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Abstract

Rocks serve as critical structural components and aggregates in concrete mixtures for civil infrastructure. A persistent challenge in 

construction has been the insufficient understanding of the quality of raw materials employed. Non-destructive testing techniques, 

such as ultrasonic pulse velocity, enable detailed characterization of the physical and mechanical properties of rocks. However, these 

methods are not consistently applied or accurately interpreted to evaluate rock quality. This study proposes an innovative methodology 

that integrates ultrasonic pulse velocity to estimate the dynamic modulus of elasticity and assess rock deformation using a finite element 

model. Ten rock samples, comprising volcanic and crushed rocks, were subjected to analytical techniques. Key parameters, including 

density, uniaxial compressive strength, and ultrasonic pulse velocity, were measured. Furthermore, advanced methods such as high-

resolution scanning electron microscopy and X-ray fluorescence spectroscopy were employed to investigate surface morphology and 

elemental chemical composition. The findings indicate that crushed materials exhibit superior physical and mechanical properties 

compared to volcanic stones. The proposed model enables the classification of quarries based on ultrasonic pulse velocity as a physical 

property and corresponding mechanical properties. The data collected were utilized to calibrate the model for determining the 

deformability of the rock samples. Numerical analysis revealed strong correlations between ultrasonic pulse velocity and deformation, 

with a correlation coefficient (R²) of 0.87 for horizontal deformation and 0.97 for vertical deformation. These results demonstrate that 

the novel methodology presented in this study provides valuable insights for prioritizing the use of regional quarry materials, thereby 

supporting the structural integrity of construction projects.
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1 Introduction
Rocks are fundamental to modern construction, partic-
ularly in applications subjected to elevated loading rates 
and confining pressures. Serving as primary structural 
components or as aggregates within ceramic and cemen-
titious matrices, a comprehensive understanding of their 
physical and mechanical properties is crucial. The grow-
ing demand for stone aggregates near urban centres 
has intensified quarrying activities at city peripheries. 
However, the absence of systematic experimental anal-
yses and detailed characterization of rock constituents 
often results in suboptimal material utilization, accelerat-
ing the depletion of nearby quarry reserves.

Key indicators of stone quality include density (ρ), uni-
axial compressive strength (UCS), and dynamic modulus 
of elasticity (Ed). These parameters are integral to defor-
mation and displacement models, enabling the selection of 
optimal materials and quarry sites for efficient rock utili-
zation based on strength characteristics. The mechanical 
properties, such as UCS, and elastic properties, including 
Ed and ν (Poisson's ratio), play a critical role in engineer-
ing design across a wide range of applications, including 
tunnels, dams, slope stability, and the preservation of his-
torical structures [1]. However, direct testing of rock prop-
erties is often challenging, costly, and time-intensive due 
to the need for high-quality core samples [2, 3].
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Rocks are characterised through physical (density) and 
mechanical testing, facilitating the assessment of their 
behaviour under engineering conditions. Accordingly, spe-
cialised research investigates various parameters in rocks, 
including UCS, as well as static and dynamic Ed. Certain 
studies utilise techniques such as finite element analysis 
to model and predict rock behaviour. The presence of dis-
connected vesicles in extensive basalt flows notably influ-
ences properties such as compressive strength, modulus of 
elasticity, Poisson's ratio, and sonic velocities [4].

Predictive models estimate rock parameters using 
data such as UCS, Ed, and deformation modulus [5–7]. 
These models frequently utilise artificial neural networks 
to predict deformation modulus values [8]. Furthermore, 
mechanical testing on various volcanic rocks has explored 
the relationships between chemical and mineralogical 
composition, microstructure, texture, and physical-me-
chanical properties [9]. Numerical analyses employ-
ing the finite element method have also been conducted 
to investigate the performance of different adhesives, 
including cyanoacrylate, polyester, epoxy-based adhe-
sives, and Portland cement paste [10].

The coupled discrete element-finite difference 
method (DEM-FDM) provides a robust numerical frame-
work for analysing the load-deformation behaviour of soft 
soils stabilised with columns [11]. DEM has been employed 
to estimate the elastic properties of damaged rocks [12], 
while the T-matrix model has demonstrated potential for 
determining effective stone moduli using the full-wave 
sonic (FWS) tool [13]. Non-destructive methods have been 
utilised to characterise stress-induced damage progression 
in three rock types by capturing their nonlinear elastody-
namic responses [14] and overall material behaviour [15]. 
Additionally, finite element methods (FEM), in conjunc-
tion with software such as Abaqus®, have been applied to 
derive critical rock parameters [16].

Previous studies have explored the relationship between 
dynamic and static parameters using various methods across 
different rock types, revealing that discrepancies between 
dynamic and static elastic moduli are primarily attributable 
to the presence of microcracks and pores within the rock 
matrix [17–19]. In another investigation, a laboratory com-
pression test on granite was simulated using the grain-based 
discrete and finite element method (FDEM). This study exam-
ined the brittle fracture process, including damage behaviour 
initiated by cracking, crack propagation prior to peak fail-
ure, and the influence of intrinsic factors such as rock type, 
grain size distribution, mineralogical composition, and rock 

texture [20]. Zhou et al. [21] proposed an enriched finite ele-
ment method for field tests to simulate crack propagation and 
coalescence in brittle rocks under mixed-mode loading con-
ditions. Furthermore, Wang and Zhou [22] analysed the key 
characteristics and capabilities of this enriched finite element 
method, demonstrating its effectiveness in simulating rock 
failure processes under varying conditions.

Gómez-Heras et al. [23] investigated the combined 
use of Leeb hardness (LHD) and ultrasonic pulse veloc-
ity (UPV) to enhance the estimation of UCS derived 
from LHD measurements. Their findings demonstrate 
that this combination significantly improves UCS pre-
dictions, particularly when applied to non-porous poly-
mineralic rocks, using portable and non-destructive tech-
niques. Similarly, Pappalardo and Mineo [24] reported 
that integrating non-destructive Vp (primary wave veloc-
ity) measurements with reflectance spectroscopy pro-
vides an efficient approach to evaluating the geo-mechan-
ical properties of very weak and weak rock materials. 
The static elastic modulus of the tested rocks was found 
to be strongly correlated with UCS and varies according 
to seismic wave velocities, including both primary Vp and 
Vs (secondary wave velocity) as well as the dynamic elas-
tic modulus derived from ultrasonic testing.

Although existing studies offer comprehensive analy-
ses of the mechanical and physical properties of rocks, the 
graphical representation of horizontal and vertical rock 
deformations remains insufficiently explored. This research 
introduces a finite element method model to estimate rock 
sample deformations under applied loads, utilising phys-
ical properties such as ultrasonic pulse velocity and den-
sity. The model enables a comparative analysis of quarries 
supplying construction materials in the Morelia region of 
Michoacán, México. Such advanced quarry characterisation 
allows for the precise specification of materials, optimising 
their suitability for diverse construction applications.

2 Methodology
The characterized rock samples were obtained from 
10 quarries of stone material located in the surround-
ings of Morelia (Fig. 1). This corresponds to an aver-
age of 11 cubic samples (5 cm × 5 cm × 5 cm) for each 
type of rock analysed, with a total of 110 samples exam-
ined. In this study, the Ed was used for the finite element 
model (FEM) as it is considered a non-destructive test. 
As a result, the static modulus of elasticity (Es) was not 
obtained. The names of the material quarries stones, sam-
ple codes and stone types are given in Table 1.
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Fig. 2 shows the natural rock quarries where rocks are 
extracted directly from the quarry, as well as crushed rocks, 
which are extracted in blocks and then crushed before being 
used in construction. The rocks studied in this research are 
extrusive igneous rocks. The rocks analysed are part of the 
Trans-Mexican Volcanic Belt, which showcases extraor-
dinary magmatic diversity influenced by several factors. 
These include the interaction of two distinct oceanic plates 
with varying geophysical and compositional properties, the 
differing intensity of an extensional tectonic regime affect-
ing the upper plate, and a continental basement character-
ized by diverse ages, thicknesses, and compositions [25].

2.1 Characterization
Characterizations were conducted determine the structural 
properties of the samples. X-ray fluorescence was performed 
using ANDREAH equipment. Scanning electron microscope 
(SEM) was performed using JEOL equipment (leading man-
ufacturer of scientific instrumentation) (model JSM-6400), 
which has a Bruker X-ray microanalyzer, energy dispersive 
spectrum (EDS) and the S150A SPUTTER COATER met-
allizer. The X-ray diffraction was performed by means of a 
SIEMENS diffractometer, model D5000 X-ray diffractom-
eters, 30 kV, 20 mA at 1.5406 Angstrom wavelength tube.

To determine the physical-mechanical properties, den-
sity (ρ) was obtained using a pycnometer, for which the sam-
ple was tagged, saturated in water for 24 hours and dried 
superficially before measurement (ASTM C127-15) [26]. 
UCS was assessed using the Forney universal testing 
machine on cubic samples (5 cm × 5 cm × 5 cm) evaluated 
using Eq. (1).

UCS P
A

=  (1)

Table 1 Name of the stones, symbology and type of stone analyzed

Quarry 
number Quarry name Symbology Stone name

(Total Alkali–Silica)

1 AGC o 
Mesón Nuevo G Basaltic andesite

2 El Colegio S Basaltic andesite

3 Huiramba H Trachybasalt

4 Cerritos C Basaltic andesite

5 Mascutan K Basaltic andesite

6 El Melon M Trachybasalt

7 Comanja CO Basaltic trachyandesite

8 El Tigre T Andesite

9 Cuenembo CU Basaltic trachyandesite

10 Joyitas J Andesite

Fig. 1 Location of stone quarries in the surroundings of Morelia, 
Michoacán, Mexico (Google Earth)

Fig. 2 (a) Huiramba, (b) Joyitas, (c) Maskutan, (d) El Tigre, (e) Comanja, (f) Cuenembo, (g) El Melon, (h) Comanja, (i) AGC, and
(j) El Colegio quarries
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where UCS is the uniaxial compressive strength (kgf/cm2), 
P is the maximum applied load (kgf) and A is the cross-sec-
tional area (cm2) (ASTM D2938-95(2002)) [27, 28].

2.2 Determination of the ultrasonic pulse velocity and Ed

This test is non-destructive, and its main objective is to 
verify the homogeneity (uniformity and relative quality) 
of concrete and different construction materials such as 
rocks. Ultrasonic pulse velocity is the ratio between the 
travel distance of an ultrasonic wave through the material 
and the time it takes to traverse it [29].

In rock mechanics, ultrasonic pulse velocity tests are 
becoming increasingly common due to their non-destruc-
tive nature, speed, high precision, and low cost [30].

The dynamic modulus of elasticity was determined by 
means of ultrasonic pulse velocity using the equipment 
(model 58E0049/B brand CONTROLS); with a frequency 
scale from 24 to 150kHz.

Based on ASTM D2845-08, the dynamic modulus of 
elasticity [31] can be determined by means of Eq. (2).

Ed V V V
V
V
Vs p s

s

p
s� �� �� 2 2 2

2

2
3 4  (2)

where Ed is dynamic modulus of elasticity (kg/cm2), ρ is 
density (kg/m3), Vs is secondary wave velocity (m/s) and 
Vp is primary wave velocity (m/s), based on the work of 
González De Vallejo and Ferrer [32] for this type of rocks 
(basalt and andesite), Vs ≈ 2/3 Vp.

The Poisson ratio (v) has been estimated in various stud-
ies [33‒35]. In this research, it was estimated using the 
Eq. v V Vp p� � � � �� � � �� �

8 10 2 10 0 222
09 052

.  [36] demon-
strates a strong correlation with a coefficient of determi-
nation (R2) of 0.849.

2.3 Modeling
For the development of this model, an almost linear 
behaviour with local isotropy was taken, for which the 
governing constitutive equation was proposed (Eq. (3)). 
Transverse isotropy indicates that at each point in the 
rock, there is an axis of rotational symmetry. The rock 
exhibits isotropic properties in the plane perpendicu-
lar to this axis, known as the plane of transverse isot-
ropy [37]. Some researchers have studied the influence of 
igneous rock on seismic images, based on the wave equa-
tion that originates from Hooke's law and Newton's sec-
ond law for isotropic, ideally elastic, heterogeneous [38]. 
Additionally, other researchers have studied rock masses 

according to the characteristic of elastic wave propaga-
tion in the medium and the application of the elastic wave 
method in rock mass engineering considering a quasi-iso-
tropic crack mass [39]. In this research the study is per-
formed on the rock matrix therefore it is justified to con-
sider it isotropic as in the aforementioned researches. 
To estimate the horizontal and vertical displacements 
based on a four-node element, Eqs. (4)–(6) were used 
based on the references Kattan (2008), as a generalization 
of the rectangular four-node element [40]. The stress vec-
tor is obtained for each element (Eq. (3)).

�� � � � �� �� �D B u ,  (3)

where σ is the stress vector in the element (of size 3 × 1), D is 
plane stress the matrix and u is the 8 × 1 element displace-
ment vector [40]. For plane stresses, D takes the simple form:
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where Ed is the modulus of elasticity and ν is Poisson's ratio. 
For the basalt and andesite samples, for ν an average value 
of 0.25 was taken based on reference [32, 41]. The isopara-
metric element stiffness matrix for a bilinear quadrilateral 
element with sides can then be written as

K U F� �� � � � �,  (5)

where U is the vector of global nodal displacements, K is 
the matrix of global stiffnesses and F is the vector of 
global nodal forces.

To obtain the matrix K, the stiffness matrices of each 
element (k1, k2, k3, ... kn) are assembled using Eq. (6).

k t B D B J d dT� � � � � � � � �� �� �
� �1

1

1

1 � �,  (6)

where t is the thickness of the material, D is the matrix 
of the material properties, J is the Jacobian matrix cor-
responding to the transformation between the physical 
and computational spaces. Bi (B1, B2, B3, B4) are calcu-
lated using the bilinear quadrilateral element with natural 
coordinates of the following Eq. (7) [40].

B
J
B B B B� � � � �1
1 2 3 4

,  (7)

The Eq. (8) is used to obtain Bi (B1, B2, B3, B4):
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where a, b, c, and d are calculated by Eqs. (9)–(12).

a y y y y� �� � � � �� � � �� � � �� ��� ��
1

4
1 1 1 1

1 2 3 4
� � � �  (9)

b y y y y� �� � � �� � � �� � � � �� ��� ��
1

4
1 1 1 1

1 2 3 4
� � � �  (10)

c y y y y� �� � � �� � � �� � � � �� ��� ��
1

4
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1 2 3 4
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d y y y y� �� � � � �� � � �� � � �� ��� ��
1

4
1 1 1 1

1 2 3 4
� � � �  (12)

The Eqs. (13)–(16) is used to calculate Ni (N1, N2, N3 
and N4):

N1 1

4
1 1� �� � �� �� �  (13)

N2 1

4
1 1� �� � �� �� �  (14)

N3 1

4
1 1� �� � �� �� �  (15)

N4 1

4
1 1� �� � �� �� �  (16)

To obtain the Jacobian matrix J the following Eq. (17) 
is used.
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The coordinates were obtained from the bilinear ele-
ment in the physical coordinate (Fig. 3).

3 Results
The results from the X-ray fluorescence characterization 
performed on all of the samples from the proposed quar-
ries can be seen in Fig. 4. The predominant compound 
in all samples was SiO2 (between 50 and 60 %) followed 

by Al2O3 (20%). All the samples present a similarity in 
the percentages of the compounds, no differences of com-
pounds were observed among the materials. The impor-
tance of the above geochemical data allows the chem-
ical classification of rocks and the understanding of the 
geological process using different types of diagrams. 
Conventionally, geochemical data used for these purposes 
are divided into major and trace elements. Major elements 
are those elements that predominate in any rock such as Si, 
Ti, Al, Fe, Mn, Mg, Ca, Na and K [42, 43]. With the devel-
opment of new techniques that allowed the determination 
of trace and ultra-trace elements, it became essential to 
determine the chemical composition of rocks over a wide 
range of concentrations (wt. % to μg g-1) [42].

In this research work, the Total Alkali-Silica (TAS) 
diagram (Fig. 5) was used, which classifies rocks based 
on the ratio of SiO2 wt.% content to the sum of Na2O wt.% 
and K2O wt.% [44, 45]. According to their chemical 

Fig. 3 Bilinear element in physical coordinate

Fig. 4 X-ray fluorescence
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composition, quarries G, S, C, and K are classified as 
basaltic andesite. Quarries CO and CU are categorized 
as basaltic trachyandesite, while quarries H and M are 
classified as trachybasalt. Finally, quarries T and J corre-
spond to the classification of andesite.

Figs. 6(a)–(j) shows SEM images of the quarries. 
The microphotographs reveal substantial changes in pore 
distribution and size, particularly between volcanic-ori-
gin quarries (Figs. 6(a)–(h)) and crushed-origin quarries 
(Figs. 6(i) and 6(j)). These differences in pore distribu-
tion and size directly impact the density and mechanical 
behaviour of the rocks, particularly affecting the modulus 
of elasticity, mechanical strength, and results of the ultra-
sonic pulse velocity test. In the ten images, a distinct 
change in relief is observed, presenting hollows in most 
cases; this can be interpreted as the porosity of the material. 

The physical and mechanical properties were esti-
mated as outlined in the experimental section. The values 

for density, uniaxial compressive strength, and mod-
ulus of elasticity are shown in Fig. 7. The samples with 
higher densities, such as G and S, which originate from 
volcanic material quarries, exhibit higher uniaxial com-
pressive strength. Samples G and S show the highest 
UCS (110.10 MPa) and density (2567.00 kg/m³), respec-
tively. Volcanic quarries H, C, K, M, CO, T, CU, and J 
demonstrated lower values in UCS, density, and primary 
wave velocity (Vp) compared to samples from crushed 
stone quarries, likely due to the weaker and more abrasive 
nature of the uncrushed samples. The rock with the low-
est Poisson's ratio is H, with a value of 0.21, while the rock 
with the highest Poisson's ratio is S, with a value of 0.28.

Fig. 8 shows the linear correlation between UCS and 
Ed for the specimens analysed in this study; the correla-
tion coefficient was R = 0.70, indicating an acceptable 
correlation [46, 47]. Previous research has validated this 

Fig. 5 TAS diagram (Total Alkali-Silica) [44, 45]

Fig. 6 SEM images of (a) Huiramba, (b) Joyitas, (c) Maskutan, (d) El Tigre, (e) Cerritos, (f) Cuenembo, (g) El Melon, (h) Comanja, (i) AGC, and
(j) El Colegio quarries (25 × 1 mm)

Fig. 7 Density (ρ), uniaxial compressive strength (UCS), primary wave 
velocity (Vp), Poisson's ratio (v), and dynamic modulus of elasticity (Ed)
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correlation between uniaxial compressive strength and 
dynamic modulus of elasticity [48, 49]. The data presented 
supports the use of Eqs. (4)–(6) for isotropic materials. 
This result is related to the degree of rock welding, as the 
cooling processes of intrusive and extrusive igneous rocks 
differ. Intrusive rocks exhibit lower porosity (G and S) 
compared to extrusive ones (H, C, K, M, CO, T, CU, J). 

Fig. 9 presents a box-and-whisker plot illustrating 
the modulus of elasticity of the analysed samples. It is 
observed that samples from quarry H exhibit the low-
est modulus of elasticity, while those from quarry S 
show the highest modulus. The data dispersion is notable 
in each quarry, which can be attributed to the different 
physical and mechanical properties of the studied rocks. 
Furthermore, this observation is confirmed by the micro-
photographs presented in Fig. 6, which reveal variability 
in the porosity of the different rock quarries.

Using the values of maximum applied load and dynamic 
modulus of elasticity, the equations were discretized and 
coded in MATLAB with 10,201 nodes per mesh to model 

the deformations and displacements. The application of 
the load at the top was considered, producing values for 
uniaxial compressive strength, as well as horizontal and 
vertical displacements. The displacement values obtained 
were amplified 40 times to better visualize the deforma-
tion in the images shown in Fig. 10. The dynamic modulus 
of elasticity obtained allowed for classifying the rock and 
estimating its mechanical behaviour.

Fig. 10 shows the 5 cm × 5 cm meshes that represent the 
profile of each cubic sample, with deformations observed 
once the maximum load is applied. This data is obtained 
using the proposed finite element method (FEM) method-
ology, and the effect of the maximum load on the sample is 
illustrated by superimposing the undeformed mesh (grey) 
with the deformed mesh of each sample (blue). The defor-
mations presented in Fig. 10 represent the basaltic andes-
ite rocks (M, C, S, and G). Figs. 10(a) and 10(b) show 
natural rocks, where minor deformations are observed 
in samples M, while samples C exhibit greater deforma-
tion. Additionally, this classification includes the crushed 
rocks S and G, whose deformations align with their phys-
ical and mechanical properties. Samples S demonstrate a 
higher ρ, Ed, and UCS compared to sample G. This obser-
vation is reflected in Figs. 10(c) and 10(d), where it is evi-
dent that rocks S show less deformation. 

Fig. 11 presents the deformations of the rocks classi-
fied as trachybasalt. It is observed that rocks H exhibit 
the greatest deformation, further confirming that physi-
cal and mechanical properties influence their behaviour. 
Additionally, samples H recorded the lowest dynamic 
modulus of elasticity, with a value of 3,813.70 MPa.

 Figs. 12 and 13 show the deformations of the rocks clas-
sified as basaltic trachyandesite and andesite. In the case 
of samples C and CU, the deformations are very similar 
Figs. 12(a) and 12(b). Similarly, the deformations in samples T 
and J are also comparable to each other Figs. 13(a) and 13(b).

 A comparison of the values of the mean displace-
ments (xmax and ymax) of each stone quarry is observed 
in Fig. 14. The values in shear stress displacement obtained 
are equal to less than 0.02 cm similar to those obtained by 
Vasconcelos and Lourenço that correlated the evolution 
of vertical displacement with shear displacement in stone 
masonry with granite blocks, obtaining vertical displace-
ments in the range of −0.6 to 0.3 mm (−0.06 to 0.03 cm) [50].

Table 2 compares the results of the Ed and the Poisson's 
ratio (v) reported in the literature with those obtained in 
this research. It was observed that the basaltic andesite 
from the crushed rocks (S) falls within the Ed range cor-
responding to basalts. However, the rest of the samples 

Fig. 8 Correlation between UCS and Ed

Fig. 9 Modulus of Elasticity of the Rock Quarries
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Fig. 10 Deformation of quarry rock basaltic andesite samples: (a) Maskutan, (b) Cerritos, (c) El colegio y (d) AGC

Fig. 11 Deformation of quarry roc trachybasalt samples: (a) Huiramba, 
and (b) Melon

Fig. 12 Deformation of quarry rock basaltic trachyandesite samples:
(a) Comanja, and (b) Cuenembo
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exhibit values below 40,000 MPa, confirming that prop-
erties such as density (ρ), UCS, and Ed influence their 
physical-mechanical behaviour, a fact that is supported 
by the microphotographs shown in Fig. 6.

Additionally, the v values calculated in this research 
range from 0.21 to 0.28, compared to the range reported in 
the literature for basalt, which varies from 0.19 to 0.38 [30]. 
Therefore, the results are within the range of values. 
Furthermore, to validate the finite element model, the UCS, 
Ed, and v value ranges for basalt reported in the literature 
were employed, yielding maximum values (xmax and ymax) 

that demonstrate that the deformations are very similar to 
those observed in the rocks studied in this research.

Fig. 15 illustrates the correlation between the propaga-
tion Vp and the maximum displacements at xmax and ymax. 
Second-degree polynomials were fitted to the data, result-
ing in acceptable correlation coefficients. These results sup-
port the validity of the mathematical model for estimating 
deformations in rock samples and its utility as a primary or 
preliminary classification tool for rocks used in civil engi-
neering construction. The error of the sum of squares for 
polynomial fit of xmax is 9.64 × 10−7 and the error of the sum 
of squares for polynomial fit ymax is 4.56 x 10−5.

4 Conclusions
Different samples of stone quarries used for construction 
at the study site were analysed. Physical and mechanical 
tests were performed, and the values of density, modulus 

Fig. 13 Deformation of quarry rock andesite samples:
(a) El Tigre, and (b) Joyitas

Table 2 Range of Ed, ν, xmax and ymax rocks values

Intact rock Ed MPa 
(× 104)

Poisson's 
ratio (v)

xmax cm (× 
10−03)

ymax cm
(× 10−03)

Basalt [32] 4.00 − 8.50 0.19 − 0.38
 (0.25) 0.69 − 3.8 6.8 − 17.3 

Basaltic 
Andesite
(C, K, S, G)

1.84 − 4.60 0.25 − 0.28 0.98 − 2.00 7.10 − 4.40

Trachybasalt 
(H, M) 0.38 − 2.52 0.21 − 0.26 0.89 − 3.90 6.30 − 34.3

Basaltic 
trachyandesite 
(CO, CU)

2.17 − 2.65 0.25 − 0.27 1.10 − 1.30 8.20 − 8.70

Andesite
(T, J) 1.81 − 1.92 0.25 − 0.26 0.86 − 1.30 6.00 − 9.50 

Maximum and minimum values. Average values in parentheses.

Fig. 14 Displacements horizontal and vertical

Fig. 15 Correlation of Vp versus deformation in xmax and ymax
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of elasticity, and uniaxial compressive strength were 
compared. Results from the model showed a clear differ-
ence between the crushed and volcanic quarry samples 
(average crushed samples Ed = 37,433.10 MPa compared 
to average volcanic samples Ed = 19,051.82 MPa).

It was determined that the greatest deformation 
occurred in the natural rock quarry H (xmax = 3.9 × 10⁻³ cm 
and ymax = 34.3 × 10⁻³ cm), classified as trachybasalt, 
while the smallest deformation corresponded to the rock 
quarry T (xmax = 0.86 × 10⁻³ cm and ymax = 6 × 10⁻³ cm), 
classified as andesite. In the analysis of crushed rocks, 
quarry S exhibited lower deformation compared to quarry 
G, both classified as basaltic andesite. This study revealed 
that physical-mechanical properties, such as the propaga-
tion velocity of P-waves (Vp), dynamic modulus of elasticity 
(Ed), and uniaxial compressive strength (UCS), significantly 
influence the maximum (xmax) and minimum (ymax) defor-
mation behaviour of each analysed quarry. In conclusion, 
the results of the analysis indicate that geological classifi-
cation and the physical-mechanical properties of rocks are 
determining factors in deformation behaviour. The vari-
ability observed among the quarries suggests that a detailed 
understanding of these characteristics is essential for the 
proper selection of materials in engineering applications.

The classification of rocks using the Total Alkali-Silica 
(TAS) diagram, X-ray fluorescence, and scanning elec-
tron microscopy (SEM) are fundamental tools in this 
research. These techniques allow for validation and cer-
tainty in the finite element model, supported by ultrasonic 

pulse velocity, which facilitates the visualization of defor-
mations in the quarries, thereby expanding the tools for 
accurate rock classification that can jointly employ chem-
ical and physical-mechanical characteristics.

The mathematical model proposed in this work can be 
applied to understand the deformations of stones used in 
other regions and to determine the stone quarries with the 
best properties for construction use (Aggregates for hydrau-
lic concrete blends, asphalt pavements, masonry, and foun-
dations). The application of this methodology could aid 
decision-makers by identifying unexploited quarries that 
meet construction requirements, thus preventing the over-
exploitation of currently operational quarries.
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