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The decay and durability of stone materials is a natural response to the progressive adjustment to differ-
ent environmental and harsh conditions. Usually stone building elements with no apparent sign of decay
are affected by the loss of cohesion. Non-invasive, early and low-cost identification of the internal dam-
age of stone materials would be a great step forward.
This paper presents an impact-echo (IE) method to analyse the internal quality of ornamental stone.

The proposed method attempts to estimate the P-wave velocity in the material applying a frequency esti-
mator that best explains the energy distribution of the possible modes of vibration from the captured IE
signals. The velocity estimation will be analysed along a set of freeze-thawing cycles in order to establish
a correlation with the internal damage caused in the material confirmed by its porosity. This value has
been measured after several freezing-thawing cycles at each stone specimen.
Experimental results show that the proposed method can be considered as a valid and effective tool for

determining the internal damage of ornamental stone materials. Besides, the proposed method could be
easily adapted to analyse specimens of different sizes, shapes and types of rocks.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The decay of ornamental stone materials slowly and gradually
increases under natural conditions. Nevertheless some porous
stones are damaged faster when they are used as building ele-
ments. Some weathering mechanisms (e.g. freezing/thawing
cycles) cause physical changes and stress within the pore space
that lead to granular disintegration and increase porosity.
Moreover, in order to gain more knowledge of decay process,
accelerated aging tests are frequently carried out with quarry
stone probes [42]. However, internal damage is difficult to
determine once the stone pieces, which might be cut and carved
in different shapes and sizes, are placed in the construction. There-
fore, the application of techniques to evaluate the internal quality
of ornamental stone materials at an early stage could be very
useful.

Non-Destructive Testing (NDT) techniques have been applied in
many works in order to assess the quality or properties of stone
materials during the last two decades. Specifically, NDT can be
defined as the process of inspecting, testing, or evaluating materi-
als in order to search for discontinuities, or differences in certain
characteristics without destroying the functionality of the
specimen under study [4]. Depending on applications, two
approaches based on different types of waves can be employed
[7]. The first category is composed of approaches based on electric
waves [25,30,38,35,25,2,39,3]. These approaches attempt to deter-
mine what defects or imperfections (cavities, fractures and cracks)
exist within the block and what is the size, shape or spatial orien-
tation of each defect in order to reduce costs related to the break-
age of the stone block. The second category, based on elastic waves,
can be split into ultrasonic [6,48,32,43,14] and impact-echo (IE)
techniques.

Considering IE approaches, they have been applied by some
authors to investigate several materials, such as rock [10,26,44],
concrete [17,16,22,24,34,46,47,53,52] or cement [21]. Regarding
the proposed signal processing applied to IE signals, the most fre-
quently used technique to evaluate the P-wave velocity is detailed
in the guidelines of C138398a [11],whichmeasures the time it takes
for the P-wave, generated by an impact, to travel between two trans-
ducers that are located at a known distance along the surface of a
structure. However, this guideline cannot evaluate small stone
materials used as building elements and the accuracy of the P-
wave velocity estimates is affected if the distance between the tips
of the two transducers is not known accurately. Kassab and Weller
[28] performed a study on P-wave velocity in sandstones. For this
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Fig. 1. The set of six ornamental stone blocks used in the test: (a) type 1; (b) type 2.
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purpose, the velocity was computed from the porosity of the
material, by using a helium porosimeter. Other studies calculated
the P-wave velocity from the measured density and the dynamic
Young’s shear moduli of each test specimen [9]. Besides, some
approaches simply applied the Fast Fourier Transform (FFT) tomea-
sure the resonant frequency [17,16,22,26,34,44,45]. Although some
authors introduced the use of advanced machine learning with IE
technique [53], most of them were dedicated to evaluate damage
features (defect detection, defect evaluation, defect sizing and loca-
tion) [17,16,21,22,24,48–51,50,52], to perform a diagnosis of the
degradation of the mechanical properties of a material [34] and to
compare the resonant frequencies of different materials [10,51].
Finally, some studies analyzed the nonlinear elastic behaviour of
damage materials, such as Van Den Abeele et al. [50] and Eiras
et al. [21].

This paper proposes a novel method, based on IE, to analyse the
internal damage applied to ornamental stone. The contribution of
this paper is the estimation of the P-wave velocity applying a fre-
quency analysis that best explains the energy distribution of the
possible modes of vibration from the captured IE signals. The
velocity estimation will be analysed along a set of freezing-
thawing cycles using two heights of impact, three sizes of ball
and two stone lithologies, in order to establish a correlation with
the internal damage caused in the material confirmed by the
porosity testing measured after several freezing-thawing cycles
at each stone specimen. The novelty of the proposed method lies
in the use of information provided by both frequency and ampli-
tude of the spectral peaks for the estimation of the P-wave velocity,
whereas the state-of-the art methods consider only frequency.
Besides, the proposed method can be used to assess the global
internal structure of the ornamental stone block, i.e., intact or dam-
aged, and it could be easily adapted to analyse specimens of differ-
ent sizes, shapes and types of rocks.

The remainder of this paper is organized as follows. In Section 2,
the types of ornamental stone material are presented in Section 2.1
and the fundamentals of the IE technique are briefly illustrated in
Section 2.2. The experimental procedure is described in Section 2.3,
the proposed method is detailed in Section 2.4, the reference mea-
surements are explained in Section 2.5 and finally the algorithm for
comparison is presented in Section 2.6. Section 3 shows the exper-
imental results. Finally, conclusions and future work are presented
in Section 4.
2. Materials and methods

2.1. Samples

Two rock lithologies have been chosen to evaluate the proposed
method. The first lithology (hereinafter type 1) corresponds to a
biocalcarenite of the local quarry of the village of Porcuna (Jaén,
Spain), which is mainly composed of fragments of briozoans and
other fossil traces as red algae and parts of echinoderms and pele-
cipods. The highly fossiliferous stone is scarcely embedded in
sparry carbonate cement [40]. This Upper Miocene material has
been also used for ornamental purposes. The second lithology
(hereinafter type 2) is a biocalcirrudite that is sold under the trade
name Amarillo Fossil from Hellín (Albacete, Spain) and it has been
usually used as external cladding due to its hydric behaviour and
salt resistance, also in historical buildings [33]. This Miocene bio-
calcirrudite is mainly composed of bioclasts of briozoans, echino-
derms and red algae, with grains of quartz as terrigen (5%),
bonded by sparite cement.

In this test (see Fig. 1), six ornamental stone blocks have been
used for each stone type. Each block is a cube of size
80 � 80 � 80 mm3.
2.2. Impact-echo technique

The impact-echo (IE) method was originally developed by
Sansalone and Carino [46] to detect internal flaws in concrete ele-
ments. Thereafter, this technique has been applied to investigate
the internal quality of other materials [11,26,27]. The acoustic
waves are produced by a short duration mechanical impact, usu-
ally by using a steel sphere [53] or a hammer at a point on the sur-
face of a solid sample. Three different types of waves are generated
by the impact: P-waves (also called longitudinal waves), S-waves
(shear or transverse waves) and R-waves (Rayleigh or surfaces
waves). P-waves and S-waves propagate into the material along
spherical wave fronts, whereas R-waves travel along the surface.
It is well known that the internal structure of the material (voids,
cracks, interfaces) causes internal reflections of the previous waves
[49]. Then, the reflected energy is recorded as a temporal wave-
form using a sensor or accelerometer mounted adjacent to the
impact location. The temporal waveforms are commonly trans-
formed into the frequency domain, because defects are more easily
identified in this domain by means of the Fast Fourier Transform
(FFT) technique [55,13], which provides a representation that con-
tains most of the waveform energy in significant spectral peaks in
the amplitude spectrum.

The input pulse can be approximated as a half sinus curve, with
a width (contact time) that is related to the diameter d of the
impact ball (in meters). The contact time tc (in seconds) can be
approximated to the following simplified equation [47].

tc ¼ 0:0043d ð1Þ
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Besides, the amplitude of the frequency components will be
proportional to the contact time [12]. The highest frequency f max

that can be excited by the impact is a critical parameter. It is
dependent on the size of the impact source and should be greater
than the frequency of the fundamental mode of vibration of the
material. As described in [47], this frequency f max , in kHz, covered
by the impact can be estimated using Eq. (2),

f max ¼ 291=d ð2Þ
The selection of the parameter tc (in seconds) is a critical issue

because the input pulse must contain the correct frequency com-
ponent [12]. Since the wave propagates back and forth between
the top and bottom faces of the evaluated material, the contact
time must be chosen according to the total path of the wave (from
the impact to the sensor placed at the same face) and the P-wave
velocity CP (in m/s). According to [11], the following condition
must be satisfied,

tc < 2T=CP ð3Þ
where T is the thickness (in meters) of the evaluated material. Then,
2T represents the propagation path of the wave from the impact to
the sensor.

When an impact is applied to a stone material, it is common
that not only one frequency is excited, but several vibration modes
may appear in the frequency spectrum in which their response is
dependent on the shape factor b[51]. This parameter b is depen-
dent on the dimension of the evaluated element [27]. Considering
specimens with rectangular cross-sections, b is a depth (D, dimen-
sion of the face parallel to the direction of the impact) to breadth
(B, dimension of the face perpendicular to the direction of the
impact) aspect ratio described by D=B[27]. As previously men-
tioned in Section 2.1, each block has a dimension D ¼ 80 mm and
B ¼ 80 mm and then a relation of D=B ¼ 1, which results on a
b ¼ 0:87[27]. The fundamental mode of vibration (f 1) corresponds
to

f 1 ¼ b
CP

2D
ð4Þ

Thus, the coefficients required to determine the next five modes
of vibration (f 2 � f 6), considering D=B ¼ 1, are calculated according
to [47],

f 2 ¼ 1:41f 1; f 3 ¼ 1:9f 1; f 4 ¼ 2:45f 1; f 5 ¼ 2:83f 1; f 6 ¼ 2:34f 1 ð5Þ
Finally, the separation between the impact point and the sensor

or transducer must be properly chosen. It is commonly acknowl-
edged that this distance should be from 20% to 50% of the maxi-
mum depth to be measured [13].

2.3. Experimental procedure

The impact-echo testing instrumentation used in the perfor-
mance evaluation of the proposed method is described below:

� Mechanical impactors: three steel balls with diameters of 3, 4
and 6 mm.

� Two high-frequency quartz sensor accelerometers (PCB 353B17
[37]). Bandwidth: 0.35 Hz–30 kHz. Sensivity: 10 mV/g.

� Two high-frequency ceramic sensor accelerometers (PCB
352A60). Bandwidth: 5 Hz–60 kHz. Sensivity: 10 mV/g.

� Sensor signal conditioner (PCB 482A18).
� Eight channels audio recorder Zoom F8 with a sampling fre-
quency of 192 kHz per channel.

The impact balls with diameters of 3, 4 and 6 mm get maximum
frequencies f max of 97, 72.75 and 48.5 kHz respectively, and the
contact times tc are 0.0129, 0.0172 and 0.0258 ms. The excitation
frequency, which is related to material properties and sample
dimensions of the specimen, should be lower than both f max and
the maximum frequency covered by the accelerometers.

Each impact point is placed at the center of each face of the
block. The four sensors mentioned above are located at the diago-
nals of the same face of the block, at a distance of 1.8 cm from the
center of the block, satisfying the condition mentioned in Sec-
tion 2.2 related to the separation between the impact and the sen-
sor. The three steel balls are dropped from two heights equal to 1
and 1.2 m. By means of the audio recorder, the conditioned signals
x(n) are captured and processed using Matlab.

A database has been created to evaluate the proposed method.
The database is composed of acoustic signals of one impact. The
impact signals have been generated using all possible combina-
tions of balls, heights, sensors and blocks (3 balls � 2 heights � 4
sensors � 6 blocks = 144 signals per type of ornamental rock). Of
all the above signals, only 36 impacts signals are subsequently
selected considering the signal from the sensor that provides the
maximum energy. This selection has been applied due to small
variances in the final position of the impact, which slightly varies
from the center of the face of the block. Note that the sensor that
provides the most reliable impact is used. These ornamental blocks
will be subjected to a damage process along freezing-thawing
cycles as detailed below. Then, the measurements are conducted
before the damage process (hereinafter cycle C0) and then every
seven cycles (hereinafter cycles C7, C14, C21 and C28).

2.4. Signal model

The frequency of the fundamental mode of vibration f 1, and so
the P-wave velocity is expected to decrease when the damage
increases [23,26,36]. For this reason, the proposed method
attempts to determine the P-wave velocity using a spectral esti-
mator that takes into account the slight velocity changes accord-
ing to the real density of the stone block as well as the different
modes of vibration active in the spectrum of the IE signal. Specif-
ically, the proposed method adapts the fundamental frequency
estimator Non-linear Least-Squares (NLS) [19–19] to include
these features.

First, a vector x nð Þ composed of N consecutive samples of the
observed signal is constructed as follows

x nð Þ ¼ x nð Þ x nþ 1ð Þ . . . x nþ N � 1ð Þ½ �T ð6Þ
where �ð ÞT denotes the transpose operator and N is the window
length. N was empirically estimated, so that the impact signal is
completely attenuated.

The covariance matrix is defined as

R ¼ E x nð ÞxH nð Þ� � ð7Þ

where E �f g denotes the statistical expectation and �ð ÞH is the conju-
gate transpose operator. In practice the covariance matrix is
replaced by the sample covariance matrix. First, the autocorrelation
is defined as

r̂ ¼ 1
N �M þ 1

XN�M

m¼0

x nð ÞxH n�mð Þ ð8Þ

with r̂ ¼ r̂ �Mð Þ . . . r̂ �1ð Þ r̂ 0ð Þ r̂ 1ð Þ . . . r̂ Mð Þ½ � and then the sample

covariance matrix R̂ is defined as bR i; jð Þ ¼ r̂ i� jð Þ.
The pitch estimation problem is defined as follows: a signal x nð Þ

consists of K harmonics with a fundamental frequency x0 and cor-
rupted by an additive white Gaussian or colored noise w nð Þ as

x nð Þ ¼
XK
k¼1

akejkw0n þw nð Þ ð9Þ
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where ak ¼ jakjej/k with jakj > 0 and /k being the amplitude and the
phase of the k-th harmonic respectively and the goal is to estimate
the fundamental frequency x0. As a consequence, the covariance
matrix R can be also written as [17]

R ¼ Z0PZ
H
0 þ r2I ð10Þ

where the diagonal matrix P contains the squared amplitudes as

P ¼ diag ja1j2 . . . jaK j2
� �

;r2 is the variance, I is the identity matrix

and the matrix Z0 has a Vandermore structure being constructed
from K harmonics as,

Z0 ¼ z x0ð Þ . . . z Kx0ð Þ½ � ð11Þ

where z xð Þ ¼ ejx . . . ejx N�1ð Þ� �T .
Applying NLS, the fundamental frequency of the signal and

amplitudes are estimated by minimizing the 2-norm of the differ-
ence between the signal vector and the signal model as,

x̂0 ¼ argmin ak ;x0f gkx� Z0akk22 ð12Þ

where ak ¼ a1 . . . aK½ �T .
Taking the expected value after replacing x by the sub-vector

x nð Þ, it results in the fundamental frequency estimator that
matches it to the covariance matrix [18], which is defined as
follows

x̂0 ¼ argmax x0f gTr ZH
0 R̂Z0

h i
ð13Þ

where Tr denotes the trace operator.
The NLS-based method is valid for signals composed of a set of

harmonics that are multiple of x0. However, the IE signal is non-
harmonic and it consists of a set of modes of vibration. As an exam-

ple, Fig. 2 shows the FFT applied to R̂ of an IE signal belonging to an
ornamental stone block of type 1 at cycle C0. For the database,
N ¼ 801 samples, M ¼ 400 samples and a 12816-points FFT is
computed.

Subsequently, we propose a modified NLS algorithm for esti-
mating modes of vibration. Then, a frequency estimation problem
is defined: an IE signal consists of L modes of vibration, which
can be written as

x nð Þ ¼
XL
l¼1

alejxln þw nð Þ ð14Þ
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Fig. 2. FFT of R̂ of a signal measured by a ceramic sensor placed at the block number 1 o
before the damage process (C0). The inverted triangles mark the six highest isolated pe
where xl ¼ x1 x2 . . . xL½ � and al ¼ a1 a2 . . . aL½ � are the frequencies
and the amplitudes of the L modes of vibration related to Eqs. (4)
and (5) respectively. According to [19], the NLS estimator is efficient
(low signal-to-noise ratio) for white or colored noise.

The frequency of the fundamental mode of vibration x1 is esti-
mated as follows,

x̂1 ¼ argmin al ;x1f gkx� Z1alk22 ð15Þ

where al ¼ a1 . . . aL½ �T and Z1 is constructed from the L modes of
vibration as

Z1 ¼ z x1ð Þ . . . z xLð Þ½ � ð16Þ
Besides, as indicated in Eq. (13), the fundamental mode of vibra-

tion x1 that best explains the energy distribution considering the
spectral locations of the associated modes of vibration active in
the spectrum of the IE signal can be estimated using the expected
value as shown in Eq. (17),

x̂1 ¼ argmax x1f gTr ZH
1 R̂Z1

h i
ð17Þ

To illustrate the performance of the proposed method, the
example shown in Fig. 2 is analysed. Assuming a P-wave velocity
range from 1850 to 2400 m/s, the spectral range of the fundamen-
tal frequency f 1, associated to the fundamental mode of vibration,
which corresponds to the previous velocity range varies from
10.06 kHz to 13.05 kHz. This is going to be the used range of values
for x1 at the estimator of Eq. (17). Fig. 3 shows the range of fre-
quency in which the estimator searches for the fundamental mode
of vibration. It can be observed that the proposed method esti-
mates the next modes of vibration:f 1 ¼ 11:73 kHz (in red color),
f 2 ¼ 16:54 kHz, f 3 ¼ 22:29 kHz, f 4 ¼ 28:74 kHz, f 5 ¼ 33:19 kHz,
f 6 ¼ 27:45 kHz. The selection of the fundamental mode of vibration
f 1 does not exactly match to the peak on Fig. 3 since the presence
of the next five modes of vibration influences the selection ofx1 as
indicated in Eq. (17). Anyway, three of the frequency peaks (first,
second and sixth) coincide with the highest peaks of the spectrum.
This result is a consequence of the selection of the main mode of
vibration, which depends on the other five modes as shown in
Eq. (17) and the second and the sixth modes are the highest peaks
apart from the main mode. Indeed, the dashed black line in Fig. 3
shows the expected value of the estimator when evaluating the

trace Tr ZH
1 R̂Z1

h i
of Eq. (17) along the P-wave velocity range. When
25 30 35 40 45
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Fig. 3. FFT of R̂ shown in Fig. 2. It can be seen that the proposed method searches for the fundamental mode of vibration inside the defined spectral range, providing a
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computing the trace, the six modes of vibration are used for defin-
ing Z1 of Eq. (16). The estimated fundamental mode of vibration x̂1

is selected as the maximum value, as defined in Eq. (17). In this
way, the combination of six modes of vibration that maximizes
the trace and, therefore, best defines the spectrum of the signal
is finally estimated as the frequency of the fundamental mode of
vibration. From this value, we obtain the estimation of the P-
wave velocity. Finally, the estimated fundamental mode of vibra-
tion results in a CP of 2157 m/s.

Considering the same combination of height-ball-block and the
four sensors used, only the signal from the sensor that provides the
highest energy in the captured signal is selected for further analy-
sis. The normalized energy En is calculated taking into account the
energy present in the frequencies related to the fundamental and
the next five modes of vibration for a range of CP from 1850 to
2400 m/s and normalizing it with respect to the total energy of
the spectrum. Besides, assuming that P-wave velocity cannot be
correctly estimated when the energy is low, En < 0:6, we have only
chosen P-wave values obtained using a normalized energy higher
than this threshold th ¼ 0:6 that has been empirically determined
from preliminar analysis.

Summarizing, the proposed method is implemented through
the following steps:

1. Capturing the IE signals belonging to the four sensors.
2. Selecting the signal with maximum energy from the four

sensors.
3. Windowing N samples of the signal.

4. Estimating R̂ with M ¼ N=2.
5. Applying Eq. (17) for CP values between 1850 and 2400 m/s

with resolution of 1 m/s.
6. Computing the normalized energy En estimated by the pro-

posed method as the relation between the energy present in
the frequencies related to the fundamental and the next five
modes of vibration and normalizing it with respect to the total
energy of the spectrum.

7. Estimating the CP when En > 0:6.

2.5. Reference measurements

To calculate the reference P-wave velocities used by the pro-
posed algorithm in order to create a database and evaluate its per-
formance, several reference measurements must be performed.
The velocity of the acoustic waves generated by the impact
depends on the structural and material properties of the specimen.
Correlating the changes in these properties with the measured
velocity helps to evaluate the degree of stone deterioration [8].
Porosity is one of the most important physical features controlling
this deterioration [1,41]. Then, it is expected that stones with
higher porosity will suffer a higher level of deterioration compared
with stones with lower porosity.

Freezing-thawing cycles aging tests were performed in order to
generate stresses within each stone block increasing the porosity
and generating cracks. For each block, the procedure consisted in
twenty-eight cycles (C1–C28) of 24-h where each of them was
water-saturated and then exposed to freezing temperatures [41].
Each block is cyclically loaded by cooling in a freezer with a tem-
perature of – 15 �C for 18 h and thawing in water for 6 h (room
temperature 20–22 �C).

To acquire additional information about the block deterioration,
the measurement of the Connected Capillary Porosity (CCP) was
carried out before the damage process C0 and then after every
seven cycles (C7, C14, C21 and finally C28). The value of CCP %ð Þ,
which corresponds to inter-connected pores with radius > 0.1
lm, was estimated as the ratio of the mass of water by capillary
uptake Ms to cubic sample volume Vc and water density

qa CCP %ð Þ ¼ Ms
Vc�þqa

� �
� 100

� �
[20].

Hereafter, a velocity analysis must be performed to establish a
correlation between the internal damage of each stone block when
each IE signal is processed. The P-wave velocity CP is measured
along the freezing-thawing cycles. Using the IE method, it is com-
mon to measure the P-wave velocity following the guidelines of
procedure A of C138398a [11]. An impact is applied on a block to
generate transient stress waves, which propagate along its surface.
Two sensors are placed on a line at a known distance l apart. Then,
it is possible to determine the P-wave velocity by dividing the time
difference by this distance l. This procedure requires a distance l of
300 mm between sensors, whereas the distance between the
impactor and the first sensor should be of 150 	 10 mm, so this
guideline cannot evaluate stone materials used as building ele-
ments with a size smaller than 450 mm. Then, a dry block with a
size of 500 � 100 � 2 mm3 of both types of ornamental stone has
been used in order to measure the P-wave velocity in each mate-
rial. The position of the impactor has been located at a distance
of 150 mm from the first sensor. The distance between the two
sensors is l ¼ 300 mm and the time difference (the travel time) is
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calculated as the time elapsed until the voltage of the captured sig-
nal by the sensors changes from the the base line value. Twelve
impacts have been performed in different places of the block and
the estimated P-wave velocity has been calculated as the mean
of these velocity values. Specifically, a CP1 ¼ 2057 m/s has been
estimated for type 1 blocks and CP2 ¼ 2272 m/s for type 2 blocks.
Note that our empirical measures, evaluating both types of orna-
mental stone, are consistent with those ones obtained in [31] in
which the P-wave velocity varies from 2000 to 3000 m/s.
2.6. Algorithm for comparison

In order to evaluate the performance of the proposed method,
an algorithm for comparison has been implemented. In [5], Ber-
nard et al. proposed a Bayesian formulation of the resonant ultra-
sound spectroscopy inverse problem to recover the viscoelastic
properties of anisotropic attenuative solid materials. The method
of [5] requires the estimation of the resonant frequencies. This step
is implemented using a state-of-the-art method based on a linear
prediction filter (initially proposed by Kumaresan and Tufts [29])
refined by a non-linear fitting to improve the repeatability of the
parameter estimation. In this work, we have used the same
approach, the method proposed by Kumaresan and Tufts [29]
and the non-linear fitting introduced by Bernard et al. [5], for com-
parison purposes. Finally, the fundamental frequency is calculated
by minimizing a cost function used by Bernard et al. of the type

F ¼
X6
n¼1

f expn � f model
n

f expn

 !2

ð18Þ

which paires the measured frequency (f expn ) and the corresponding

predicted frequency (f model
n ) of Eq. (5) for CP values between 1850

and 2400 m/s with resolution of 1 m/s.
3. Experimental results

The values of CCP %ð Þ for the undamaged blocks and after every
seven cycles are shown in Table 1. It can be observed that CCP val-
ues of blocks 1–6 of each stone type are very similar before the
damage process (C0). It can be seen that all blocks of type 1 show
higher CCP than blocks of type 2. Moreover, blocks of type 1 pre-
sent a total rise of the CCP value of 5% in comparison with an
increase of 2–3% for blocks of type 2. The difference of the CCP val-
ues between blocks of type 1 and type 2 can be related to the speci-
fic lithology of each material as mentioned in Section 2.1. Finally,
these results suggest that between cycles C21 and C28 the CCP val-
ues do not change significantly.
Table 1
CCP %ð Þ of each block after C0, C7, C14, C21 and C28 freezing-thawing cycles.

Type Block C0 C7

1 1 21,92% 22,78%
1 2 19,69% 20,65%
1 3 16,44% 18,20%
1 4 19,69% 20,59%
1 5 18,61% 19,61%
1 6 19,73% 20,65%

2 1 15,32% 15,89%
2 2 15,63% 16,04%
2 3 15,43% 15,74%
2 4 15,93% 17,30%
2 5 15,34% 14,84%
2 6 15,43% 15,95%
Consequently, a visual analysis of the blocks state is performed.
Once the twenty-eight cycles (C28) are completed, the state of each
block, labelled as type 1, is detailed below:

� Block 1: no cracks
� Block 2: important crack in two faces
� Block 3: important crack in one face
� Block 4: important crack in three faces
� Block 5: small fractures
� Block 6: no cracks

The most damaged blocks (2, 3 and 4) can be observed in Fig. 4.
On the other hand, type 2 blocks appearance remains unchanged.
These results are consistent with the CCP values present in Table 1.
The presence of fissures or small cracks in the surface do not imply
a significant increase of the total CCP value, already very high in
cycle C28. The description of both lithologies, previously explained
in Section 2.1, and this visual inspection indicate that the stone
material of type 2 seems to be stiffer than type 1. The measure-
ments of the IE signals x nð Þ were carried out during the C0, C7,
C14, C21 and C28 cycles. The measured signals will be compared
to the CCP values in order to establish a correlation between the
damage, porosity and IE response of the ornamental stone
evaluated.

Fig. 5 shows P-wave velocity analysing blocks belonging to type
1 and type 2. Each box represents thirty-six data points, one for the
seven cycles evaluated (C0, C7, C14, C21 and C28) using the men-
tioned threshold th. The lower and upper lines of each box show
25th and 75th percentiles of the P-wave velocity estimates. The
line in the middle of each box corresponds to the median. The lines
extending above and below each box show the extent of the rest of
the P-wave velocity estimates. Finally, outliers are plotted as indi-
vidual red points. Considering blocks type 1, Fig. 5(a) reports that
the median of the P-wave velocity is about 2122 m/s analysing
cycle C0, a value similar to that estimated in Section 2.5. In cycle
C7 the median value of P-wave velocity, 2114 m/s, has decreased
compared to cycle C0. In cycle C14 the median value is 2038 m/s,
whereas in cycle C21 the median value has significantly decreased
to 1903 m/s. The decreasing trend is evident: the median P-wave
velocity has exponentially been reduced from cycles C0 to C21.
However, when the blocks are completely damaged as occurs in
C28, the median velocity is stabilized (CP = 1911 m/s) showing a
high increase of the velocity dispersion. As the dispersion
increases, the reliability of the data is reduced and as a conse-
quence, the quality of the material is questionable. Besides, CP is
directly related to the dimension of the block (Eq. (4)). The pres-
ence of fractures in the blocks in cycle C28 results in an alteration
of the aspect ratio and then the estimation of the frequency f 1
could change severely. To summarize, there is a reduction of
approximately 8 m/s between C0–C7, 76 m/s comparing C7–C14,
C14 C21 C28

23,67% 26,14% 26,40%
21,66% 23,97% 24,46%
20,14% 23,04% 22,86%
21,52% 24,51% 24,45%
20,66% 23,32% 23,05%
21,61% 24,07% 23,42%

16,48% 18,27% 18,10%
16,46% 18,01% 17,99%
16,06% 17,57% 17,68%
18,79% 18,27% 18,06%
14,36% 18,03% 18,02%
16,49% 17,97% 18,01%



Fig. 4. Some of the blocks of type 1 that have suffered breakage: (a) Block 2 shows a crack in two of its faces; (b) Block 3 exhibits only one crack in one of its faces; (c) Block 4
presents a big fracture in three of its faces.
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135 m/s comparing C14–C21, an increase of 8 m/s comparing C21–
C28 and finally a total of 211 m/s between C0–C28. The decrease of
the P-wave velocity is not constant: when the block is not dam-
aged, the velocity suffer a small decrease. However, this decrease
is higher as the damage of the block is starting to occur as shown
in cycles C14 and C21. Finally, when the block is completely dam-
aged, the decrease of the velocity comparing two consecutive
cycles C21–C28 is lower as can be observed in Fig. 5(a). Moreover,
it is clear that when the blocks are intact, in the case of C0 or quasi-
intact in C7 and C14, the dispersion is lower compared to damaged
blocks in the cycles C21 and C28.

Fig. 5(b) shows that the median velocity for cycle C0 is located
at 2256 m/s, which is correlated to the measured value of Sec-
tion 2.5. For cycle C7, the P-wave velocity has decreased to
2227 m/s. In the case of cycle C14, a median velocity of 2217 m/s
is estimated. Then, cycle C21 presents a median velocity of
2200 m/s and many outliers appear at lower velocities. Finally,
for cycle C28 the velocity is diminished to 2184 m/s. This decreas-
ing trend is clearly related to the CCP values shown in Table 1 and
it is not as pronounced as the type 1 slope. There is low variability
in the P-wave velocity comparing consecutive cycles. This trend
suggests that the blocks of type 2 are not damaged as confirmed
by the CCP values in Section 2.5 and the visual inspection of the
blocks, which have no visible damage and appear to be intact. This
fact is shown in Fig. 5 when comparing the box of C28 of type 2 and
the box of C0 of type 1, which are really similar. Then, the P-wave
velocity of the blocks of type 2 along the cycles suffer lower
decrease than the velocity related to type 1. In fact, there is a total
reduction of only 72 m/s, compared with the reduction of 211 m/s
of the blocks of type 1. It can be explained, once again, because the
lithology of type 2 is more compact and robust, then the porosity is
lower and the damage is minor respect to type 1. In general terms,
the dispersion of the data for each cycle does not vary significantly.
This technique can be an indicator about the internal quality of a
material, i.e. using information about the level of porosity of the
internal structure of the ornamental stone.

Fig. 5(c) and (d) show P-wave velocity analysing blocks belong-
ing to type 1 and type 2 by applying the state-of-the-art algorithm
described on Section 2.6. Considering blocks type 1, it can be
observed a clear decreasing trend as occurs in Fig. 5(a). However,
the median velocity of the P-wave velocity estimation found by
the algorithm [5] for cycle C28 is much smaller than for the pro-
posed method. Considering Fig. 5(d), the median velocity of the
P-wave velocity estimation found by the algorithm for comparison
is not correlated with the number of cycles, as can be seen the
median velocity decreases for cycles C21 and C28 from the value



Fig. 5. P-wave velocity vs freezing-thawing cycles for stone blocks after applying a threshold th ¼ 0:6 of the normalized energy estimated by the proposed method: (a) type 1
and (b) type 2, and by the algorithm described on Section 2.6: (c) type 1 and (d) type 2.
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of C14. for comparison presents an evident fluctuation: from cycle
C14 to C21 the velocity increases and the velocity in cycle C28 is
higher than in cycle C14, whereas the proposed method shows a
decreasing velocity.

Finally, Fig. 6 shows the median CP estimated by the proposed
method compared with the median CCP value of Table 1 after every
seven freezing-thawing cycles. Then, five pairs of CP-CCP points for
cycles C0, C7, C14, C21 and C28 are plotted. Although it can be
CCP 
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Fig. 6. Median P-wave velocity estimated vs median CCP %ð Þ after every seven freezing-t
fitted linear regression models are shown by the dashed lines.
appreciated a linear relation between both parameters for each
type of evaluated stone, each type of stone reports a different slope
of the linear regression because each slope is more pronounced as
the damage of the material increases, as expected. Therefore, the
proposed method has demonstrated to be a suitable tool to deter-
mine the internal damage of a material without carrying out mea-
sures of the CCP value. The measurement of the CP of the material
would require a reference stone block cut and safe from adverse
(%)
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hawing cycles: blocks type 1 (in black crosses) and type 2 (in red circles). The best
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weather conditions. However, in the case of building elements that
have been placed in the construction the CCP measurement would
not be feasible and the proposed method would offer a competitive
advantage. Besides, the performance of the proposed method is
independent of the diameter of the impactors while the frequen-
cies related to the modes of vibration were lower than the f max

excited by the balls of the impactors.
4. Conclusions

The IE method, one of the many NDT techniques, has been
widely used for detecting internal defects of different materials.
Besides, the interpretation of the results usually involves a simple
spectrum analysis, which does not take into account the frequen-
cies related to the different modes of vibration. The main contribu-
tion of this paper is the estimation of the P-wave velocity applying
a frequency analysis that best explains the energy distribution of
simultaneous modes of vibration active in the spectrum of the
acoustic signal.

A database has been created to evaluate the proposed method.
The database is composed of acoustic signals of one impact. The
impact signals have been generated using all possible combina-
tions of balls, heights and blocks and selecting those that come
from the sensor that captures the most energy of each combina-
tion. These ornamental blocks have been subjected to a damage
process along freezing-thawing cycles in order to establish a corre-
lation between the damage and the P-wave velocity estimation
provided by the proposed method.

The proposed technique has been evaluated in experimental
testing and it has given promising results, indicating that it is a
suitable tool to provide reliable and useful information about the
internal damage of the structure of the ornamental stone material.
The capabilities of an IE system to help with evaluating the global
internal quality of stone materials has been demonstrated. High-
light as advantage that the proposed method can be easily adapted
to analyse different ornamental stone specimens of different
lithology and sizes. Results demonstrate that, on the whole, the
P-wave velocity (or the frequency related to the fundamental
mode of vibration) decreases when the damage of the stone
increases due to a higher percentage of porosity. Besides, the pro-
posed method can be considered a valid tool to investigate the
porosity of a stone material, offering information of quality con-
trol. On the other hand, it has been demonstrated that it is not
possible to determine the type, shape or spatial orientation of
the possible defects in stone products. The application of this
method requires a reference stone block that had been cut and
healthy from adverse weather conditions. The range of frequencies
of the proposed method should be adapted to the dimensions of
the specimen to be analysed. Moreover, the analysis of the
recorded IE signals indicates that it is a crucial issue to correctly
define the energy of the impacts. Finally, future work will focus
on evaluating the phase differences of the IE signals of the four
sensors for each block in order to get useful information about
the propagation of the P-wave. Moreover, an interesting research
direction will be to analyse the combination of the measured P-
wave and S-wave velocities with respect to the porosity of the
material as well as on evaluating the non-linear behaviour by
modifying the type of the impact.
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