete cracks. This topic was studied experimentally. In the first set
of experiments, the mortar specimens contained physically-simulated cracks of known geometries, and the
ERT reconstructions were compared with numerical simulations of unsaturated moisture flow. Next, mortar
specimens with loading-induced cracks were subjected to moisture ingress. Two of these specimens were
reinforced with non-metallic fibers, and one specimen was made of plain mortar. These materials were
selected to alter the crack widths and permeability of cracks, with the intention to create different flow
regimes. In the absence of a proper corroboration method, the ERT reconstructions of the specimens with
loading-induced cracks were evaluated qualitatively based on visual observations and known properties of
unsaturated moisture flow.

In all specimens, 3D moisture flow in cracks and the surrounding material was captured with ERT.
Progressive flow of water in cracks was observed, confirming that ERT can be used to visualize differing rates
of water ingress in cracks with dissimilar geometries and permeabilities. The results confirm that ERT is a
feasible modality for imaging unsaturated moisture flow in cement-based materials with discrete cracks. The
application of ERT to visualize moisture flow in cracks and the surrounding material may be extended to
many cracked porous materials and various specimen geometries. In this work a cylindrical geometry was
used, therefore, applicability of ERT to visualize features in irregular geometries requires further research.
Especially, in the case of large geometries and geometries that constrain physical access for measurement (e.g.,
frames, beams, foundations, and dams) the use of advanced computational and approximation techniques
may be necessary and requires further research.
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