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ABSTRACT: The presence of moisture is the primary reason that causes the majority of 
physical and chemical damages in cement-based materials, and thus information on the 
temporal moisture condition and water movement properties is of great importance when 
assessing the durability of the material. This paper studies the ability of Electrical capacitance 
tomography (ECT) to visualize three-dimensional (3D) movement of water within mortar 
specimens. Additionally, we study the possibility to further use the ECT visualizations of 
moisture flows to estimate saturated hydraulic conductivity of the mortar. In the experiments, 
3D and 1D unsaturated moisture flows were induced and ECT was applied to image the 
specimens during the ingress of water. For corroboration, the flow of moisture was also 
modeled numerically using finite element approximation of Richard’s equation. The results 
show that ECT reconstructions are in good correspondence with the flow simulations. 
Moreover, the estimated saturated hydraulic conductivity of the mortar was close to the 
reference value determined with a separate test. 

1 INTRODUCTION 

Water, and aggressive agents transported with it are the main factors that initiate and speed up 
physical and chemical deterioration processes in cement-based materials. The durability of these 
materials is strongly related to their ability to impede flow of water (Monteiro et. al (2006), 
Neville (1996)). Hence understanding the movement of water within the materials is critical 
since typically initiation of a degradation process, e.g. reinforcing steel corrosion, requires a 
certain degree of saturation. Thus, information on moisture transport properties and internal 
moisture distribution is necessary when assessing or predicting the durability.  
Traditional technique to monitor water ingress inside cement-based materials is gravimetric 
method which is based on weighting the specimen at different time intervals. This method 
provides information only on the amount of absorbed water but no information on how the 
water is spatially distributed inside the material. To approximate the spatial moisture 
distribution, the material could be sliced into smaller pieces and the moisture content of each 
piece could be then determined. This procedure, however, is inaccurate and destructive. More 
useful and accurate techniques to monitor the spatial water movement within cement-based 
materials are tomographic imaging modalities, including neutron imaging (Pleinert et al (1998), 
Zhang et. al (2011)), nuclear magnetic resonance imaging (Gummerson et. al (1979), Beyea et. 
al (1998)), X-ray (Roels et. al (2006), Pour-Ghaz et. al (2009)) and electrical resistance 
tomography (ERT) (Hallaji et. al (2015), du Plooy et. al (2013), Smyl et. al (2016)). However, 
these methods have limitations; for example, some of them are extremely expensive for 
operational use and are limited to small specimens and laboratory environment only. While ERT 
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may not suffer from the above limitations, it is suitable only for imaging surface wet 
(electrically conductive) specimens. 
Our recent studies have shown that in surface-dry cement-based materials, a suitable technique 
to monitor moisture ingress is Electrical Capacitance Tomography (ECT) (Voss et al. 
(2016,2018)), which is based on imaging the internal electrical permittivity distribution of the 
target on the basis of capacitance measurements obtained from the target’s surface. In this 
paper, we apply ECT for imaging 3D unsaturated moisture flow in mortar specimen and 
compare the experimental results with simulated moisture content distributions obtained by 
finite element approximation of 3D Richard’s equation which is a known unsaturated moisture 
flow model for porous media. The primary goal of this experiment is to demonstrate the 
feasibility of ECT to visualize the movement of water inside cement-based materials in 3D. 
Secondly, we study whether the ECT reconstructions could be further used for estimating 
material transport parameters experimentally. For the latter aim, we conduct another water 
ingress experiment where we induce a one-dimensional (1D) flow and use ECT to track the 
propagation of the 1D water front. This information provided by ECT is then combined with a 
simple 1D moisture flow model (Sharp Front- model) to estimate the saturated hydraulic 
conductivity of the mortar specimen which is a parameter that describes the ease of water 
movement through porous material.    

2 MATERIALS AND METHODS 

2.1 Electrical Capacitance Tomography 

In electrical capacitance tomography (ECT), the electrical capacitances are measured between 
electrodes that are placed on the surface of a target (Figure 1.). A commonly used measurement 
strategy is to excite one electrode at a time to some fixed potential while keeping all the other 
electrodes at earth and then measure the capacitances of the grounded electrodes with respect to 
the excited electrode. Based on this set of capacitance measurements, the internal electrical 
permittivity distribution 𝜖(𝑥) of the target is reconstructed. 

 

Figure 1. Schematic 2D ECT sensor setup. 

The mathematical model describing the ECT measurements, also referred to as forward model, 
consist of a partial differential equation 

∇ ⋅ 𝜖(𝑥)∇𝑢(𝑥) = 0,                  𝑥 ∈ R3       (1) 
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where 𝑢(𝑥) is electric potential, and moreover, the forward model includes boundary conditions 
for the electrode excitations and computation of the capacitances. When solving the forward 
model, the permittivity 𝜖(𝑥) and the electrode excitation potentials are known, and the task is to 
find out the electric potential 𝑢(𝑥) and the resulting inter-electrode capacitances. For more 
detailed description of the ECT’s forward model and how to approximate its solution, e.g., using 
finite element method, see Voss et. al (2016), Rimpiläinen et. al (2011) and Watzenig (2009). 

Contrary to the forward problem, reconstructing the electrical permittivity distribution based on 
noisy capacitance data is called an inverse problem. An estimate for the electrical permittivity is 
sought with the help of the forward model; find such a permittivity distribution that gives 
similar capacitance data than the actually measurements. However, the inverse problem of ECT 
is ill-posed which implies its classical solutions (e.g. least squares solutions) are non-unique and 
very sensitive to measurement and modeling errors. Hence, the solution of the inverse problem 
requires special methods. We note that the spatial resolution of ECT is relatively low due the 
severely ill-posed nature of the inverse problem. For general review of ill-posed inverse 
problems and methods to solve them, we refer to Kaipio and Somersalo (2006). In this work 
spatial smoothness promoting regularization is incorporated in the permittivity reconstructions. 
Furthermore, the solution of the inverse problem is solved in the difference imaging scheme 
where the changes in permittivity are estimated based on the difference in the ECT data between 
two time instants. In particular, the so-called sequentially linearized (SL) difference imaging 
method was applied to reconstruct the temporal permittivity changes caused by the flow of 
moisture. The SL difference imaging method is described in Voss et. al (2017). 

2.2 Experimental setup 

Figures 3. (a)-(b) show the schematic experimental setups for the 3D and 1D water flow 
experiments, respectively. In the 3D case, a cylindrical water reservoir with a diameter of 2.5 
cm was mounted off center on top of the specimen. To induce a 1D flow, larger water reservoir 
was used that covered the whole top surface of the mortar specimen. The mortar specimen used 
in both experiments was a cylinder with a diameter and height of 10.15 cm and 20.30 cm, 
respectively. The specimen was made with Portland cement type I/II and fine aggregate and had 
water-to-cement ratio (w/c) of 0.42. In both experiments the specimens were sealed to avoid 
evaporation and the duration of the water ingress experiments was 5 days. 

 

Figure 2. Illustrations of the experimental setups (a) 3D flow and (b) 1D flow. (c) A photo of the ECT 
sensor. 

The ECT electrode fixture (Figure 3. (c)) included 24 electrodes that were made of flexible 
circuit board. The size of each electrode was 5.00 cm x 5.00 cm. An outer electrically grounded 
metal screen surrounded (excluding the top) the ECT electrode fixture to reduce the 
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disturbances of the external electromagnetic fields. The capacitance data was continuously 
measured during the 5-day water ingress experiments using a commercial ECT measurement 
device. 

2.3 Moisture flow simulation model 

The moisture ingress in the mortar specimens was modeled numerically by a finite element 
approximation of an unsaturated moisture flow model for porous media better known as 
Richard’s equation (Richard (1931)). The flow model is of the form 

  = ∇ ⋅ 𝐾(θ)∇ℎ(θ)  ,      (2) 

where θ (m3/m3), is volumetric moisture content, 𝐾 (m/s) is the unsaturated hydraulic 
conductivity and ℎ (m) is the pressure head. To simulate the moisture flow, ℎ(θ) and 𝐾(θ) 
functions require experimental determination of water retention curve and saturated hydraulic 
conductivity (𝐾 ) of the material. The saturated hydraulic conductivity of the mortar determined 
for the moisture simulations is also used as a reference value in the second part of this paper 
where we aim at estimating this parameter. The procedure to measure 𝐾  and the water retention 
curve and how to construct functions ℎ(θ) and 𝐾(θ) we refer to papers Smyl et al. (2016) and 
Pour-Ghaz et. al (2009). 

The equation (2) was numerically approximated using a commercial finite element software 
HYDRUS 3D (Šimunek, et. al (2012)). The following boundary conditions were applied: The 
part of the specimen that was in contact with water was modeled as fully saturated (θ ) 
(saturation moisture content was obtained from the water retention data). Elsewhere in the 
boundary a zero-flux boundary condition was applied.  

2.4 Sharp Front – model 

 

Figure 3. One-dimensional water absorption into a porous material – Sharp Front model. 

Sharp front (SF) theory offers a mathematically simple formulation to model 1D absorption 
processes in porous materials (Hall and Hoff (2011)). The following model for 1D water front 
penetration, 𝑙(𝑡), in porous material (Figure 2.) can be derived based on SF theory 

𝑙 =
/

𝑡 / ,      (3) 

where 𝐾  is the saturated hydraulic conductivity, ℎ  is the effective water front pressure head, 
𝑓 =  θ  − θ  is the effective porosity and 𝑡 is time. The assumptions behind the equation (3) 
are: i) the flow is strictly 1D and the water front sharp ii) the wetted region is considered fully 
saturated (θ ) iii) the initial moisture content θ  ahead of the water front is uniform. Moreover, 
all the model parameters (𝐾 , ℎ , 𝑓 ) in the flow model are assumed to be unchanged throughout 
the flow process. 
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In the paper, we propose an approach to estimate 𝐾  of a mortar specimen using equation (3) 
and experimental water front penetration data provided by ECT imaging of a 1D flow process. 
To use this approach, the other two parameters, ℎ  and  𝑓 , need to be known. They are 
determined based on the known initial moisture content of the specimen and using the water 
retention data (Section 2.2); 𝑓  is straightforward and for calculation of ℎ  see Neumann (1976). 
After the water front location as a function of time data has been obtained by ECT imaging, the 
task is to do a linear LS fit to data (𝑙, 𝑡 / ) and then using the slope of the fitted line an estimate 
for 𝐾  can be calculated according to equation (3).   

3 RESULTS AND DISCUSSION 

3.1 3D moisture flow 

Figure 4. shows the ECT-based 3D permittivity reconstructions and the simulated moisture 
content distributions at times 1, 2, 3, 4 and 5 day of the 3D water ingress. The propagation of 
moisture within the specimen is clearly indicated by the ECT reconstructions, and at any instant 
of time the reconstructed permittivity distributions are in good agreement with the simulated 
moisture content distributions. Although the comparison between the ECT results and moisture 
flow simulations is only qualitative (quantitative comparison would require a model between 
electrical permittivity and moisture content), it seems though that ECT offers a reliable imaging 
tool to visualize 3D moisture transport in cement-based materials. 

 

Figure 4. 3D ECT reconstructions and simulated moisture content distributions at different times of the 
3D flow of moisture. 

3.2 1D moisture flow and estimation of transport properties 

The 3D ECT reconstructions of the 1D flow experiment are shown in Figure 5. at times 
corresponding to 1, 2, 3, 4 and 5 day of water ingress. The simulated moisture content 
distributions are presented in the same figure at the respective times. Again, the correspondence 
between the ECT reconstructions and the modeled moisture distributions is relatively good. 
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However, the ECT reconstructions seem to slightly overestimate the spread of moisture 
compared to the flow simulations. This might be partly caused by the relatively low resolution 
of ECT, and partly due to the variation in transport properties between the specimens used in the 
actual 1D water ingress experiment and in the experiment to measure the simulation parameters. 
Despite the minor differences, the water front shows fairly consistent propagation in the ECT 
reconstructions. To improve the accuracy of ECT reconstructions, so-called absolute imaging 
scheme could be used instead of difference imaging, however, absolute imaging increases the 
computational complexity and time of the reconstructions, and it does not tolerate measurement 
and modeling errors as good as difference imaging does.   

 

Figure 5. 3D ECT reconstructions and simulated moisture content distributions at different times of the 
1D flow of moisture. 

The water front penetration as a function of time was determined from the series of ECT 
reconstructions using a threshold permittivity value (more time instants were used than are 
shown in Figure 5.). The approximated water front locations are plotted as a function square 
root of time in Figure 6. According to SF-theory the (𝑙, 𝑡 / ) data points should fall into a 
straight line. Although individual data points in Figure 6. deviate from the predicted theory, the 
water front propagation in total shows linear increase. The use of absolute imaging methods, as 
stated above, would probably enable more accurate determination of the water front locations.  

To estimate the saturated hydraulic conductivity, 𝐾 , as described in Section 2.4, a linear LS fit 
was performed to the data (𝑙, 𝑡 / ) in Figure 6. The fitted line is also presented in Figure 6. 
Using the slope of the fitted line and the relation given by equation (3) 

slope =
/

      (4) 

an estimate for 𝐾  can be calculated. The estimated and reference values of 𝐾  are presented in 
Table 1. The estimated 𝐾 , 4.30 × 10  (m/s), is about 20 % higher than the reference value, 
but it can be considered a fairly reasonable estimate acknowledging all the possible sources of 
errors, for example, artefacts in the ECT reconstructions and uncertainty in the determination of 
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the reference 𝐾 . This result strengthens the feasibility of our proposed method to further use the 
ECT reconstructions of moisture flows to characterize moisture transport properties of cement-
based materials. 

 

Figure 6. The water front penetration distance as a function of square root of time. 

 
Table 1: Estimated and reference saturated hydraulic conductivity value for the mortar. 

Estimated KS (m/s) Reference KS (m/s) 

4.30 × 10  3.50 × 10  

  
 

4 SUMMARY AND CONCLUSIONS 

In this work, we studied the ability of electrical capacitance tomography to monitor 3D water 
transport in mortar specimen. In addition, we investigated whether the ECT reconstructions of 
the moisture flow could be further utilized to estimate saturated hydraulic conductivity of the 
mortar when combining the information of ECT with a simple moisture flow model. In the 
experiments, ECT was applied to mortar specimens to monitor the induced unsaturated ingress 
of moisture inside them. The results show that ECT can image 3D moisture transport within the 
mortar specimen with a reasonable accuracy when compared to numerical moisture flow 
simulations. Moreover, the estimated hydraulic conductivity of the mortar was in good 
correspondence with the value determined with a separate test. ECT shows potential for 
becoming a tool for imaging three-dimensionally distributed moisture distributions in cement-
based materials and possibly even characterizing their moisture transport properties. 
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