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ABSTRACT 

Electrical Resistance Tomography (ERT) has been used to non-destructively examine 
the interior of reinforced concrete pillars in the laboratory during a water infiltration experi- 
ment. ERT is a technique for determining the electrical resistivity distribution within a vol- 
ume from measurement of injected currents and the resulting electrical potential distribution 
on the surface. The transfer resistance (ratio of potential to injected current) data are in- 
verted using an algorithm based on a finite element forward solution which is iteratively ad- 
justed in a least squares sense until the measured and calculated transfer resistances agree to 
within some predetermined value. 

Laboratory specimens of concrete pillars, 61.0 cm (24 in) in length and 20.3 cm (8 in) 
on a side, were prepared with various combinations of steel reinforcing bars and voids (1.27 
cm diameter) which ran along the length of the pillars. An array of electrodes was placed 
around the pillar to allow for injecting current and measuring the resulting potentials. 

After the baseline resistivity distribution was determined, water was added to a void 
near one comer of the pillar. ERT was used to determine the resistivity distribution of the 
pillar at regular time intervals as water was added. The experiment lasted for about 29 hours 
and approximately 1.4 L of water was added in total. 

The ERT images show very clearly that the water was gradually imbibed into the con- 
crete pillar during the course of the experiment. The resistivity decreased by nearly an order 
of magnitude near the point of water addition in the first hour, and by nearly two orders of 
magnitude by the end of the experiment. 

Other applications for this technology include monitoring of curing in concrete structures, 
detecting cracks in concrete structures, detecting rebar location and corrosion state, monitor- 
ing slope stability and the stability of footings, detecting and monitoring leaks from storage 
tanks, monitoring thermal processes during environmental remediation, and for detecting 
and monitoring contaminants in soil and groundwater. 

ERT has been shown to be an effective means of imaging water infiltration in concrete. 

CONCEPT AND THEORY OF ERT 

ERT is a method for determining the electrical resistivity distribution in a volume based 
on discrete measurements of current and voltage on the boundary. Resistivity data can be 
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taken in a variety of configurations, including borehole-to-borehole, borehole-to-surface, or 
pure surface. -Detailed technical concepts and theory used for ERT can be found elsewhere 
(Daily and Owen, 1991; Daily et al., 1992). 

In order to obtain an image of a body from surface measurements, a number of elec- 
trodes are placed on the surface of the body and in electrical contact with it. A pair of 
adjacent electrodes are driven by a known current, and the resulting voltage difference is 
measured between other pairs of electrodes. Then, the known current is applied to another 
pair of electrodes and the voltage is again measured between other pairs. This procedure is 
repeated until current has been applied to all pairs of electrodes. The ratio of a voltage at 
one pair of terminals to the current causing it is a transfer resistance. For n electrodes there 
are n(n-3)/2 independent transfer resistances. 

The next step is to calculate the distribution of resistivity in the volume given the mea- 
sured transfer resistances and to construct an image. However, the calculation for the distri- 
bution of resistivity is highly nonlinear because the currents flow along the paths of least 
resistance and are dependent on the resistivity distribution. Finite element algorithms and 
least square methods are used to invert the transfer resistances. 

Image construction can be on the same finite element mesh used to calculate the mea- 
surements or on a different array. An absolute image shows a resistivity structure whereas a 
comparison image shows changes in resistivity. Comparison images can be used to study 
dynamic processes in structures, such as imbibition, by comparing data taken at different 
times. This paper presents comparison images only. 

Forward Solution 

The forward solution to Poisson's equation uses the finite element method (FEW to 
compute the electrical potential response of a two dimensional earth due to a three-dimen- 
sional source. To avoid the difficulty of numerically solving a three dimensional problem, 
Poisson's equation is formulated in the wave number domain via Fourier transformation in 
the strike direction. The governing equation (Hohmann, 1988) is, 

where V is potential in the Fourier transform domain, 0 is the electrical conductivity, h is 
the Fourier transform variable, I is the source current, and 6(x)  is the delta function. The 
two dimensional FEM algorithm is based on the theory described by Huebner and Thorton 
(1982) and the implementation follows that described by Wannamaker et al. (1987) for 

, modeling two dimensional magnetotelluric data. Using the FEM method, potentials are cal- 
culated for a discrete number of transform variables at the nodes of a mesh of quadrilateral 
elements. The potentials are then inverse transformed back into Cartesian domain using the 
method described by LaJ3recque (1989). . 

Numerical Inversion 

solve the non-linear equation, 
' The inversion method uses the 

and the equation, 

modified Marquardt algorithm (Bard, 1974) to jointly 

WD = W*F(P) 

PT&P = 0 (3) 



where D is the vector of known data values, & is weighting matrix, P is the vector of un- 
known parameters, F(P) is the forward solution and is the roughness matrix which is a 
numerical approximation to the Laplacian operator (Sasaki, 1990). To solve these equations 
jointly, the algorithm minimizes 

xL + cL(P) = 0 

where c is a constant and is the Chi-squared statistic which is given by 
m m  I.I 

(D*F(P))' ~ ' W ( D * F ( P ) ) = X ~  

(4) 

2 Ideally the inverse algorithm would find the maximum value of c for which x is equal 
to some known, a priori value. The constant, c, was determined by trial and error by calcu- 
lating an inverse model with an a priori value of c then adjusting if necessary to achieve the 

2 correct value of x . 

INFILTRATION EXPERIMENT 

Several laboratory concrete pillars were fabricated for testing with ERT. All had square 
cross sections 20.3 cm (8 in) by 20.3 cm (8 in) and were 61.0 cm (24 in) in length. They had ' 

various combinations of standard 1.27 cm (0.5 in) steel reinforcing bars (rebar) and voids 
(with the same diameter as rebar) running along the length of the pillar. They were made 
from a standard commercial mortar mix with about 11.4 L (3 g) of water per 27.3 kg (60 lb) 
bag of mortar. The pillar was allowed to cure for 1 year indoors at room temperature before 
this experiment was performed. The pillar used for this ,experiment had 5 pieces of rebar and 
3 voids as shown in the sectional view of Fig. 1. Five ERT electrodes were placed on each 
side of the pillar as shown. 

The purpose of this simple experiment was to show how ERT could be used to image 
moisture infiltration into concrete. Water was introduced into the void at the comer of the 
pillar as shown in Fig. 1. The bottom of the void was plugged to prevent the water from 
running out of the bottom. 

ERT data were collected prior to the addition of water. These data were used to 
establish a baseline against which later data sets for the "wet condition" could be compared. 
Comparison images, as described in the previous section, were constructed based upon ratios 
of.electrica1 resistivity. That is, the transfer resistances were determined at various times 
after adding water to the void, and the displayed images show the ratio of resistivity in the 
wet condition to that in the dry condition. Thus the images displayed show changes in 
resistivity from the baseline. When moisture enters the concrete, the resistivity is expected 
to decrease because the water with dissolved minerals from the concrete is much more con- 
ductive than the dry concrete. It is then expected that the resistivity ratio displayed will be 
less than 1 where water has infiltrated. 

After collection ofthe baseline data, water was added to fill the void. ERT data sets 
were then collected at regular intervals over a period of about 29 hours. Water was added to 
the void from time to time as it was imbibed into the concrete. The total amount of water 
added was about 1.4 L. 

Comparison grayscale images are shown in Figs. 2 and 3. The elapsed time for the im- 
age of Fig. 2 is 1 hour, and the amount of water added up to that time was about 0.75 L. The 
grayscale can be interpreted by noting that the light end of the scale corresponds to decreases 
in the resistivity ratio. Thus the light gray area in the upper left-hand comer of the pillar 
near the void shows the beginnings of water infiltration. Fig. 3 shows the comparison image 



29 h and 16 min after water was first added. By this time the total amount of water, 1.4 L, 
had been added. Note that the region of decreased resistivity, shown as white, is now much 
larger. Water has apparently been imbibed into a much larger volume of the pillar. 

Figure 1. A sectional view of the pillar used for the infiltration experiment. 

Figure 2. Image of resistivity ratio after 1 hour and the addition of about 0.75 L of water. 



Figure 3. Iniage of resistivity ratio after 29 hours and the addition of about 1.4 L of water. 

CONCLUSIONS AND DISCUSSION 

ERT was successfully used to image water infiltration into a concrete pillar. When 
moisture enters the concrete, the resistivity decreases because the water with dissolved min- 
erals from the .concrete is much more conductive than the dry concrete. ERT images show 
this decrease in resistivity as water is imbibed into the pillar over time. The magnitude of 
this effect can be rather large. For example, in the area near the water addition point in Fig. 
2, the resistivity ratio has a minimum value of 0.123. Thus resistivity has decreased by a 
factor of (0.123)-1 or about 8 in one hour. In Fig. 3, after about 29 hours, the ratio is 0.01 1, 
and the resistivity has decreased by a factor of about 90. Resistivity decreases one to two 
orders of magnitude as water is imbibed, and ERT is a good way to monitor it. 

APPLICATIONS 

ERT imaging has potential applications relating to structures, soils, pavements, and 
environmental remediation and monitoring. In the structural field, ERT could be used to 
monitor the curing of concrete where moisture content is correlated to the degree of curing. 
ERT should have advantages over other techniquei such as seismic and radar. In the seismic 
case, this is true because water infiltration results in much larger electrical resistivity con- 
trasts (100 to 1) than seismic velocity contrasts. In the case of radar, penetration depth is 
limited due to highly-conductive, wet concrete, while for ERT this is not a problem. Thus it 
will be possible to image the interior of large structures using ERT (a concrete dam for ex- 
ample). 

ERT should also be applicable for detecting cracGng in structures through the changes 
in resistivity that occur when water infiltrates cracks. In addition, ERT should be capable of 
detecting rebar location and possibly the state of corrosion. Applications of ERT for soils 
include monitoring slope stability and the stability of footings. In pavements, ERT has al- 
ready been used to monitor moisture content and movement (see companion paper). Finally, 
ERT has been used to detect and monitor leaks from storage tanks, for monitoring thermal 
processes during environmental remediation, and for detecting and monitoring contaminants 
in soil and groundwater. ' 
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