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Abstract: Miners working in the marble industry have always been interested in identifying structural weaknesses in marble blocks 
before they are transported to marble processing plants. To achieve this difficult task, several simple methods have been developed 
among miners but observation-based methods do not consistently provide satisfactory results. A nondestructive method developed 
for testing concrete could be used for this purpose. In this study, this simple method based on differences in ultrasonic wave propaga-
tion in different materials was presented, and the test results performed both in the laboratory and a marble quarry were discussed.  
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1. Introduction 

The velocity of ultrasonic pulses traveling in a solid 
material depends on the density and elastic properties 
of that material. The quality of some materials is 
sometimes related to their elastic stiffness, such that 
the measurement of ultrasonic pulse velocity in these 
materials can often be used to indicate their quality, as 
well as to determine their elastic properties. When ul-
trasonic testing is applied to marble blocks, its objec-
tive is to detect internal flaws that send echoes back in 
the direction of the incident beam. These echoes are 
detected by a receiving transducer. The measurement 
of the time taken for the pulse to travel from the sur-
face to a flaw and back again enables the position of 
the flaw to be located [1-3].  

This ultrasonic testing technique was originally de-
veloped for assessing the quality and condition of 
concrete. One instrument used for this purpose is 
known as PUNDIT. The apparatus has been designed 
especially for field testing, being light, portable, and 
simple to use. Simple correlations between concrete 
strength, concrete aggregate gradation, water-cement 
ratio, and curing time have been analyzed using 
PUNDIT [4]. Several articles have been published on 
the subject of defining the mechanical properties of 
several different materials apart from rock by nonde-
structive test methods based on ultrasonic wave 

propagation [5-7]. 
There has been a rapid increase in the demand for 

natural materials to be used in construction engineer-
ing, interior decoration, and urban fitting. Over the 
years, there has been no shortage of quarried blocks, 
but problems have been encountered in providing suf-
ficient numbers of high quality marble blocks. Blocks 
of commercial size are directly extracted from the 
massif. In the case of homogeneous rocks having con-
stant features, structural discontinuities affect the 
marketability of the blocks. It is important to identify 
such abnormalities in the marble before the cutting 
process is performed in order to save money and time. 
The possibility of finding these structural defects us-
ing ultrasonic pulses has been studied, and promising 
results were obtained. This study concentrated on the 
relationship between structural discontinuities and ul-
trasonic pulse traveling velocities in nonhomogeneous 
marble blocks. Mathematical formulations were de-
veloped to find the exact locations of the surfaces that 
cause a separation during the cutting process [8-11]. 

2. Elastic constants and waves 
The principle of the ultrasonic testing method is to 

create waves at a point and determine the time of ar-
rival at a number of other points for the energy that is 
reflected by the discontinuities between different rock 
surfaces. The positions of the discontinuities can be 
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deduced from the time of arrival. The basis of these 
acoustic methods is the theory of elasticity. The elastic 
properties of substances are characterized by elastic 
moduli or constants that specify the relationship be-
tween stress and strain. The strains in a body are de-
formations, which produce restoring forces opposed to 
the stress. Tensile and compressive stresses give rise 
to longitudinal and volume strains, which are meas-
ured as unit changes in length and volume under pres-
sure. Shear strains are measured by deformation an-
gles. It is usually assumed that the strains are small 
and reversible, that is, a body resumes its original 
shape and size when the stresses are relieved. If the 
stress in an elastic medium is released suddenly, the 
condition of strain propagates within the medium as 
an elastic wave. There are several kinds of elastic 
waves as follows. 

In longitudinal, compressional, or P waves, the mo-
tion of the medium is in the same direction as that of 
wave propagation. These are ordinary sound waves. 
Their velocity is given by [12]: 
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where ρ is the density, k the bulk modulus, and μ the 
shear modulus of the medium. 

In transverse, shear, or S waves, the particles of the 
medium move at right angles to the direction of wave 
propagation, and the velocity is given by [13]: 
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If a medium has a free surface, there are also sur-
face waves in addition to the body waves. In Rayleigh 
waves, the particles describe ellipses in the vertical 
plane that contains the direction of propagation. 

Love waves are another type of surface waves. 
These are observed when the S wave velocity in the 
top layer of a medium is less than that in the substra-
tum. The particles oscillate transversely to the direc-
tion of the wave and parallel to the surface. Love 
waves are thus essentially shear waves.  

The frequency spectrum of body waves in the earth 
extends from about 15 to about 100 Hz; surface waves 
have frequencies lower than about 15 Hz [14]. For the 
method described in this study, P waves are of impor-
tance as an exploration tool. For the materials like 
concrete and marble, the useful frequency range is 
from 20 to 250 kHz. 

3. Application of pulse velocity testing 
For assessing the quality of marble blocks by the 

ultrasonic pulse velocity measurement, it is necessary 
to use an apparatus that generates suitable pulses and 
accurately measures the time of their transmission 
through the material. The instrument indicates the 
time taken for the earliest part of the pulse to travel 
from the transmitting transducer to the receiving trans-
ducer when they are placed at suitable points on the 
surface of the material. The distance that the pulse 
travels in the material must be measured to determine 
the pulse velocity: 

Path lengthPulse velocity=
Transit time

 (1) 

Fig. 1 shows how the transducers may be arranged 
on the surface of the specimen. The transmission can 
either be direct, indirect, or semi-direct. 

 
Fig. 1.  Methods of propagating ultrasonic pulses. 

The direct transmission arrangement is most useful 
since the longitudinal pulses leaving the transmitter 
are propagated mainly in a direction normal to the 
transducer face. The indirect arrangement is possible 
because the ultrasonic beam of energy is scattered by 
discontinuities within the material tested, but the 
strength of the pulse detected in this case is only about 
1% or 2% of that detected for the same path length 
when the direct transmission arrangement is used. The 
purpose of the current study is to develop a method to 
be used in a stone quarry, so semi-direct and indirect 
transmissions should used as the main measurement 
techniques since it is sometimes very difficult to find 
free faces to place transducers on the working area in 
a quarry. 

Pulses are not transmitted through large air voids in 
a material, and if such a void or discontinuity surface 
lies directly in the pulse path, the instrument will in-
dicate the time taken by the pulse that circumvents the 
void by the quickest route. It is thus possible to detect 
large voids when a grid of pulse velocity measure-
ments is made over a region in which these voids are 
located. By using this phenomenon, acoustic methods 
can be used to test rock strata and provide useful data 
for geological surveys. 

4. Laboratory work on simulated models 

A concrete model was designed in the laboratory to 
investigate the behavior of ultrasonic pulses traveling 
through a simulated discontinuity surface inside the 
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block. A wooden surface was cast into the block with 
the dimension shown in Fig. 2.  

 

 
Fig. 2.  Prepared concrete blocks and the dimension of the 
discontinuity surface (unit: cm). 

Before assessing the effects of the simulated dis-
continuity on pulse velocity, pulse velocity measure-
ments were made near the simulated surface. These 
measurements give the real pulse velocity for the pre-
pared concrete block. For this purpose, three direct 
measurements from three free surfaces were obtained. 
The result is given in Fig. 3. 

For later use, a linear equation was fit to the line 
shown in Fig. 3. 

T=2.52L−3.39 (μs) (2) 
where T is the measured pulse traveling time, and L is 
the length between probs. 

In this equation, 2.52 is the slope of the linear line; 
however, –3.39 can be interpreted as the pulse veloc-
ity measurement error because T never takes negative 
values when the length L is equal to 0. 

 
Fig. 3.  Pulse velocity determination for the homogenous 
concrete block. 

The measurement of pulse velocities at the points 
that are not affected by the simulated surface provides 
a reliable method of assessing the pulse velocity be-
havior of the homogenous concrete block. It is useful 
to plot a diagram of pulse velocity contours from the 
measurement results since this gives a clear picture of 
the variation extent. It should be appreciated that the 
path length can influence the recorded variation extent 

because the pulse velocity measurements correspond 
to the average quality of the concrete. When an ultra-
sonic pulse traveling through concrete meets a simu-
lated surface, there is a negligible transmission of en-
ergy across this interface so that any air-filled cracks 
or voids directly between the transducers will obstruct 
the direct beam of ultrasound energy when the void 
has a projected area larger than the area of the trans-
ducer faces. The first pulse to arrive at the receiving 
transducer will have been diffracted around the pe-
riphery of the defect and the transit time will be longer 
than that in similar concrete with no defect. 

In order to detect the simulated surface, pulse ve-
locity measurements were performed over three dif-
ferent directions through the concrete block on a grid 
of 2.5 cm× 2.5 cm. The results are given in Figs. 4-6. 

 
Fig. 4.  Contour plotting of the transmission time (μs) 
taken from the right face. 

 
Fig. 5.  Contour plotting of the transmission time (μs) 
taken from the front face of the model. 

 

Fig. 6.  Contour plotting of the transmission time (μs) 
taken from the top of the model. 
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As shown in Figs. 4-6, it is possible to detect the 
size and the position of the simulated discontinuity 
surface. Such estimates are more reliable if the dis-
continuity surface has a well-defined boundary sur-
rounded by uniformly dense concrete. 

5. Modeling the boundary of discontinuities 

The shape and size of any abnormality in a block 
can be determined by direct measurements taken from 
suitably spaced grids. It is important to find the exact 
position of the surface in marble blocks so that pre-
cautions can be taken before the cutting process starts. 
As stated before, if any discontinuity surface lies in 
the pulse path, the measured time corresponds to the 
pulse that follows the shortest path. This is important 
because any discontinuity causes a time delay com-
pared with the travel time of pulses in homogenous 
blocks. This case is shown in Fig. 7.  

 
Fig. 7.  Cause of time delay of pulses. 

Before doing any measurement, the pulse velocity 
behavior of the homogenous material must be ob-
tained as discussed above. By doing so, it becomes 
possible to estimate the pulse travel time if no abnor-
mality exists in the block. It is necessary to measure 
the direct distance between the transmitter and re-
ceiver in order to estimate the travel time of pulses. 
The pulse velocity measuring device gives the mini-
mum traveling time between two points. The pulse 
velocity is obtained by dividing the path length by the 
transit time. There will be a difference between the 
measured pulse velocity and the velocity obtained 
from Eq. (2) by applying path length L in it. This dif-
ference is an indicator of a time delay caused by 
longer traveling distances due to an obstacle in the 
travel path (dashed and direct lines in Fig. 7). The 
time delay will be used later to find the correct posi-
tion of the defect surface in 3D. 

Fig. 8 depicts the situation clearly. In this figure, 
there are two types of curves on the graph. The linear 
curve represents the direct distance from transmitter to 
receiver; the parabolic curve represents the longer 
path of pulses following the boundary of a discontinu-
ity. Both figures can be obtained from measurements 

in which the receiver moves from position 1 to posi-
tion 7, whereas the transmitter is fixed. 

 
Fig. 8.  Difference between the direct distance and the 
pulse travel distance. 

There are two different curves in Fig. 8. The first 
one is the curve obtained from the measured pulse 
travel times (shown as L) between transmitter and re-
ceiver, the second one is the direct distance (shown as 
P) according to the receiver position from 1 to 5. 
There is a large difference between the two lines 
showing that the pulse travel path to the position of 
receiver 1 is interrupted by the discontinuity surface. 
Although the receiver moves along a line in equal in-
crements from position 1 to 5, the gap between two 
lines narrows steadily. This behavior gives a very im-
portant clue about the boundary of the discontinuity 
surface. In the second region of the graph, from re-
ceiver position 5 to 7, the two lines meet. This behav-
ior indicates that there is no discontinuity surface be-
tween the transmitter and receiver. This process de-
fines the boundary in the longitudinal direction but not 
in the vertical. As shown in Fig. 9, the discontinuity 
can be at any position of h that is the vertical distance 
of the surface from the top of the block. 

 
Fig. 9.  Pulses moving around the crack. 

Let’s take s as the length of the crack, h is the ver-
tical distance from the upper surface, A+B is the path 
of a pulse traveling from the transmitter to the receiver, 
and L is the shortest distance between the two trans-
ducers. The pulse travels the distance A+B instead of 
L. 

Ls=A+B (3) 
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Some simple linear algebra can be used to obtain h 
and s, giving the boundary location (S) of the discon-
tinuity.  

2 2
2( )

2 2
h L h LsS h

Ls
− −

= + −  (4) 

Eq. (4) is a function of the vertical distance h. In 
this formula, both s and h are unknown. The purpose 
of Eq. (4) above is to define h and s. In Eq. (4), if h 
changes from 0 to L and s is plotted, Fig. 10 can be 
obtained. In this process, the only measurements that 
can be obtained are the directly measured L and A+B 
that is estimated from the linear equation (Eq. (2)) for 
the homogenous material. 

 
Fig. 10.  Curve that shows possible paths obtained from a 
single measurement. 

When the receiver moves to position 2 in Fig. 7, the 
same measurements are made to plot a second curve. 
Both figures are combined to obtain an intersection 
point that gives the correct position of the boundary, 
and h and s can be determined (Fig. 11).  

 
Fig. 11.  Combined curves giving h and s. 

Obtaining h and s is very important because if the 
receiver moves in four different directions, then four 
different h and s can be obtained in different direc-
tions. The receiver moves in such a way that the dif-
ferent h and s taken together enable us to find the ex-

act boundary shape of the discontinuity in 3D. 

Finding the h and s values is a time consuming 
process, so a computer program has been written to 
analyze the measurements and plot the entire finding. 
For a better understanding, Fig. 12 must be explained 
first. 

Considering Fig. 12, the values that can be obtained 
from measurements are as follows. 

L1: the direct distance from transmitter to the re-
ceiver at position 1; 

L2: the direct distance from transmitter to the re-
ceiver at position 2; 

S1: the length of pulse traveling path for the re-
ceiver at position 1; 

S2: the length of pulse traveling path for the re-
ceiver at position 2; 

Art: the distance between the receivers at position 1 
and 2. 

With an iteration of Eq. (4) for both measurements 
on the same plane, only one point equals h and s. The 
problem is to find this point that is the boundary of the 
discontinuity surface. 

 
Fig. 12.  Pulse traveling paths for both receiver positions. 

To verify the model explained in previous section, a 
cubic homogenous marble block with a certain cut in-
side was prepared. The dimensions of the block and 
cut are shown in Fig. 13. 

The transmitter is placed on the top of the block 12 
cm away from the left side and 13 cm away from the 
front face. The receiver was moved along the front 
face of the block in a 2.5 cm×2.5 cm grid pattern (Fig. 
14). 

Before the pulse traveling times are taken, direct 
measurements were used to obtain the standard linear 
equation for the homogenous marble block: 

T=0.877L+7.287 (μs) (5) 
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Fig. 13.  Block model dimension (unit: cm). 

Table 1 shows the measured times for 9 different 
receiver positions according to Fig. 14. 

Table 1 is made up of 4 sections. The first one is 
the direct measurement taken from the instrument. By 
using the linear behavior of the homogenous block 
given in Eq. (5), standard traveling times are calcu-
lated for the case where no cut exists in the path of the 
probes. These calculated times are given in the second 
section of Table 1. The exact distances are measured 
and given in the third section. The last section is the 
calculated pulse path length obtained from the meas-
ured traveling time as discussed previously. Receiver 

position (1, 1) has the highest measured traveling time, 
showing the pulse travels the longest path to reach the 
receiver (according to the first section in Table 1). 
This indicates that a crack exists between the two 
transducers. When the receiver is moved to position (3, 
3), there is no difference between the measured trav-
eling time and the standard traveling time, indicating 
there is no obstacle between the two transducers. The 
measured traveling times and distances between the 
transmitter and receiver are input to the computer so 
that all other values can be calculated to find the exact 
place of the cut. The crack position located by the 
computer is given in Fig. 15. 

 
Fig. 14.  Positions of transmitter and receiver. 

Table 1.  Measurement results 

Measured traveling 
time / μs 

Standard traveling 
time / μs 

Distance between the trans-
mitter and the receiver / cm 

Calculated pulse path 
length / cm Receive position 

1 2 3 1 2 3 1 2 3 1 2 3 
1 27 23 23 20 21 23 15 16 18 18 22 18 
2 25 23 24 21 22 24 16 17 19 20 17 18 
3 25 24 25 23 24 25 19 21 20 20 19 21 

 

 
Fig. 15.  Computed location of the crack. 

6. Conclusion 

The importance of determining whether marble 
blocks contain a discontinuity such as a void, crack, 
and cave has been presented in this work. It is also 
important to notice that any abnormalities in marble 
blocks must be found by using a simple method and 
without causing any damage to the main body. The 
method commonly used to test the quality of concrete 
is perfectly well suited to testing marble blocks be-
cause of its simplicity. First, experiments performed in 
the laboratory on a simulated block gave promising 
results that support the possibility of using such a 

technique on marble blocks. One must bear in mind 
that a prepared concrete block is more homogenous 
than natural stone. Direct measurements give a better 
understanding of the structure of any block, allowing 
the boundary of a discontinuity surface in the body to 
be located clearly. Nevertheless, direct measurements 
become very hard to apply in the field depending on 
the number of free faces. To develop a measurement 
technique that is useful in the field, semi-direct and 
indirect measurements have been taken on a block 
obtained from a marble factory. A mathematical 
model was applied to the block but the results showed 
that fixing the transmitter in a single position does not 
give an accurate picture of the body if there is a com-
plicated discontinuity structure. Although it is possible 
to find the exact positions of discontinuities by mov-
ing the transmitter, the number of measurements in-
creases in logarithmic scale with the number of trans-
mitter locations. However, statistical analysis could be 
a way to identify complex defect structures reliably, 
instead of finding their exact location. 
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