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Abstract

The freeze-thaw process is a weathering phenomenon that occurs in rocks and stones when water enters small cracks and pores within
the stone. When the temperature drops below freezing, the water inside the rock expands as it freezes, exerting pressure on the rock
from within. In this study the effect of freeze thaw on mechanical parameter uniaxial compression strength (UCS) and ultrasonic pulse
velocity (UPV) of 47 oolitic samples were considered. At first, capillary absorption for cylindrical and prismatic oolitic samples were
measured and then freeze-thaw experiment with 23 cycles were applied to the samples. UPV of samples before and after freeze-thaw
was analysed by two ultrasonic devices including Geotron and Pundit. It was observed that freeze thaw decreases primary velocity (Vp)
and secondary velocity (Vs) by around 20 and 7% respectively. However, average UCS of 1.6 MPa indicates strength decrease of

samples, which represent negative effect of pore expansion due to freeze thaw on strength parameter of samples.
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1 Introduction

Cultural and historical buildings in Hungary like Hungari-
an Parliament Building, St. Stephan's Basilica and Citadella
are constructed with stones (limestone) that are affected
by various atmospheric conditions, either directly or indi-
rectly, depending on the climate and season. The exposure
to these conditions causes partial or complete deteriora-
tion of the stones, which makes it difficult for the build-
ings to maintain their historical significance for a long
time. One of the significant factors is the freeze-thaw (F-T)
process. This process occurs when water penetrates the
building stones through capillarity, leading to weathering.
When the temperature drops below 0 °C, the water in the
pores and tiny cracks of the stones freezes, causing them
to expand in volume and exert pressure on the stones. This
cycle is more prevalent in areas with frequent temperature
fluctuations above and below freezing and leads to unde-
sirable weathering of the building stones [1]. The freeze-
thaw test is used to identify the damage to stones caused
by repeated freezing and thawing [2].

Different types of deterioration can occur during freeze-
thaw cycles. Several studies, such as those by Amirkiyaei
et al. [3], Ugur and Toklu [4], Cardenes et al. [5], Fener

and Ince [1], Prikryl et al. [6], Mutlutiirk et al. [7], Karaca
et al. [8], Akin and Ozsan [9], Bayram [10], Martinez-
Martinez et al. [10], Ghobadi and Torabi-Kaveh [11] have
focused on the impact of freeze-thaw cycles on the phys-
ical and mechanical properties of various types of rocks.
Fener and Ince [1] studied how the engineering and tex-
tural properties of Sille andesite change during vari-
ous freeze-thaw cycles. They observed that extent of the
impact varied depending on factors such as the state of
the foundation insulation and its size and location on the
wall. As the number of freeze-thaw cycles increased, there
was an increase in porosity, and a decrease in uniaxial
compressive strength, point load strength, and Brazilian
tensile strength. Heidari et al. [12] examined potential
alterations in the physical and mechanical features of the
stone caused by freeze-thaw and salt crystallization aging
experiments. The study found that the mechanical prop-
erties of the stone decreased significantly after undergo-
ing freeze-thaw and salt crystallization tests. The dura-
bility of the stone is mainly controlled by intrinsic factors
such as calcite veins and stylolites, and the freeze-thaw
process is the primary factor in the weathering of Anahita
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Temple stone. The Uniaxial Compressive Strength (UCS)
is a crucial mechanical property used to assess the suit-
ability of natural stones for outdoor use, particularly in
colder regions as in colder areas stones undergo excessive
cycles of freezing and thawing throughout the year [2].
Bayram [2] studied prediction of percentage of UCS that
will be decreased after freeze-thaw process and presented
a statistical model for that purpose. Amirkiyaei et al. [3]
developed a model to predict UCS of building stones after
freeze-thaw process for carbonate building stones. Ugur
and Toklu [4] considered damage caused by laboratory
freeze-thaw cycles on porous natural stones by evaluat-
ing changes in certain physico-mechanical (such as appar-
ent porosity, P-wave velocity, colorimetric values, water
vapor transmission rate, and point load strength) and ther-
mal (thermal conductivity) properties. For that purpose,
they considered travertine, limestone (biocalcarenite), tra-
chyandesite and tuff stone (ignimbrite). The findings show
that these stones have varying levels of resistance to dam-
age from the freezing-thawing process.

The study utilized 47 samples of Hungarian oolitic
limestone, with initial measurements of ultrasonic pulse
velocity taken using both Pundit and Geotron devices.
Water capillary absorption was analyzed for 24 samples
to measure pore connection and water suction in porous
samples. The samples were then subjected to 23 cycles of
freeze-thaw process.

2 Materials and methods

This research utilized a total of 47 samples of oolitic lime-
stone, comprising 24 cylindrical samples and 23 prism
samples, selected from those that remained intact and met
the criteria (dimensions and flat surface) for acceptability
among all prepared samples.

Stones and aggregates used for testing were gath-
ered from the Soskut quarry, situated about 38 kilome-
ters southwest of Budapest. This type of limestone, prev-
alent in Central Europe, stands out as a widely utilized
building material. Recognized for its high porosity and
ease of manipulation, it emerged as a pivotal construc-
tion resource during the 18" and 19' centuries. This era
witnessed the creation of iconic structures crafted from
this stone, including notable landmarks like the House of
Parliament and Opera House in Budapest, the Citadella,
Saint Stephan's Dom in Vienna, and the Castle in
Bratislava. This is a limestone composed of fine bioclasts.
Its main components include miliolid foraminifera, small
shell fragments, and micritic ooids. The microstructure

classifies it as a bioclastic ooid packstone. Pores are partly
filled with micritic and microsparitic cement, but intra-
particle porosity prevails. Another lithotype from the
Soskut quarry (indicated by SM) is a typical ooid-grain-
stone. Its micro-fabric consists mainly of well-rounded
or partially rounded ooids and micro-oncoids. Pores are
partially filled with sparitic cement and partially remain
open. The carbonate grains exhibit good sorting, with
average grain sizes ranging from 0.3 to 0.4 mm. [13].
Ultrasonic pulse velocity has been measured before and
after freeze-thaw process. The direct transmission method
was used, where transducers were placed on opposite sides
of the rock sample and a low-frequency wave was propa-
gated from one transducer to the other. Two types of ultra-
sonic devices, the Pundit and Geotron, were used and their
results were compared. The Geotron was able to measure
S wave velocity in addition to P wave velocity, which the
Pundit could not. The study used a modified version of the
post-processing method developed by Benavente et al. [14]
for Geotron signals, which was further modified for the
purpose of this study [15].

2.1 Test methodology

The Pundit (Portable Ultrasonic Non-destructive Digital
Indicating Tester) is a user-friendly device. It automati-
cally calculates the propagation time of P waves. The trans-
ducers operate at a frequency of 50 kHz, and Plasticine
serves as the coupling agent to bridge the gap between the
transducers and the sample. For Geotron measurements,
UP-SW transducers with an 80 kHz frequency are utilized.
These transducers are designed for propagating ultrasonic
waves to ascertain elastic material parameters. They aid
in pinpointing the arrival of the S wave, particularly ben-
eficial as longitudinal waves experience significant atten-
uation. Before and after salt crystallisation cycles, P and S
wave velocities are measured five times on the same sam-
ple. The first onset of the P wave and S wave is identi-
fied using selected amplitudes of 50mV and 2V, respec-
tively. Manual evaluation of results is conducted using
Benavente et al. [14] method for Geotron [16]. Benavente
et al. [14] suggested using a band-pass filter to diminish
the influence of the P wave background signal in identify-
ing the initial occurrence of the S wave.

2.2 Freeze-thaw test

For freeze thaw test, the European Norm Standard
EN 12371 [17] was used as a reference. The process
involved drying the stone samples and then saturating them



in distilled water at 20 °C. The saturated samples were then
subjected to a freeze chamber at —20 to —22 °C for 6 hours,
followed by immersion in water for 6 hours. This cycle was
repeated multiple times, and the weight of the specimens
was measured before and after each freeze cycle. This test
was conducted 25 freeze-thaw cycles on specimens [18].
In this study, samples were destroyed after 23 cycles.

2.3 Water adsorption test

Following the protocol outlined in reference [19], the water
saturation test was conducted on all specimens under
atmospheric pressure conditions. Initially, the stones were
subjected to drying at 105 °C for 48 hours. Subsequently,
they were partially immersed in water, reaching half of
their height. At this stage, the samples were weighed, and
ultrasonic pulse velocities were recorded every minute
for the first 10 minutes, then at 15 and 30 minutes. After
an hour, water was added until it reached three-quarters of
the sample height, and weight and ultrasonic pulse velocity
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measurements were repeated. After two hours, water was
further added until the specimens were fully submerged
to a depth of 25 + 5 mm, and measurements were taken
again. This process was repeated every 24 + 2 hours.

3 Results

Based on Fig. 1, it can be claimed that frost resistance
(frost resistance is the property that a material can with-
stand several freeze-thaw cycles without being destroyed)
for oolitic limestone samples is fluctuating between 4 and
7% saturated mass loss rate after 23 freeze-thaw cycle.
The correlation between frost resistance and mass loss
was negative which means with increasing mass loss,
frost resistance decreased. Comparing Figs. 1 and 2,
it can be concluded that shape of samples affects mass
loss rate and frost resistance of samples and cylindrical
samples had higher durability to frost with less than 8%
mass loss rate, while Prismatic ones, experienced more
than 14% mass loss rate. Within a small number of cycles,
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Fig. 1 Average mass loss rate for cylindrical samples
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Fig. 2 Average mass loss rate for Prismatic samples
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these microcracks due to freeze-thaw can rapidly develop
into macro-cracks, leading to the disintegration or break-
age of the sample. In this study, after 4 cycles, changes
were visible in the microscopic structure of the andesite,
with minerals possessing cleavage being more affected
than non-discontinuous minerals. These changes cause
increase in porosity. The porosity for cylindrical samples
fluctuates between 32.73% to 36.04% with average 34.94%
and for prismatic ones the highest porosity is 36.96% and
lowest one is 34.3% with average 35.37%. Although poros-
ity differential for both sample types is not immense, it can
be concluded those samples with higher porosity are more
prone to damage induced due to freeze thaw.

According to the information provided in Fig. 3,
as the density of both cylindrical and prismatic samples
increased, the velocity of P-waves (Vp) and S-waves (Vs)
also increased. However, it is important to note that the
data for cylindrical samples appeared to have less varia-
tion compared to prismatic samples. Therefore, it can be
concluded that using the Geotron device would lead to
more accurate results compared to the Pundit device. This
is likely due to the Geotron device being more precise in
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measuring the velocity of waves in the samples, resulting
in less variability in the data obtained as R square value for
Geotron device is higher than Pundit device in Fig. 3 which
indicate more precise result for Geotron than Pundit device
and this difference for cylindrical samples is more obvious
than prism samples with comparing Fig. 3 (a) and (b).

The results of water saturation tests for cylindri-
cal samples (No 11,12 & 13) are presented in Figs. 4-6.
These chosen samples were better consistency in terms of
dimension. The plots can be segmented into two distinct
regions. The initial region, spanning up to 25 x/;(sec),
displays a rapid and linear increase in both water absorp-
tion and water content with respect to the square root of
time. The second region, extending from 25 Vi (sec) to
130 /¢ (sec), exhibits a gradual trend and a smoother
slope in comparison to the preceding phase. Notably, the
slope of the plots varies across all samples, with a higher
density corresponding to a lower slope in the first phase
and reduced water absorption.

Based on Tables 1 and 2, freeze-thaw decreased UPV
values for both cylindrical and prism samples. It is worth
noting that 19 samples were chosen as these samples have
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Fig. 3 Ultrasonic wave velocity vs. density: (a) Vp for Cylindrical samples, (b) Vp for Prism samples, (c) Vs for Cylindrical samples,

(d) Vs for Prism samples
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not been deteriorated. Vp differences due to freeze-thaw
was between 18 to 21 %, while Vs experienced only 7-8 %
rises. It can be concluded that Vp can be more applicable to
recognition of freeze-thaw effect. Based on Fig. 7, P wave
velocity will be remained the approximately the same when
volumetric water content increase to 15%, while after 15%
increasing, P wave velocity increased around 12%.

Based on Fig. 8, average UCS is 1.6 MPa. Compare to
dry uniaxial compressive strength that is 2.51 MPa, more
than 36% decrease in UCS was recorded. Please note that
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all samples in Fig. 8 experienced 23 cycle of freeze-thaw
test and only prepared for UCS test and out of 10 samples
only these 6 samples were remained for UCS test.

4 Discussion

In this study it was observed, where with freeze-thaw
process, porosity of samples raised due to expansion of
ice crystals in pores. Fener & Ince [1] also indicate that
freeze-thaw process has a positive effect on porosity and
there is a correlation between the number of freeze-thaw
cycles and the porosity of andesite, with a linear relation-
ship observed (R2: 0.88). As the number of freeze-thaw
cycles increased, there was a corresponding increase in
the porosity of the samples.

Based on Fig. 3, for both cylindrical and prism samples
with increasing density, Vp and Vs raised. The same result
was also observed by other researchers [16, 20—-22]. This
conclusion was then same for two different type of devices
including Geotron and Pundit. The linear relationship
between Vp and Vs was also observed. It is worth noth-
ing that Pundit device only measure Vp. Based on Grune
et al. [23] studies, Stones can be classified based on their
capillary absorption capacity. Stones with low capillary
absorption take up only 0.5 kg/m?* s , of water, those with
medium absorption can range from 0.5 to 3.0 kg/m* s,
while stones with strong water absorption can take up as
much as 3.0 kg/m?* s, of water. So according to Fig. 6,
limestones samples in this study can classify as stones
with strong water absorption. Capillary water absorption
is between 17 and 18 kg/cm? and initial suction of water
for all samples presented the same trend. Strong water
suction and final water absorption can prove good con-
nection between pores in oolitic limestone. Celik [24] also
proved that high water capillary can refer to effective and
high pore connection for stones.

Based on Tables 1 and 2, it can be concluded that Vp can
be more applicable to recognition of freeze-thaw effect.
The same trend was observed by Heidari et al. [12] where
the main reason for dropping Vp is increasing porosity
with freeze-thaw cycles. The same trend was observed by
Celik et al. [24], when they considered travertine samples
and recorded more than 27% rise due to freeze thaw. Based
on Amirkiyae et al. [3] apart from type of stones, for those
ones with higher porosity, percentage loss of ultrasonic
pulse velocity is higher and can reach 23% loss for stone
with 10.22% porosity. In this study total reduction of 36%
for UCS was observed and clearly oolitic limestone cannot
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Table 1 Ultrasonic pulse velocity before and after 23 freeze-thaw cycles for cylindrical samples

Vp Pundit (km/s) Vp Geotron (km/s) Vs Geotron (km/s)

SampleNo
Dry FT* Reduction % Dry FT* Reduction % Dry FT* Reduction %

7 3.049 2.477 18.76 3.040 2.551 16.09 1.595 1.482 7.08
8 3.043 2.434 20.01 3.035 2.532 16.57 1.610 1.468 8.82
9 3.059 2.456 19.71 3.052 2.476 18.87 1.610 1.501 6.77
10 3.093 2.361 23.67 3.127 2.422 22.55 1.645 1.532 6.87
11 3.171 2.688 15.23 3.202 2.668 16.68 1.707 1.587 7.03
12 3.047 2.399 21.27 3.070 2.471 19.51 1.625 1.475 9.23
13 3.039 2.472 18.66 3.089 2.512 18.68 1.623 1.519 6.41
14 3.126 2.542 18.68 3.177 2.618 17.60 1.692 1.563 7.62
15 3.061 2.532 17.28 3.064 2.508 18.15 1.621 1.508 6.97
16 3.109 2.355 24.25 3.140 2.426 22.74 1.652 1.502 9.08
17 3.110 2411 22.48 3.147 2.483 21.10 1.675 1.522 9.13

Table 2 Ultrasonic pulse velocity before and after 23 freeze-thaw cycles for prism samples

Vp Pundit (km/s) Vp Geotron (km/s) Vs Geotron (km/s)
SampleNo

Dry FT* Reduction % Dry FT* Reduction % Dry FT* Reduction %
2 3.034 2.420 20.24 3.089 2.436 21.14 1.612 1.500 6.95
9 3.066 2.513 18.04 3.081 2.531 17.85 1.598 1.511 5.44
16 3.001 2.309 23.06 3.030 2.336 22.90 1.559 1.472 5.58
17 3.099 2.446 21.07 3.136 2.476 21.05 1.639 1.546 5.67
18 3.013 2.423 19.58 3.014 2.446 18.85 1.562 1.477 5.44
19 3.004 2.440 18.77 3.064 2.461 19.68 1.579 1.489 5.70
20 3.040 2.421 20.36 3.094 2.496 19.33 1.598 1.483 7.20
21 3.105 2.377 23.45 3.098 2.391 22.82 1.617 1.516 6.25
*-11 12 13 stand cold weather. Heidari et al. [12] observed a signifi-
jjg cant decrease of mechanical properties after freeze-thaw
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Fig. 8 UCS of oolitic limestone after 23 freeze-thaw cycle

process. Based on Bayram [10] if strength percentage
loss exceeds 20%, the sample is unsuitable for use in cold
regions. The Negative effect of freeze-thaw process on
UCS was proven by other researchers [3, 12, 24]. Based on
Celik et al. [24] the formation of microcracks may contrib-
ute to the observed reduction in UCS.

5 Conclusions

The Vp decreased for all studied stones in this research,
with an increasing number of freeze-thaw cycles.
The decreasing trend of Vp with an increase in the number
of freeze-thaw cycles indicates the creation and extension
of freeze-thaw-induced microcracks and pores.

Direct effect of increasing porosity due to freeze-thaw
cycles can be observed on Vp and Vs changes. In this
study, Vp dropped down by 28 to 20% while Vs experi-
enced decreasing of 7 to 8%.

There is a negative correlation between the uniax-
ial compressive strength and the number of freeze-thaw



cycles, resulting in a decrease in strength values. Building
materials should not have a uniaxial compression strength
percentage loss exceeding 20%, or they will be unsuitable
for use in cold regions. In this study, UCS reduction per-
centage was more than 36%, which is indicate these types
of stones are not suitable for cold areas.

The decrease in mechanical strength due to the process
indicated a negative impact on the durability of the oolitic
stones, particularly for those with higher pore connection

References

[1]  Fener, M., Ince, 1. "Effects of the freeze—thaw (F-T) cycle on the
andesitic rocks (Sille-Konya/Turkey) used in construction build-
ing", Journal of African Earth Sciences, 109, pp. 96—106, 2015.
https://doi.org/10.1016/j.jafrearsci.2015.05.006

[2] Bayram, F. "Predicting mechanical strength loss of natural stones
after freeze—thaw in cold regions", Cold Regions Science and
Technology, 83, pp. 98102, 2012.
https://doi.org/10.1016/j.coldregions.2012.07.003

[3] Amirkiyaei, V., Ghasemi, E., Faramarzi, L. "Estimating uniax-
ial compressive strength of carbonate building stones based on
some intact stone properties after deterioration by freeze—thaw",
Environmental Earth Sciences, 80(9), 352, 2021.
https://doi.org/10.1007/s12665-021-09658-8

[4] Ugur, 1., Toklu, H. O. "Effect of multi-cycle freeze-thaw tests on
the physico-mechanical and thermal properties of some highly
porous natural stones", Bulletin of Engineering Geology and the
Environment, 79, pp. 255-267, 2020.
https://doi.org/10.1007/s10064-019-01540-z

[S] Cardenes, V., Mateos, F. J., Fernandez-Lorenzo, S. "Analysis of the
correlations between freeze—thaw and salt crystallization tests",
Environmental Earth Sciences, 71, pp. 1123-1134, 2014.
https://doi.org/10.1007/s12665-013-2516-7

[6] Piikryl, R., Lokaji¢ek, T., Svobodova, J., Weishauptova, Z.
"Experimental weathering of marlstone from Pfedni Kopanina
(Czech Republic)—historical building stone of Prague", Building
and Environment, 38(9-10), pp. 1163-1171, 2003.
https://doi.org/10.1016/S0360-1323(03)00073-8

[71 Mutlutiirk, M., Altindag, R., Tiirk, G. "A decay function model
for the integrity loss of rock when subjected to recurrent cycles of
freezing—thawing and heating—cooling", International Journal of
Rock Mechanics and Mining Sciences, 41(2), 237-244, 2004.
https://doi.org/10.1016/S1365-1609(03)00095-9

[8] Karaca, Z., Deliormanli, A. H., Elci, H., Pamukcu, C. "Effect
of freeze—thaw process on the abrasion loss value of stones",
International Journal of Rock Mechanics and Mining Sciences,
47(7), pp. 1207-1211, 2010.
https://doi.org/10.1016/j.ijrmms.2010.07.003

[9] Akin, M., Ozsan, A. "Evaluation of the long-term durability of
yellow travertine using accelerated weathering tests", Bulletin of
Engineering Geology and the Environment, 70, pp. 101-114, 2011.
https://doi.org/10.1007/s10064-010-0287-x

Besharatinezhad and Torok | /I O/I 9
Period. Polytech. Civ. Eng., 68(3), pp. 1013-1020, 2024

and porosity. The decrease of 18 to 21% for Vp and 7-8%
for Vs indicated that the freezing of water between pores
facilitated easier wave transition in the samples. Overall,
the results showed a negative impact of the freeze-thaw
process on mechanical parameters of oolitic limestone
such as UCS.

As a suggestion for future work, the effect of freeze-
thaw on combination of oolitic limestone and mortar can
be investigated both experimentally and numerically.

[10] Martinez-Martinez, J., Benavente, D., Gomez-Heras, M., Marco-
Castano, L., Garcia-del-Cura, M. A. "Non-linear decay of building
stones during freeze—thaw weathering processes", Construction
and Building Materials, 38, pp. 443-454, 2013.
https://doi.org/10.1016/j.conbuildmat.2012.07.059

[11] Ghobadi, M. H., Torabi-Kaveh, M. "Assessing the potential for
deterioration of limestones forming Taq-e Bostan monuments
under freeze—thaw weathering and karst development", Environ-
mental Earth Sciences, 72(12), pp. 5035-5047, 2014.
https://doi.org/10.1007/s12665-014-3373-8

[12] Heidari, M., Torabi-Kaveh, M., Mohseni, H. "Assessment of the
Effects of Freeze-Thaw and Salt Crystallization Ageing Tests on
Anahita Temple Stone, Kangavar, West of Iran", Geotechnical and
Geological Engineering, 35, pp. 121-136, 2017.
https://doi.org/10.1007/s10706-016-0090-y

[13] Papay, Z., Torok, A. "Effect of Thermal and Freeze-thaw Stress
on the Mechanical Properties of Porous Limestone", Periodica
Polytechnica Civil Engineering, 62(2), pp. 423-428, 2018.
https://doi.org/10.3311/PPci.11100

[14] Benavente, D., Galiana-Merino, J. J., Pla, C., Martinez-Martinez, J.,
Crespo-Jimenez, D. "Automatic detection and characterisation of
the first P-and S-wave pulse in rocks using ultrasonic transmission
method", Engineering Geology, 266, 105474, 2020.
https://doi.org/10.1016/j.engge0.2020.105474

[15] Rozgonyi-Boissinot, N., Khodabandeh, M. A., Besharatinezhad, A.,
Torok, A. "Salt weathering and ultrasonic pulse velocity: condition
assessment of salt damaged porous limestone", IOP Conference
Series: Earth and Environmental Science, 833, 0120702021, 2021.
https://doi.org/10.1088/1755-1315/833/1/012070

[16] Gomez-Heras, M., Benavente, D., Pla, C., Martinez-Martinez, J.,
Fort, R., Brotons, V. "Ultrasonic pulse velocity as a way of improv-
ing uniaxial compressive strength estimations from Leeb hard-
ness measurements", Construction and Building Materials, 261,
119996, 2020.
https://doi.org/10.1016/j.conbuildmat.2020.119996

[17] CEN "EN 12370 Natural stone test methods-determination of
resistance to salt crystallization", European Committee for Stan-

dardization, Brusseles, Belgium, 1999.


https://doi.org/10.1016/j.jafrearsci.2015.05.006
https://doi.org/10.1016/j.coldregions.2012.07.003
https://doi.org/10.1007/s12665-021-09658-8
https://doi.org/10.1007/s10064-019-01540-z
https://doi.org/10.1007/s12665-013-2516-7
https://doi.org/10.1016/S0360-1323(03)00073-8
https://doi.org/10.1016/S1365-1609(03)00095-9
https://doi.org/10.1016/j.ijrmms.2010.07.003
https://doi.org/10.1007/s10064-010-0287-x
https://doi.org/10.1016/j.conbuildmat.2012.07.059
https://doi.org/10.1007/s12665-014-3373-8
https://doi.org/10.1007/s10706-016-0090-y
https://doi.org/10.3311/PPci.11100
https://doi.org/10.1016/j.enggeo.2020.105474
https://doi.org/10.1088/1755-1315/833/1/012070
https://doi.org/10.1016/j.conbuildmat.2020.119996

1020

[18]

[19]

[20]

(21]

Besharatinezhad and Torok
Period. Polytech. Civ. Eng., 68(3), pp. 1013-1020, 2024

Torok, A., Szemerey-Kiss, B. "Freeze-thaw durability of repair
mortars and porous limestone: compatibility issues", Progress in
Earth and Planetary Science, 6(1), 42, 2019.
https://doi.org/10.1186/s40645-019-0282-1

Siegesmund, S., Diirrast, H. "Physical and Mechanical Properties
of Rocks", In: Siegesmund, S., Snethlage, R. (eds.) Stone in
Architecture, Springer, 2011, pp. 97-225. ISBN 978-3-642-14475-2
https://doi.org/10.1007/978-3-642-14475-2 3
Thomachot-Schneider, C., Gommeaux, M., Fronteau, G., Oguchi,
C. T., Eyssautier, S., Kartheuser, B. "A comparison of the prop-
erties and salt weathering susceptibility of natural and reconsti-
tuted stones of the Orval Abbey (Belgium)", Environmental Earth
Science, 63, pp. 1447-1461, 2011.
https://doi.org/10.1007/s12665-010-0743-8

Vazquez, P., Menéndez, B., Denecker, M., Thomachot-Schneider, C.
"Comparison between petrophysical properties, durability and use of
two limestones of the Paris region", In: Pfikryl, R., Torok, A., Gomez-
Heras, M., Miskovsky, K., Theodoridou, M. (eds.) Sustainable use
of Taditional Geomaterials in Construction Practice, Geological
Society, London, Special Publications, pp. 203-216, 2015. ISBN
978-1-86239-725-5

https://doi.org/10.1144/SP416.15

[22]

(23]

[24]

Gokge, M. V., Ince, 1., Fener, M., Taskiran, T., Kayabali, K.
"The effects of freez-thaw (F-T) cycles on the Godene travertine
used in historical structures in Konya (Turkey)", Cold Regions
Science and Technology, 127, pp. 65-75, 2016.
https://doi.org/10.1016/j.coldregions.2016.04.005

Graue, B., Siegesmund, S., Middendorf, B. "Quality assessment of
replacement stones for the Cologne Cathedral: mineralogical and
petrophysical requirements", Environmental Earth Sciences, 63(7),
pp. 1799-1822, 2011.

https://doi.org/10.1007/s12665-011-1077-x

Celik, M. Y. "Water absorption and P-wave velocity changes
during freeze—thaw weathering process of crosscut travertine
rocks", Environmental Earth Sciences, 76(12), 409, 2017.
https://doi.org/10.1007/s12665-017-6632-7


https://doi.org/10.1186/s40645-019-0282-1
https://doi.org/10.1007/978-3-642-14475-2_3
https://doi.org/10.1007/s12665-010-0743-8
https://doi.org/10.1144/SP416.15
https://doi.org/10.1016/j.coldregions.2016.04.005
https://doi.org/10.1007/s12665-011-1077-x
https://doi.org/10.1007/s12665-017-6632-7

	1 Introduction
	2 Materials and methods
	2.1 Test methodology
	2.2 Freeze-thaw test
	2.3 Water adsorption test

	3 Results
	4 Discussion
	5 Conclusions
	References

