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Abstract 

Among several nondestructive testing methods, impact echo (IE) and ultrasonic surface waves (USW) have shown 

promising results for performance monitoring and condition assessment of concrete structures. To ensure their proper 

use, it is critical to quantify the potentials and limitations of those methods and to specify the degree of sensitivity of 

each method to different structural and defect parameters. In this study, the sensitivity of the IE and USW methods 

are investigated through high spatial resolution and extensive numerical simulations of intact and defective slabs. 

The results of the experimental and numerical studies show that the effectiveness and reliability of these two 

methods are limited by their sensitivity to several parameters, including boundary conditions, the geometry and 

material properties of a concrete structure, as well as the size and location of discontinuities in the structure. Given 

the sensitivity of each method to several parameters, the combination of the IE and USW tests is recommended for 

more reliable quality control of newly-constructed concrete structures and condition assessment of existing ones.  
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1. Introduction 
 

Nondestructive evaluation (NDE) of reinforced concrete structures for quality management of 

strength and thickness of new construction and the assessment of existing structures has become 

more accepted. Among different NDE methods, impact echo (IE) and ultrasonic surface waves 

(USW) are commonly used for those purposes. The IE and USW methods are based on 

generation of stress waves and measurement of their velocities of propagation and other 

propagation phenomena such as reflection (echo mode), flexural mode and dispersion. The USW 

method can estimate concrete elastic modulus based on the velocity of propagation of surface 

waves ([1]). The IE method can estimate the thickness of a concrete slab and depth of defects 

within the slab ([2], [3]). The combination of these two methods has been successfully applied to 

quality control of strength and thickness and also to detect and characterize defects in concrete 

structures ([4], [5]). To improve the understanding of reliability and limitation of the IE and 

USW methods and to demonstrate their degree of sensitivity to different parameters, a detailed 

experimental and numerical parametric study was performed. Several 1.8 m by 1.8 m (6 ft by 6 

ft) intact slabs and defective slabs (containing delamination, air void and water-filled void) with 

varying thicknesses were constructed and numerically modeled in LS-DYNA ([6]). The slabs 

were tested with a Portable Seismic Property Analyzer (PSPA), a device that performs the USW 

and IE tests simultaneously. The experimental and numerical waveforms were collected at two 

points, spaced at 100 mm (4 in.) and 250 mm (10 in.) from the source 
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2. Numerical and Experimental Results  
 

2.1 Intact Slabs 

 

When the center point of the 300 mm (12 in.) thick intact concrete slab is impacted, a dominant 

frequency peak around 7 kHz can be observed in the experimental and numerical frequency 

spectra, indicating that the majority of energy is reflected from the bottom of the slab. The 

experimental and numerical USW dispersion curves show more or less constant velocity over the 

depth of the 300 mm (12 in.) thick intact slab.  

 

A summary of results of the intact slabs shows that the IE method can estimate the thickness of 

intact slabs within 5% accuracy. However, the numerical and experimental frequency responses 

of the 600 mm (24 in.) thick intact slab are governed by a frequency of 5.5 kHz. This frequency 

is not the frequency associated with the reflected body waves from the bottom boundary, but the 

frequency of reflected waves from the lateral boundaries. This pattern indicates that more energy 

is reflected from the lateral boundaries of a very thick slab than that from the bottom of the slab, 

and that this reflection masks the thickness frequency and causes difficulties in the interpretation 

of the IE results.  

 

2.2 Slabs with Delamination 

 

Several 380 mm (15 in.) thick slabs with embedded delamination were constructed and 

numerically modeled. Low frequency peak governs the frequency response on top of the 25 mm 

(1 in.) and 50 mm (2 in.) deep delamination. The interference caused by the shallow 

delaminations results in lower average velocity than that of the intact slab.  

 

2.3 Slabs with Void 

 

Two of the 380 mm (15 in.) thick slabs contained 0.3 by 0.3 m (1 by 1 ft) voids, either filled with 

air or water, at the center of the slabs at the depth of 200 mm (8 in.) from the top surface. 

Irrespective of the type of the embedded void, the experimental and numerical spectra show low 

frequency peaks at about 3 kHz (Fig. 12b). This frequency peak corresponds to the frequency of 

flexural vibration of part of the slab above the void. Beside the flexural frequency, multiple 

frequency peaks can be observed at 5.2 kHz and 11 kHz, indicating that a portion of input energy 

is reflected back from the bottom of the slab and bottom of the void.  The experimental and 

numerical dispersion curves show a decrease in velocity at a wavelength around the depth of the 

void. The manifestation of the air void, however, was not readily detectable from the USW 

average velocity (about 2400 m/s, 7900 fps). Based on the principles of wave propagation, the 

detection of voids with the USW becomes less effective as the defects get deeper than 150 mm (6 

in.) This occurred because surface waves propagate along a cylindrical wave front, and as such, 

they become less sensitive to horizontal discontinuities with depth. 
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3. Conclusions 
 

Several numerical finite element models were developed to study the sensitivity of IE and USW 

measurements to different parameters, including the overall dimensions and material properties 

of concrete structure, and delamination size and location.  The numerical results were calibrated 

with experimental data collected on concrete slabs with different thicknesses and different health 

conditions.  

 

The numerical experimental results follow similar trends in most cases. The IE method is proved 

to be sensitive toward the overall dimension and thickness of the slab. A uniform frequency peak 

(thickness frequency) dominates the IE frequency response of each intact slab. The thickness 

frequency decreases as the slab thickness increases. Size of the slab affects how much energy is 

reflected from the lateral boundaries. The reflected waves may interfere with the outgoing signal 

that can impact the IE frequency response and thickness measurement. For the size of the slabs 

used in this study, as the slab thickness increases, less energy is reflected back from the bottom 

boundary relative to the energy reflected from the lateral boundaries, especially when the sensor 

is located close to the edges. Unlike the IE method, the size of the slab does not seem to impact 

the USW results, unless the sensor array is very close to the edges. The USW dispersion curves 

for intact slabs are more or less constant over depth of three times the receiver spacing. The IE 

frequency responses of the delaminated slabs are impacted by the depth and size of the defect. 

The USW method, as configured in the PSPA, is not effective in detecting and locating the 8 in.-

deep defects. With the sensitivity of each method to several parameters, the combination of the IE 

and USW results is more effective in determining material properties and thickness, as well as 

detecting and locating the defects within the concrete slabs with minimal additional field testing 

time/cost with PSPA.  
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