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Abstract

The use of the ultrasonic pulse velocity tester is introduced as a tool to monitor basic initial cracking of concrete structures and hence to

introduce a threshold limit for possible failure of the structures. Experiments using ultrasonic pulse velocity tester have been carried out,

under laboratory conditions, on various concrete specimens loaded in compression up to failure. Special plots, showing the relation between

the velocity through concrete and the stress during loading, have been introduced. Also, stress–strain measurements have been carried out in

order to obtain the corresponding strains. Results showed that severe cracking occurred at a stress level of about 85% of the rupture load. The

average velocity at this critical limit was about 94% of the initial velocity and the corresponding strain was in the range of 0.0015 to 0.0021.

The sum of the crack widths has been estimated using special relations and measurements. This value that corresponds to the 94% relative

velocity was between 5.2 and 6.8 mm.
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1. Introduction

The ultrasonic pulse velocity has been used on concrete

for more than 60 years. Powers in 1938 and Obert in 1939

were the first to develop and extensively use the resonance

frequency method [1]. Since then, ultrasonic techniques

have been used for the measurements of the various prop-

erties of concrete [2–31]. Also, many international commit-

tees, specifications and standards adopted the ultrasonic

pulse velocity methods for evaluation of concrete. Examples

are the ASTM C597, BS 1881: Part 203 and ACI 224R,

ACI 228.1R, ACI228.2R and ACI228.2R [19–24].

The principle of the test is that the velocity of sound in

a solid material, V, is a function of the square root of the

ratio of its modulus of elasticity, E, to its density, d, as

given by the following equation:

V ¼ f
gE

d

� �
ð1Þ

where g is the gravity acceleration. As noted in the

previous equation, the velocity is dependent on the mod-

ulus of elasticity of concrete. Relationships between pulse

velocity and modulus of elasticity of concrete are given in

Refs. [4,12,28]. Monitoring modulus of elasticity for

concrete through results of pulse velocity is not normally

recommended because concrete does not fulfill the phys-

ical requirements for the validity of the equation normally

used for calculations for homogenous, isotropic and elastic

materials (Eq. (2)) [4,28].

V 2 ¼ Edð1� lÞ
qð1þ lÞð1� lÞ ð2Þ

where V is the wave velocity, q is the density, l is Poisson’s

ratio and Ed is the dynamic modulus of elasticity.

On the other hand, it has been shown that the strength of

concrete and its modulus of elasticity are related [6,29].

The method starts with the determination of the time

required for a pulse of vibrations at an ultrasonic frequency

to travel through concrete. Once the velocity is determined,

an idea about quality, uniformity, condition and strength of

the concrete tested can be attained. In the test, the time the

pulses take to travel through concrete is recorded. Then, the

velocity is calculated as:

V ¼ L

T
ð3Þ

where V= pulse velocity, L= travel length in meters (Fig. 1)

and T= effective time in seconds, which is the measured

time minus the zero time correction.
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The zero time correction is equal to the travel time

between the transmitting and receiving transducers when

they are pressed firmly together. Based on that principle,

Whitehurst [3] introduced a relationship between the

wave velocity and the quality of concrete as early as

1951.

The variation of the results due to the surface proper-

ties, presence of steel reinforcement, presence of voids

and cracks, properties of aggregate and mix proportions

have been studied and shown in the literature [5,7,9,

10,21–24]. Many attempts have been made to correlate

the velocity to the strength of concrete either directly or

by the use of combined ultrasonic and rebound hammer

[8,14,15,18,21–25].

Special techniques for investigating damage in concrete

by the use of wave velocity through cracked concrete have

been introduced by Toutanji [1], Selleck et al. [16],

Nogueira and Willam [17] and Berthaud [26,27].

From the literature review, it can be concluded that the

ultrasonic pulse velocity results can be used to:

(a) check the uniformity of concrete,

(b) detect cracking and voids inside concrete,

(c) control the quality of concrete and concrete products by

comparing results to a similarly made concrete,

(d) detect condition and deterioration of concrete,

(e) detect the depth of a surface crack and

(f) determine the strength if previous data is available.

2. Research idea

The determination of the level of failure may be

difficult and unreliable without the use of complicated

methods and procedures such as the load test. Sometimes,

special procedures and methods have to be designed, tried

and then applied to the element under consideration. Such

methods are usually slow and costly. However, no final

conclusions can be drawn without the application of such

methods, especially when the engineer has to decide on

various remedial measures including the demolition of the

structure.

The method presented here is a technique that can be

applied to structurally cracked elements in order to obtain a

simple conclusion about the tested region.

The basic idea is to measure the velocity through

concrete in cracked and uncracked regions. It is obvious

that the velocity of concrete is reduced when there is an

internal crack as shown in Fig. 1 because velocity

through concrete is higher than velocity through air or

water (the crack is either filled with air or water). Hence,

a reduction in the measured velocity can be noticed when

the concrete cracks. However, when the cracks are wide,

the sound waves are wholly reflected and no signal is

received [20].

Furthermore, a relation between the pulse velocity and

the crack width was deduced. The basic idea was that the

reduction in the velocity through concrete is basically due to

the formation of cracks in concrete as shown in Fig. 1.

These cracks are assumed to be filled with water because all

samples were saturated surface dry at test. The velocity of

waves in water has been calculated using the physical

relationship:

Vw ¼
ffiffiffiffi
B

q

s
ð4Þ

where B is the bulk modulus of water, equals 0.21�109,

and q is the density of water, which equals 1000 kg/m3

[32]. Using Eq. (4), the value has been found to be 1449.1

m/s and was assumed to be 1450 m/s in calculations. This

value was consistent with that appeared in the literature

[33,34].

The relationship, in its final form, was as follows:

w ¼

1

V
� 1

V0

1

Vw

� 1

V0

S ð5Þ

where w is the crack width, V is the velocity in concrete at

any stress level, V0 is the velocity in concrete at zero stress

level, Vw is the wave velocity in water, taken 1450 m/s, and

S is the side length of the cube.

3. Research program

The research consisted of the following steps:

1. Under laboratory conditions, 150-mm concrete cubes

were prepared. Various water-to-cement (w/c) ratios were

Fig. 1. Test procedure in noncracked and cracked samples.
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