
Ultrasonics 36 (1998) 197-204 

Advancement on the nondestructive evaluation of 
concrete using transient elastic waves 

T.-T. Wu *, P.-L. Liu 

Institutr of Applied Mechanics. Nutionul T&run C’niwwity. Tuipei. Tuiwutl 

Abstract 

This paper summarizes the recent advances on the application of transient elastic waves to the nondestructive evaluation of 
concrete. The first part presents the numerical simulation of transient elastic waves in a plate structure with cracks and flaws. In 
the second part, a newly developed method for the determination of concrete elastic constants is described. The method is based 
on the measurements of the Rayleigh wave and the skimming longitudinal wave velocities. Instead of detecting the wave 
displacement normal to the specimen surface, the tangential displacement signal is detected through the utilization of home-made 
PZT conical transducers. Finally, recently developed methods for the detection of surface breaking cracks in concrete using 
transient elastic waves are summarized. The methods include the detection of surface breaking cracks using the imaging of the 
diffracted wave-front and the inversion technique. 0 1998 Elsevier Science B.V. 
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1. Introduction 

The increasing need for monitoring structure integrity 
has initiated intensive research in the development of 
nondestructive testing and evaluation methods for civil 
infrastructures, especially for concrete structures. Even 
though concrete has been utilized for many decades, it 
still is one of the most widely used building materials in 

the world. It can be found in bridges, buildings, founda- 
tions, dams, highways, etc. Unlike metallic materials 
that are usually assumed homogeneous, concrete con- 
sists of cement, sand and aggregates of different sizes. 
In addition, many microcracks or voids in concrete may 

exist due to the manufacturing process or external 
loading. The above-mentioned factors strongly affect 
the physical behavior of the concrete. For example, the 
existence of voids or microcracks in concrete decreases 

its compressive strength. 
The use of transient elastic waves to measure the 

elastic properties as well as flaws of solid specimens has 
gained a lot of interest, especially in the nondestructive 
evaluation of concrete structures [ 1.21. Since the diffrac- 
tion and attenuation of elastic waves in concrete is 
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pronounced, a relatively low frequency (large wave- 

length) and high energy source is usually adopted to 

generate elastic waves in concrete. A successful example 

of utilizing the transient elastic wave to the nondestruc- 

tive evaluation of concrete structure in the past decade 

is the impact-echo method. The method was developed 

and applied by Carino, Sansalone and their co-workers 

[ 3-61 for the detection of flaws or voids in concrete slab 

and wall structures. In this method, a steel ball impact 

on the surface of a concrete structure is employed to 

generate the elastic waves. A displacement point receiver 

is placed next to the impact source to receive the wave 

signals. The fast Fourier transform (FFT) is adopted in 

the impact-echo method for analysis of the received 

wave-form. The periodic reflection of the longitudinal 

wave between the top surface and the flaw induces a 

dominated peak in the frequency spectrum and if the 

corresponding frequency is termed. ,J the depth 01 
the flaw, D, can be determined from the formula 

D = P’,/2f: 

The first step towards the development of an eficient 

elastic wave based nondestructive evaluation method is 

the study of the propagation characteristics of the elastic 

wave. In the literature, there are many theoretical analy- 

ses of transient elastic wave propagation in simple 
structures and these are of great importance in under- 
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standing the elastic wave physics. To further study the 
diffraction waves from an arbitrary obstacle, numerical 
techniques such as finite difference method, finite ele- 
ment method and boundary integral method are of great 

importance. The 2-D and 3-D elastic wave propagation 
in heterogeneous media and concrete with crack has 
been investigated by Wu and his co-workers [7-91 using 
the finite difference method. The simulated results were 

expressed in terms of the wave signal being received at 
a specific point and the snapshot of the wave field at a 

specific time. 
The elastodynamic scattering problems have played 

an important role in the quantitative nondestructive 
evaluation of materials [lo]. Their solutions can be 

applied to develop inverse scattering techniques for flaw 
sizing and for modeling the reliability of flaw detection. 

There are analytical, numerical and experimental studies 
of transient elastic wave scattering by a crack in metallic 
structures [ 1 l-151. The afore-mentioned studies showed 
that the diffracted waves from surface-breaking cracks 
offer sufficient information to measure the crack geome- 
try. In addition, to extract more information about a 
crack, the wave-form analysis of the measured diffracted 
wave is suggested. Wu and Fang [8,9] have successfully 

applied the inversion technique to determine the depth 
of a surface-breaking crack in concrete. Both the normal 
and the oblique surface-breaking cracks can be detected 
with this method. To measure the depth of a surface- 

breaking crack in concrete, the measurement of ultra 
sonic wave-front has previously been employed. 

However, due to the large aperture of the ultrasonic 
transducers, the measurement of a crack in a compli- 
cated concrete structure is not easy (if even possible). 
The use of the point source/point receiver method 
reduces the limitation and can be further utilized to 
obtain the imaging of the crack profile [ 16,171. 

In this paper, we summarize briefly the recent studies 
of numerical simulation of transient elastic wave propa- 
gation in structures with defects and the measurement 
of in-situ concrete uniformity and elastic constants using 
transient elastic wave. The methods for the determina- 
tion of surface-breaking cracks in concrete structures 
using the transient elastic wave are also summarized. 

2. Propagation of transient elastic waves 

2.1. Finite d@erence jbrmulutions 

For a body with dynamic disturbance propagating in 
a three dimensional space, the stress equations of motion 
can be written in Voigt’s form as 

ihi 

P 5 = Tij,j +A 

where p is the mass density, ji is the body force per unit 
mass, Tij are the stress components, Vi are the particle 
velocities and ij= 1,2,3. For a linear elastic isotropic 
medium, Hooke’s law reads 

2 Tij 
__ =j_V,~,dij+/.iu(Vi,j+Vj,i) 

l?t 
(2) 

where ,u and jb are the Lame constants. 
To study the elastic wave propagation in a general 

two- or three-dimensional heterogeneous medium, the 

finite difference scheme with staggered grids can be 
adopted [ 181. In this heterogeneous formulation, instead 
of treating the internal interfaces by explicit interfacial 

boundary conditions, they are represented by changing 
the elastic constants and mass density. The finite differ- 

ence formulae for the free surface grids are derived 
based on the method of fictitious lines [ 191. For detail 
of the finite difference formulation of the 2-D and 3-D 
elastic wave propagation problems, readers are referred 
to Refs. [7-9,181. 

2.2. Numeric& simulation oj’2-D difiucted wves 

Fig. 1 (a)-(c) show snapshots (t = 6,12,18 us) of the 
diffracted wave fields induced by a steel ball drop in an 
aluminum plate which contains a normal surface-break- 

a 

b 

Fig. 1. Snapshots of the diffracted wave fields in a aluminum plate 

with a 2cm surface-breaking crack at (a) f=6 ps, (b) t=12 ps, (c) 

t=18us. 
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ing crack. The depth of the crack and source to crack 
opening distances are the same and is equal to 2 cm, the 

height of the plate is 8 cm. In Fig. 1 (a) (t=6 ps), the 
Rayleigh surface waves propagating in both directions 
can be identified clearly, while the P wave-front has 
crept around the crack tip. In Fig. 1 (b) (t = 12 ps), the 
Rayleigh surface wave which propagates toward the 

crack has crept down the crack. The reflected Rayleigh 
surface wave from the corner of the top of the crack 
can also be observed. In Fig. l(c) (t= 18 ps), the 

Rayleigh wave has crept around the crack tip, and the 
crept P and S waves have carried wave energy to the 
shadow zone that located across the surface opening. 

Fig. 2(a)-(c) show the snapshots (t =6,12,18 ps) of 
the diffracted wave fields for the case of an aluminum 

plate with a circular hole located at the mid-depth. The 
diameter of the hole is 2 cm. In Fig. 2(a) (t=6 ps), one 

can find the P wave-front is just approaching the top 
edge of the hole. In Fig. 2(b) (t = 12 ps), the P wave- 
front has passed the hole, and the S-wave-front is arrived 
at the top of the hole. In addition, the scattering of the 
P wave by the hole is observed clearly. In Fig. 2(c) (t= 

18 ps), the creeping wave is formed and crept down 
along the boundary of the hole with a certain amount 

of energy. Fig. 3(a)-(c) are the snapshots (t=6,12,18 ps) 

a 

b 

Fig. 2. Snapshots of the ditrracted wave fields in a aluminum plate 

with a circular hole with 2 cm diameter at (a) t = 6 us. (b) t = 12 ps, (c) 
t= 18 us. 

a 

b 

C 

Fig. 3. Snapshots of the ditfracted wave fields in a concrete plate with 

a steel bar with 2 cm diameter at (a) I = 6 ps. ( b) I = I2 ps. (c) I = I8 p, 

of the diffracted fields for the case of a concrete plate 
with a steel bar at the mid-depth. In this case, instead 

of creeping around the circular boundary, the wave 
energy is penetrated into the steel bar and reflected back 
and forth in the bar. 

We note that the complicated elastic wave fields 
scattered by an obstacle in a structure can be observed 
more clearly through numerically simulated snapshots. 
The snapshots of the scattered wave fields can be 
processed to obtain the dynamic image of the scattered 
wave field to observe the time evolution of the various 
elastic wave modes. 

In this subsection, we discuss the numerical simulation 
of 3-D diffracted waves induced by surface-breaking 

cracks in concrete. Fig. 4 shows that the depth of the 
crack is U: the distance of the source and the receiver to 
the surface opening of the crack is N and h, respectively. 
Fig. 5 shows the diffracted waves received at different 
receiver distances b = 2,4,6,8 cm. The longitudinal wave 
and the transverse wave velocities of the concrete were 
assumed as 4200 m s- ’ and 2450 m s- ‘, respectively. 
The source distance u = 3 cm, the depth of the crack d= 
6 cm and the source time function is a half sin3’2t with 
a contact duration equal to 20 ps. From Fig. 5. we note 
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Fig. 4. The normal surface-breaking crack and arrangement of source 

and receiver. 
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Fig. 5. The diffracted waves by a normal surface-breaking crack 

received at ditferent locations (t/=3 cm, crack depth=6 cm) [S]. 
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Fig. 6. The geometry of a rectangular and an elliptical surface-break- 

ing cracks. 

that the amplitude of the diffracted wave decays with 
the receiver distance and, in addition, the initial slope 

of the diffracted wave-front is also dependent on the 
receiver distance. It has been shown that the phase 
changes of the initial signal are dependent on the relative 
angle formed between the source to crack tip and 
receiver to crack tip [ 151. 

The 3-D finite difference formulation can also be 
utilized to simulate the elastic wave diffraction due to 
cracks with different cross sections. Fig. 6 shows two 
different cross section of normal surface breaking cracks. 
The cross section of the rectangular crack is 20 cm in 
length and 5 cm in depth, the surface opening length of 

the semi-elliptical crack is 20 cm and the maximum 
depth is 5 cm. The distance between the source and the 
surface opening of the crack is 2 cm. The receiver is 
placed perpendicularly across the crack at a distance of 
2 cm. Similar to the ultrasonic B-scan, the B-scan images 

of the above two surface breaking cracks using the 
transient elastic waves can be obtained. The arrangement 

of the source and the receiver is shown in Fig. 7. The 
scan is along the s-direction from x = -20 cm to .r= 
20 cm with an interval of I,/3 cm. The length of the time 
computed for each of the signal is 100 us. On stacking 

all the scanning signals and utilizing the density plot, 
the B-scan images for the rectangular crack and elliptical 
crack are shown in Figs. 8 and 9, respectively. In these 

figures, the horizontal axis is the elapsed time and the 
vertical axis is the test position. In the images, the 
amplitude of the received signal is characterized by the 
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Fig. 7. The arrangement of the source and receiver for the B-scan. 
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Fig. 8. B-scan image for the rectangular surface-breaking crack [S]. 
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Fig. 9. B-scan image for the elliptical surface-breaking crack [8]. 
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black and white contrast, i.e., the bigger the amplitude, 
the darker the image, the smaller the amplitude, the 

brighter the image. From the B-scan images, one can 
easily differentiate between the crack cross sections, i.e., 
the image of the diffracted waves from the rectangular 
crack is flat (Fig. 8), while that of the semi-elliptical 
crack is concave (Fig. 9). 

3. Measurements of concrete elastic constant 

The elastic constants of concrete are usually deter- 

mined by using an uniaxial test to determine Young’s 
modulus of a standard cylindrical specimen. In the 
nondestructive evaluation of concrete, the ultrasonic 
wave velocity is usually measured and utilized to predict 

the strength of concrete [20,21]. Wu et al. [22] proposed 
a method for determining the dynamic elastic constants 
of a concrete specimen using transient elastic waves. In 

this paper, the Rayleigh wave velocity was determined 
based on the cross correlation method and the longitudi- 
nal wave velocity which was determined by measuring 
longitudinal wave-front arrival. The major limitation of 
measuring the longitudinal wave velocity of a concrete 
specimen by the afore-mentioned method is the require- 

ment of the presence of a perpendicular corner. Since 
the longitudinal wave travels across a corner, it gives a 
bigger displacement jump at the longitudinal wave-front 
arrival when a NBS conical transducer [23] (vertically 

polarized and normal to the specimen surface) is used. 
Furthermore, in the Rayleigh wave velocity measure- 
ment, the source to receiver distance is relatively large. 
These limitations hinder its broader application. In a 
following paper, Wu and Fang [24] removed the limita- 
tions of the afore-mentioned method [22] and proposed 
a new method based on the measurements of horizon- 
tally polarized surface responses. In the new method. 
the longitudinal wave-front can be identified from the 

surface response directly. In addition, the source to 
receiver distance in determining the Rayleigh wave veloc- 
ity is reduced. In the following, a brief review of the 
recent proposed method is given. 

Analyses made by Wu and Fang [24] have shown 
that the horizontal component of the skimming longitu- 
dinal wave-front due to a point source is much larger 
than its vertical response, and this suggests the utilization 

of the horizontal component to detect the skimming 
longitudinal wave-front. Furthermore, in the determina- 

tion of the Rayleigh wave velocity. the source to receiver 
distance can be reduced significantly when the horizontal 
component of the surface response is used. In their 
study, for the purpose of detecting the radial component 
of a transient elastic wave signal, two horizontally 
polarized conical transducers were fabricated. The tip 
of the conical element was about 1.5 mm in diameter. 
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Fig. IO. The intluence of r1 on the calculated R.lyleigh NXLC velocity 

using the cross correlation method (half space) [24]. 

In the experiment, they confirm the correctness of the 
afore-mentioned theoretical analyses. 

Wu and Fang [24] pointed out that, instead of using 

the vertical polarized responses. the use of horizontally 
polarized surface responses can reduce the source to 
receiver distance significantly. Fig. 10 shows the mea- 
sured Rayleigh wave velocities as a function of the 
source to the first receiver distance I’,. In the experiment, 
two home-made horizontally polarized conical transduc- 

ers were utilized to measure the radial component of 
the surface displacement signals in a concrete specimen. 
The received voltage signals from the conical transducers 

were amplified by a preamplifier and recorded by a 
100 MHz digital oscilloscope ( LeCroy 93 14L). The 
dimensions of the concrete specimen used in this study 
are 60 cm in width, 55 cm in length and 13 cm in 
thickness. The density of the concrete specimen is 
II= 2427 kg m-3. A steel ball 4.75 mm in diameter was 
utilized as the impact source. The measured longitudinal 
wave velocities of the bottom surface of the concrete 

plate are 4602 m s-’ and that of the top surface is 
4240 m s ‘. The Rayleigh wave velocities for the bottom 

and top surfaces of the concrete plate are 
2548 + 28.4 m s- ’ and 2302 _t 36.2 m s - ‘. respectively. 

With the Rayleigh wave (C,) and the longitudinal 
wave (C,.) velocities known, the transverse wave velocity 

(C, ) of the concrete specimen can be obtained by solving 
the well known Rayleigh wave equation, i.c. 

(3) 

Once the longitudinal and the transverse wave veloci- 

ties of an isotropic material are known, the dynamic 
elastic constants of the concrete specimen can be deter- 
mined provided that the density of the concrete is 
estimated. The influence of the reinforced bars on the 
determination of the longitudinal wave and Rayleigh 
wave velocities in reinforced concrete structures is cur- 

rently under study by the first author. 
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4. Concrete crack depth measurements 

Measurements of the size and geometry of a surface- 
breaking crack is important in the evaluation of a 
existing concrete structure. The existence of surface- 
breaking cracks in a concrete structure decreases its 
durability significantly. The position of a surface-break- 
ing crack can easily be observed with the eye, but the 
determination of depth of the crack is not trivial. The 
inhomogeneous nature of the concrete structure prevents 
the utilization of high frequency ultrasonics. The use of 
transient elastic waves, based on the point-source/point- 
receiver (PS/PR) technique [3-61, has gained a lot of 
interest in the field of nondestructive evaluation of 
concrete structures. In the detection of crack in concrete, 
Wu and Fang [25] utilized the phase characteristics of 
the diffracted wave-front to determine the depth of a 
normal surface-breaking crack in concrete. The measure- 
ment of the arrival of diffracted wave-front technique 
was utilized by Lin et al. [ 161 to determine the depth of 
a normal surface-breaking crack and by Liu et al. [ 171 
to construct the image of surface-breaking cracks. On 
using the finite difference forward solution and a nonlin- 
ear optimization algorithm, the geometry of a surface- 
breaking crack in concrete can be determined inversely 
using the measured diffracted wave signal [8,9]. The 
inverse results showed that both the depth and the 
inclined angle of an oblique surface-breaking crack can 
be accurately determined. In this paper, the wave-front 
imaging method and the inversion method are summa- 
rized briefly. 

4.1. Wuve-fron t imaging 

The principle of migration in reflection seismology 
can be combined with the transient elastic wave measure- 
ments to construct the image of a surface-breaking crack 

in a concrete structure [ 161. Consider a cracked half- 
space, and let a signal be emitted from the source on 
the surface. The signal will be diffracted by the crack 
tip, and arrive at a receiver which is on the opposite 
side of the crack opening. Suppose the travel time of 
the diffracted signal is t, and the wave velocity is v. 
Then, the travel distance of the signal is vt. If the 
diffraction path is unknown, any point in the medium 
with the same travel distance is a possible diffraction 
point. Therefore, the crack tip should fall on an ellipse 
with the source and receiver as its foci. 

A migration image can be constructed using this idea. 
Firstly, draw a half-plane and mark the source and 
receiver locations on the surface. Take a response curve 
and construct an ellipse for each of the data points on 
the curve according to the travel distance. Since the 
amplitude of the data points varies, the elliptic trajecto- 
ries are of different magnitudes. Representing the magni- 
tude by grayscale, a grayscale image is obtained. Since 

Fig. 11. Migration image of a 45’ model crack [ 161. 

there is a visible change in the response curve when the 
first diffracted signal arrives, the ellipse of the first 
diffraction can be located on the image. If more than 
one diffraction curve migrates, the crack tip is simply 
located at the common intersection of the ellipses of the 
first arrivals. 

The grayscale image obtained by migration only 
depicts the location of the crack tip, not the crack itself. 
To make the image more easily read, one can connect 
the crack opening and tip with a line segment in the 
image to represent the crack. Fig. 11 shows the experi- 
mental image of a 45” crack obtained by processing the 
velocity signals of a concrete specimen. It is seen that 
the imaging method can display a real crack successfully. 

4.2. Inversion of d@ucted wave 

The inversion of diffracted wave method utilizes the 
time domain diffracted wave signals to inversely deter- 
mine the crack depth of the surface breaking crack in 
concrete [8,9]. In this method, like the impact&echo 
method, a steel ball is used to generate the elastic wave, 
and the diffracted elastic wave is received by a receiver 
located across the crack. A three-dimensional finite 
difference program is used to calculate the forward 
solution of the diffracted wave. Where a forward numeri- 
cal solution exists, the initial part of the measured 
diffracted wave signal can then be utilized to recover 
the crack depth by using an optimization algorithm. 

The arrangement of the impact source and receiver 
position is the same as the one shown in Fig. 4. Fig. 12 
shows the comparison of the calculated (broken line) 
and the measured (solid line) diffracted wave signals 
with u=2 cm, and b =2 cm. In the figure, the measured 
signals have been calibrated by deconvolving the original 
measured signal from the transducer transfer function. 
The results show the accordance of the measured and 
the calculated diffracted wave signals. 

Based on the recent study [8,9], it is noted that the 
initial part of the received signal contains much informa- 
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Fig. 12. Comparison of measured (solid line) and cdtcutated (broken 

line) ditfracted wave signals with u =2 cm. h = 2 cm [9]. 

tion regarding the geometry of the cracks. In addition 
to the arrival time and the initial phase of diffracted 
longitudinal wave-front, the characteristics of the later 
part of the diffracted wave signals were also controlled 

by the crack geometry. In the inversion process of the 
crack depth from the measured diffracted wave signal, 
a deviation function which defines the difference between 

the measured (u,) and the guessed (u,) normal displace- 
ment signals is defined 

c+ [4(+u,w12 (4) 

where i represents the discrete time and A is a matched 
constant which can be determined by the equation 

In the process, three sets of initial guesses are made 
first, and then, the finite difference program is utilized 
to calculate the corresponding diffracted wave signals 

(u,). With the deviation function calculated for each 
guessed crack tip position, the true crack tip position 
was then determined using the simplex method [26]. 

The diffracted wave signal of a normal surface-break- 
ing crack shown in Fig. 12 was utilized as the measured 
signal. The depth of the crack is 9 cm, while the source 
and receiver locations are a=2 cm and b=2 cm. Fig. 13 
shows a plot of the error function value versus the 
guessed crack depth, where 0 and x denote the guessed 

depths for two different inversion processes. In the first 
case ( x ), the initial guess of the crack depth was 5 cm. 
It finally converges to the true depth around 9 cm. In 

the second case (O), the initial guess of the crack depth 
was 15 cm. It also converges to around the true value 
9 cm. 

We note that the present algorithm can not only be 
applied to the detection of the normal surface crack, it 
can also be utilized to detect an oblique surface break- 
ing crack. 

0 m . 1 
5 10 15 

crack depth (cm) 

Fig. 13. The values of the error function at different crack depth 191. 

5. Concluding remarks 

To conclude this paper, we note that a successful 

development of an elastic wave based NDT method for 
testing concrete structure is strongly dependent on the 
solid understanding of the wave propagation chardcteris- 
tics. In addition to the theoretical analysis, many elastic 

wave-related problems require the utilization of a general 
purpose computer program for calculating elastic wave 

propagation in structures with non-simple boundary. 
For measuring the elastic constants or the uniformity of 
reinforced concrete structures, the recently proposed 
method that is based on the measurement of skimming 

longitudinal wave and Rayleigh wave velocities has 
demonstrated its robustness for in-situ measurement. In 
the detection of the depth of a surface-breaking crack 
in concrete, the methods described in this paper have 
demonstrated their feasibility through both the numeri- 

cal and experimental analyses. Results of the recent 
applications of the crack measurement techniques in 
fields are very successful. 
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