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The current research explores the influence of thermal gradients on the mechanical strength of Macael marble
using both Non-Destructive Testing (NDT) and Destructive Testing (DT). The material undergoes various tem-
perature gradients (—20 and 300°C) in sets of daily accelerated aging cycles (100 cycles). The results illustrate
the impact of thermal gradients and reveal a decrease in the material’s mechanical properties of up to 24%.
Moreover, the reduction observed in the initial cycles at lower gradients (50 cycles, —20/50°C) continues to
progress with the increasing intensity and number of cycles. Changes induced in the microstructure manifest as
microcracks between calcite grains. The correlation coefficient R2 > 0.9 confirms the effectiveness of non-

destructive tests as reliable techniques for assessing the material’s strength capacity and potential deterioration.

1. Introduction

In recent decades, there has been increasing interest in research into
the conservation of both historical and modern buildings with artistic
and heritage value [1]. Architectural heritage, as part of our cultural
heritage, plays a crucial role in the creation of new spaces and the
development of our cities.

At the same time, one of the critical challenges facing the world
today is sustainable development and how best to achieve it. This has
important implications in all fields and heritage conservation is no
exception. This has led to demands for a new approach that combines
both protective and conservation work [2-4], recognizing the diverse
heritage values attributed to buildings [5-8] and thus helping to protect
the environment and promote the sustainability of our cities [9,10].
Within this context, it is essential to ensure the conservation and pro-
motion of cultural heritage. This will have an immediate impact on
achieving the Sustainable Development Goals (SDGs), as a cross-cutting
promoter of those relating to the safety and sustainability of urban areas,
the slowdown of environmental degradation, sustainable and clean en-
ergy, and the fostering of partnerships to achieve these goals [11], all of
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which contribute to promoting peaceful and inclusive societies [12]. In
line with this approach, the European Union has set itself a strategic goal
for the 21st century to achieve the sustainability and renewal of archi-
tectural heritage buildings [13].

In recent times, the proper conservation of built heritage has become
essential for its use and enjoyment, and for the creation of tourist at-
tractions, leading to a significant increase in its importance and its in-
fluence within society [14,15]. The preservation of architectural
heritage now plays a crucial role in enhancing the quality of life of the
residents of our towns and cities and also makes an important contri-
bution to the local economy and cultural life [14,15].

However, ensuring the preservation and restoration of heritage
buildings involves adapting them to new uses and conditions, complying
with new regulations, and addressing the issues arising from outdated
historic construction systems, so as to prevent damage and environ-
mental impacts that could jeopardize their survival. These buildings
must be conserved without altering their original character [16-18] and
to this end action must be taken to prevent deterioration and control
ageing processes [19,20].

Successful heritage intervention work requires specific knowledge
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about the buildings and the necessary techniques for studying and
evaluating the state of the building and the work that may be required.
Historical studies must be combined with the characterization of the
building materials, assessing their nature, properties, the state of
degradation, environmental conditions, stress levels, and their possible
evolution. To this end, a wide range of experimental techniques can be
applied, often involving sampling. However, due to their enormous
cultural value, only a limited number of samples may be taken from
heritage buildings, so making non-destructive testing (NDT) essential,
and sometimes the only way to analyze them. In order to preserve these
objects in the most intact form possible, the use of NDT has become
imperative, even during restoration itself. NDT methods can be used to
assess the effectiveness of improvements and compliance with building
and other regulations [21,22]. However, the fact that only a very limited
number of destructive tests can be performed makes their results less
representative or reliable. These results must therefore be verified and
validated with other tests that can assess the state of the materials within
the shortest feasible timeframe [23]. Over the years, researchers have
sought to improve NDT techniques for diagnostic and monitoring pur-
poses, with a view to achieving more reliable, more accurate results.
This often involves combining several different techniques [24]. Various
researchers have investigated this question, highlighting the importance
of NDT in the study of built heritage [4,25-29].

As regards the types of damage most commonly evaluated using
NDT, these include those with a significant impact on the structural and
hygrothermal behavior of the buildings, such as defects and cracks, often
exacerbated by adverse humidity and temperature conditions. These
kinds of damage in building materials can be identified via the changes
observed in their physical properties [30].

When studying built heritage, the best solution is a combination of
correlated NDT techniques, and numerous research projects have been
conducted into the different building materials, often with specific case
studies [31-33]. These studies involve many different properties of the
building materials and are becoming increasingly common [34,35].

According to the literature [36], ultrasonic testing and Schmidt
Hammer rebound hardness are the most common NDT techniques used
for the study and analysis of the structural behavior of building mate-
rials, due to their simple application and low cost. These tests can detect
variations in the original properties of the building materials, clear ev-
idence of decay or defects.

The behavior of natural materials such as marble depends to a large
extent on their formation conditions, such as composition, mineralogical
and petrological arrangement, and anisotropy [37]. The environmental
conditions to which the materials are exposed in the quarry and subse-
quently during their use in a building can lead to alterations of different
kinds. When planning the structural, construction, energy, and aesthetic
aspects of any restoration project, it is therefore essential to understand
the evolution and the behavior of the material once in use in the
building.

In the case of Macael marble, previous studies [38-43] provide sig-
nificant results regarding the impact of thermal gradients on the mate-
rial’s behavior. Accelerated ageing tests have provided insights into the
impact of changing conditions on marble [44-47], leading to improve-
ments in design regulations [48] and serving as an effective method for
studying its behavior [49].

Various publications [50-54] confirm that calcite crystals generally
show anisotropic behavior from a thermal perspective. As temperature
increases, the crystals expand parallel to the c-axis and contract
perpendicular to it. This results in the opening of grain boundaries.
Prolonged exposure to high temperatures leads to increased expansion
effects, making the material more sensitive to environmental conditions.
This behavior is considered the primary cause of marble deterioration,
and studies are required to determine the level of damage and the
impairment of its properties so as to facilitate decision-making for
possible repair or restoration work.

Based on the previous background, this research aims to assess the
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impact of ageing cycles on material behavior and, and on the other hand
to determine the effectiveness of non-destructive tests in establishing the
load-bearing capacity of Macael marble by correlating the results. In
order to ensure the reliability of non-destructive tests as valid methods
for assessing load-bearing capacity, the investigation involves analyzing
the stone material under both natural conditions and accelerated ageing.
This comprehensive analysis enables the prediction of the material’s
capacity in various states of deterioration.

The methodological approach developed has focused on conducting
various tests to determine the load-bearing capacity for the different
considered ageing phases. This approach has allowed us to determine
whether the incidence of temperature ranges occurs at low or high
temperatures, as well as to establish the level of correlation between the
two types of techniques (NDT and DT), which have not been evaluated
for this material until now, constituting the main novelty of the study.
The results will facilitate the assessment of conservative interventions
that may be proposed as part of strategic planning at the monument
scale, allowing actions related to evaluation, management, protection,
and sustainable development applied to built cultural heritage.

Fig. 1 shows the flowchart corresponding to the conducted research.

Finally, it is worth noting that the proposed research could be
applied to other types of building materials subjected to different
alteration conditions, offering the possibility of understanding their
condition before restoration interventions. In such cases, the conditions
that best suit their situation would need to be established to propose the
temperature range and the number of cycles.

2. Materials and methods
2.1. Materials

The decision to focus on the study of Macael marble in this research
is driven by its significance in the context of universal heritage and its
susceptibility to deterioration from environmental exposure. Under-
standing its evolution and characteristics through studies is paramount.

The term "White Macael" encompasses various commercial varieties
depending on the extraction area and the trading company [55]. The
white lithotype is extensively used in historical architecture and sculp-
ture within the Spanish built heritage. Similar lithotypes can be identi-
fied in numerous world heritage sites, spanning both ancient and recent
periods. Examples of global renown include the Alhambra in Granada
and other palaces such as the Roman Theatre in Mérida (1st century
BCE), Phoenician anthropomorphic sarcophagi in Gadir-Cadiz (5th
century BCE), Alcazaba of Almeria (11th century), Medina Azahara
Palace in Cérdoba (10th century), and the Monastery of San Lorenzo de
El Escorial (16th century) in Spain. Noteworthy instances from the 20th
century include the Metropolitan Museum of Art in New York (1913)
and the Burj Al Arab building in Dubai (1994). In recent years, White
Macael marble has achieved international prominence on all five con-
tinents, with a notable presence in the United States, Asia, and the
United Arab Emirates.

Geologically, Macael marble belongs to the Nevado-Filabride com-
plex. This complex is situated in the lower regions of the Betic mountain
range, specifically known as the Internal Zones [56]. From a tectonic
perspective, the Nevado-Filabride complex can be further categorized
into upper and lower zones [57], with the Macael quarries positioned in
the upper part. The complex was formed through low thermal gradient
and high-pressure metamorphosis, succeeded by other thermal gradi-
ents with higher temperatures [55]. The materials constituting this
complex date back to a period ranging from the Precambrian to the
Jurassic.

Regarding the era of metamorphism, it appears to have occurred
primarily during the Alpine orogeny (Upper Cretaceous-Miocene) [58].
The resultant material comprises carbonated rocks from the Upper
Triassic age, interspersed with various types of mica schists, including
calcareous, quartzitic, garnet-bearing quartzitic mica schists, and
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Fig. 1. Flowchart showing the main dataset, processing steps and analyses in this study.

amphibole-bearing quartzitic mica schists.

As regards the Macael marble used in this research, a selection of test
specimens can be seen in Fig. 2. It typically exhibits alternating white
and (more or less visible) gray stripes, with a preferential direction in the
blocks extracted from the quarry.

In a prior study [47], the marble samples investigated in their natural
state were characterized based on their petrographic features and
mineralogical composition, as outlined below. Fig. 3 illustrates the X-ray
diffraction (XRD) analyses conducted on two samples, and Table 1
provides the results of the X-ray fluorescence (XRF) test on four samples
[59].

The average grain size of the marble falls within the range of 0.16 to
3.2 mm. Visually, it exhibits a homogeneous morphology with a mosaic-
like texture, displaying granoblastic characteristics that vary from
equigranular to heterogranular. The grains show a range in size from
large to medium-fine. Mineralogical characterization tests conducted in
a previous study [59] affirm that Macael marble is predominantly
composed of calcite, with small amounts of quartz, along with isolated
muscovite and feldspar crystals. Of note are the physical properties,
which include open porosity values ranging from 0.1% to 0.6%, and
apparent density values spanning from 2.50 to 2.75 g/cm> .

In the current research, prior to conducting the tests and in adher-
ence to applicable regulations, the marble samples were cut into prisms
measuring 15x5x5 cm.

3. Methodology
3.1. Accelerated ageing test - artificial weathering

In this case, aiming to understand the alteration process of Macael
marble in detail, and based on previous studies [52,53,61], the selection
of accelerated ageing test conditions is determined after recognizing the
exposure conditions in its context, for that reason, the standard method
is not applied. This type of material is subjected to temperature condi-
tions that experience significant daily changes and high thermal gradi-
ents [59,61]. In the research phase, these variations are replicated
through cycles in accelerated test conditions. The evaluation of the ef-
fects produced on the material, using a combination of wide-ranging
thermal gradients, is proposed in this study, under higher thermal
conditions than those used in previous research.

For this purpose, each combined cycle (heating-cooling-freezing) is
considered to represent a daily cycle (24 h), simulating various stages of
thermal exposure that involve a significant thermal contrast equivalent
to atmospheric conditions outdoors (temperatures above and below
0°C). The study amplifies the maximum and minimum temperatures in
the daily cycles to achieve a more immediate effect. Simultaneously,
there is a proposal to increase the number of cycles conducted thus far,
allowing for the prediction of real effects on the material in a shorter
period.

The thermal gradients were categorized into temperature ranges
between — 20°C and 300°C. In total, seven groups of marble samples
(refer to Table 2) were subjected to different conditions (one control

50 200 mm

Fig. 2. Selection of samples tested in this research study, indicating their nomenclature.
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Fig. 3. X-ray diffractograms for the samples of Macael marble (Almeria, Spain) studied in this research work. The mineralogical results were identical for all the
lithotypes analyzed (AT1 and ATS5). Abbreviations for the names of rock-forming minerals [605]. Legend: Cal = calcite; Ms = muscovite; Qz = quartz.

Table 1

Chemical composition by XRF analysis (wt%) of the Macael marble (Almeria, Spain) samples studied in this research work. Data are normalized to 100% (LOI-free).
Ca0 Si02 Al203 MgO Na20 K20 Fe203 TiO2 P203 LOI
55,00 0,36 0,04 1,32 0,06 < 0,01 0,13 0,01 0,05 43,03
55,20 0,36 0,01 1,42 0,07 < 0,01 0,04 0,01 0,06 42,83
54,70 0,42 0,04 1,33 0,06 < 0,01 0,04 0,01 0,07 43,33
55,30 0,21 <0,01 1,27 0,07 <0,01 0,03 0,01 0,04 43,07

Table 2 (direction z or height), aligning with the direction of the maximum load
able

Work Plan and Name of Sample Groups, Number of Cycles, and Environmental
Conditions for Accelerated Ageing Tests (Heating, Cooling, and Freezing).

Sample Number of 24- Maximum Minimum
groups hour cycles temperature/hours temperature/hours
ATO 0 Room temperature Room temperature
(22°C£1°C, RH=37% (22°C £ 1°C,
+5% RH=37% =+ 5%
AT1 100 50°C/10 h -20°C/ 10 h
AT2 100 100°C/10 h -20°C/ 10 h
AT3 100 150°C/10 h -20°C/ 10 h
AT4 100 200°C/10 h -20°C/ 10 h
ATS 100 250°C/10 h -20°C/ 10 h
AT6 100 300°C/10 h -20°C/ 10 h

Of the 4 remaining hours to complete the 24-hour daily cycle, 2 h were devoted
to the transition from maximum to minimum temperature and a further 2 h to
the transition from minimum to maximum

group that received no treatment and six groups subjected to 100 cycles
of various thermal gradients). Controls, employing different techniques
(DT and NDT), were conducted every 25 cycles. The thermal gradient
cycle to which each group is subjected is illustrated in Fig. 4.

In all cases, including the control group, 20 specimens per group
were tested, resulting in a total of 140 specimens. The rebound value,
ultrasonic pulse velocity, and mechanical strength until failure were
measured in the direction of greatest significance for the specimen

in which the material is placed.

The heating/cooling cycles were conducted by placing the specimens
in a convection heating oven and a freezer, respectively. A GGM Gastro
International GmbH model SKU TC2126 freezer was utilized for the
freezing cycle, and a HAIDA EQUIPMENT HD-E804 convection oven
was employed for the heating test.

Simultaneous testing of the specimens was carried out to ensure
uniform exposure to the same laboratory conditions, maintaining a
temperature of 22°C + 1°C and a relative humidity of HR= 37 + 5%.

3.2. Schmidt hammer

A Schmidt Rebound Hammer (Rock Schmidt RS8000 model), rec-
ommended for rock testing, was employed for the rebound index test.
Six rebounds were performed on each specimen, perpendicular to the
measuring plane and at a distance of > 10 mm from the edge.

Twenty samples were tested in each group (AT0-AT6), correspond-
ing to four samples in each batch of cycles (0, 25, 50, 75, and 100 cy-
cles). The data for each specimen were obtained from the arithmetic
mean of all the measurements taken for each specimen, after eliminating
any anomalous data. The test was conducted following the recommen-
dations of [63].

Prior to the test, it was ensured that the surfaces of the specimens
were smooth, clean, and dry.

Measurements were taken on the untreated control samples and after
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Fig. 4. Model of the heating, cooling, and freezing cycle used in this study as an accelerated ageing test on various groups of Macael marble samples (Almeria, Spain).

Note that one complete cycle lasts for 24 h.

each batch of heating/cooling cycles described. Each measurement was
repeated three times to ensure the reproducibility of the test and the
reliability of the results.

3.3. Ultrasonic pulse velocity test

Ultrasonic pulse velocity was measured using the direct transmission
method. Two sensors were placed at each end of the specimen under
constant pressure, with one acting as the transmitter and the other as the
receiver. To ensure proper coupling between the specimen and the
transducers, a viscous crystal ecogel, Quick Eco brand, was utilized.

The ultrasonic equipment comprised a STEINKAMP BP V with a low-
power pulse generator and high-power emission and reception trans-
ducers capable of generating pulses of 50 and 100 KHz. Given the ma-
terial and the size of the blocks, waves with a frequency of 100 KHz were
employed. The test followed the recommendations of [64].

Vp was calculated according to the following formula:

Vp=1LJt

where L is the length of the sample (distance between transducers),
measured in meters, and t is the average transit time of the ultrasonic
signal, measured in seconds, for each of the three measurements taken at
the same location.

As with the rebound test, the test was conducted on untreated ma-
terial and after each batch of heating/cooling cycles. tested 20 samples
in each group (AT0-AT6), corresponding with 4 samples in each batch of
cycles (0, 25, 50,75 and 100 cycles).

3.4. Compressive strength

For the compressive strength test, an Ibertest Eurotest MD2 universal
testing machine was employed. This equipment allows for varying load
characteristics from 2 kN to 2000 kN and maintains a continuous record
of the stress (MPa) and deformation (mm/m) in the sample block until
failure. The load application speed during the test was 5 mm/min.
Twenty samples in each group (AT0-AT6) were tested, corresponding to
four samples in each batch of cycles (0, 25, 50, 75, and 100 cycles).
Results were obtained for each specimen tested in the different groups.
The test was conducted following the recommendations of [65]. The
dimensions of the marble samples were 15x5x5 cm.

3.5. Optical microscopy and SEM

The changes induced in the microstructure of the samples after the
thermal cycles were investigated using thin sections with a polarized
optical microscope (Olympus BX-60). For the SEM study, a Zeiss DMS
950 scanning electron microscope (SEM) coupled with Microanalysis
Link QX 2000 was used.

4. Results
4.1. Non-destructive tests

The rebound values and ultrasonic pulse velocities for the different
groups of specimens are presented in Tables 3 and 4 and Figs. 5 and 6.

5. For enhanced readability, the percentage loss values in the
tables and comments have been rounded to whole numbers

5.1. Schmidt hammer rebound

Table 3 presents the results for each group at different control points
(after 25, 50, 75, and 100 cycles).

In this test, the results indicate a consistent decrease in the rebound
value across all groups, with variations based on the number of cycles
and the conditions to which the samples were exposed in the accelerated
ageing test. Following the initial 25 cycles, there was a decrease ranging
from 18% for specimens subjected to cycles 50/— 20°C (AT1) to 39% for
those exposed to 300/— 20°C (AT6). Group AT3, subjected to 200/
— 20°C, exhibited an intermediate value of 29%.

The reduction in the rebound values was confirmed for all the
groups, although it varied according to the type of ageing conditions
applied.

If the behavior at different stages of the ageing process is analyzed,
the results indicate a significant loss in rebound values during the first
25 cycles, with a maximum difference of 39% observed in group AT6. In
the next stage between 25-50 cycles, a maximum reduction of 16%
could be observed in groups AT2 and AT3. In the third and fourth stages
(between 50-75 and 75-100 cycles), there were much smaller re-
ductions with a maximum difference of 4.3% in the last control and very
similar values in all the groups.

The results are presented in Fig. 5, highlighting the decrease in the
rebound value in line with the increase in the number of cycles and the
ageing conditions in each group of specimens. It also shows that the
impact on the rebound value is not as pronounced once the 50 cycles’
mark has been passed. This indicates that the ageing process affects the
properties of the marble from the early stages of the test, and that these
effects become less intense as the number of cycles increases.

5.2. Ultrasonic pulse velocity

In the results of the ultrasonic pulse velocity test, a similar reduction
in values, as observed in the previous test, is evident. Similarly, this
reduction is more significant in the controls conducted after 25 and 50
cycles for the different groups. Across all groups, the results indicate a
significant decrease in ultrasonic pulse velocity values as the number of
cycles increases. Reductions of 42% are observed for group AT1, sub-
jected to milder ageing conditions, and 47% for group AT6, exposed to
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Table 3

Rebound value, standard deviation, and percentage loss in the sample groups after 25, 50, 75, and 100 cycles.
GROUP 0 cycles 25 cycles Lost (%) 50 cycles Lost (%) 75 cycles Lost (%) 100 cycles Lost (%)
AT1 36.00 £+ 0.90 29.52 + 5.48 18% 2412+ 3.11 34% 22.32 +£1.07 39% 20.88 + 2.46 44%
AT2 35.94 + 1.20 27.67 + 2.26 23% 22.47 +4.37 39% 21.64 + 6.14 41% 19.77 £+ 2.30 45%
AT3 36.17 £ 0.18 25.68 +1.23 29% 22.20 + 3.20 40% 20.98 +1.35 43% 19.89 + 2.29 47%
AT4 36.44 + 1.03 24.05 +7.41 34% 22.04 + 3.19 41% 20.84 +1.42 43% 19.78 +£ 5.13 47%
ATS 36.44 + 0.75 22.59 +1.33 38% 21.03 + 2.41 42% 20.65 +1.01 43% 19.53 £ 1.14 47%
AT6 36.73 + 0.45 22.41 +£2.21 39% 20.99 +1.03 43% 20.20 + 3.36 45% 19.46 + 2.22 48%

Legend: AT1 (50/—20°C); AT2 (100/—20°C); AT3 (150/—20°C); AT4 (200/—20°C); AT5 (250/—20°C); AT6 (300/—20°C)

Table 4

Mean values for ultrasonic pulse velocity (m/s), standard deviation, and percentage loss in the sample groups after 25, 50, 75, and 100 cycles.
GROUP 0 cycles 25 cycles Lost (%) 50 cycles Lost (%) 75 cycles Lost (%) 100 cycles Lost (%)
AT1 5695.00 + 50.22 5011.60 + 200 12% 3815.65 + 180.44 33% 3530.90 + 260.18 38% 3303.10 + 170.34 42%
AT2 5581.00 + 21.84 4576.42 + 130 18% 3489.80 + 90.31 37% 3359.76 £ 170.36 40% 3069.55 + 140.28 45%
AT3 5644.00 £+ 30.21 4233.00 £+ 60 25% 3463.72 + 140.40 39% 3273.52 £+ 210.42 42% 3104.20 £+ 80.17 45%
AT4 5679.00 + 21.10 3918.51 £+ 100 31% 3435.23 £+ 110.20 40% 3248.39 + 150.15 43% 3081.99 + 90.46 46%
AT5 5715.00 + 10.22 3714.75 + 160 35% 3297.56 + 220.34 42% 3239.26 + 80.22 43% 3063.24 +160.13 46%
AT6 5603.00 + 40.81 3529.89 + 120 37% 3202.11 + 210.17 43% 3081.65 + 60.21 45% 2969.03 + 120.22 47%

Legend: AT1 (50/—20°C); AT2 (100/—20°C); AT3 (150/—20°C); AT4 (200/—20°C); AT5 (250/—20°C); AT6 (300/—20°C)
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Fig. 5. Graphs displaying the results of the Schmidt hammer rebound test for the six groups of marble samples, categorized according to the ageing test conditions up
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mean values for each group and the resulting standard deviations.
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Fig. 6. Ultrasonic pulse velocity results for the six sample groups, classified according to the ageing test conditions up to 100 ageing cycles (AT1: "—20/50 °C; AT2:
"—20/100 °C; AT3: "—20/150 °C; AT4: "—20/200 °C; AT5: "—20/250 °C; and AT6: "—20/300 °C). The graph displays both the mean values for each group and the

resulting standard deviations.

more intense conditions.

Similar to the rebound test, the most significant impact occurred
during the first two stages (0-25 and 25-50 cycles), with the maximum
effect observed during the initial 25 cycles, resulting in reductions of up

to 37% in group AT6. In Stage 2 (25-50 cycles), a greater reduction in
velocity was noted for groups AT1 and AT2, with maximum values of
21% and 19.47%, respectively, while the reduction was less pronounced
in the other groups with more intense ageing test conditions. In tests
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conducted after 75 and 100 cycles, a continued decrease in ultrasonic
velocity was observed, albeit to a lesser extent, with a maximum
reduction of 5% and a minimum reduction of 2%.

As indicated by the obtained results, the reduction in velocity is
consistent across all groups, being more pronounced in the initial stages
and diminishing as the number of cycles advances.

Fig. 6 shows the UPV results on a graph, highlighting the decrease in
velocity as the number of cycles advances in each group of specimens.

The values align with findings from comparable studies [47,52],
confirming the reduction in ultrasonic velocity due to the various tem-
perature gradients to which the samples are subjected and the number of
cycles.

Upon examining the average ultrasonic velocity and rebound index
values, it is observed that ultrasonic velocity values range from a
maximum of 5581 m/s in the AT2 group after O cycles of accelerated
ageing to the minimum value of 2969 m/s in the AT6 group after 100
cycles, representing a decrease of approximately 47%. Regarding the
rebound index test, starting from a maximum value of 35.94 for AT2
with 0 cycles, it fell to a minimum value of 19.46 for AT6 with 100
cycles. This signifies that the maximum decrease was 48%, which is 1%
more than the reduction obtained for the ultrasonic velocity test.

Comparing the results obtained in the non-destructive tests for the
different groups, a similar trend is observed in all cases, with a reduction
in values corresponding to the number of cycles and the intensity of the
ageing tests specific to each group. This downward trend did not follow
the same pattern in the two tests, as the percentage reduction in the
ultrasonic velocity test was less intense in the initial cycles. However, in
both cases, there was an evident decline in the values obtained, which
was very similar for all the groups.

6. Compressive strength test

The results of the compressive strength test (a destructive test) are
presented in Table 5 and Fig. 7.

Consistent with the non-destructive tests, a similar trend is evident.
There is a noticeable reduction in the mechanical strength of the spec-
imens in all the groups subjected to ageing cycles.

These cycles led to a maximum reduction in compressive strength of
15% for group AT1, 18% for group AT2, 20% for group AT3, and 22%,
23%, and 24% for groups AT4, AT5, and AT6, respectively.

In Fig. 7, the compressive strength results are presented in graph
format, highlighting the trend described above.

When analysing the data for each 25-cycle stage, the most significant
reduction occurs between 0 and 25 cycles. During the first 25 cycles, the
reduction in resistance in the different groups ranged from 7% in group
AT1 to 15% in group AT6. These reductions continue in the following
stages but with smaller percentage increments (minimum of 2% and
maximum of 5%). After all 100 cycles had been completed, the final
reduction in compressive strength was about twice the reduction that
occurred in the first 25 cycles with a final reduction of 15% for group
AT1 and 24% for group AT6.

The results of all these different tests show a consistent trend for each
group and number of cycles. However, a higher reduction was obtained
in the non-destructive tests than in the destructive test.

Finally, upon comparing the results obtained in the different tests, it
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was confirmed that they all follow the same trend, with lower velocities,
rebound values, and compressive strength as the number of cycles
increased and the temperature conditions became more intense. These
results align with previous research [53,59], with variations in the ab-
solute values, which could be attributed to differences in the conditions
applied in the accelerated ageing tests.

6.1. Optical Microscopy and SEM

Optical microscope and SEM images were captured for some of the
specimens after exposure to different numbers of cycles, allowing for a
visual study of the impact of the ageing test.

In Figs. 8 and 9, the effect of the accelerated ageing can be observed
in the directional expansion of calcite grains. The grain boundaries
behave like joints between the different materials, and the gaps between
them widen when they are subjected to thermal stress. This increase in
the distance between the grains was the only change observed in the
state of the marble samples, even when subjected to more intense
thermal gradients.

The samples depicted in Fig. 8 are thin sections of Macael marble
(Almeria, Spain) observed with a transmitted light petrographic optical
microscope, using crossed polarizers and an analyzer. In panel A, a
control sample that has not been subjected to thermal ageing is shown.
The calcite grains exhibit a high degree of maturity, with parallel lines
corresponding to crystallographic packets and no spaces between the
grains. Similarly, no significant gaps can be observed between the
contacts of the calcite grains, indicating that the marble stone is
perfectly cohesive at a granular level.

Concerning the sample in panel B (50/—20 °C, 25 accelerated ageing
cycles), although it appears similar to the control sample, it exhibits gaps
between the grains ranging from 1.5 to 5 um. In the remaining samples
(panels C and D), there are larger spaces between the grains ranging
from > 5 to 20 um, and even splits within individual grains. These ob-
servations are consequences of the thermal stress produced by 75 cycles
with a thermal gradient of 150/— 20 °C for Sample C and 100 cycles of
accelerated ageing with a thermal gradient of 250/— 20 °C for sample D.

The samples highlighted in Fig. 9 exhibit a very similar pattern to
that observed with the optical microscope, with intra-granular separa-
tion becoming more prominent as the number of accelerated ageing
cycles and their thermal gradient increase.

7. Results - correlation

7.1. Correlation between the different techniques and each thermal
treatment

The correlation between each non-destructive test and the destruc-
tive test in each temperature batch is illustrated in the following figures
(see Figs. 10, 11, and 12).

The results obtained from correlating Non-Destructive Testing (NDT)
rebound values with Destructive Testing (DT) MPa values reveal het-
erogeneous outcomes, although all R2 data exceed 0.9. Notably, there
are population differences within each of the correlated groups.
Graphically, AT1 displays a highly optimal correlation, with its data
population evenly distributed in the linear pattern. In comparison,

Table 5

Compressive strength (MPa), standard deviation, and percentage loss in the different sample groups after 25, 50, 75, and 100 cycles.
GROUP 0 cycles 25 cycles Lost (%) 50 cycles Lost (%) 75 cycles Lost (%) 100 cycles Lost (%)
AT1 68.67 +0.11 63.86 + 0.73 7% 61.80 + 0.09 10% 59.74 + 0.28 135 58.37 + 1.36 15%
AT2 67.82 + 2.34 61.38 +1.01 9% 59.27 + 2.17 13% 56.49 + 1.63 17% 55.61 + 0.98 18%
AT3 68.03 + 3.27 60.00 & 0.60 12% 58.44 +1.32 14% 55.85 +1.81 18% 54.42 + 0.84 20%
AT4 69.47 + 1.42 60.51 4+ 1.52 13% 58.91 + 0.70 15% 56.20 + 0.34 19% 54.19 + 1.02 22%
ATS5 68.09 + 5.10 58.90 4 0.33 14% 56.51 + 0.62 17% 53.79 + 1.30 21% 52.43 £+ 0.67 23%
AT6 68.11 + 3.23 57.89 + 0.22 15% 55.58 + 1.07 18% 52.58 + 0.69 23% 51.76 + 0.45 24%

Legend: AT1 (50/—20°C); AT2 (100/—20°C); AT3 (150/—20°C); AT4 (200/—20°C); AT5 (250/—20°C); AT6 (300/—20°C)
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Fig. 7. Compressive strength results for the six sample groups, categorized according to the applied ageing test conditions up to 100 ageing cycles (AT1: "—20/50 °C;
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Fig. 8. Optical microscope (20x) images of unaltered and thermally altered samples of Macael marble. A. ATO "0" cycles. B. AT1 "50/— 20°C", 25 cycles. C. AT3 "150/
— 20°C", 75 cycles. D. AT5 "250/— 20°C", 100 cycles. B and C include an inset with 30x magnification.

groups AT2 and AT3 also exhibit an optimal correlation but at a slightly
lower level than AT1. It is confirmed that the data population in these
groups shows a slightly larger dispersion. For AT4, AT5, and AT6, their
R2 values are marginally lower than those of the previous three groups.
These groups reveal two distinct clusters of values in the lower and
upper regions of the linear pattern, with some values appearing signif-
icantly distant from the equation line. This confirmation supports the
sensitivity of the material to the presence of microcracks between calcite
grains, as indicated by [66]. The observed loss of resistance in granular
materials is attributed preferentially to the coalescence of microcracks

resulting from thermal behavior.

Regarding the correlation between the Non-Destructive Testing
(NDT) ultrasound technique and Destructive Testing (DT) MPa values,
the R2 values generally decrease compared to the previous correlation.
Specifically, AT1, AT2, and AT3 exhibit valid but more discreet values
(approximately 0.95), and the data dispersion and its linear approxi-
mation are less precise than in the previous cases. However, for AT4,
AT5, and AT6, better linearities are observed. It is also noted that in
these thermal ranges (200 to 300 °C), there are two defined areas: one
covering values between 4000 m/s and 60 MPa, and another ranging
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Fig. 9. Details of the samples observed using scanning electron microscopy (SEM) for different states of degradation due to thermal stress. A. ATO "0" cycles. B. AT1
"50/— 20°C", 25 cycles. C. AT3 "150/— 20°C", 75 cycles. D. AT5 "250/— 20°C", 100 cycles.

from 5000 m/s up to 70 MPa. These variations among groups are sig-
nificant and may correspond to the heterogeneity within the sample.

The correlation group of cycles assessed using Non-Destructive
Testing (NDT) techniques, specifically ultrasounds and rebound
values, conforms more precisely to high R2 values (0.98 and 0.99). In
the three initial thermal ranges, the data are consistently grouped
closely to the correlation line and are well-distributed across the entire
spectrum of values. However, for AT4, AT5, and AT6, despite presenting
very good R2 values, there is a repeated sectorization of values in high
and low areas, respectively. Nonetheless, their data align almost milli-
metrically with the correlation pattern.

Finally, the correlation between each non-destructive test and the
destructive test was analyzed, as illustrated in Figs. 13, 14, and 15.

7.2. Correlation between Schmidt Hammer rebound and compressive

strength

The correlation between rebound and compressive strength values
(see Fig. 13) reveals a correlation coefficient, R2, of 0.91. This signifies a
strong correlation between the two tests, consistent with findings from
prior research [66-68]. Notably, a similar correlation persists even in
samples subjected to up to 100 heating and cooling cycles, as demon-
strated in this study. Strong correlation is also evident in the values
obtained during the early stages of the test, when the most pronounced
changes occurred.

The graph depicts a direct linear relationship between the results of
both tests, confirming that samples with higher rebound values also
exhibit higher compressive strength values. The impact of the

accelerated ageing test is similarly reflected in both parameters, with
reduced values observed in both tests.

7.3. Correlation between ultrasonic pulse velocity and compressive

strength

In Fig. 14, the correlation (R2) between ultrasonic pulse velocity (a
non-destructive test) and compressive strength (a destructive test)
values for the marble samples is presented, with an R2 value of 0.92.
This is nearly 1% higher than the previous correlation value, indicating
greater consistency between the results of the two tests. As in the pre-
vious case, a strong correlation between the results is observed.

7.4. Correlation between ultrasonic pulse velocity and Schmidt Hammer
rebound

Finally, the correlation between the two non-destructive tests, ul-
trasonic pulse velocity (Vp) and Schmidt Hammer rebound, was
assessed, as illustrated in Fig. 15. The correlation coefficient (R2) is 0.99,
indicating a strong correlation between the values obtained in the two
tests. This high correlation coefficient reaffirms the consistent rela-
tionship between these two non-destructive test methods, providing a
reliable combination for assessing the properties of the marble.

Upon analyzing the results, and in alignment with [698], relation-
ships with R2 values > 0.85 are considered to indicate a strong inter-
dependence of material properties.

In this study, high correlations were found among all tests, with R2
values ranging from a minimum of 0.99 (correlation between Rebound
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(MPa) for the samples of Macael marble.

value and ultrasonic pulse velocity) to a maximum of 0.92 (correlation

between compressive strength and Rebound value). In all cases, accel-
erated ageing tests resulted in a reduction of values compared to the

untreated control sample.

8. Discussion

In the current investigation conducted on Macael marble, the impact

of thermal weathering proves to be particularly noteworthy. As indi-
cated by [54], the breakdown of marble within various temperature

10
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Fig. 13. Rebound values (R) versus compressive strength values (MPa) for the samples of Macael marble. Results for all the groups (AT1, AT2, AT3, AT4, AT5,

and AT6).

ranges results in a notable reduction in its mechanical strength proper-
ties. The study mentioned earlier asserts that this decline in mechanical
properties is intrinsic to six marble types, Macael marble included.
The most notable decreases in strength, compared to the untreated
material, are noted after 100 cycles within the range of — 20/300 °C.
This aligns with the discoveries outlined in [44], which proposed that
the most severe weathering damage took place in marble samples heated
to temperatures exceeding 200 °C after four one-hour cycles. Moreover,
the obtained results affirm that, while high temperatures play a crucial
role in the produced effect in absolute terms, there is also a significant
impact in the lower temperature ranges, even with just 25 and 50 cycles.
Research conducted on other types of marble [43,60] has revealed
that the critical temperature at which thermally induced microcracks
can initiate and propagate in marble depends on various factors,
including grain size and the shape of grain boundaries. For this specific
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type of marble, in a dry state and in accordance with [38,39,70,71-73],
alterations can be observed at what is considered low temperatures
(40-50 °QC). In the current study, at temperatures of 300 °C, the reduction
in the speed of ultrasonic waves (Vp) and the rebound value confirm a
measure of the decrease in the material’s resistance capacity exceeding
46%. This decrease is associated with a state of 20 um intergranular
cracking.

The correlations established for different Non-Destructive Testing
(NDT) versus Destructive Testing (DT) techniques, as well as for various
groups of thermal alteration (AT1-AT6), suggest that non-destructive
techniques yield the most robust and sensitive correlation results.
These techniques prove to be powerful tools for evaluating the de-
teriorations caused in Macael marble by thermal gradients. Specifically,
the variation in the speed of ultrasonic pulses proves to be highly
effective in highlighting the aforementioned deteriorations.
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The freezing, tempering, and forced heating cycles evidently govern
the degradation of Macael marble, as documented by the substantial
reduction in its mechanical properties.

The test results and correlations suggest that the damage induced by
the tests is associated with often imperceptible alterations and discon-
tinuities in the marble. This indicates a heightened sensitivity of Macael
marble to temperature changes, as corroborated in prior publications
and studies [44,54,62]. The observed damage is attributed to the
expansion and contraction of calcite crystals, which undergo significant
harm when the marble is subjected to high and sustained levels of
thermal stress. The detailed examination of Macael marble allows us to
affirm that the decrease in mechanical properties, coupled with the in-
crease in crystallographic deterioration, is substantial and exhibits a
linear behavior. This contrasts with the findings of [54], who noted
varied responses in different marble materials, highlighting the influ-
ence of petrography on each material’s reaction to deterioration.

In line with [34,61], our findings affirm that the combination of the
two non-destructive tests enhances the assessment of the mechanical
resistance of marble. This improvement is evident as both test parame-
ters—ultrasonic pulse speed and rebound value—demonstrate a strong
correlation with compressive strength.

Moreover, as verified by [66], caution is advised against incorpo-
rating additional variables (e.g., density, porosity) when establishing
empirical relationships for practical use. This precaution is taken to
prevent complementarity of results that could lead to an inadequate
interpretation of the reduction in mechanical resistance values.

9. Conclusions

The study’s novelty and the significance of its results are
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underscored, given the absence of prior experiences with the study
conditions applied to Macael marble and its analysis through result
correlation. The application of these methods validates the use of non-
destructive tests to comprehend the mechanical capacity of this mate-
rial, both in its natural state and after exposure to accelerated thermal
ageing cycles.

The main conclusions derived from the study confirm its advantages
and are as follows:

1. The relevance of the number of cycles and the applied temperature
ranges is emphasized to confirm the validation of the obtained re-
sults, underscoring the importance and novelty of experiments con-
ducted under varying conditions. Additionally, the study highlights
the observed changes in the marble and their consequences, partic-
ularly the reduction in mechanical resistance. This approach allows
for determining the evolution of the mechanical behavior of the
studied material

. Furthermore, the applied temperature cycles and the results of
various tests reveal a direct relationship between the temperature
gradient and the loss of mechanical properties in Macael marble. The
increase in thermal gradient has a significant impact, leading to a
progressive decrease in values and, consequently, qualities
compared to the material not subjected to any gradient. This loss is
attributed to the modification of the intergranular state and the
separation of boundaries due to thermal expansion [52,53,69].

. The results obtained from optical microscopy and scanning electron
microscopy analysis underscore how successive expansions and
contractions, resulting from ageing cycles, lead to irreversible inter-
granular and intra-granular spaces. This factor implies a loss of
mechanical cohesion and an increase in the porosity of the stone
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material. Acquiring this knowledge enables the establishment of
protective measures for construction elements.

4. The correlation system provides a precise understanding of the ma-
terial’s behavior when analyzed through various techniques applied
to a material subjected to significant cycles with intentionally
increased thermal environmental conditions. In this study, the high
correlation coefficient (R2) confirms the utility of non-destructive
techniques (NDT) in evaluating the behavior of this type of marble.

5. The study recognizes the capability to assess deterioration in white
Macael marble and similar materials through the correlation of non-
destructive tests.

6. Utilizing non-destructive testing (NDT) to assess deterioration in
heritage sites reduces costs and ensures monument preservation,
providing crucial information for heritage management.

Future studies will increase the number of cycles to better under-
stand the material’s deterioration progression and observe it at a
macroscopic scale.
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