
iv 

TABLE OF CONTENTS 
Title Page ......................................................................................................................................... i 

Abstract ........................................................................................................................................... ii 
Acknowedgements ......................................................................................................................... iii 

Table of Contents ........................................................................................................................... iv 

List of Tables ................................................................................................................................. vi 

List of Figures ............................................................................................................................... vii 
Chapter 1 Introduction ............................................................................................................... 1 

Problem Statement ........................................................................................................... 1 

Bridge Deck Deterioration ............................................................................................... 2 

Destructive Bridge Deck Testing and Evaluation Techniques ......................................... 3 

1.3.1 Chloride Concentration Determination ..................................................................... 3 

1.3.2 Coring ....................................................................................................................... 3 

Nondestructive Bridge Deck Testing and Evaluation Techniques ................................... 4 

1.4.1 Visual Inspection ...................................................................................................... 4 

1.4.2 Chain Dragging and Hammer Sounding ................................................................... 5 

1.4.3 Half-Cell Potential Testing ....................................................................................... 5 

1.4.4 Resistivity Testing .................................................................................................... 6 

1.4.5 Infrared Thermography ............................................................................................. 6 

1.4.6 Ground Penetrating Radar ......................................................................................... 6 

Vertical Electrical Impedance Testing ............................................................................. 7 

Publications ...................................................................................................................... 9 

Overview of Thesis ........................................................................................................ 10 

Chapter 2 Use of Vertical Electrical Impedance Measurements for Estimating  
Crack Depth in Reinforced Concrete ........................................................................................... 12 

Introduction .................................................................................................................... 12 

Background .................................................................................................................... 14 

2.1.1 Crack Formation in Concrete Bridge Decks ........................................................... 14 

2.1.2 Electrical Impedance Techniques to Evaluate Cracks in Reinforced Concrete ...... 15 

Analytical Model ............................................................................................................ 18 

2.2.1 Development of Cylinder Dipole Model ................................................................ 19 

2.2.2 From Cylinder Dipole Model to Cracked Concrete Model .................................... 21 

Numerical Model ............................................................................................................ 23 

2.3.1 Validation of Analytical Model .............................................................................. 24 











27 

  

e)  f) 
  

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, 𝜌𝜌𝑟𝑟, was defined by 

𝜌𝜌𝑟𝑟 = 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

.                                                                 (15) 

 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 102 

Ω-m, and dry concrete has a resistivity of about 106 Ω-m. Fig. 13 a) displays the numerical VEI 

responses for wet and dry concrete. As 𝜌𝜌𝑟𝑟 increased, the change in the VEI response 

asymptotically converged. Notably, the VEI response of 𝜌𝜌𝑟𝑟 = 104 was practically 

indistinguishable from 𝜌𝜌𝑟𝑟 = ∞. 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 𝜌𝜌𝑟𝑟 ≥ 103, 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 𝜌𝜌𝑟𝑟 ≥ 103, which is commonly met by typical material properties of tap water and 

common concrete. 

 

  

a) b) 
  

Figure 13: (a) Numerical vertical electrical impedance responses at differing 𝜌𝜌𝑟𝑟 values for 
dry and wet concrete compared against analytical model and (b) predicted error for (a). 

 

 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 𝜌𝜌𝑟𝑟 = 106 Ω-m / 20 Ω-m =
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5x104. As discussed in the previous section, when 𝜌𝜌𝑟𝑟 is larger than 103 Ω-m, less than 10% 

deviation from the VEI response at 𝜌𝜌𝑟𝑟 = ∞ occurs. Using resistivity ratios larger than 5x104 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 𝜌𝜌𝑟𝑟 = 102 Ω-m / 10-8 Ω-m =1010. 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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a) b) 
  

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. 

 

 
 

 

 

a) b) 
 

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. 

 

 
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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 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, 𝑑𝑑. This yielded the equation 

𝑑𝑑 = ℎ − 𝑤𝑤
4
�exp �𝑅𝑅𝑐𝑐𝑎𝑎

ℎ𝜌𝜌
ln �4ℎ

𝑤𝑤
+ 1�� − 1�.                                     (14) 

 𝑅𝑅𝑐𝑐 is the VEI of the cracked portion of concrete. Concrete resistivity, 𝜌𝜌, was calculated by 

measuring the VEI of nearby intact concrete, 𝑅𝑅𝑖𝑖, and substituting this value into 𝜌𝜌 = (𝑅𝑅𝑖𝑖 𝑎𝑎) ⁄ ℎ. 

Given these experimentally determined values, Eq. 14 simplified to  

𝑑𝑑 = ℎ − 𝑤𝑤
4
�exp �𝑅𝑅𝑐𝑐

𝑅𝑅𝑖𝑖
ln �4ℎ

𝑤𝑤
+ 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.  


