
Materiales de Construcción

Vol. 72, Issue 345, January-March 2022, e276
ISSN-L: 0465-2746

https://doi.org/10.3989/mc.2022.03421

Free-free resonance method for the mechanical characterization 
of carbonate rocks used as building stones

F. Ávilaa , E. Puertasa; J.M. Azañónb; R. Gallegoa

a. Dept. of Structural Mechanics and Hydraulic Engineering, University of Granada, (Granada, Spain)
b. Dept. of Geodynamics, University of Granada, Campus Universitario Fuentenueva,  (Granada, Spain)

: favila@ugr.es

Received 19 February 2021 
Accepted 18 August 2021 

Available on line 18 February 2022

ABSTRACT: Nondestructive testing techniques have attracted growing interest in the last few years due to their ability to assess 
material properties without damaging the specimens. The free-free resonance method is a nondestructive testing technique based 
on the analysis of the natural frequencies of a sample. This study presents and discusses the applicability of this technique, 
traditionally used on soils, for the mechanical characterization of rocks. With this aim, the free-free resonance method is used 
to obtain the dynamic elastic modulus and shear modulus of four carbonate rocks that have been widely used as construction 
materials in southern Spain. The results from the nondestructive evaluation of dry and saturated rocks, in combination with 
petrographic characterization and uniaxial compression tests, make it possible to assess the existing relationships between the 
mechanical properties of carbonate rocks and to evaluate the impact of porosity and moisture content on their mechanical behavior.
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RESUMEN: Método de la frecuencia de resonancia para la caracterización mecánica de rocas carbonáticas usadas como piedras 
de construcción. Las técnicas de ensayo no destructivo están atrayendo un creciente interés durante los últimos años debido a 
su capacidad para evaluar las propiedades sin dañar el espécimen. El Método de la Frecuencia de Resonancia es una técnica de 
ensayo no destructiva basada en el análisis de las frecuencias naturales de una muestra de material. Este estudio presenta y discute 
la aplicabilidad de esta técnica, tradicionalmente utilizada en suelos, para la caracterización mecánica de rocas. Con este objetivo, 
el Método de la Frecuencia de Resonancia es utilizado para obtener el módulo elástico dinámico y el módulo cortante dinámico de 
cuatro rocas carbonáticas ampliamente utilizadas como material de construcción en el sur de España. Los resultados de la evaluación 
no destructiva en rocas secas y saturadas, combinados con una caracterización petrográfica y ensayos de compresión uniaxial, 
permiten determinar las relaciones existentes entre las propiedades mecánicas de dichas rocas carbonáticas, así como evaluar el 
impacto de la porosidad y el contenido de humedad en su comportamiento mecánico.
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1. INTRODUCTION

To evaluate the mechanical properties of con-
struction materials, diverse invasive and destructive 
techniques have been traditionally applied. The main 
disadvantage of these conventional techniques is 
that their application requires the destruction of the 
sample, which is detrimental to the development and 
maintenance of the structures (1) and is unacceptable 
in some situations (e.g., for historical buildings) (2, 3)

With the aim of avoiding the destruction and dete-
rioration of the tested material, since the 20th centu-
ry, and especially over the last few decades, several 
nondestructive testing (NDT) techniques have been 
developed (1, 3, 4). These methods make it possible 
to calculate the material properties without perma-
nently modifying its characteristics (5, 6).

The application of NDT is, therefore, especially 
interesting in the case of architectural heritage. One 
of the most common NDT techniques to estimate the 
mechanical properties of building materials is the 
ultrasonic pulse velocity (UPV) method, which has 
been proved to be useful to identify the mechanical 
properties, anisotropy, compactness and presence of 
discontinuities in rocks (7–11). Several works have 
applied this technique to assess the state of conser-
vation of historical buildings (8, 12–14). UPV also 
has been used in combination with other NDT tech-
niques, such as ground-penetrating radar, which has 
a wide range and allows high resolution of up to ten 
centimeters from a centimeter (14), and the Leeb re-
bound hardness test (7). These combinations of two 
NDT techniques can provide more information than 
a single technique, particularly if they are sensitive 
to different parameters (15). In addition to the stan-
dard mechanical characteristics, other material prop-
erties can be determined via NDT, such as optical 
surface microroughness and air permeability (12).

This paper presents the application of another 
NDT technique, the so-called free-free resonance 
(FFR) method or free-free resonance frequency 
method, to calculate the mechanical properties of 
rocks that are commonly used as construction ma-
terials. The FFR testing technique consists of vi-
brating a material sample to determine its natural 
frequencies and then using these data to calculate 
the modulus of elasticity and shear modulus of the 
tested material (16, 17). Although FFR is an NDT 
technique (the specimen is not destroyed), the meth-
odology requires the extraction of a material sample, 
so it can be considered an invasive procedure when 
applied to existing structures.

The FFR technique has been used in previous 
studies (17–19) to determine the dynamic mechan-
ical properties of cohesive and stabilized soils. Res-
onant frequency-based methods have also been used 
in some recent studies to evaluate the elastic proper-
ties of other materials, such as rocks (20, 21), block-
in-matrix rocks (22) or concrete (23, 24).

The aim of the present study is to extend the ap-
plication of the FFR methodology to characterize 
the mechanical properties of building stones. In this 
regard, four carbonate rocks were analyzed. These 
rocks were chosen because they have been tradi-
tionally used as construction materials in Andalusia 
(southern Spain) and other Mediterranean regions, 
so they are present in several historic masonry build-
ings (25–28). In addition to the FFR tests, uniaxial 
compression tests (UCTs) were carried out to cal-
culate the compressive strength of the rocks. The 
results from the tests were used to analyze the re-
lationship between the mechanical properties and 
the impact of porosity on the mechanical behavior. 
FFR tests were carried out for both dry and saturated 
specimens to evaluate the effect of humidity on the 
material properties.

2. MATERIALS AND METHODS

2.1. Description of materials

In the present study, four carbonate rocks were 
evaluated: white Macael marble, Santa Pudia lime-
stone, Albox travertine and Ronda sandstone. All of 
them are autochthonous from Andalusia (Spain) and 
have been frequently used as construction material 
within the region.

White Macael marble (WM), quarried in the Ma-
cael area of Almeria (Spain), is a Late Triassic mar-
ble belonging to the Nevado-Filabride Complex in 
the Spanish Betic Internal Zone (29) and is the only 
metamorphic rock considered in this study. WM is 
a pearly white stone, presenting gray foliation com-
posed of muscovite, amphibole, epidote, titanite and 
deformed carbonate grains (30). In mineralogical 
terms, it consists predominantly of calcite (CaCO3, 
97  %) and approximately 3  % of pyrite (SFe). Its 
texture, obtained by means of a petrographic micro-
scope, is porphyroblastic with grain sizes of 0.5 mm 
to 1 mm and pore sizes lower than 0.001 mm, with 
porosities of ca. 1.8  % (26, 31). This stone is one 
of the most commonly used marbles in Spain and is 
widely used as an ornamental stone in Spanish ar-
chitectural heritage, including masterpieces such as 
the fountain of the Lions in the Alhambra (Granada) 
(26, 31, 32).

Santa Pudia limestone (SPL) is a whitish bioclas-
tic limestone quarried in Escuzar, Granada (Spain), 
in a depression that forms an intramountain Neo-
gene basin. It is constituted by remains of benthic 
and planktonic foraminifera skeletons, which lead 
to a mineralogical composition with 95 % CaCO3. 
SPL has a grain size of 0.5 mm to 1 mm and high 
well-connected matrix porosity (approximately 
33  %, mostly open porosity), with intergranular 
pores of approximately 1 mm, larger moldic pores of 
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up to 4 mm and some small intergranular cemented 
pores (0.1 mm) (33). This rock has been widely used 
in the construction of historic buildings in Granada, 
such as the cathedral, the palace of Carlos V in the 
Alhambra and the Royal Hospital, due to its easy 
workability, although its high porosity considerably 
reduces its durability (28, 33). Today, it is mainly 
used in restoration works.

Albox travertine (AT) is a limestone quarried in 
the municipal district of Albox, Almeria (Spain), 
from Quaternary formations, appearing over Pleisto-
cene, Pliocene and Miocene materials (28). Its min-
eralogical composition consists of CaCO3 (92  %) 
and opaque and detrital materials (8 %); it has a mi-
crite texture with homogeneous grain size (0.02 mm) 
and large elongated and oriented pores (0.02  mm 
to 4 mm). The total porosity of the rock is equal to 
14.3 %, of which 11.2 % is open porosity and 3.1 % 
is closed porosity (33). This material is commonly 
used in modern architecture and in the restoration 
of historic buildings (34) due to its similarity to the 
Alfacar travertine, which has been used in Andalusia 
since antiquity. AT can be considered a high-strength 
abrasion-resistant material, with a pore system that 
prevents the capillary rise of water (28).

Ronda sandstone (RS) is a carbonate arkosic sand-
stone with a light pink-whitish color, quarried approx-
imately 5 km northeast of the town of Ronda, Malaga 
(Spain). The Ronda Basin, located over the northwest-
ern Subbetic Units, is one of the largest piggyback 
basins in the Western Betics, with a sedimentary infill 
from the late Miocene (27). It is composed of 70 % 
CaCO3 and 30 % feldspar and quartz; its grain size is 
approximately 0.03 mm, and its pore size is < 0.01 mm. 
The cement in this rock is abundant, and sometimes 
two cementation phases can be distinguished: the first 
phase consolidates the calcarenite, which is deposited 
in the gaps between the clasts, and the second phase 
occurs when the cracks appearing in the material are 
filled. It has a porosity of approximately 17 %, mostly 
open (27). This stone has been used in the construction 
of several masonry historic buildings within the area 
of Ronda and has been used as an ornamental stone for 
cobbles, facades, benches or fountains.

The macroscopic and microscopic aspects of the 
four rocks under consideration are shown in Figure 1, 
while their main physical properties are summarized 
in Table 1. The petrographic and mineralogical study 
was conducted on thin sections under an Olympus 
BX-60 transmitted light optical microscope. The 

Figure 1. Macroscopic aspect of a polished sample (a) and polarization optical microscope image (crossed polars) (b) of the rocks 
under study: (1) Macael coarse-grained and homogeneous marble in appearance, alternating between white and grey tones (black cubic 

inclusion are pyrite crystals); (2) Santa Pudia bioclastic limestone (biosparite to biorrudite with bryozoa and red algae); (3) Albox 
heterogranular crystalline limestone type travertine; (4) Ronda carbonate sandstone with a massive texture.

Table 1. Physical characteristics of the considered rocks: grain and pore size, porosity ( ), real density ( ) and bulk density ( ).

Rock Grain size [mm] Pore size [mm]  [vol%]  [g/cm3]  [g/cm3]
WM 0.5 – 1 < 0.001 1.8 2.72 2.68
SPL 0.5 – 1 0.1 – 4 33.0 2.62 1.73
AT 0.02 0.02 – 4 8.0 2.62 2.42
RS 0.03 < 0.01 17.0 2.63 2.17
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thin sections in Figure 1 were stained with alizarin 
to identify calcite.

The preparation of the specimens for the 
FFR tests was performed according to the indi-
cations established by the standard UNE-EN 
14146 (16), which defines the methodology fol-
lowed in the present study for the execution of 
FFR tests. The samples were cut using a circular 
saw in the direction perpendicular to the pene-
trative planar fabric. The dimensions of the rock 
samples were 200  mm  ×  50 mm  ×  50  mm, ex-
cept for the AT, which had slightly different di-
mensions (145 mm × 70 mm × 70 mm). Three to 
five samples of each rock were tested. All samples 
were measured and weighed before the tests and 
marked to indicate the position of the brackets, 
accelerometers and impact points.

2.2. FFR method: Basis and description

The FFR method is an NDT technique used to cal-
culate the dynamic modulus of elasticity and shear 
modulus of a material by the mechanical excitation 
of a test sample with a defined geometry (17). The 
excitation was applied following the impact method, 
which consists of hitting the specimen with an im-
pactor and recording the response using an acceler-
ometer.

The impact excites all frequencies of the sample 
at the same time. This response, registered by the 
accelerometer, is then amplified and transmitted to 
a waveform analyzer that decomposes the signal via 
Fourier transform. In this way, it is possible to iden-
tify the natural frequencies of the tested sample as 
those generating resonance effects.

The test was carried out in both transverse and 
longitudinal modes to obtain the modulus of elastic-
ity, and in torsional mode to obtain the shear modu-
lus. The experimental setup for these three different 
modes is shown in Figure 2. When performing the 
tests, the brackets must be placed in the points where 
nodes are expected according to the tested mode, so 
the boundary conditions of the sample are not modi-
fied. Additionally, impacts and accelerometers must 
be placed in those points where a maximum is ex-
pected.

Once the frequencies are determined, it is possible 
to calculate the dynamic elastic modulus and shear 
modulus of the material by applying the formulae 
indicated in the aforementioned standard UNE-
EN 14146 (16):

	 	 [1]

	 	 [2]

	 	 [3]

where  and  are the dynamic modulus of 
elasticity (in MPa) calculated via longitudinal and 
transverse modes, respectively;  [MPa] is the dy-
namic shear modulus;  [mm] is the length of the 
sample;  [Hz] is the natural frequency for each test 
mode;  [kg/m3] is the material bulk density;  [mm] 
is the radius of gyration of the sample; and ,  and  

 are correction coefficients defined in (16).
The equipment used to perform the tests was com-

posed of the following items:
•	 An impact hammer Bruel & Kjaer model 8206–

003: voltage sensitivity = 1.14  mV/N; full-
scale force range compression = 4448 N; max. 

Figure 2. FFR test procedure for each mode of vibration. Adapted from ASTM C215-14 (41).
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force compression = 8896  N; effective seis-
mic mass = 100 g; max. frequency = 600 kHz.

•	 Two piezoelectric accelerometers Bruel & 
Kjaer model 4514-B-001: titanium hexagonal 
head; voltage sensibility = 100  mV/g; mea-
suring range = 50  g; transverse sensitivity 
< 5 %.

•	 A 12-channel input module, model LAN XI 
12 PULSE 3053b.

The impact range was fixed at 10 s, enough to per-
form three to four impacts, with a strength of 350 N 
per impact. The tests for each vibration mode were 
repeated until three valid responses were obtained. 
A response was considered valid when the natural 
frequencies were clearly recognizable. The mean 
of these three results was considered the reference 
value to be used for the calculation of the material 
properties.

With the aim of fully characterizing the materials 
under consideration, the FFR test was also carried 
out on water-saturated samples. The specimens were 
first tested in dry conditions and then submerged un-
til saturation according to standard UNE-EN 13755 
(35), and the test was repeated for the saturated 
specimens following the same procedure.

2.3. Uniaxial compression tests

In addition to the FFR tests, conventional uniaxial 
compression tests (UCTs) were carried out to obtain 
the compressive strength of the rocks under analysis. 
This test was performed according to the standard 
UNE-EN 1926:2007 (36).

For this test, five cubic 40  mm-side samples of 
each material were used. These samples were sub-
jected to uniaxial compression until failure by the 
application of a vertical force using a hydraulic test-
ing machine for high-strength materials. The com-
pressive strength of the material ( ) can be obtained 
as the ratio between the applied force ( ) and the 

surface of the sample where that load is applied ( ). 
The results from the UCT are used to assess the rela-
tionship between the dynamic modulus and the com-
pressive strength for rocks characterized by their 
high calcite content.

3. RESULTS AND DISCUSSION

3.1. Test results in dry conditions

The results obtained from the nondestructive FFR 
tests are shown in Table 2. Poisson’s ratio ( ) was 
calculated according to Equation  [4], considering 
the modulus of elasticity obtained via the longitu-
dinal mode of the test. These results are consistent 
with the values obtained by several authors (37–40)
for rocks with similar characteristics.

	 	 [4]

As shown in Table  2, the modulus of elasticity 
was calculated by both longitudinal and transver-
sal modes. The values obtained via the longitudinal 
mode were 3 % to 10 % greater than those obtained 
via the traversal mode. It is possible that these varia-
tions were caused by the anisotropy of the materials; 
in this regard, previous studies indicate a total an-
isotropy for P waves ( ) of 13.0 % for WM (26), 
9.2  % for SPL, 1.5  % for AT (28) and 10.2  % for 
RS (27). However, no direct relationship is observed 
between these anisotropy values and the variation 
in the elastic modulus between the longitudinal and 
transverse tests (WM: 5.1 %; SPL: 7.0 %; AT: 5.7 %; 
RS: 6.9 %). These results, together with the fact that 
every sample tested showed greater values for the 
elastic modulus obtained via longitudinal mode, 
suggest that this variation might not be related to the 
anisotropy but could be inherent to the methodology. 
In this regard, standard ASTM C215–14 (41) indi-

Table 2. Average value and standard deviation (SD) of the natural frequencies and mechanical properties obtained from FFR tests in dry 
conditions. Elastic modulus calculated via longitudinal ( ) and transversal ( ) mode, shear modulus ( ) and Poisson’s ratio ( ).

Frequencies [kHz] Mechanical properties

Rock Long. Trans. Tors.  [GPa]  [GPa]  [GPa]  [-]

WM
Avg. 14.35 6.31 7.75 89.58 85.01 30.79 0.45
SD 0.14 0.13 0.05 1.54 0.76 0.36 0.01

SPL
Avg. 5.63 2.05 3.26 13.93 12.95 5.51 0.26
SD 0.06 0.03 0.04 0.40 0.28 0.17 0.01

AT
Avg. 15.57 10.30 9.36 51.90 48.92 21.25 0.22
SD 0.29 0.07 0.19 3.81 2.13 1.22 0.03

RS
Avg. 8.58 3.72 4.93 25.49 23.74 9.92 0.29
SD 0.06 0.03 0.03 0.32 0.37 0.10 0.00
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cates that different computed values for the dynam-
ic modulus of elasticity may result from different 
modes of vibration. In the present study, the results 
of the elastic modulus in the transverse tests were 
5 % to 7 % lower than those obtained in the longitu-
dinal tests, and this difference was greater for rocks 
with higher porosity.

Some previous studies have used other NDTs, 
mostly ultrasonic pulse velocity tests, to assess the 
mechanical properties of these rocks, as shown in 
Table  3. Molina et al. (42) obtained very similar 
results for the elastic modulus (+1.2  %) and shear 
modulus (-5.6 %) of SPL and for the elastic modu-
lus of AT (-9.1 %). Another study carried out by the 
same authors regarding RS (27) obtained elastic and 
shear moduli 3 to 4 GPa higher than those obtained 
in the present study. Urosevic et al. (28) also used 
UPV to evaluate Alfacar travertine, very similar to 
AT, and obtained an elastic modulus of 59.57 GPa, 
very close to the value assessed via FFR (51.9 GPa). 
Some existing works regarding various types of Ma-
cael marble (43, 44) indicate elastic properties of 
the same order of magnitude as the values obtained 
in the present study, although slightly lower. These 
small differences, considering the intrinsic variabili-
ty in the mechanical properties of a natural material 
such as stone, reinforce the hypothesis of the validity 
of the FFR methodology for mechanical characteri-
zation. It is important to note, however, that greater 
variation is observed in the values of Poisson’s ratio, 

especially for AT but also significant for the other 
rocks under consideration.

The differences observed between both NDT 
methods might also be related to the anisotropy of 
the specimens. For anisotropic materials, such as 
rocks, FFR has certain advantages over other NDT 
techniques commonly used for the calculation of the 
same mechanical properties, as is the case with ul-
trasonic methods. The latter requires data from the 
celerity of P- and S-waves, which have orthogonal 
oscillating directions, so the anisotropy in the or-
thogonal planes affects the results in the direction 
under consideration. The FFR method, in contrast, 
works with only a stationary wave for each mode, so 
a potential anisotropy in the orthogonal planes does 
not affect the studied direction, and the elastic prop-
erties of the sample in the desired direction can be 
determined without interference.

The values obtained for the compression strength 
of the materials via UCT are shown in Table 4. These 
values were used to determine the relations between 
the diverse parameters obtained for the carbonated 
rocks.

It is possible to observe that the WM and AT 
showed excellent mechanical properties, with high 
values of compressive strength and elastic modu-
lus, as a result of their high compactness and low 
porosity with poorly connected pores. This optimal 
mechanical behavior, together with their better dura-
bility due to the absence of clay and low water ab-

Table 3. Comparison between the mechanical properties obtained in the FFR tests and the results obtained via other NDT in previous 
studies.

WM SPL AT RS

Ref. [GPa]
 [GPa]  [-]

[GPa]
 [GPa]  [-]  

[GPa]
 [GPa] [-]

[GPa]
 [GPa]  [-]

FFR 89.58 30.79 0.45 13.93 5.51 0.26 51.90 21.25 0.22 25.49 9.92 0.29
(44)* 74.00 - - - - - - - - - - -
(43)* 73.41 - 0.35 - - - - - - - - -
(42) - - - 14.10 5.20 0.35 47.20 17.60 0.34 - - -
(28) - - - 21.30 - 0.35 59.57 - 0.29 - - -
(27) - - - - - - - - - 29.90 11.90 0.26

* Rocks similar to the ones analyzed in the present study, but not the same.

Table 4. Average value and standard deviation (SD) of compressive strength of the rock samples obtained from UCT and estimated 
values from FFR tests.

 from UCT   from FFR
Rock Avg. SD Long. Tors.
WM 80.55 2.09 81.82 79.31
SPL 9.24 0.54 8.08 7.23
AT 63.42 11.87 60.12 63.72
RS 28.95 1.64 32.04 31.84
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sorption potential (39), are why they have achieved 
such widespread use in construction within the re-
gion throughout history (26, 32, 33). In contrast, RS 
and, especially, SPL are rocks with lower mechani-
cal properties. In addition, these rocks often present 
durability problems due to their high porosity, pres-
ence of smectite clay and high water absorption and 
saturation capacity (27, 39). Actually, workability, 
not strength, is why these rocks have been frequent-
ly used in construction (38).

3.2. Relations between parameters

With the data obtained from the laboratory tests, 
the potential relations between the material proper-
ties were evaluated. In particular, a correlation be-
tween the modulus of elasticity and the compressive 
strength is expected, and a correlation is also expect-
ed between the intrinsic properties of the rocks, such 
as porosity, and their mechanical behavior (45).

Although the four rocks under study were car-
bonate rocks with comparable real density values 
and similar mineralogical compositions (except RS, 
which has ca. 30% feldspar and quartz), there are 
some differences in their microstructure that must be 
considered. These differences are especially signif-
icant for marble, which is microstructurally totally 
different from sedimentary rocks such as sandstones, 
travertines and limestones. However, the results of 

the present study indicate that porosity can be con-
sidered the key parameter that acts as a distinctive 
factor to determine the modulus of elasticity and the 
compressive strength of the material. The relevance 
of porosity to the mechanical behavior has already 
been noted in previous studies comparing rocks with 
similar mineralogical characteristics (40, 45, 46). 
The crucial role played by porosity can be clearly 
observed when representing the dynamic modulus of 
elasticity (obtained via longitudinal mode), the shear 
modulus and the compressive strength as a function 
of porosity (Figure 3). Exponential equations [5–7] 
were found to properly fit these relations:

	 	 [5]

	 	 [6]

	 	 [7]

where  and  are the elastic and shear modulus, 
respectively;  is the compressive strength; and  
is the porosity in percent. Very high coefficients of 
determination (R2) were obtained for these three re-
lations (0.98 for Equations [5] and [6] and 0.96 for 
Equation [7]), indicating that these three mechanical 
properties are heavily dependent on the porosity of 
the material: increasing porosity leads to a signifi-
cant reduction in the mechanical properties. Similar 
exponential correlations between these mechanical 

Figure 3. Modulus of elasticity (a), shear modulus (b) and compressive strength (c) as a function of porosity.

https://doi.org/10.3989/mc.2022.03421


8 • F. Ávila et al.

Materiales de Construcción 72 (345), January-March 2022, e276. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.03421

parameters and porosity have also been suggested 
in previous studies regarding limestones and sand-
stones (47, 48) and even for other rock types, such 
as volcanic tuff, with very different porous systems 
and mineralogy (49).

Not only porosity but also grain size and pore size 
may have an effect on the mechanical properties of 
the samples. It is known that finer-grained rocks of 
the same type usually present higher strength and 
that coarse-grained rock generally has both low 
strength and low fracture toughness (45), as in the 
case of SPL. However, no further conclusions can be 
drawn in this regard, as other factors that are beyond 
the scope of this study, such as the grain size dis-
tribution and grain boundary shape, may affect the 
strength of the rocks.

It is also relevant to evaluate the relationship be-
tween the various mechanical properties. As the FFR 
method is able to determine the dynamic elastic and 
shear modulus, defining a correlation between these 
parameters and the compressive strength would 
make it possible to assess the latter from the results 
of the FFR tests. Actually, this has been one of the 
main aims of several studies regarding different 
types of NDTs (21, 22) Diverse authors have indi-
cated linear or polynomic relations between  and 

 for both metamorphic and sedimentary rocks (11, 
50), while there is no thorough investigation regard-
ing the relation between the compressive strength 
and the shear modulus. Although a good linear cor-
relation was found in the present study (R2 equal to 
ca. 0.90), a logarithmic equation was observed to 

better fit the results, obtaining R2 > 0.99 for both 
cases. These correlations are shown in Figure 4 ac-
cording to Equations [8] and [9].

	 	 [8]

	 	 [9] 

with ,  and  as previously defined for Equa-
tions [5–7].

3.3 Test results in water-saturated conditions

The comparison between the results in dry and 
wet conditions shows that the saturation of the 
pores causes a reduction in the natural frequencies, 
leading to a decrease in the modulus of elasticity 
and shear modulus, even though the material bulk 
density increases. These results are consistent with 
previous studies (51–54), proving the ability of the 
FFR method to properly identify the variation in the 
mechanical properties when varying the saturation 
condition of the samples.

The results shown in Table  5 highlight the fun-
damental role played by porosity in the variation of 
the material mechanical properties when increasing 
the moisture content. Rocks with low porosity, such 
as marble, have very small variations in their elastic 
and shear modulus values, while very porous rocks, 
such as limestone or sandstone, show a severe re-
duction in their mechanical properties due to the 

Figure 4. Compressive strength as a function of modulus of elasticity (a) and shear modulus (b).

Table 5. Mechanical properties obtained from FFR tests in saturated conditions and variation with respect to dry conditions, in paren-
thesis. Elastic modulus calculated via longitudinal ( ) and transversal ( ) mode and shear modulus ( ).

Rock  [GPa]  [GPa]  [GPa]

WM 88.98 (-0.7 %) 84.81 (-0.2 %) 30.70 (-0.2 %)
SPL 12.30 (-11.7 %) 10.86 (-16.2 %) 4.77 (-13.5 %)
AT 51.65 (-0.5 %) 47.92 (-2.0 %) 21.11 (-0.7 %)
RS 20.05 (-21.3 %) 17.89 (-24.6 %) 7.24 (-7.24 %)
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significant amount of water held inside the pores. 
This fact should be considered when evaluating the 
vulnerability of existing masonry structures, as an 
increase in the moisture content could dramatically 
reduce the material mechanical properties evaluated 
in dry conditions.

4. CONCLUSIONS

This paper presents the application of the free-
free resonance nondestructive testing technique 
for calculating the mechanical properties of build-
ing stones as a useful method to assess materi-
al properties without destroying or damaging the 
sample.

The results obtained from the tests show that the 
porosity of carbonate rocks is the main factor in-
fluencing their mechanical behavior. An increase 
in the porosity drastically reduces the modulus of 
elasticity, shear modulus and compressive strength 
of the rocks. A strong exponential relationship 
between the porosity of the carbonate rocks and 
their elastic and shear modulus and compressive 
strength has been found. Additionally, a logarith-
mic correlation between both the elastic and shear 
modulus and the compressive strength of the rocks 
is observed.

The FFR method proves to be capable of detecting 
the reduction of the elastic and shear modulus due 
to the water saturation of the rocks, as the presence 
of the water held in the pores causes a significant 
decrease in the natural frequencies measured in the 
FFR tests. This effect, therefore, is more remarkable 
in materials with higher porosity.

As a general conclusion, the investigations carried 
out in the present study indicate that the FFR method 
is a valid and useful nondestructive tool to assess the 
mechanical properties of building stones.
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