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Abstract 

The useful life and work capacity of concrete 

structures largely depend on their construction 

practice, maintenance performance, and material 

capabilities. As such, an accurate estimate of the 

structure’s remaining service life as part of a quality 

control program, demands precise condition 

assessment of the structure. Both by applying intrusive 

extraction of samples and by non-destructive testing 

methods have been applied to measure the strength of 

the structures in addition of identifying weak areas of 

deterioration, cracking and defect formations. A 

review of wave propagation non-destructive testing 

methods to test concrete structures is the subject of this 

article. The non-destructive testing methods discussed 

here utilize stress and electromagnetic waves to obtain 

the information required from the structure. 

Applications of each testing method have been briefly 

described. 

 

Introduction 

The life cycle and load-bearing capacity of concrete 

structures depend in great part on their thicknesses, 

original mixes, placing consolidations, curing 

conditions, reinforcements and later deterioration. The 

common practice for quality evaluation of concrete 

structures is the application of intrusive testing, 

applying drilling, sampling and laboratory testing. A 

more rapid and inexpensive methodology would apply 

the use of nondestructive testing (NDT) techniques. 

 

In the inspection of metals and homogeneous–isotropic 

materials, NDT is an accepted practice. For example, 

radiographic and ultrasonic techniques are routinely 

used to identify anomalies in steel pipelines and rail 

lines, and there are recognized national and 

international standards on their use. However, in the 

inspection of concrete, the use of nondestructive 

testing methods is relatively new. The instrumentation 

and application of nondestructive testing techniques to 

concrete is at an early stage, mainly due to the 

complex nature of the material.  

 

In the past few years, there has been progress in the 

development of nondestructive methods for testing 

concrete, and in recent years several methods have 

                                                                 
1 Afshin Sadri, Ph.D., P.Eng., Global Director of Hath 

NDT Group, Hatch Ltd., 2800 Speakman Dr., 

Mississauga, Ontario L5K 2R, Canada. 

 
2 Koorosh Mirkhani, Ph.D., P.Eng., NDT Specialist, 

Hatch Ltd., 2800 Speakman Dr., Mississauga, Ontario 

L5K 2R7, Canada. 

 

been standardized by the American society for Testing 

and Materials (ASTM), American Concrete Institute 

(ACI), the International Standards Organization (ISO) 

and the British Standards Institute (BSI). 

 

Among the various NDT techniques for concrete, the 

stress wave propagation techniques such as impact-

echo, impulse-response, pulse-echo, spectrum analysis 

of surface waves (SASW), ultrasonic through 

transmission and electromagnetic techniques such as 

short-pulse radar or ground penetrating radar (GPR) 

are the most popular and best understood methods by 

the engineers. All the above methods have shown that 

the common feature of them is that interferences about 

internal conditions of concrete structures are made 

based on the effect that the structure has on the 

propagation of stress and electromagnetic wave. The 

methods differ in the source of wave generation, the 

testing configuration, the characteristics of measured 

response and the signal processing techniques that are 

used. These differences make each method particularly 

suitable for specific applications. 

 

Here, a brief description of stress and electromagnetic 

wave propagation principle and techniques in addition 

to the capabilities of each technique is presented. 

 

Stress Wave Propagation Principles 

A disturbance on a solid causes the entire body to 

respond by linear and angular accelerations. The 

applied force causes deformation in the solid body. 

Stress waves are generated, if the deformation is in 

elastic range and the applied force is rapid and changes 

with time, such as piezoelectric transducers or the 

collision of two solid bodies. Two types of stress 

waves propagate in a solid: compression waves or P 

waves and shear waves or S wave. The third type of 

stress waves propagates along the surface and is 

known as Rayleigh waves or R-wave. Particle motion 

at the wavefront for P wave is parallel to the direction 

of propagation, which produces compressive or tensile 

stress. For S waves, particle motion is vertical to the 

direction of propagation, which produces shear stress. 

R wave have a retrograde elliptical particle motion. P 

waves travel at higher velocities, followed by S wave 

and R waves, in that order. Stress wave follow the 

fundamental equation of waves: 

 

 fC     1 

 

where C is the wave velocity, f is the wave frequency 

and   is the wavelength. 

 

Stress wave velocity in a solid depends upon the 

elastic properties and the density of the material from 

which it is composed. In an infinite elastic solid, the 

velocity of P wave is computed by the following 

equation: 
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where E is the Young’s modulus of elasticity, PC  is 

the P wave velocity,   is the density and   is the 

Poisson’s ration. In rod-shaped structures, where the 

diameter of the cylinder is much smaller than its 

length, ld m the P wave velocity is slower than in 

an infinite elastic solid and is given by the following 

equation: 
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The shear wave velocity SC , is calculated by the 

following equation: 

 )1(2
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Rayleigh wave velocity RC , can be determined by the 

following equation: 

SR CC
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The encounter of stress waves with an acoustic 

interface causes reflection, refraction and mode 

conversion of the waveforms. An acoustic interface is 

a boundary between two materials with different 

acoustic impedances. Acoustic impedance, Z is defined 

by the following equation: 

PCZ       6 

 

The acoustic impedance of each material and the 

wave’s angle of incidence, control the stresses 

associated with the wave reflection and refraction. For 

a P wave with a normal angle of incidence, the 

incident and reflected stresses are computed by the 

following equation: 
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where PI  is the stress associated with incident P 

waves, PR  is the stress associated with reflected P 

waves, 1Z  is the acoustic impedance for the first 

medium and 2Z  is the acoustic impedance for the 

second medium. For example if P waves are reflected 

from a medium with lower 2Z , than the initial 

medium ( 12 ZZ  ), their sign (polarity) changes (i.e. 

concrete/air interface). This means that a compression 

wave changes to a tension wave. However if 2Z  is 

higher than 1Z  ( 12 ZZ  ), the reflected wave remains 

with the same sign as the incident wave. 

 

Stress Wave NDT Techniques 

 

Impact-Echo 

N.J. Carino and M. Sansalone developed the technique 

called impact-echo for nondestructive testing of 

concrete structures at the United States National 

Institute of Standards and Technology1. This testing 

technique is based upon a simple concept: a 

mechanical impact is generated on the surface of the 

test object, and the surface displacements close to the 

impact point are measured. The stress waves, which 

propagate into the object, undergo multiple reflections 

between the test surface and the internal defects of the 

opposite boundary of the test object. The path length of 

reflected P waves is twice the distance from the 

surface to the internal defect 2T. Hence the travel time, 

t, between the successive arrivals of reflected P waves 

relies on the P wave velocity PC , and is computed by 

the following equation: 
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t
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By monitoring the vertical surface displacements 

caused by the arrival of the multiple P wave reflection 

(echoes), the depth of the reflecting surface can be 

determined. 

 

While a similar approach (impulse-response) has been 

used successfully for the evaluation of one-

dimensional structures (piles and piers), the impact-

echo method has the potential to be very successful in 

the evaluation of three-dimensional structures. 

Currently, several State departments of transportation 

are experimenting with the impact-echo method to 

measure pavement thickness. 

 

The impact-echo test system is composed of three 

components: an impact source, a receiving transducer 

and a waveform analyzer, which is used to capture the 

transient output of the transducer to store the digitized 

waveforms and to perform the signal analysis. The 

contact time duration, Ct  and the time history of the 

impact is critical in determining the depth and size of 

internal defects which can be detected; the contact time 

determines frequency of the stress pulse. As a general 

rule, the highest frequency component with significant 

amplitude has a frequency value that is approximately 

equal to the inverse of the contact time, and the 

shortest wavelength (wave speed divided by maximum 

frequency) has to be approximately equal to or less 

than the dimension of the smallest flaw to be detected. 

The receiving transducer must be broadband so that it 

will respond over a wide range of frequencies. This is 
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a low frequency approach, which is the main reason 

why it has the potential to be successfully used in the 

inspection of large concrete structures. However, the 

complex waveforms make the time domain analysis 

difficult and impractical. The periodical arrival of P 

waves on the surface can be expressed in frequency by 

the following equation: 

Pf
t

1
      9 

 

The resulting time domain spectra can be converted to 

the frequency domain by using the fast Fourier 

transform (FFT). Equation (8) can be written in to the 

following format: 

P

P
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Equation (10) is valid only for the pulses reflecting 

from a free or low stress boundary (i.e. concrete/air or 

concrete/soil boundary). Where the second boundary 

has higher acoustic properties than the first boundary 

(i.e. concrete/steel or concrete/rock), based on equation 

(7), the reflection characteristics of the signal change. 

As a result, this doubles the period of signal arrivals on 

the surface of the concrete. Hence, equation (10) 

should be re-written in the following format: 
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A frequency analysis has been the recommended 

method for interpreting the results of the impact-echo 

tests. Peaks in the amplitude spectrum can be readily 

converted to the depth of the reflecting interfaces. A 

spectral peak plotting technique is usually used to 

construct an “image” of the interior of the test object. 

For accurate detection of defects and thickness, shape 

condition of the structures must be taken in to 

consideration. The impact-echo inspection is 

performed according to ASTM C1383. 

 

 
 

Figure #1: Impact-Echo Principle 
 

Applications 

The impact-echo system has been used to measure 

plate thickness, early age concrete strength, detection 

and location of cracks and voids in plate-like 

structures, columns and piles. Detection of shallow 

delaminations, unconsolidated concrete, 

honeycombing, depth of surface opening cracks, bond 

quality at internal interfaces, plates with asphalt 

overlays, hollow cylinders, mines shafts and tunnel 

linings and the position of reinforcement bars. Most 

recently the impact-echo technique has been applied in 

order to identify micro-cracks (generated by freeze-

thaw cycles or AAR) density in structures. 

 

Spectral Analysis of Surface Waves (SASW) 

The spectral analysis of surface waves (SASW) is 

based on the principle that the various wavelength 

components in the impact-generated surface wave 

penetrate to different depths in layered pavements2. 

Because a layered system is a dispersive media for R 

waves, different frequency components of the R wave 

will propagate different speeds. Therefore, velocity of 

a given R wave, RC , is a function of material 

properties of the layer it propagates. 

The SASW system consists of an impact device, two 

surface displacements transducers, and a waveform 

analyzer. The system is used to determine the stiffness 

profile of layered structures. The R wave velocity for 

each frequency components is also known as the 

“phase velocity”. The phase velocity is calculated by 

the travel time between the two receivers. The travel 

time is determined by measuring the phase difference 

of the frequency components when they arrive at the 

receivers, where the distance between the two 

receivers is known. A digitized waveform analyzer is 

used to determined phase information of the cross 

power spectrum between the two receivers for each 

frequency. The schematic presentation of the SASW 

system is shown in Figure #2. 

 

 
 

Figure #2: Principle of SASW system 
 

The R wave velocity, RC , is obtained by dividing the 

receiver spacing, X, by the travel time t , at a 

frequency: 

t

X
CR
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The t  for a given wavelength is measured from the 

phase difference : 
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Or 
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where 
*t  is the characteristic period and f  is a given 

frequency. 

Therefore equation (12) can be written as: 

fXCR ..
360
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The wavelength   is related to the phase velocity and 

frequency by: 

X
f

CR .
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The calculation are repeated for each component 

frequency and a plot of the wavelength versus phase 

velocity is obtained; it is known as”dispersion curve”, 

it is used to obtain the dynamic modulus of elasticity. 

A process called “inversion” is used to approximate 

the dynamic modulus of elasticity. 

 

Applications 

The SASW technique is used for the determination of 

the stiffness profile of flexible and rigid pavement 

system. The SASW technique has extensively been 

used for pavement (with or without overlay) quality 

control. 

 

Ultrasonic Through-Transmission 

The ultrasonic through-transmission (UTT) technique 

exploits the relationship between the quality of 

concrete and the velocity of an ultrasonic pulse 

through the material. The equipment consists of a 

transmitting and a receiving transducer, a digital 

waveform analyzer or a UTT meter. The transducers 

are coupled to the concrete (usually the opposite faces 

of a section) with petroleum jelly or grease. 

 

 
 

Figure #3: Ultrasonic through 

transmission 
 

The test involves the travelling of an ultrasonic pulse 

into a concrete section with a known thickness or 

transducers separation distance. The pulse velocity 

computed by the following equation: 

t

X
CP      17 

 

where X is the distance between the two transducers 

and t is the travel time for the pulse travelling between 

the transmitting transducer and the receiving 

transducer. 

Fairly extensive research has been done in an attempt 

to correlate the pulse velocity with the compressive 

strength3. The idea is that pulse velocity is a function 

of material density and stiffness, both of which have 

been correlated with compressive strength. In practice, 

however, the results have been mixed. The number of 

variable, which affect concrete compressive strength, 

is large. Water-cement ration, aggregate size and 

shape, size of sample and cement content all directly 

relate to strength4. However, not all of these variables 

affect the pulse velocity. Thus it is difficult to 

universally apply pulse velocity methods to concrete. It 

has been generally accepted that pulse velocity can be 

a good indicator of strength gain of concrete at early 

ages (up to a few days). The Ultrasonic through 

transmission technique, Figure #3 can be applied in 

order to evaluate uniformly of the concrete in a 

structure. This type of measurement is generally 

qualitative in nature, and yield little quantitative 

information. Ultrasonic through transmission is 

extensively used in laboratories and on larger scale 

structures, such as concrete dams and bridges. In large 

structures ultrasonic tomography is often used in order 

to create an acoustic image of the structure5. In 

acoustic tomography, the object is reconstructed from 

the spatial distribution of stress wave propagation 
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velocity, which depends on the characteristics of the 

medium. As a result, areas of high and low wave 

velocity are characterized by various contouring 

techniques. In some applications water immersion 

transducers are used in boreholes in order to 

characterize to concrete mass between two holes. This 

technique is called crosshole sonic or ultrasonic 

(depends on the frequency of signal propagation) 

logging and parallel ultrasonic logging. 

 

 
 

Figure #4: Crosshole sonic (ultrasonic) 

logging 
 

The Ultrasonic Pulse-echo system, Figure #5 is used 

to detect the position of the cracks and discontinuities 

in the structure. Both transmitting and receiving 

transducers are placed on the same face of the 

structure. The position of the discontinuity is computed 

based on the change in the travel time of the ultrasonic 

signal. In the recent developments particular filters 

(Split Spectrum Processing or SSP) are used in order 

to remove the effect of inherent noise caused by 

aggregates and air bubbles. The UTT inspection is 

performed according to ASTM C 597. 

 

 

 

 

Figure #5: Pulse-echo technique 
 

 

 

Applications 

The through transmission technique is mainly used to 

qualify a concrete structure, monitor early-age strength 

and to evaluate the modulus of elasticity. Crosshole 

sonic or ultrasonic (depends on the frequency of signal 

propagation) logging and parallel ultrasonic logging is 

to qualify deep foundations, piles, bridge columns and 

dams. The pulse-echo technique is used to measure 

thickness and detect flaws and discontinuities in thin 

concrete structures. Pulse-echo systems are particularly 

useful for detection of discontinuities and thickness in 

concretes having less than 10 cm thickness such as 

concrete pipes. 

 

Miniature Seismic Reflection (MSR) 

The Miniature Seismic Reflection (MSR) system 

functions based on impact-echo principle, Figure #6, 

illustrates the schematic diagram of the MSR system. 

 

 
 

Figure #6: The MSR system 
 

A supplemental tangential displacement transducer 

enables the user to evaluate the dynamic elastic 

properties of concrete directly and in-situ. Therefore, 

the MSR system consists of a vertical and tangential 

transducer, impact source and a waveform analyzer. 

The P wave velocity is calculated by re-writing 

equation (10) to the following format: 

PP fTC .2     18 

 

The output of the tangential displacement transducer is 

used to generate a frequency spectrum. The maximum 

peak of the frequency spectrum is the indicator of the 

shear wave reflections. Knowing the thickness and 

frequency, the S wave velocity can be calculated by 

the following equation: 

SS fTC .2     19 

 

Once the density and the P and S wave velocities of a 

concrete element are known, the Poisson’s ration, 

Young’s modulus, shear modulus and bulk modulus 

can be calculated. Important advantages of the MSR 

system over traditional techniques are its capability of 

operating from one free surface and the fact that the 

effects of shape and dimensions of the structure are 
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minimal. MSR can also be used to detect flaws and 

delaminations within the structure. 

 

Applications 

The MSR system is used for the determination of 

elastic properties of plate-like, rod shape and hollow 

circular concrete structures. 

 

Impulse Response (IR) 

The impulse-response (IR) method is a surface 

reflection technique that relies on the identification of 

compression wave reflections. The method was 

developed as a means to quickly and inexpensively 

evaluate shaft integrity with minimal pile head 

preparation. Its beginning can be traced back to the late 

1970’s in France, when it arose as an extension of a 

vibration test which involved harmonically vibrating a 

known mass at frequencies up to 2kHz at the head of a 

shaft and measuring the shaft response with a 

geophone (Higgs, 1979). 

The test involves impacting the top of a drilled shaft 

(or a pile) with an impulse hammer, which induced 

transient vibrations with frequencies as high as 2kHz. 

Both the impact force and particle velocity are 

measured on the impacted surface. Shaft response is 

recorded in the time-domain with a geophone or a 

broadband transducer, and the signal is digitally 

converted to the frequency-domain for analysis. To 

calculate the dynamic response of a structure to a 

given input, the force-time function of the input is 

convoluted with the impulse response function of the 

structure. The impulse response is the structure’s 

response to an input having a force-time function that 

is a single spike at time zero (impulse). The impulse 

response function is a characteristic of a structure and 

it changes depending on geometry, support conditions 

and the existence of flaws or cracks. Alternatively, the 

impact response can be calculated in the frequency-

domain by multiplying the Fourier transform of the 

force input with Fourier transform of the impulse 

response function. 

 

 
 

Figure #7: Impulse response data 

collection on a structure 
 

For analysis, the time history of the impact force and 

the time history of the structure’s response are 

recorded and the impulse response is calculated. This 

can be accomplished by de-convolution or in 

frequency-domain, by dividing the Fourier transform 

of the response waveform by the Fourier transform of 

the impact force-time function. In the frequency-

domain, the resultant response spectrum indicated 

structural response as a function of the frequency 

components of the input. Digital signal processing 

techniques are used to obtain the impulse response 

function, often referred to as the transfer function. The 

transform function is computed through the following 

steps: 

1. Calculate the Fourier transforms of the 

measured force-time function, f(t) and the 

measured response, v(t). These will be 

denoted as F(ω) and V(ω). 

2. Using the complex conjugate of the Fourier 

transform of the force-time function F*(ω), 

compute the cross power spectrum, 

V(ω).F*(ω). 

3. Compute the power spectrum of the force-

time function, F(ω).F*(ω). 

4. Divide the cross-power spectrum by the 

power spectrum to obtain the transfer 

function: 

)().(
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The test results can be repeated and average 

power spectra can be used to compute the transfer 

function. The calculations can be carried out 

automatically, using a dynamic signal analyzer. 

Velocity is measured and the resulting impulse-

response spectrum has units of velocity/force, 

which is referred to as mobility and the spectrum 

is also called mobility plot. At frequency values 

corresponding to resonant frequencies of the 

structure, mobility values are maximum. 

The length of the pile can be calculated by the 

following equation: 

f

C
L P




2
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where PC  is the P wave velocity, L is the length 

of the pile and f  is the fundamental 

longitudinal frequency of the pile. f  is 

calculated from the mobility plot and is the 

difference between two adjacent peaks. Figure #8 

illustrates a typical mobility plot. 
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Figure #8: Mobility plot for a pile 
 

At low frequencies, the pile and soil vibrate together 

and the mobility plot provides information on the 

dynamic stiffness of the soil/pile structure (Stain, 

1982; Davis and Dunn 1974). The slope of the 

mobility plot represents the dynamic flexibility of the 

pile head. The dynamic stiffness is the inverse of the 

dynamic flexibility. Therefore, mobility plots with 

steeper initial sloped correspond to a lower dynamic 

stiffness of the pile head. The pile head stiffness is a 

function of the dynamic stiffness of the pile and the 

dynamic stiffness of the surrounding soil. 

 

Applications 

The impulse-response technique is mainly used to 

qualify columns and piles in terms of modulus of 

stiffness. However, IR has been extensively used to 

detect defects and cracks in columns and pillar like 

structures. 

 

Short-Pulse Radar (SPR) or Ground Penetrating 

Radar (GPR)  

 

Electromagnetic wave propagation principles 

Short-pulse radar (SPR) is a powerful scientific tool 

with a wide range of applications in the testing of 

concrete. SPR waves are electromagnetic (EM) waves 

that propagate through air at the speed of light. A 

schematic view of the technique basics is shown in 

Figure #9. 

 

 
 

Figure #9: Basics of short-pulse radar 

technique 
 

The way EM waves behave in other material is 

governed by the material’s dielectric and conductivity 

properties. Any EM wave that encounters an interface 

between two materials of different dielectric constants 

will have part of its energy reflected from the interface, 

and part of its energy transmitted through the interface. 

At the air/concrete interface approximately %55 of the 

signal strength is transmitted into the concrete. 
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where   is the reflection coefficient, R, is the 

amplitude of reflected energy, I is the amplitude of 

incident energy, 1  is the dielectric constant fro 

material 1 and 2  is the dielectric constant for 

material 2. If material 2 has larger relative dielectric 

constant than material 1, then   would have a 

negative value. 

The receiving antenna will detect the signals that are 

reflected from an interface. Any defect in a concrete 

structure, such as air, water, salt water or an air gap, 

will cause a new dielectric interface in concrete. This 

interface will cause a reflection that the radar 

equipment records, then the type of severity of the 

defect can be estimated. Only defects that are 

perpendicular to the direction of travel of the radar 

pulse are detected. 

 

The larger the difference in the dielectric properties 

between the two materials at an interface is, the larger 

the reflection from that interface will be. The GPR 

inspection is performed according to ASTM D 4748. 

 

Applications 

Short-pulse radar is capable of rapid detection of 

delaminations and other types of defects in bare or 

overload reinforced concrete bridge docks. It has also 

been used to detect voids underneath pavements and 

within the concrete mass. In addition to the detection 

of delaminations in concrete, radar shows potential for 

other applications such as the monitoring of cement 

hydration or strength development in concrete, the 

study of different admixture and additives on concrete, 

the rapid determination of water content in fresh 

concrete, the measurement of the thickness of concrete 

members and the location of reinforcement bars. 

Short-pulse radar has also been used to successfully 

locate underground concrete masonry units, buried 

utilities, determining dowel bar alignment and areas of 

high chloride concentration on bridge decks. 

The accuracy of the SPR and its ability to detect other 

types of defects existing in concrete bridge decks and 

other structures need improvements in the resolution of 

antenna and by increasing the understanding of the 

various radar encountered in these structures. 
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