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Figure 12: Analytical model prediction compared against numerical simulations: (a)
variation of effective probe area, (b) predicted error for (a), (c) variation of crack width,
(d) predicted error for (c), (e) variation of cover depth, and (f) predicted error for (e).

2.3.2 Resistivity Ratio

Material changes influence the impedance. The resistivity ratio, p,, was defined by

Py = Pconcrete. (15)

Pcrack

This ratio determines the proportion of current flowing through the crack as opposed to
the surrounding concrete. As noted earlier, water-saturated concrete has a resistivity of about 10°
Q-m, and dry concrete has a resistivity of about 10® Q-m. Fig. 13 a) displays the numerical VEI
responses for wet and dry concrete. As p, increased, the change in the VEI response
asymptotically converged. Notably, the VEI response of p, = 10* was practically
indistinguishable from p,. = o. That is, the difference between wet and dry concrete was
indistinguishable. As expected from the model and simple scaling, the resistivity ratio

determined the overall response.
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Fig. 13 a) also shows the analytical model. When the resistivity ratio p, = 10°, the

analytical model fit the numerical simulation data with less than 10% error for crack depths that

ranged from 0% to 90% of the total cover depth. The simulated data recommend a resistivity

ratio of p, = 10°, which is commonly met by typical material properties of tap water and

common concrete.
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Figure 13: (a) Numerical vertical electrical impedance responses at differing p, values for

dry and wet concrete compared against analytical model and (b) predicted error for (a).

2.4 Laboratory Experiment

A laboratory experiment was designed to validate both the analytical and numerical

models. Materials were selected to model a resistivity ratio representative of the field and to

remain stable during the experiment.

Field VEI testing included spraying water over dry concrete, followed by prompt VEI

measurements. This practice resulted in a resistivity ratio of about p, = 10°Q-m /20 Q-m =
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5x10*. As discussed in the previous section, when p,. is larger than 10° Q-m, less than 10%
deviation from the VEI response at p, = o occurs. Using resistivity ratios larger than 5x10* was

therefore appropriate for representative laboratory VEI testing.

Fig. 14 shows how this experiment was conducted. Water-saturated concrete with a thin
copper mesh simulating a crack were selected. These materials have a resistivity ratio of
approximately p, = 102Q-m/ 10 Q-m =10'°. Water-saturated concrete eliminated the
variability and inhomogeneity that inevitably happens as dry concrete is wetted or wet concrete
dries. Copper mesh was used as the crack simulant. To vary the crack depth in these
experiments, the original concrete block was cut into two equal pieces. Water would not pool
reliably within the crack. Instead, the mesh acted as a low-conductivity representation of a

continuous water sheet connecting the different parts of the crack.

Fig. 14 and Fig. 15 show how the experiment was conducted. Two concrete blocks (22.86
cm by 22.86 cm by 8 cm) were pressed together with a thin mesh of copper inserted between
them at a specified depth. The blocks were placed on a copper mesh that acted as a bottom
electrode representing the reinforcing steel beneath the concrete cover. An Agilent 4294A
Impedance Analyzer was connected to the bottom mesh and a top copper mesh. To ensure a
stable electrical connection to the concrete, two concrete blocks were placed on top of the stack.
These laboratory VEI measurements did not require the use of an LAE because of the direct

connection to the bottom electrode.
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Figure 14: (a) Photograph of two concrete blocks used in laboratory experiment and (b)
copper mesh between the concrete blocks to simulate a water-filled crack.
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Figure 15: a) Schematic of experiment and b) photograph of experiment.

The analyzer was set to 200 Hz with oscillator strength of 0.5 V. Starting from a depth of
zero and removing and replacing the copper mesh each time, all tests were repeated five times.

Experimental results are plotted in Fig. 16. The analytical prediction and numerical results from
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simulations are also plotted. The maximum impedance used in the numerical simulations and the

analytical model was calculated from the average impedance measurement at zero crack depth.
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Figure 16: Saturated concrete with copper mesh crack.

The close agreement between the laboratory experimental data and the models is notable
in Fig. 16, with variation increasing as the crack deepens. Some variation was due to the rough
nature of the thin material at the base of the crack, creating variability. One would not expect that
natural cracks in the field would have the perfect geometry of the model, so the relative

agreement is a promising demonstration that the general trend is captured by the model.

The copper-type cracks with saturated concrete represent a large resistivity ratio. While
this condition may not be exactly represented in the field, this experimental result gives

confidence that the model can be used to interpret field results.
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2.5 Field Experiments

2.5.1 Inversion of Vertical Electrical Impedance Data

Field experiments were performed to evaluate the ability of the analytical model to
perform data inversion to estimate crack parameters that were difficult to measure. An important
parameter is crack depth. In practice, measuring crack depth directly usually involves time-
consuming, destructive drilling or coring. The inverted analytical model could thus estimate

crack depth with nondestructive measurements of other parameters.

To perform inversion, Eq. 13 was used for crack depth, d. This yielded the equation

d =h—%[exp(%ln(%+1))—1]. (14)

R, is the VEI of the cracked portion of concrete. Concrete resistivity, p, was calculated by
measuring the VEI of nearby intact concrete, R;, and substituting this value into p = (R; a) / h.

Given these experimentally determined values, Eq. 14 simplified to
w R¢ 4h
d=h—z[exp(R—iln(;+1))—1]. (15)

Eq. 15 indicates that crack depth can be estimated from knowledge of cover depth, crack

width, VEI of the cracked section of concrete, and VEI of a nearby, intact section of concrete.

Field experiments were conducted to test the predictive ability of this model through
comparison against actual measured crack depths taken with destructive measurements. A 28-
year-old Salt Lake City airport parking structure that was scheduled for demolition provided a
unique opportunity to test the predictions as well as perform destructive testing to determine

ground truth.
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