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http://creativecommons.org/licenses/by/4.0/ ~ marble, many academic studies have been conducted on the effects of water

() ® saturation, temperature, freezing and thawing on its mechanical and fracture

properties. There are further studies on crack propagation in marble under

loss. In order to reduce losses by determination of geological properties of

stress. However, even those marble blocks that are obtained based on geolog-
ical parameters may suffer serious cracks or fractures due to stresses caused
by their weight and geometry. Therefore, cutting direction is of critical im-
portance in order to minimize marble waste in the process of cutting a marble
block which is brought to the inventory or processing site with cracks, cavi-
ties or fractures. Certain studies exist within such context, where the geome-
try of the discontinuity within a block is determined using non-destructive
methods, such as ultrasonic testing, in order to determine the appropriate
cutting direction. Such studies made use of ultrasonic waves to determine the
physical and chemical structures of magmatic and sedimentary rocks by
measuring the progress velocity of sonic waves in the rock. Said studies,
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however, mostly worked on sedimentary and magmatic rock specimens, fo-
cusing less on metamorphic rocks such as marble due to their anisotropic
properties. Understanding the academic literature studies on marble would
provide significant contribution to the reduction of production losses during
the processing marble blocks in processing plants and the achievement of
production efficiency levels that are within economic limits. Within such
scope, this study has reviewed the past academic studies on marble, classified
them under 6 categories, and comprehensively analyzed each category based
on materials, testing setups, test specimens, test parameters and research
techniques.

Keywords

Marble, Metamorphic Rock, Ultrasonic Test, Crack, Cutting Direction

1. Introduction

The term marble represents metamorphic rocks with crystalline inner structure,
which were formed through metamorphosis of sedimentary rocks containing
high levels of calcium carbonate (95% CaCO,), lower levels of magnesium car-
bonate (MgCO;) and various metal oxides (quartz, graphite, hematite, limonite,
pyrite, mica, chlorite, etc.) due to exposure to pressure and heat within extended
geological periods. Low metal oxide content gives marble a variety of colors and
a grainy appearance. In addition, increasing SiO, content makes the rock harder,
while increasing MgO content makes it more brittle and increasing Fe,O; con-
tent makes it darker in color [1]. Block efficiency is also quite important for
marble, in addition to its color, pattern, texture and cuttability. On the other
hand, a marble block is required not to contain any weak zones that could create
problems in slab production, to be able to receive a uniform amount of finish on
the entire slab surface, to have physical, geomechanical and chemical properties
which conform to the relevant standards, and to be resistant to atmospheric and
chemical effects. Determination of the optimal cutting direction is required in
order to minimize marble waste in the process of cutting a marble block which is
brought to the inventory site [2]. This, on the other hand, would only be possible
by determining the physico-mechanical properties of marble (mineral orienta-
tion, fractures and cracks, porosity, permeability, anisotropy, surface hardness,
density, resistance to freezing, pressure and abrasion resistance, compression
strength and Young’s modulus, Poisson’s ratio, modulus of elasticity, etc.), as
well as the geometry of the discontinuity, if any, inside the marble block. Accor-
dingly, academic studies have been conducted for various types of marble, on the
effects of water saturation, temperature, freezing and thawing on its mechanical
and fracture properties. The literature also includes studies on crack propagation
in marble under stress, as well as determination of discontinuities in a marble

block using non-destructive testing methods (Ultrasonic, GPR, etc.) [3]. Dy-
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namic physical properties (Lame Coefficients, Poisson’s Ratio, Young’s Mod-
ulus, Bulk Modulus, Coefficient of Compressibility, Dynamic Elastic Constants,
Compression strength, etc.) and chemical structure of marble were determined
based on the change of progress velocity of ultrasonic waves (Compressional P,
Shear S) in marble [4] [5].

This study reviews and classifies past studies on marble in 6 main categories
with the aim of contributing to ability to keep the production efficiency of mar-
ble, a metamorphic rock, within the economic limit values. Said categories are,
1) studies on crack propagation in marble under stress and mechanical and
fracture properties of marble, 2) effects of freezing and thawing on the mechan-
ical properties of marble, 3) effects of water saturation on mechanical properties
and fracture behavior of marble, 4) effects of temperature on the micro-structure
and physico-mechanical properties of marble, 5) determination of discontinui-
ties in marble sites, and 6) crack assessment in marble sculptures. The study ad-
dresses each category individually, presenting and analyzing them in detail based
on materials, testing setups, test specimens, test parameters and research tech-
niques. To ensure better understanding of the categories, the paper first explains
the application principles of the research techniques used in marble-related stu-
dies. The aim of this study was to determine the developments in the production
processes of marble by compiling the previous literature, thus contributing to

reducing marble waste and increasing production efficiency.

2. Techniques Used in Marble-Related Research Studies
2.1. Acoustic Emission (AE) Method

Acoustic emissions (AE) are high-frequency (20 kHz - 1 MHz) stress waves
created as a result of crack formation and fracture propagation behavior of a
material/structure due to quick release of temporary energy from limited re-
sources. AE testing involves recording of such waves using piezoelectric sensors
located on the surface of the tested structure and subsequent analysis of the rec-
orded signals to gain an understanding of the nature of their sources. Various
parameters exist in relation with acoustic emission signals, including peak am-
plitude, RMS, counts, cumulative counts, rise time and event time (Figure 1).
Such parameters provide vital information for the determination of mechanical
and fracture properties of marble. However, background noise should be filtered
in order to accurately determine the parameters. Acoustic emission test noise
comprises of undesired signals such as 1) mechanical noise, 2) hydraulic noise,
3) electrical (electro-magnetic) noise that are sensed by the transformer. Me-
chanical and hydraulic noise originates from the uniaxial compression device,
while electromagnetic interference (EMI) originates from the AE instrumenta-
tion because of electrical transmission and radiation. Electromagnetic noise can
be prevented by providing better protection of sensors, preamplifier and main
amplifier in metal casings with high conductivity, as well as by earthing casings
at a common point. Isolating the transformer in the power source may also re-
duce EMI.

DOI: 10.4236/ijg.2023.1410052

1001 International Journal of Geosciences


https://doi.org/10.4236/ijg.2023.1410052

H. Citak et al.

Prismatic Marble ‘
Sample E>

Acoustic

Emission

Volts
Amplitude
| bz Cylindrical
Marble
Threshold Sample
Crossing
- Detection
Counts
- Measurement
) - Recording
Signal - Interpretation I Time
- Evaluation Duration
(a) (b)

Figure 1. (a) Acoustic emission method and its output, (b) contact of acoustic sensors with marble for cylindrical marble [6].

The low-amplitude, high-frequency acoustic emission wave generated in the
marble under load are transformed into electric signals by piezoelectric sensors,
after which they are subjected to a series of electronic processes. Subsequent to
the data processing phase, which involves amplification, filtering, data collection
via an 18 bit, 40 MS/s A/D converter module and DSP-based FPGA, the signal is
transmitted to a PC and displayed. Electronic structure of an AE measurement
device which runs such processes is exhibited in Figure 2.

2.2. Real-Time Ultrasonic Detection Method

Ultrasonic test is performed using receiving and transmitting piezoelectric sen-
sors. Ultrasonic waves (P and S) applied to the test subject by the transmitting
sensor are received by the receiving sensor, and the time spent by the wave in-
side the specimen is measured by the ultrasonic test device. The test device needs
to be prepared for measurement beforehand. Such preparation includes entering
marble density, pulse voltage, wave type and gain value into the device. Subse-
quently, the sensors should be placed on top of each other and calibrated. Then,
silicone grease should be applied as adhesive on both surfaces of the marble
block and on the sensors. Following the time information, which is often deter-
mined by direct contact, the device performs the calculations by respectively
running the theoretical equations provided in Table 1. Compressional wave ve-
locity is measured first, using data for specimen thickness and the determined
time. Then, shear wave velocity is calculated by dividing the compressional wave
velocity by two. The y and o Lame coefficients are calculated using the density
data initially entered into the device and the two aforementioned velocity values.
Lastly, the calculated Lame coefficients are used to calculate the Poisson’s ratio,
Young’s modulus, bulk modulus, coefficient of compressibility and dynamic
elastic constants, respectively.

Mineralogy of the tested material, the shape and dimensions of the spac-
es-grains and their micro-structural properties, such as distribution, determines
the progress of the ultrasonic velocity. Said material properties uniquely alter the
frequency spectrum and defines the compressional and shear wave velocities of

various types of progress. Therefore, wave velocities and amplitude-frequency
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spectrums are closely related to the physical and mechanical properties of the

material (Poisson’s ratio, Young’s modulus, bulk modulus, efficient of compres-

sibility and dynamic elastic constants), which are in turn closely related to its

micro-structural properties.
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Figure 2. Electronics of acoustic emission measuring device [7].
Table 1. Theoretical equations of test parameters [8].
Parameter Equations Definitions
x Marble thickness

v,and v, wave velocity

pLame constant

A Lame constant

o Poisson ratio

Y Young modulus
BVolume modulus

K Compression coefficient

E Dynamic Elastic Constant

(1+c;)x(1—zo)X

x
v==— (m/s) .
t t Duration of passage

b M (m/s) v; Transverse wave velocity
A\p p- Marble density
A+2
v, = el (m/s) v, Longitudinal wave velocity
P
B A
2x (i + y)

Y:yx(3ﬂ,+2y)

N/m?
T o)

B=A+2u (N/m?)

1
K=— (m*N
5 ™M

VX § x10° (kg/cm?)

(1-0)

DOI: 10.4236/ijg.2023.1410052

1003 International Journal of Geosciences


https://doi.org/10.4236/ijg.2023.1410052

H. Citak et al.

Ultrasonic test is carried out both under load and without load, the latter being
carried out particularly in determining discontinuities in a specimen. Further, the
surface needs to be polished in order to achieve good ultrasonic transmission.
Acoustic emission similarly involves ultrasonic wave detection. However, in that
case, the sound source is the material itself and the signal created by such sound
in the sensor is analyzed. On the other hand, ultrasonic test involves simultane-
ous assessment of the receiving and transmitting signals. Figure 3 exhibits the
application of the ultrasonic test on cylindrical and prismatic specimens, and

Figure 4 demonstrates a comparison of ultrasonic test outputs via AE.

Figure 3. Application of ultrasonic testing to (a) prismatic, (b) cylindrical samples [8].
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Figure 4. Diagram of the principle of ultrasonic detection and AE tracking during sample deformation.
(a) connection of the AE device to the sample; (b) determining AE parameters from the waveform; (c)
ultrasonic waveform to obtain the travel time [9].
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2.3. Linear Variable Differential Transformers (LVDT)

LVDTs are a widely used type of transformers which can transform linear
movements of an object, to which it is mechanically connected, into electric sig-
nals. These are able to measure small movements of various magnitudes, ranging
from several millionths of an inch to several inches. Components of an LVDT
able to detect positions up to +30 inches (+0.762 meters) are shown in Figure 5.
Internals of a transformer comprise of primary winding with a pair of identically
wound secondary windings which are positioned symmetrically on both sides of
the primary winding. The coils are wound on a monobloc hollow form of ther-
mally stable glass-reinforced polymer, which is encapsulated against humidity,
covered by a highly conductive magnetic shield and fixed on a cylindrical stain-
less-steel casing. This coil setup is usually the fixed component of the position
Sensor.

The moving component of an LVDT is a separate pipe-shaped armature made
of magnetically conductive material. Being referred to as the core, this compo-
nent can freely move axially inside the empty bore of the coil and is physically
connected to the object the position of which is to be measured. Typically, the
bore is large enough to provide a significant radial distance between the core and
the bore, and there is no physical contact between the coils. In operation, the
primary winding of the LVDT is energized with alternating current with appro-
priate amplitude and frequency, which is referred to as primary excitation. The
electric output signal of the LVDT is the differential AC voltage between the two
secondary windings, which varies based on the axial position of the core inside
the LVDT coil. Said AC output voltage is often transformed into a higher-level
DC voltage or current, which is more suitable for use in the relevant electronic
circuits.

The primary winding of the LVDT, P, is energized by a constant-amplitude
AC source. The magnetic flux thereby created is connected by the core to the
adjacent secondary windings, S1 and S2. If the core is located halfway between
S1 and S2, then it is connected to both secondaries with equal flux, in which case
the voltages induced in the S1 and S2 windings are equal to E1 and E2, respec-
tively. Differential voltage output (E1-E2) is essentially zero at this reference
middle position of the core, which is therefore referred to as point zero. As
shown in Figure 6; if the core is moved to a position which is closer to S1 than
S2, then more flux would connect to S1 than to S2, which would cause an in-
crease in the induced voltage E1 and a decrease in E2, which, in turn, would
create a differential voltage (E1-E2). In contrast, if the core is moved closer S2,
then more flux would connect to S2 than to S1, which would cause a decrease in
El and an increase in E2, which, in turn, would also create a differential voltage
(E2-E1).

2.4. Atomic Force Microscope (AFM)

An atomic force microscope (AFM) scans the surface of a specimen using a con-
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sole with a very sharp tip. As the tip approaches the surface, the close-distance
attractive force between the surface and the tip causes the console to deviate to-
wards the surface. On the other hand, when the console gets closer to the surface
in a manner that would cause the tip to contact it, a progressively increasing re-

pulsive force comes into play, causing the console to deviate away from the sur-

face.
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Figure 5. (a) Components of the LVDT, (b) its connection with the load handler [10].
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A beam of laser is used to detect the deviations of the console towards or away
from the surface. Any deviation of the console would cause small variations in
the direction of the beam which is reflected from the flat top of the console. A
position-sensitive photodiode (PSPD) can be used to track such variations. Thus,
if an AFM tip passes over an elevated surface attribute, then the resulting con-
sole deviation (and the subsequent change in the direction of the reflected beam)
is recorded by the PSPD.

The console of an AFM scans over the region of interest and displays its topo-
graphy. Elevated and dented attributes on the specimen surface effects the con-
sole deviation which is monitored by the PSPD. Utilizing a feedback loop to
control the height of the tip above the surface, thereby preserving a constant la-
ser position, AFMs are capable of creating an accurate topographical map of
surface attributes (Figure 7).

Surface scan by an AFM is achieved not by the movement of the console but
by the movement, in the x, y, z directions, of the specimen placed on a piezoe-
lectric material. Piezoelectric materials (piezo crystals) are ceramic materials that
could enlarge or contract when voltage is applied. This allows the specimen to
make very precise movements in the x, y, z directions (the position can be con-

trolled in resolutions in nanometer levels).

quadrant
photodiode

Computer

control electronics

9,
@
N
o
7]
Q
I
3
3
@
=

2.0 u

(b)
Figure 7. (a) An AFM setup, (b) AFM image, (c) TEM image [12].
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2.5. Environmental Scanning Electron Microscope (ESEM), SEM
and TEM

Environmental scanning electron microscope (ESEM) is a direct descendant of
the conventional SEM, but also allows scanning of wet and non-conducting spe-
cimens without any prior specimen preparation. A low gas pressure (up to ap-
proximately 10 torr) can be applied around the specimen. When water is used
instead of gas, hydrated specimens can be kept in their natural state. Be it water
or any other gas, ions created as a result of the collisions of the electrons emitted
from the specimen and the gas molecules help reducing the creation of charges
and are dragged back to the specimen surface. This eliminates the need to apply
conductive surface coating to non-conductive specimens (Figure 8(a)). Such
two significant benefits of ESEM makes the strengths of the scanning electron
microscope (SEM) available for a wide range of materials. Additionally, a com-
parison of the operating conditions of ESEM and SEM is given in Table 2.

In conventional scanning electron microscope (SEM) systems, the surface of a
solid specimen is excited by a highly focused energetic electron beam, which in-
duces X-ray fluorescent from the elements comprising the specimen. Specimens
need to be operated under high vacuum conditions and need to be conductive or
coated with a conductive material, such as gold, in order to ensure proper analy-
sis. In conventional SEMs, X-ray micro-analysis is prevented for non-coated
non-conductive specimens due to specimen loading which could reduce the
energy of the electron beam and renders quantitative analysis impossible. Envi-
ronmental Scanning Electron Microscope (ESEM) is a unique system which al-
lows analysis of non-coated biological and industrial materials, such as marble,
by an electron beam in a water vapor atmosphere at high room pressure. Thus,
specimens can be analyzed using ESEM without the need for destruction or any
additional preparation procedures. The main drawback of a typical ESEM, how-
ever, is that the electron beam propagates in the high-pressure environment
chamber and excites fluorescent X-rays not only under the beam but from the

entire specimen. Fluorescent X-rays emitted from outside the area of interest are

Table 2. Comparison of operating conditions of ESEM and SEM.

Operating Conditions Conventional SEM Environmental SEM
Imaging Modes Secondary Electrons (ET) Backscattered Electrons Secondary Electrons (ESD) Backscattered Electrons
Working Distance 6 - 40 mm 6 - 15 mm
Accelerating Voltage 1 - 30 kV, normally 20 kV 1 - 30 kV, normally 20 kV
Vacuum Conditions 107 to 10~ Pa High vacuum 107* to 0.9 kPa. Normally 10 - 250 Pa.
Magnification 10 to 100.000 times 70 to 100.000 times
Resolution 1.8 to 60 nm, usually 4.5 nm 5or 7 nm
Sample Requirement Dry and conductive samples only. Any samples type
Sample Exchange Time 3 - 5 minutes 30 - 60 seconds
Approximate Cost $65.000 - 250.000 $179.000 - 250.000
DOI: 10.4236/ijg.2023.1410052 1008 International Journal of Geosciences
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Figure 8. (a) Environmental scanning electron microscope (ESEM), (b) polycapil-
lary addition to ESEM, (c) ESEM image of marble after mechanical cleaning [13].

also sensed by the detector and reduces image contrast. Polycapillary optics can
be included into an existing ESEM in order to collect X-rays from an area de-
fined by the focal point dimension and focus the same onto the detector, thereby
reducing background noise and improve image contrast (Figure 8(b), Figure
8(c)).

Both other electron microscope types (SEM and TEM) are equipped with
energy-dissipating X-ray spectrometers. They are a strong tool to analyze chem-
ical composition of a specimen. Each element emits an X-ray at a certain wave-
length, its “fingerprint”, which is detectable and analyzable. This allows match-
ing of the elements on the sample area at an atomic resolution. SEM releases
electrons, which scatter upon impact, and the specimen surface is thereby
scanned. The device gathers the scattered electrons and creates an image. The
image is displayed on a TV-like screen (Figure 9(a), Figure 9(b)). On the other
hand, TEM processes the specimen by sending an electron beam. The result is
displayed using a fluorescent screen. SEM images are three-dimensional accurate
representations, while TEM images are two-dimensional and require some in-
terpretation (Figure 9(c), Figure 9(d)). However, TEM has an advantage over

SEM in terms of resolution and zooming (Table 3).
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Figure 9. (a) Scanning electron microscope (SEM), (b) SEM image, (c)
transmission electron microscope (TEM), (d) TEM image [14].

Table 3. Comparison of operating conditions of SEM and TEM.

Scanning Electron Microscopes (SEM) Transmission Electron Microscopes (TEM)

Electron stream Fine, focused beam Broad beam
Image taken Topographical/surface Internal structure

Resolution Lower resolution Higher resolution
Magnification Up to 2,000,000 times Up to 50,000,000 times
Image dimension 3-D 2-D
Sample thickness Thin and thick samples okay Ultrathin samples only
Penetrates sample No Yes

Sample restriction Less restrictive More restrictive
Sample preparation Less preparation required More preparation required

Cost Less expensive More expensive
Speed Faster Slower
Operation Easy to use More complicated; requires training
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2.6. Micro-Computed Tomography (Micro-CT)

Micro-CT is a 3D imaging technique utilizing X-rays to see inside an object, slice
by slice. In a Micro-CT system, X-rays are generated in an X-ray source, trans-
mitted through the specimen, and recorded by the X-ray detector as a 2D pro-
jection image. The specimen is then rotated, and another X-ray projection image
is taken (Figure 10). This step is repeated through a 180-degree turn (or some-
times 360 degrees, depending on specimen type). The series of X-ray projection
images is then computed into cross-sectional images through the computational
process called “reconstruction”. These slices can be analyzed, further processed
into 3D models, made into movies, printed into 3D physical objects, and more.

2.7. Discrete Element Method (DEM)

DEM (discrete element method) is a numerical technique for modeling the inte-
raction between individual particles and boundaries in order to predict the be-
havior of cast solids. This device can easily model moving boundaries and used
to better understand particle flow dynamics. The DEM method uses contact de-
tection algorithms and can calculate the forces acting on particles by applying
relevant contact models. Acceleration, velocity and position are then calculated
using Newton’s laws of motion and digital integration. The industry-leading
software implementing the discrete element method (DEM) used to simulate the
movement of granular and discontinuous material is ANSYS Rocky (Figure 11).
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Figure 10. (a) Micro-CT System, (b) Micro-CT scan results for a marble sample [15].
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Figure 11. (a) DEM software cycle, (b) A DEM output [16].

2.8. Nuclear Magnetic Resonance (NMR)

In the Proton Nuclear Magnetic Resonance (Proton NMR) method, a specimen
is placed in a strong magnetic field and subsequently subjected to impact by ra-
dio frequency radiation (Figure 12). The protons will have their spin states
aligned or not aligned with the magnetic field, and the difference between such
two states will create a resonance energy. When hit with the right frequency,
protons with lower energy will reverse their alignment. As a result, what is de-
tected using this technique is the energy emitted by those protons which revert

back to the lower energy state (Figure 13).

2.9. Laser Ultrasonics Technique

Laser Ultrasonics is a contact-free ultrasonic analysis technique based on excita-
tion and ultrasonic measurement using two lasers. A laser pulse is sent to the test
specimen, creating an ultrasonic pulse which propagates throughout the material
following interaction with the surface. The ultrasonic vibrations are measured

using a laser vibrometer and displayed using a digital oscilloscope (Figure 14).

2.10. Polarized Light Microscopy

Polarized light microscopy is a contrast-enhancing technique which can be used
to analyze the structure of an object (Figure 15). Polarized light microscopes

have higher sensitivity and can be used in quantitative and qualitative research
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studies. Polarized light microscopy is often used to analyze the anisotropy of a
specimen’s optical properties caused by stretching and deformation of initially
isotropic materials. The specimens may be crystalline materials (pigments, min-
erals, etc.) and fibers as well as environmental particulate and biological mate-
rials. Polarized light microscopes are conventional standard microscopes equipped
with two additional polarizing elements (polarizer and analyzer) which allow the
specimen to be analyzed under polarized light. Polarized light microscopes allow
observation of specimens that are visible primarily due to their optically aniso-
tropic characteristics. Anisotropic materials have optical properties that vary
with the crystallographic axis and direction of the incident light. Such materials
have multiple refractive indices (e.g., azurite, cinnabar, etc.). However, these are
polarization colors (not true specimen colors) and are related to the specimen’s
refractive indices and thickness. Isotropic materials (e.g., gases, liquids, resins,
unstretched glasses, cubic crystals with only one refractive index) cannot be seen

under cross-polarized light.

Radio frequency
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Radio frequency
transmitter

Detector

Audio amplifier

Oscilloscope or

recorder /=
)\
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Figure 12. NMR System.
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Figure 13. RF energy emission from the sample in the NMR system [17].
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Figure 14. Laser ultrasonic technique [18].
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Figure 15. (a) Polarized light microscope, (b) an exemplary image [19].
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3. Classification of Past Studies on Marble

3.1. Studies on Crack Propagation in Marble under Stress—
Mechanical and Fracture Properties of Marble

In this paper, we have reviewed the literature for past studies on “crack propaga-
tion in marble under stress—mechanical and fracture properties of marble” and

each study is compiled and exhibited in Table 4 based on materials, testing se-

tups, test specimens, test parameters and research techniques.

Table 4. Studies on crack propagation of marble under force and investigation of mechanical and fracture properties of marble.

TEST INVESTIGATION
MATERIALS TEST SAMPLES FRACTURE/FLAW REF.
SETUP / TECHNIQUE
Atomic force microscopy
Lo 127 mm length, 1 mm width, oriented (AFM),
Carrara marble Uniaxial 152 x 76 X 38 mm . . . ) ) [13]
at 30° from the horizontal axis Environmental scanning
electron microscopy (ESEM)
X- hoenix NDT 1
— L @50 mm, interbed orientation of 0°, 30°, 60° . ray phoenx anatyzer
Marble/in Tibet ~ Uniaxial . micro-Computed Tomography [20]
h: 100 mm and 90° and natural fractures
(CT)
20°,45°, 75° the inclination surface
flaw 14 mm/22mm.
The flaw depth 3.2 .
) Length: 110 mm ¢ rawdep i . . . .
White . PMMA specimens were frozenina  Linear Variable Differential
. L Width: 50 mm . .
marble/China and  Uniaxial ) cooler containing dry ice. Transformer (LVDT). [21]
. Thickness from , .
PMMA specimens The rock specimen’s temperature Video camera.
10 mm to 50 mm .
dropped to about —72°C. Specimen
testing temperature does not rise
above —50°C.
50 R interbed orientati f0°,30°,60°, Acoustic Emission (AE
Marble/in Tibet Uniaxial 050 mm tnterbe orluen aton o st ission (AE) [22]
h: 100 mm and 90°, natural fractures Computed Tomography (CT)
Samples composed
of spherical particles
with great stiffness. The flaws inclination angles;
£: 2700 k-gm™ o 30°,60°,75° 3-D particle-based discrete
Triaxial 50 x 50 x 100 mm [23]
R 0.5-0.8 mm Flaw length: 24 mm element methodology (DEM)
E:37 GPa 45° Flaw length: 20, 16, 24 mm
M:0.65
Kk 2.5
£: 2700 kg/m’
(Density)
R:0.5-0.83 mm
E: 50 GPa
Particle- tact
(Particle-contac L Elliptical crack in the center, Discrete Element Methodology
Young Modules) Biaxial 100 x 100 mm [24]
o long: 10 mm (DEM)
M: 0.7 (Friction
coefficient)
KK 2

(Particle-contact
stiffness ratio)
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Continued
Scanning Electron Microscopy
@50 mm, interbed orientation of 0°, 30°, 60° (SEM)
Marble/in Tibet ~ Uniaxial mm tterbe ?rlen ation [25]
h: 100 mm and 90° and natural fractures Linear Variable Differential
Transformer (LVDT)
High-Speed Camera
Fractures with a length Greater than A ) o
0.5 times of the specimen height. coustic Emission
Baishan F ti 100 x 100 x 200 i i
aishan orm.a ion Triaxial The total length of these Scanning Electron Microscopy (26]
marble/China mm (SEM)
fractures R;;: 429 mm
R, 1370 mm Linear Variable Differential
Transformer (LVDT)
Baishan Formation Acoustic Emission (AE)
. Biaxial 50 x 50 x 100 mm Between 60° and 90° natural fractures [27]
marble/China Moment Tensor (MT)
Notched
semi-circular bend
White Three-poin Three-Dimensional (3D) Laser
) i marble. Fracture length: 5 mm (28]
marble/China  t bending Scanner
?50 mm,
Thicknees: 25 mm
X-ray Computed Tomography
250 , interbed orientati f0°,30°,60° (CT) Scannin
Marble/China Uniaxial mm tnterbe . orientation o ) 8 [29]
h: 100 mm and 90° and natural microcracks Linear Variable Differential
Transformer (LVDT)
20 x 10 X 2 mm
Mainly white, defective sample S ing Elect Mi
canning Electron Microsco
partially blackish ~ Uniaxial 45° transparent crack & 24 [30]
. 15 x 4 X 2 mm (SEM)
marble/China
intact sample
Marble Unia.xia.l @50 mm, TAW-2000D Data Acquisition 31]
and triaxial h: 100 mm System
Uniaxial- 45° doubl -existi
White marble n.1ax.1a 110 x 110 x 30 mm ouble pre ex1.s 118 High Speed Camera [32]
biaxial cracks length: 20 mm, width: 1 mm
Notched
Three- semi-circular bend
White Fracture length: 5 mm
. point marble. High Speed Camera [33]
marble/China bendi crack width < 20 mm
ending ?®50 mm,
Thicknees: 25 mm
interbed orientation of 0°, 30°, 60°  X-ray Computed Tomograph
White dolomitic L. 050 mm, . ! L Y P . grapty
. Triaxial and 90° and crack pattern is simple (CT) Scanning [34]
marble/China h: 100 mm )
and single Energy Mechanism Analysis
Acoustic Emission (AE)
. Uniaxial @50 mm,
Marble/China .. Natural flaws (cracks) Linear Variable Differential ~ [35]
and triaxial h: 100 mm
Transformer (LVDT)
. Acoustic Emission (AE)
0% 100 Inclination angle Flaw
50 x i
Marble/China Uniaxial mm 0%, 15", 30°, 45" 60°, 75°, length Particle Flow Code (PFC) based [36]
rectangular on Discrete Element Method

90° 10
mm (DEM)
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76 X 152 mm

Uniaxial rectangular
Carrara marble o 5 .
and biaxial @76 mm Brazilian

disc model

Naturel stiff jointed

Triaxial 50 x 50 X 100 mm
marble

Carrara marble Uniaxial 76 x 152 mm

Dionysos marble ~ Uniaxial 40 x 40 x 100 mm

White marble Uniaxial 60 x 60 x 30 mm

Laser
generated
Carrara marble 50 x 40 X 30 mm
pressure
waves
Uniaxial D50 R
Marble/China n1a.)<1a. mm
and triaxial h: 100 mm
@50 mm,
White marble Uniaxial
h: 100 mm

Carrara marble Uniaxial 15 X 60 x 100 mm

Marble/China Triaxial 50 x 50 x 100 mm

Carrara marble Uniaxial 152 x 76 x 32 mm

Length to diameter
Bonnet granite Uniaxial ratios of
approximately 2.25
Coarse-grained
Inada granite & @50 mm,
fine-grained h: 100 mm
Oshima granite
180 x 60 x 30 mm
150 x 30 x 60 mm

White Carrara . (Large Verona
Three-poin
marble j marble)
t bending
Red Verona marble 150 x 30 x 30 mm
(Small Verona
marble)

Flaw inclination angle for single flaws

0°,30°,60°

a flaw in the center

Flaw inclination angle for En-echelon

flaws 30°, 45°, 60°, 75°, 90°
flaw length:12,5mm
flaw aperture:lmm
Flaw inclination angle 62° - 90°
only one natural joint plane

En-echelon flaws inclination angle
15°,30°, 45°,60°, 75°, 90°

Pre-existing microcracks

Flaw inclination angle
0°,30°,45°,60°, 75", 90°
flaw length: 10 mm

flaw aperture: 1 - 1.5 mm

Samples were taken from a strongly
deteriorate tortile column removed

Microcracks

Artificial flaw inclination angle 0°,
13°,24°
Flaw inclination angle
0°,45°,90°
Intact and jointed marble
The dip angle of the joint
0°,25°,40°, 54°, 60°, 78°
En-echelon flaws inclination angle
15°%,30°,45°,60°, 75", 90°
Few intragranular micro-cracks
Flaw length: 13 mm

Flaw aperture: 1.2 mm

Fractal dimensions.
Inada granite: 2.3
Oshima granite: 2.7

Initial crack length
6.07 - 6.84 mm
18.80 - 19.65 mm
8.74 - 10.16 mm

Numerical Model

. (371
Particle Flow Code (PFC)
Scanning Electron Microscopy
(38]
(SEM)
Particle Flow Code (PFC)
Optical Microscope [39]

Video Camera

Acoustic Emission (AE) [40]

High Speed Camera [41]

Laser-Based Photoacoustic
Sensor

Nuclear Magnetic Imaging
Resonance (NMR)

Acoustic Emission (AE) [44]

Digital Image Camera [45]

Digital Image Correlation (DIC) [46]

Optical Microscope and Image
Recording System

47
Linear Variable Differential [47]
Transformer (LVDT)
Strain Gauge and Acoustic (48]
Emission (AE)
Acoustic Emission (AE) [49]

Digital Image Correlation
Linear Variable Differential  [50]
Transformer (LVDT)

DOI: 10.4236/ijg.2023.1410052

1017

International Journal of Geosciences


https://doi.org/10.4236/ijg.2023.1410052

H. Citak et al.

Continued

Flaw inclination angle 0°, 15°, 30°,
Venatino marble ~ Uniaxial 60 x 60 x 15 mm 45°,60°,75°,90° High Speed Camera [51]
Artificial flaw lengths 10, 15, 20 mm

Acoustic Emission (AE)

. . (50 mm, . .
Marble/China Uniaxial h: 100 mm Natural irregular microcracks Linear Variable Differential ~ [52]
' Transformer (LVDT)
50 , X-ray C ted T h
Marble Triaxial 050 mm Natural flaws (cracks) ray Lompute (?mograp Y [53]
h: 100 mm (CT) Scanning

Ultrasonic
, . ©36.56 - 36.68 mm, o
Marble/China Triaxial pre-existing microcracks Linear Variable Differential  [54]

h: 58.65 - 74.08 mm
Transformer (LVDT)

Flaw inclination angle 30°, 45°, 60°

. . @ 50 mm, ) Linear Variable Differential
Marble/China Uniaxial Flaw thickness: 0.3 - 0.5 mm [55]
h: 100 mm Transformer (LVDT)

Flaw length: 24 mm

Scanning Electron Microscopy

(SEM)
Carrara marble Uniaxial 152 x 76 x 32 mm Flaw length: 12.5 mm . . [56]
Optical Microscope

Flaw inclination angle 30°, 90°

Flaw aperture: 0.5 mm

High Speed Camera
Plaster model Cured for 96 h at 40°C, Digital Image Corelation
150 x 150 X 40 mm .
Veria-Nefeli marble Hole of 28 mm diameter Ultrasonic
150 x 150 x 50 mm
Volakas II marble  Uniaxial 010, 22, 35 and 45 mm Acoustic Emission (AE) [57]
200 x 200 x 80 mm
Volakas Ariston, 210, 22, 35 and 45 mm Linear Variable Differential
300 x 300 x 85 mm
I marble 10, 22, 35, 45 and 61 mm Transformer (LVDT)
Dionysos marble ~ Uniaxial 40 x 40 x 100 mm Natural flaws (cracks) Acoustic Emission (AE) [58]

Flaw inclination angle 0°, 157, 30°,
45°,60°, 75°,90°

Carrara marble Uniaxial 60 x 30 x 20 mm High Speed Video System [59]
Flaw length: 5 mm

Flaw aperture: 1 mm

circumferential surface pre-crack Acoustic Emission (AE)
White Uniaxial 200 mm Flaw width: 2 Linear Variable Differential  [60]
niaxial aw width: 2 mm
Marble/China h: 100 mm W inear Variable Differentia
Flaw aperture: 3 mm Transformer (LVDT)
G t 250 , Li Variable Differential
rey coarse meta Uniaxial mm natural fractures (cracks) (flaws) tnear Vatiable Literentia [61]
crystal marble h: 100 mm Transformer (LVDT)
. Uniaxial ?49.6 mm, Weathered marble, no imperfections
Silt-crystal marble o . . [62]
and triaxial h: 100 mm is observed with naked eyes.

Table 4 shows us that studies in the subject area actively made use of research
techniques such as AFM, ESEM, SEM, DEM, CT, LVDT and AE. General results
obtained from studies conducted for different axes, marble sizes and crack types
can be summarized as below.

Fracture process for each individual marble specimen under different loading
and unloading conditions begins with the formation of a distinct damage zone
around the crack tip. Subsequently, beginning from the crack tip, the damage

zone gradually turns into macroscopic cracks. The cracks propagate and com-

DOI: 10.4236/ijg.2023.1410052 1018 International Journal of Geosciences


https://doi.org/10.4236/ijg.2023.1410052

H. Citak et al.

bine. Lastly, rock pieces begin to fall off, the specimen loses its load-carrying ca-
pacity and eventually perishes completely [32].

Cracks formed under different loading and unloading conditions can be
broadly classified as wing cracks, secondary planar cracks and secondary in-
clined cracks. In the case of uniaxial loading, the specimen contains many shear
cracks and few tension cracks. Whereas in the case of biaxial loading, most
cracks are shear cracks and occurrence of tensile cracks is rare [34].

Tensile and shear cracks are two different types of cracks involved in the con-
nection process of gradual fractures, as in fault lines. Shear cracks usually occur
earlier than tensile cracks and dominate the crack propagation process. Howev-
er, in static tests, the cracking process is dominated by tensile cracks [41]. When
the specimen reaches 78.2% of the peak tension, the critical tensile crack is in its
initial stage and the macro fracture actually occurs after the peak tension [45].

The entire cracking process of defective marbles under dynamic loading can
be classified into four main stages: white patches; first shear cracks; secondary
tensile and shear cracks; and a combination of macro cracks until eventual fail-
ure [51]. Two types of white patches are observed; namely linear and scattered
white patches. Linear white patches, which usually develop in the tensile stress
concentration area, look markedly different from the surrounding-colored area.
A fine-striped crack, which usually develops along the linear white patch, would
later develop as an open crack. In contrast, scattered white patches, which de-
velop in the compressive stress concentration area, exhibits an indistinct boun-
dary with the surrounding area. It suddenly develops as a macro-crack around
the peak stress [47].

In Carrara marble, a tensile fracture is characterized by a linear white patch,
while a shear fracture is characterized by a scattered white patch. Both shear
white patches and tensile white patches are observed before the occurrence of
macro-scale shear and tensile cracks. Shear cracks usually occur earlier than ten-
sile cracks, causing the defective specimen to ultimately break with an X-shaped
shear zone. Tensile cracks usually develop with a flaw inclination angle (8) of
less than 60 degrees. The development of tensile cracks is often limited by the
predominant propagation of shear cracks and cannot fully develop into visible
open tensile cracks. On the other hand, tensile patches that develop under
semi-static loads clearly appear earlier than shear patches [59].

The damage zone of a tensile fracture includes microcracks with one or more
long, dominant, wide elongation deformations surrounded by several micro-
cracks confined within about 300 - 1000 pm (2 - 6 calcite particles). However, in
the damage zone of a shear fracture, long dominant microcracks are not ob-
served before fracture [56]. The peak stress and the corresponding strain of de-
fective specimens are lower than those of intact specimens under dynamic load-
ing, and these two parameters generally increase with defect inclination angle
while decreasing with defect length.

In addition, in most marble specimens that are under biaxial compression,

tension decreases successively until instability occurs. Stress is reduced several
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times. Moreover, in some cases, stress reduction begins even before it reaches its
peak value. Loading speed or strain rate has been proven to affect cracking
processes [27]. Increased dynamic loading or cyclic loading leads to an increase
in crack density. Cyclic loading includes the processes of blasting vibration,
drilling, rock cutting, earthquake, excavation, freezing-thawing and hydraulic
fracturing [20].

3.2. Studies on the Effects of Freezing and Thawing on the
Mechanical Properties of Marble

In this paper, we have reviewed the literature for past studies on “the effects of
freezing and thawing on the mechanical properties of marble” and each study is
compiled and exhibited in Table 5 based on materials, testing setups, test speci-
mens, test parameters and research techniques.

Table 5 shows us that studies in the subject area actively made use of research
techniques such as CT, LVDT and AE. General results obtained from studies
conducted for different axes, marble sizes and crack types can be summarized as
below.

Studies show that marble specimens are greatly affected by freeze-thaw (F-T)
treatment. As the number of F-T cycles increases, less tensile cracks occur, and
more shear/mixed cracks are seen [64]. CT scans show that a complex crack
network may occur for a marble specimen subjected to a low freeze-thaw process,
and as the F-T cycle grows, the scale of stress cracks decreases, and shear/mixed
cracks increase.

Under freeze-thaw conditions, a 9% volumetric expansion occurs when the
water turns into ice, and freezing pressure fuels the development of new micro-
cracks in the marble. Cracking speed increases with the increase in temperature
and/or relative humidity [64].

Table 5. Studies on the effects of freezing and thawing on the mechanical properties of marble.

TEST INVESTIGATION
MATERIALS TEST SETUP FREEZE-THAW REF.
SAMPLES TECHNIQUE
Freeze-thaw treatments of 0, 20,40 and  Linear Variable Differential
Uniaxial 60 cycles Transformer (LVDT)
. @50 mm, . . .
Marble/China Multi-Level h: 100 8 h under —40°C Acoustic Emission (AE) [63]
: mm
Cyclic Loading 8 h at a room temperature 20°C Computed Tomography (CT)
Vacuum saturation treatment for 24 h. Scanning
Vacuum saturation treatment for 24 h.
iolevel F Th les of 0. 20. 40. and 60 Linear Variable Differential
- reeze-Thaw cycles of 0, 20, 40, and 60.
Marble/China Mu u evej @50 mm, 4 Transformer (LVDT) [64]
fatigue loading  h: 100 mm 8 h under —40°C . .
Scanning Electron Microscopy
8 h at a room temperature.
25 freeze-thaw cycles for temperatures
10 cm square (100°C, 200°C, 300°C and 400°C). Ultrasonic
Carrara marble [65]

plates

Thaw cycles for 30 min a recipient with
ice cube are used.

Laser Vibrometer
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Previous F-T damage greatly affects the mode of cracking. It is argued that
tensile cracking mode plays a dominant role for marble specimens not subjected
to the freeze-thaw process, and shear cracking mode is for marble specimens
subjected to high F-T process. As the number of F-T cycles increases, less tensile

cracks occur and more shear/mixed cracks are seen [63].

3.3. Studies on the Effects of Water Saturation on Mechanical
Properties and Fracture Behavior of Marble

In this paper, we have reviewed the literature for past studies on “the effects of
water saturation on mechanical properties and fracture behavior of marble” and
each study is compiled and exhibited in Table 6 based on materials, testing se-
tups, test specimens, test parameters and research techniques.

Table 6 shows us that studies in the subject area actively made use of research
techniques such as CT and LVDT. General results obtained from studies con-
ducted for different axes, marble sizes and crack types can be summarized as be-
low.

Wet marble can be up to 40% weaker than dried marble. It can be argued that
such difference in strength is due to expansion that increases the high pore fluid
pressure and due to the help of grain boundary shift (GBS) in contributing to
creep [67].

The effect of water on the strength of calcite marble at high temperature is
small. For instance, the strength difference between wet and dry marble at 700°C

is less than that at lower temperatures and does not exceed 10% on average.

Table 6. Studies on the effects of water saturation on the mechanical and fracture properties of marble.

INVESTIGATION

MATERIALS TEST SETUP TEST SAMPLES FREEZE-THAW REF.

TECHNIQUE

Carrara marble Triaxial

h: 10 mm

Int he range 23°C - 25°C
Linear Variable Differential

First le dry.
1rst sampre ¢ty Transformer (LVDT)

@5 mm, Second sample wet. ,
Dynamic X-Ray [66]
The sample was saturated in water Microcomputed Tomography
under vacuum for 24 hr before the Imaging (4- D XCT)
experiment.

Light Optical Polarization

Axially @10 mm, Dry; temperatures ranging 600°C - 1000°C. Microscope
Carrara marble [67]
compressed h: 20 mm Wet; addition of 0.4% - 2.1% water. Scanning Electron Microscope
(SEM)
Dry Conditions; Heating and cooling rate
0.5°C/min 60°C in cycle 1 and 90°C in cycle
Pulsed React @15 mm, 2and3
Calcitic marble Displacement Sensor [68]
or IBR-2 h: 50 mm One hour before the heating -up of each
cycle the climate chamber was filled with
water Temperature 90°C was kept for 8 h.
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The bending of calcite marble panels should be considered as irreversible ex-
pansion of the rock under the effect of temperature changes and humidity. Hu-
midity is considered as a key parameter related to the phenomenon of bending
and can lead to unlimited residual expansion in certain types of marble. In gen-
eral, if the panel is exposed to sunlight and high humidity only from the outside,
it starts to bend outwards; whereas if there is moisture behind the panel in a
confined space where relative humidity is close to 100%, it starts to bend in-
wards [68].

It is still unclear how moisture combined with temperature cycles (day-night)
causes marble to deteriorate. It is assumed that average wind speed is the prima-

ry factor that causes flexural differences.

3.4. Studies on the Effects of Temperature on the Micro-Structure
and Physico-Mechanical Properties of Marble

In this paper, we have reviewed the literature for past studies on “the effects of
temperature on the micro-structure and physico-mechanical properties of mar-
ble” and each study is compiled and exhibited in Table 7 based on materials,

testing setups, test specimens, heat treatment and research techniques.

Table 7. Studies on the effects of temperature on the microstructure and physico-mechanical properties of marble.

MATERIALS TEST SETUP TEST SAMPLES THERMAL TREATMENT INVESTIGATION REF.
TECHNIQUE
Ultrasonic
k and bi i f Polarizing light
Greek an Uniaxial ~ Cublespecimens of 1. 0 500°C, 300°C, 400°C for one hour ornzmg gt 69
Turkish marble 50 mm side length microscope

Carrara marble/ Uniaxial and

in Ttaly

Dolomitic
marble/China

Marble/China

Carrara marble/
in Ttaly
Macedonian
marble

Mugla
marble/Turkey

Marble/China

triaxial

Uniaxial

Uniaxial

Uniaxial

Uniaxial

Uniaxial

Cylindrical specimens

?50 mm, h: 100 mm

@50 mm, h: 100 mm

45 x 140 x 3 mm

@54 mm, h: 108 mm

X-ray diffraction
Maximum temperature 600°C, 12 hours of

Pressure Sensors 70
heating and cycles. [70]

600°C with a heating rate of 10°C/min. Optical Microscope [71]

20°C, 400°C, 600 °C for 4 hours Acoustic Emission [72]

Influence of temperature
Low temperature 293 K, humidity 47% - 50%
Intermediate temperature 323 - 324 K,
humidity 50%

High temperature 351 K, humidity 50% Optical-Digital

Microscope

(73]
Influence of relative humidity
Low humidity 5% - 7%, 323 K
Intermediate humidity 50%, 323 - 324 K
High humidity 89% - 92%, 323 - 324 K
24 h/400°C Cycle heating-cooling
24 h/-24°C Cycle of freeze-thaw
Room Temperature, 100°C, 200°C, 400°C,

Ultrasonic [74]

@50 mm, h: 100 mm 600°C, 800°C, 1000°C, heating rate of 10°C/min. Pressure sensor  [75]

Once reached, is kept Constant for 2 h.
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Continued
o 200°C, 400°C, 600°C for a period of 4 h, heating Polarizing
. Uniaxial and . . .
Marble/ China triaxial @50 mm, h: 100 mm rate of 10°C/min. Microscopy [76]
riaxia
Once reached, is kept Constant for 4 h. Ultrasonic
Room Temperature (25°C), 200°C, 400°C, Ultrasonic Pulse
Marble/ China Uniaxial @50 mm, h: 100 mm 600°C, heating rate of 10°C/min. transmission [77]
Once reached, is kept Constant for 4 h. technique

@25, 50, 75 and 100

) Room Temperature (25°C), 200°C, 400°C, Ultrasonic Pulse
mm specimens have a

Marble/ China Uniaxial ) 600°C, heating rate of 10°C/min. transmission [78]
length to diameter . .
. Once reached, is kept Constant for 4 h. technique
ratio of 2.
Offwhite col 25'C,100 °C, 200°C, 400°C, 600°C, 800°Cand .
“whtte CO. """ Uniaxial 9100 mm, h: 50 mm 1000°C, heating rate of 10°C/min. putHop 1nsor.1
marble/China Pressure Bar Device
Once reached, is kept Constant for 3 h.
400°C = thermal treatment Linear Variable
Mugla L. In water for a duration of 24 h. Differential
Uniaxial @54 mm, h: 110 mm [80]
marble/Turkey 24 h for each thermal cycle. Transformer
(1/2, 1,2, 3, 4, 8 cycles) (LVDT)
Black 230°C, 400°C, 500°C
A N N Ultrasonic
marble/Italy L. Cubic about 70 mm 400°C, 470°C, 600°C
. . Uniaxial . . . . Polarising Optical [81]
Whitish-pink edge specimens Heating rate of 2.4°C/min. Mi
. icroscope
limestone/Italy Cooling rate of 0.23°C/min. P
The humidity ranges 18% - 85%, 72°C - 22°C,
95 cyles S ing Elect
Marble/Greece 185 x 35 x 20 mm 4 c.annmg ectron [82]
The humidity ranges 50%, 80°C - 25°C, Microscopy (SEM)
Temperature from 25 to 80 over 200 of 3 h.
White macael Hot stage S .
marble 20°C > 45°C > 90°C returns to 20°C. ot stage .canmng
Electron Microscopy
Tranco macael heating rate of 1°C/min.
Ultrasound [83]
marble 3 dry cycles and 7 wet cycles, 10 cycles in total .
. " . . Mercury Intrusion
Yellow macael 15 h in dry Conditions, 17 h in wet Conditions. .
. Porosimetry
marble/Spain
Five well-known
marble lacations: Linear Variable
Carrara/Turkey/ Cuboid 10 x 10 x 50 80°C = upper Temperature limit only Differential (84]
Rosa Estremos/ mm one heating/cooling cycle Transformer
Wachau/ (LVDT)

Wunsiedel

Table 7 shows us that studies in the subject area actively made use of research
techniques such as SEM, LVDT, AE and UT. General results obtained from stu-
dies conducted for different axes, marble sizes and heat treatment methods can
be summarized as below.

Environmental temperature fluctuations create new microcracks in marble
and cause existing ones to expand, resulting in an increase in porosity, which is
the first stage of decay. It has been shown that numerous factors contribute to

marble erosion due to thermal changes. These include mineralogical composi-
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tion of marble, its grain size and shape, texture and type of junction between
crystals [83].

The effects of heating on two different marble specimens are not the same. For
example, the volume increase in black marble (consisting of crystallized calcite)
with heating is due only to new fracture formations, while in white marble (con-
sisting of microcrystalline calcite) heating causes minor deterioration and a
larger increase in volume (55%). The effects of heating are determined by the
mineralogical and textural properties of the marble. For crystalline marble spe-
cimens (black marble), formation of new cracks is much more important than
matrix distortion, whereas the opposite is true for micritic limestone (white
marble). In addition, thermal expansion causes more damage in calcite marbles
than in dolomite marbles [81].

When a marble specimen is heated to 200°C, 400°C and 600°C and subse-
quently cooled to room temperature (25°C), its color changes considerably due
to exposure to high temperatures and many microcracks occur in the marble
[78]. As the applied temperature increases, longitudinal wave velocity, uniaxial
compressive strength and Young’s modulus gradually decrease and the peak
stress corresponding to the peak force increases [77].

It was discovered that P wave velocity decreases with the increase in process
temperature, and effective porosity increases with process temperature. It was
also found that Poisson’s ratio gradually increases with temperature [72].

Temperature changes from room temperature to up to 60°C have no signifi-
cant effect on tension-strain curves. However, when temperature reaches 800°C,
the stress-strain curve is concave [75].

The largest expansion and the largest separation between grain boundaries
occur at 90°C temperature. Thermal decomposition at temperatures above
200°C has been found to cause formation of significant microcracks in marble
[84]. It has been found that the number of thermally-induced microcracks grows
significantly with the increase in the number of heating and cooling cycles.
However, it was determined that the width and length of such microcracks in-
crease substantially with the increase in the number of heating and cooling
cycles [71].

A rise in process temperature gradually increases the effective porosity and
total porosity while significantly decreasing the ultrasonic P wave velocity, which
indirectly reflects thermal cracking [76]. In addition, the velocity of ultrasonic
pulses moving in marble depends on properties such as density, texture, aniso-
tropy, saturation, temperature and elasticity, as well as porosity and pore size
[74]. The directional dependence of the total size of the thermal expansion coef-
ficient and permanent deformation is highest in marbles with strong texture,
while Carrara marble with weak texture exhibits a uniform crack formation [84].

In general, strength properties and acoustic and thermal conductivity of mar-
ble gradually decrease with the increase in temperature, while permeability and

electrical conductivity increase instead [76]. In addition, heating increases duc-
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tility to a certain extent.

3.5. Studies on Determination of Discontinuities in Marble Sites

In this paper, we have reviewed the literature for past studies on “determination
of discontinuities in marble sites” and each study is compiled and exhibited in
Table 8 based on materials, observation depth, test specimens and research
techniques.

Table 8 shows that the GPR research technique has been actively used in stu-
dies in this field. General results obtained from the studies conducted in differ-
ent regions, depths and areas can be summarized as follows.

Uncontrolled discontinuities in marble quarries are the main factor that re-
duces efficiency. There is no way to change them. However, if the thickness of
the marble to be extracted from the potential quarry and frequency distances of
the discontinuities (fractures, cracks, cavities) it contains are determined prior to
the opening of the marble surface (mirror), this would significantly reduce oper-
ating costs and unforeseen losses. In such case, it is estimated that a block effi-
ciency of 10% and more can be obtained from the 1st region, 5% to 10% from
the 2nd region less than 5% from the 3rd region. In addition, it was determined
by studies that the commercial size block volumes that can be extracted from re-

gions 1 and 2 would vary between 1.20 m® and 7.90 m® [86].

3.6. Studies on Crack Assessment in Marble Sculptures

In this paper, we have reviewed the literature for past studies on “crack assess-
ment in marble sculptures” and each study is compiled and exhibited in Table 9
based on materials, testing setups, test specimens, heat treatment and research

techniques.

Table 8. Studies on the determination of discontinuities in the marble sites.

VISUALISATIO
MATERIALS TEST SAMPLES INVESTIGATION TECHNIQUE REF.
N DEPTH
. ) GPR (RAMAC Cu II) 100 MHz closed System antennas.
Limstone Sivas 21 il li det ined at 5 m int Is al
province, Giiriin 45-5m 100 m x 100 m profile lines were determined at 5 m in erya s along (85]
L 100 m. Measurements were taken at 10 cm intervals
district /Turkey .
in each profile.
GPR 38 MHz
Beige marble 50 m long lines have been determined. Simultaneous
Burdur province, 25-30m 4 hectares images were obtained on the computer with the antenna [86]
Hacilar village /Turkey held approximately 25 - 30 cm above the ground on
these determined lines.
Sivas/Giiriin
Ankara/Polatl
Kirsehir/Akpinar GPR 100 MHz and 250 MHz closed system antennas.
3 m x 3 m blocks [87]
Adryaman 1600 MHz
Ankara/Goélbagi
Marble/Turkey
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Table 9. Studies on crack assessment in marble sculptures.

MATERIALS

Michelangelo’s
David in Florance

Proconnesus
marbleThasos
Island/Greece

Graeco-Roman
style and date to the
Roman period

Neuer Garten,
Potsdam/Germany,
Prie born Marble
obelisk

The sculpture
Mercury and Psyche
from Reinhold
Begas,
Berlin/Germany
Naturally sugaring
marbles from
Monumental
Cemetery in
Bologna/Italy

And Carrara marble

width 41 cm, thickness 37 cm.
130 cm high, 63 cm wide and

Square ground plan and narrows
from the bottom up, height: 5.2 m,
the faces of the profiled plinth are
within 1.2 degrees off the vertical.

THERMAL INVESTIGATION
TEST SAMPLES TREATMENT TECHNIQUE REF.
?.16 m high nearly 6 ton three Natura.l T.emperature Ultrasonic (55 kHz)
different path lengths of 60 mm, variations and . [88]
. . maximum depth 20 mm
70 mm and 80 mm wetting-drying cycles
The piece is 99.1 cm high, 35 cm
wide and 31.5 cm thick.
The height of the piece is 79 cm, Ultrasonic (250 kHz)
width 56 cm, thickness39 cm. . .
. o - Optical Microscopy
The hight of the piece is 97 cm, visible surface cracks [89]

X-ray diffraction

for distances up to 20 cm

33 cm thick.

89 high, 41 cm wide, 31 cm thick.

Prieborn marble cube 65
mm, to analyzer the
progressivta deterioration Ultrasonic (46 kHz)
of this marble ) [90]
subsequently 60°C, 90°C, Analyzer Microscope
150°C, 200°C heated and
cooled down.

Ultrasound Image, maximal
penetration depth of 50 cm

Marble cube edge length of 10 cm . . . [91]
X-Ray Diffraction, maximal
penetration depth of 20 cm

Electron Microscopy
12 x 9 x 3 cm Rectangular Samples were produced at Mercury Intrusion (92]
30 x 30 x 10 mm Prismatic 400°Cfor 1 h. Porosimetry

Ultrasonic (55 kHz)

Table 9 shows that the UT research technique has been actively used in stu-
dies in this field. The general results obtained from the studies carried out for
different axes, sculpture types and heat treatment methods can be summarized
as follows.

The so-called “granulation” of marble is a very common phenomenon of de-
terioration which results from environmental temperature fluctuations and af-
fects historical monuments and modern buildings alike. Thermal cycles are in
fact responsible for the formation of microcracks at the boundaries between cal-
cite grains, which expose the marble to granular fragmentation [92].

Degradation of marble is mainly related to the excessive anisotropic thermal
expansion of carbonate crystals [90]. Artificially eroded specimens produced by
heating fresh Carrara marble at 400°C for 1 hour exhibit widespread micro-
cracks at grain boundaries, just like naturally decomposed samples.

The most frequently used technique in these studies is the measurement of
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the velocity of longitudinal ultrasonic waves via the direct transmission me-
thod. What various ultrasound techniques all have in common is the utilization
of a single-channel electronic system with transmitting and receiving transfor-
mers having frequencies lower than 350 kHz. Measurements are time-con-
suming and the locations or dimensions of internal defects can only be estimated
[91].

It was determined that microcracking and increased porosity in marble
sculptures result in the ultrasonic pulse rate to decrease from 5.1 to 1.9 km/h af-
ter heating. A decrease in V, can be explained by an increase in porosity. Fur-
ther, the V, velocity is also dependent on the mineralogical, physical and me-
chanical properties of marble, the degree of water saturation and the level of de-
gradation. These minor changes in the pore structure of the sculptures are elim-
inated by consolidating with hydroxyapatite, which provides good durability in
terms of resistance to thermal weathering, salt crystallization cycles and F-T
cycles. V, velocity can thereby be increased from 1.9 km/h to 3.6 km/h. The
most alarming cracks in sculptures occur in the “broncone,” which is defined as
the trunk of the right leg [88].

4. Discussion

Determination of weak zones, discontinuities and mineral structure significantly
improves production efficiency by eliminating marble waste during the extrac-
tion from the quarry, transportation and processing phases. The richest marble
deposits in the world are found in countries such as Turkey, Italy, Spain, Greece,
the Netherlands, China and Egypt, which are located in the Alpine belt. For ex-
ample, Turkey ranks first in raw marble exports and third in processed marble
exports, after China and Italy. Therefore, the high marble production efficiency
would increase the economic return for these countries. An increase in produc-
tion efficiency would be possible by minimizing the amount of marble waste and
maximizing the amount of processed marble. Increase in processed marble has a
positive effect not only on the products related to the construction sector, but
also on the creation of artistic products such as ornaments-decoration and
sculptures. This would trigger an increase in exports in such direction, thereby

strengthening the country’s economy.

5. Conclusion

Gaining knowledge on the developments in all processes, from the extraction of
marble to its transformation into products, would also contribute to the reduc-
tion of marble waste and improvement of production efficiency. This study
therefore has reviewed and classified past academic studies on marble in 6 main
categories, with the aim of keeping the production efficiency of marble, a meta-
morphic rock, within the economic limit values. Each category was compiled
and presented in tables based on materials, testing setups, test specimens, test

parameters and research techniques, and the general results for each category
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were subsequently provided. In the light of said results, new techniques and new
approaches can be determined in order to reduce marble waste. We believe that
this study will provide faster and more accurate solutions by guiding researchers

working in this field.
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