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ABSTRACT

This study investigates in detail the impact of freeze-thaw cycles on the physical and mechanical properties of a variety
of rock types, including granulite, amphibolite, limestone, sandstone, granitic gneiss, quartzite, rhyolite, dolerite, and
gabbronorite. The selected rock samples underwent several freeze-thaw cycles at temperatures ranging from 25°C to
-40°C. After these cycles, tests were performed to assess the response of the rocks to varying temperatures. Destruc-
tive tests (uniaxial compressive strength, point load index) and non-destructive testing (specific gravity, ultrasonic
pulse wave velocity, porosity, and water absorption) were carried out. The density of the induced fractures in each
type of rock under investigation was calculated. The fracture density in the samples increased as the number of cycles
increased. After fifty cycles, the fracture density of selected rocks increased as follows: 1.12% for sandstone, 1.06% for
limestone, 0.59% for rhyolite, 0.48% for gabbronorite, 0.57% for quartzite, 0.76% for granitic gneiss, 0.46% for amphi-
bolite, and 0.43% for granulite. The extent and strength of the fractures increased further with continued cycles. After
100 freeze-thaw cycles, the fracture densities rose to 1.47%, 1.44%, 1.22%, 1.05%, 1.14%, 1.31%, 1.03%, and 1.02%,
respectively. Similarly, porosity and water absorption levels showed an increased trend. However, as the freeze-thaw
process continues, the results indicate a decrease in uniaxial compressive strength (UCS), specific gravity, ultrasonic
pulse velocity (UPV), and point load strength. These findings highlight how freeze-thaw conditions deteriorate rocks
and change their physico-mechanical characteristics, with significant implications for the mining and building sectors.
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Alteraciones microestructurales y deterioro de las propiedades fisico-mecanicas por ciclos de congelacién-deshielo

inducidos en rocas del Himalaya paquistani

RESUMEN

Este estudio investiga en detalle el impacto de los ciclos de congelacién-deshielo en las propiedades fisicas y mecanicas de
una variedad de tipos de rocas en las que se incluyen granulitas, anfibolitas, calizas, areniscas, gneises graniticos, cuarcitas,
riolitas, doleritas y gabronoritas. Las muestras de roca fueron sometidas a varios ciclos de congelacién-deshielo a tempera-
turas que oscilaron entre 25 °C y -40 °C. Después de estos ciclos se realizaron las evaluaciones para medir la respuesta de
las rocas a la variacion de las temperaturas. Se realizaron evaluaciones destructivas (resistencia a la compresion uniaxial,
indice del punto de carga) y no destructivas (gravedad especifica, velocidad de onda de pulso ultrasénico, porosidad y
absorcion de agua). Luego se calculd la densidad de las fracturas ocasionadas en cada tipo de muestras de roca. La densi-
dad de la fractura en las muestras se incrementé a medida que se incrementé el nimero de ciclos. Después de 50 ciclos la
densidad de la fractura de las rocas seleccionadas se incrementa de la siguiente manera: 1.12 % para las areniscas, 1.06 % para
las calizas, 0.5 % para las riolitas, 0.48 % para las gabronoritas, 0.57 % para las cuarcitas, 0.76 % para los gneises graniticos,
0.46 % para las anfibolitas y 0.43 % para las granulitas. El alcance y fortaleza de las fracturas se incrementa a medida que
los ciclos continuan. Después de 100 ciclos, la densidad de las fracturas alcanza el 1.47 %, 1.44 %, 1.22 %, 1.05 %, 1.14%,
1.31%, 1.03%, y 1.02%, en el mismo orden del enunciado anterior. De igual manera, los niveles de porosidad y absorcion
de agua muestran una tendencia de crecimiento. Sin embargo, mientras que los ciclos de congelacion-deshielo continuan,
los resultados sefialan un decrecimiento en la resistencia a la compresion uniaxial, la gravedad especifica, la velocidad de
onda de pulso ultrasénico y en el indice de punto de carga. Estos hallazgos resaltan como las condiciones de los ciclos de
congelacién-deshielo deterioran las rocas y cambian sus caracteristicas fisico-quimicas, con las implicaciones que esto
trae para los sectores de la mineria y la construccion.
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1 Introduction

Freeze-thaw cycles significantly affect the strength and durability of
rocks, especially in cold regions or areas where temperatures occasionally
dip below freezing. This environmental stress causes rocks to degrade due to
factors such as moisture content, rock type, and the frequency of freeze-thaw
cycles (Zhao et al., 2024). These effects pose challenges to various industries,
including construction, railroads, and the preservation of stone monuments
(Talalay, 2022; 2023). As such, understanding rock resistance to freeze-thaw-
induced deterioration is crucial when selecting building materials (Asif et al.,
2022;2024).

Although freeze-thaw damage is more prominent in colder climates,
it also occurs in regions with intermittent freezing temperatures, particularly
during nightly freezes (Kaczmarek et al., 2021). The repeated freezing and
thawing of water within the rock’s pores generates internal pressure, which
leads to microfractures and reduced strength (Chen et al., 2023). These
processes significantly influence various physical and mechanical properties,
including porosity, permeability, and compressive strength (Liu et al., 2020;
Mal’a et al., 2024).

The resistance of rocks to freeze-thaw cycles is strongly influenced by
their mineral composition, texture, and structural properties. Sedimentary
rocks such as limestone and sandstone, composed of calcite, dolomite, quartz,
and feldspar, are generally more vulnerable due to their higher porosity and
the susceptibility of calcite to dissolution (Deprez et al., 2020). Sandstone
deteriorates due to intergranular fractures that allow water infiltration during
freeze thaw process (Niu et al., 2021). Furthermore, metamorphic rocks,
including amphibolite, granulite, and quartzite, exhibit greater resistance due
to their recrystallized and interlocking mineral structures (Citak et al., 2023).
Amphibolite and granulite, consisting of amphibole, garnet, pyroxene, and
quartz, have low porosity, limiting water ingress, though pre-existing fractures
may serve as weakness zones (Islands et al., 2002). Quartzite, being primarily
composed of quartz, is highly resistant but can develop microcracks over time
(Hou et al., 2025). Moreover, igneous rocks display varied behavior during
freeze thaw process. Rhyolite, with its fine-grained texture and high silica
content, is prone to microcracking (Schwamborn et al., 2012). Moreover,
dolerite and gabbronorite, composed of pyroxene, olivine, and plagioclase,
exhibit higher durability due to their crystalline structure and lower porosity
(Claridge and Campbell, 2005).

This study aims to investigate the effects of freeze-thaw cycles on the
mechanical and physical properties of nine rock types, selected based on their
varied characteristics (Table 1). The rocks were divided into three groups:
untreated, exposed to 50 cycles, and exposed to 100 cycles. The experimental
approach involved assessing properties such as porosity, specific gravity, pulse
velocity (Vp), unconfined compressive strength (UCS), point load strength, and
water absorption. Additionally, fracture density was quantified and statistically
compared with the engineering properties after specific freeze-thaw cycles
through regression analysis.

While previous studies have explored freeze-thaw effects on various
rocks, this research bridges a gap by focusing on a diverse set of rock types
under controlled laboratory conditions, allowing for a deeper understanding
of how different rocks respond to repeated freeze-thaw stresses. The novelty
of this study lies in its comprehensive approach to comparing the impacts of
freeze-thaw cycles on multiple rock types and correlating these effects with
changes in mechanical performance, providing valuable insights for industries
that rely on rock durability in cold environments.

2 Geology of northern Pakistan

In northwest Pakistan, there are three primary tectonic domains: the
Indian plate, the Kohistan Island Arc (KIA), and the Eurasian plate. The KIA
originated from intra-oceanic subduction in the Tethys Ocean and collided with
the Indian plate at the Main Mantle Thrust (MMT) regional fault zone (Fig. 1)
(Searle and Treloar, 2010; Burg, 2018). To the north of Kohistan Island Arc,
the primary sutures of the Main Karakoram Thrust (MKT) mark its boundary
with the Karakoram block. Two collisional events, first with the Eurasian
plate and later with the Indian plate, resulted in complicated deformation and

metamorphism of the KIA rocks (Suo et al., 2022). The KIA is made up of
sedimentary, volcanic, and plutonic rocks and is divided into six main sections
(Ali et al., 2021). The mafic and ultramafic Jijal complex is the deepest area of
the KIA and it marks the transition between the upper mantle and lower crust
(Alietal., 2021; Ullaha et al., 2022). The Kamila Amphibolite belt was formed
by the metamorphism of the gabbroic and mafic to intermediate metavolcanics
up to the amphibolite facies (Rehman and Arif, 2020). The Chilas Complex
is a large-scale late Cretaceous magmatic structure located north of Kamila
amphibolite. It is largely made of gabbronorite, with smaller amounts of
troctolite, quartz-diorite, and gabbro (Lutfi et al., 2023). The Kohistan batholith
is made up of Early Cretaceous Chalt Volcanics with andesitic lavas, tuffs,
agglomerates, and calc-alkaline granitoids (Jadoon et al., 2020; Ali et al., 2021).
Greywackes, pelites, and volcano-clastic rocks form the rocks of the Yasin and
Chalt groups in the northern KIA (Qureshi et al., 2020).

The three tectonic units that comprise the northern Indian plate to the
south are the Lesser Himalayan Sequence (LHS), the Greater Himalayan
Sequence (GHS), and the Tethyan Himalayan Sequence (THS). The Main
Central Thrust (MCT) and the South Tibetan Detachment System (STDS) are
the two regional fault systems that split these units (Fig. 1). Different granitic
suites have been detected in the Himalayan terrane: early Paleozoic suites
brought about by accretionary orogenesis, late Paleozoic suites connected to
the rift, and early Cenozoic suites connected to the Himalayan collision (Sajid
etal., 2018; Jain et al., 2020; Soret et al., 2021; Sen et al., 2022).

Northern Pakistan experiences a diverse climate, ranging from temperate
to alpine conditions due to its high-altitude terrain. The region undergoes
significant seasonal temperature variations, with summer temperatures
exceeding 30°C in lower valleys, while winter temperatures in higher elevations
frequently drop below freezing. These fluctuations lead to repeated freeze-thaw
cycles, particularly in areas above 2,500 meters where diurnal temperature
variations cross the freezing threshold. Additionally, substantial precipitation,
including monsoonal rains and heavy snowfall, contributes to rock saturation,
enhancing the susceptibility of various lithologies to freeze-thaw weathering.
This climatic setting makes freeze-thaw processes a dominant factor in rock
degradation, slope instability, and infrastructure deterioration in the region.

Figure 1. Geological map of the Western Himalayas in Pakistan. Modified
after DiPietro et al., 2001. The black stars show the studied sample location.
RY=Rhyolite; AM=Amphibolite; DL=Dolerite; L.ST=Limestone; QZ=Quartzite;
HGN= Hazara Granitic Gneiss; S.ST=Sandstone; GN=Gabbronorite;
GG=Granulite.

3 Methods

3.1 Preparation of Samples and Freeze-Thaw Cycling

The mineralogical composition, geographic positions, and grain size
descriptions of the rocks under investigation are given in Table 1. During
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fieldwork, bulk samples of these rock types were collected, from which cubic
inch-sized samples were extracted. These samples were then analyzed at the
National Centre of Excellence in Geology (NCEG), University of Peshawar.
These cubic specimens underwent a series of freeze-thaw cycles, each lasting
eight hours. During each cycle, the samples were exposed to -40°C for 4 hours
followed by thawing at room temperature (25°C) for the remaining 4 hours. The
investigations included subjecting the samples to 50 and 100 cycles. Following
the freeze-thaw cycles, thin sections were prepared from the samples to analyze
changes in their respective petrographic properties. Fig. 2 shows the steps
involved in conducting this research work.

3.2 Fracture delineation

For a more thorough analysis of the samples’ internal structure and
related variations, thin sections were prepared from the samples. These thin
sections were photomicrographed using petrographic microscopes. Individual
fractures seen in the photomicrographs of the treated samples were highlighted
and compared with the thin section observation of untreated samples (room
temperature) using the ImageJ program. The area and extent of each fracture
present in the photomicrographs were precisely calculated, and the total area

of the rock specimen mounted on the thin section was determined. Fracture
density was assessed using the following formula:

Fracture density = 100% - (Area of thin section-Area of Fractures)/Area of

thin section * 100

While examining thin sections to find cracks caused by freeze-thaw (F-T)
cycling, specific features were considered. At first, different fracture patterns
were seen in the treated and untreated samples. These patterns included straight
or curved lines crossing or passing through the rock matrix. These cracks may
appear in the thin section as black isotropic streaks or discontinuities. Leaching
near the fractures, which caused observable color changes or staining patterns
after therapy, was another important sign. In the thin section, F-T-generated
cracks showed broad discontinuities cutting through several mineral grains, a
characteristic absent from untreated materials. These fractures are distinguished
from other kinds of discontinuities or cleavages because of their irregular and
jagged patterns. The gabbronorite sample treated with 50 F-T CYCLES is shown
in Fig. 3, where fractures are indicated by green lines. In Fig. 3, fractures are
shown in relation to the overall area taken into consideration in the thin section.

Table 1. Descriptions of the rocks under investigation

S. No Rock type Symbol Geological Unit Coordinates Mineralogy Grain Size
Clinopyroxene
. . 34.23113000 . . .
1 Dolerite DL Panjal Dykes 72 65824833 Ple'tg%oclase Medium grained
Olivine
Orthopyroxene
. . . 35.21587866 . . .
2 Rhyolite RY Dir Volcanics 71.98874537 Clmc.)pyroxene Fine grained
Plagioclase
. 35.511531 Calcium-rich plagioclase .
3 Gabbronorite GN KIA Hypersthene Coarse grained
73.773089
Orthopyroxene
Quartz
. 33.64813945 .
4 Sand stone S.ST Murree Formation 72 97608807 P(?ta§h Feldspar Coarse grained
Biotite
. . 34.14549205 Calcite . .
5 Limestone L.ST Nowshera Formation 72 47979880 Dolomite Fine grained
. . 34.10182333 Quartz Medium to Coarse
6 |Quartzite Qz Tanawal Formation 72.53580833 | Biotite grained
Quartz,
7 Granitic gneiss HGN Hazara Granitic Gneiss 34.29825500 Potassium feldspar Coarse grained
72.73238000 .
Sodium feldspar
Hornblende
I 34.94245500 . .
8 Amphibolite AM KIA 72 02215000 Plagioclase Coarse grained
Quartz
Amphibole
. 35.063864 Clinopyroxene Medium
9 Granulite GG KIA 72.949761 Garnet to Coarse grained
Quartz
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Figure 2. Flowchart illustrates the approaches employed in this research study

3.3 Physical and mechanical testing

The treated samples’ mechanical properties (unconfined compressive
strength and point load test) and physical properties (specific gravity,
water absorption, porosity, and ultrasonic pulse velocity) were evaluated in
accordance with the standards set by the American Society for Testing and
Materials (ASTM).

Apitch-catch method, using a transmitter and areceiver as two transducers,
was used to calculate the ultrasonic pulse velocity (UPV) for each specimen
(ASTM-D-2845-08). The samples were weighed in the following conditions:
air, water, oven-dry, and saturated in water for an entire day. Following this, the
bulk water absorption, bulk saturated specific gravity (DC97/C97M-18), and
bulk porosity were determined using the formulas outlined below:

Water absorption = (Water saturated weight — Dry weight)/Dry weight
Specific gravity = Saturated weight/ (Saturated weight — Weight in water)
Porosity = (Weight in air — Dry weight)/ (weight in air — weight in water)

The unconfined compressive strength and Point load testing were carried
out as per ASTM (D7012-14¢e1) and ASTM (D 5731) respectively

4. Petrography

The petrographic analysis of the rock samples revealed distinct
mineralogical, textural, and structural characteristics for each rock type, as
summarized below:

4.1 Rhyolite (RY):

Rhyolite from the Dir Volcanics is fine-grained with a porphyritic
texture. The groundmass consists of microcrystalline quartz and feldspar, with

phenocrysts of orthopyroxene, clinopyroxene, and plagioclase (Fig. 4 A).
The feldspar phenocrysts exhibit perthitic textures, and quartz grains show
undulatory extinction.

Figure 3. Fracture pointed out after 50 freeze-thaw cycles in gabbronorite

44.2 Dolerite (DL):

Dolerite samples, collected from the Panjal Dykes, exhibit a medium-
grained texture dominated by clinopyroxene, plagioclase, and olivine (Fig. 4 B).
The clinopyroxene grains display high relief and weak pleochroism, while
plagioclase appears as tabular grains with polysynthetic twinning. Olivine is
present as subhedral to anhedral grains, often showing signs of alteration.
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4.3 Gabbronorite (GN):

Gabbronorite samples from the Kohistan Island Arc (KIA) are coarse-
grained, with calcium-rich plagioclase, hypersthene, and orthopyroxene as the
primary minerals (Fig. 4 C). Plagioclase grains display polysynthetic twinning,
while orthopyroxene exhibits weak pleochroism. The interlocking texture of
the minerals contributes to the rock’s durability.

Figure 4. Photomicrographs of thin sections of igneous rocks under polarized
light. (A) Rhyolite composed of quartz (Qz), biotite (Bt), and potash feldspar (KF);
(B) Dolerite consisting of clinopyroxene (Cpx), olivine (Olv), and plagioclase
(Plg); (C) Gabbronorite composed of plagioclase (Plg), orthopyroxene (Opx), and
clinopyroxene (Cpx).

4.4 Limestone (L.ST):

Limestone samples from the Nowshera Formation are fine-grained,
predominantly composed of calcite and dolomite (Fig. 5 A). Calcite grains
exhibit characteristic birefringence, while dolomite appears as subhedral
to anhedral grains, sometimes showing twinning. The rock has a crystalline
texture with occasional microfossil fragments.

4.5 Sandstone (S.5T):

Sandstone from the Murree Formation is coarse-grained, composed
primarily of quartz, potash feldspar, and biotite (Fig. 5B). Quartz grains are
rounded to subangular, showing undulatory extinction, while biotite occurs
as elongated, pleochroic flakes. The intergranular spaces are often filled with
secondary cementing materials.

Figure 5. Photomicrographs of thin sections of sedimentary rocks under polarized
light. (A) Limestone primarily composed of calcite (Cal) and dolomite (Dol); (B)
Sandstone consisting of quartz (Qz), biotite (Bt), and potash feldspar (KF).

4.6 Amphibolite (AM):

Amphibolite samples from the KIA are coarse-grained, composed of
homblende, plagioclase, and quartz (Fig. 6 A). Homblende exhibits strong
pleochroism from green to brown, while plagioclase displays polysynthetic
twinning. The rock has a foliated texture due to the alignment of horblende crystals.

4.7 Granulite (GG):

Granulite from the KIA is medium to coarse-grained, with amphibole,
clinopyroxene, garnet, and quartz as the primary minerals (Fig. 6B). Garnet
appears as isotropic, subhedral to euhedral grains, while clinopyroxene shows
high relief. The rock has a granoblastic texture with interlocking mineral grains.

4.8 Granitic Gneiss (HGN):

Hazara Granitic Gneiss is coarse-grained, with quartz, potassium feldspar,
and sodium feldspar as the primary minerals (Fig. 6 C). The rock exhibits a
gneissic texture with distinct mineral banding. Quartz grains show undulatory
extinction, while feldspars display perthitic textures.
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4.9 Quartzite (QZ):

Quartzite from the Tanawal Formation is medium to coarse-grained, with
quartz as the dominant mineral and minor biotite (Fig. 6 D). The quartz grains
show interlocking textures with sutured contacts, indicative of metamorphic
recrystallization. Biotite occurs as scattered flakes within the quartz matrix.

Figure 6. Photomicrographs of thin sections of metamorphic rocks under polarized
light. (A) Amphibolite composed of plagioclase (Plg), hornblende (Hbl), and quartz
(Qz); (B) Granulite consisting of amphibole (Amp), garnet (Grt), clinopyroxene
(Cpx), and quartz (Qz); (C) Hazara Granitic Gneiss comprising amphibole (Amp),
quartz (Qz), garnet (Grt), and plagioclase (Plg); (D) Quartzite composed primarily
of quartz (Qz) and biotite (Bt).

5 Results

5.1 Impacts of Mineralogical composition on Freeze-Thaw Cycling

The mineralogical composition of the rock types significantly influences
their resistance to freeze-thaw cycles by affecting their porosity, permeability,
and mechanical strength. Sedimentary rocks, such as limestone and sandstone,
contain minerals like calcite, dolomite, quartz, and feldspar, which exhibit
varying responses to freeze-thaw weathering. Limestone, being rich in calcite
and dolomite, is more susceptible to freeze-thaw damage due to dissolution
and microcrack propagation along grain boundaries. Sandstone, primarily
composed of quartz and feldspar, exhibits moderate resistance, though
intergranular fractures can facilitate water infiltration and enhance degradation
over repeated freeze-thaw cycles.

Metamorphic rocks generally exhibit higher resistance to freeze-thaw
cycles due to their recrystallized textures and interlocking mineral structures.
Amphibolite and granulite, composed of amphibole, garnet, pyroxene, and
quartz, have relatively low porosity, reducing their susceptibility to water
infiltration. However, pre-existing fractures and foliation planes can act as
weak zones where freeze-thaw action may induce further damage. Quartzite,
predominantly composed of quartz, demonstrates high resistance due to its
compact texture, though microcracks within quartz grains may contribute to
localized weakening.

Igneous rocks display variable resistance depending on their mineral
composition and cooling history. Rhyolite, with its high silica content and
fine-grained texture, is prone to microcracking and freeze-thaw deterioration,
particularly along feldspar and quartz phenocrysts. Dolerite and gabbronorite,
composed of pyroxene, olivine, and plagioclase, generally exhibit higher
resistance due to their crystalline structure and lower porosity. However,
intergranular fractures and thermal contraction cracks may serve as pathways
for water infiltration, potentially accelerating degradation under repeated
freeze-thaw cycling.

5.2 Freeze-thaw-induced fractures

The fracture density in the samples under investigation increased with the
number of cycles (Fig. 7). Following fifty cycles, the fracture density for different
types of rocks increased as follows: 1.12% for sandstone, 1.06% for limestone,
0.59% for rhyolite, 0.48% for gabbronorite, 0.57% for quartzite, 0.76% for
granitic gneiss, 0.46% for amphibolite, and 0.43% for granulite (Fig. 7). The
extent and strength of the fractures increase as the cycles continue. Its fracture
densities are increased to 1.47%, 1.44%, 1.22%, 1.05%, 1.14%, 1.31%, 1.03%,
and 1.02%, respectively, following 100 freeze-thaw cycles. Granulite exhibits
the greatest resistance to freeze-thaw, however, sandstone and limestone are
very susceptible to fragmentation after cycles of freezing and thawing (Fig. 8).

Fig. 7. The fracture density of rock samples following different freeze-thaw cycles

Number of cycles

Rocks

50 Cycles 100 Cycles

Dolerite

Rhyolite

Gabbronorite

Sandstone

Limestone

Quartzite

Gneiss

Amphibolite

Granulite

Figure 8. The distribution of fractures in rocks with an increasing number
of freeze-thaw cycles
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5.3UCS

Fig. 9A shows the unconfined compressive strength (UCS) values
following treatment cycles and at room temperature. Test results show that
limestone loses strength very gradually, but sandstone loses strength more
quickly than limestone. Granulite had the highest strength following cycles
and the strongest resilience among all the samples under study (Fig. 9A). Its
total percentage strength drop during freeze-thaw cycling is also less than that
of other forms of rock. After 50 cycles, the UCS decreased by the following
percentages: granitic gneiss by 8.82%, rhyolite by 7.41%, quartzite by 5.43%,
dolerite by 4.55%, gabbronorite by 3.31%, amphibolite by 2.33%, and granulite
by 1.49%. As previously indicated, sandstone and limestone were severely
impacted; after 50 freeze-thaw cycles, the UCS of limestone decreased by
10.20% and that of sandstone by 14.29%. A further decrease in UCS occurred
as the number of cycles rose. Following 100 cycles, the UCS decreased by the
following percentages: granitic gneiss by 17.65%, rhyolite by 13.58%, dolerite

by 10%, quartzite by 11.95%, gabbronorite by 7.43%, amphibolite by 6.98%,
and granulite by 4.47%. After 100 freeze-thaw cycles, the UCS of limestone
decreased by 22.45% and that of sandstone by 28.57%.

5.4 Point load

The results clearly show that the point load strength of the studied
rock samples is significantly impacted by freeze-thaw cycling. The change
in point load strength is minimum when rocks are subjected to freeze-thaw
cycles. However, as the number of F-T cycles increases, there is a significant
and notable decrease in point load strength (Fig. 9B). After 100 freeze-thaw
cycles, the point load of the rocks decreases by the following percentages:
granitic gneiss by 20.58%, rhyolite by 17.95%, quartzite by 13.95%, dolerite by
10.20%, gabbronorite by 9.8%, amphibolite by 7.14%, and granulite by 6.25%.
Additionally, sandstone experiences a 33.33% reduction, while limestone
undergoes a 25% reduction after 100 cycles.

Figure 9. The impact of freeze-thaw on different physico-mechanical properties of rocks. Figure 9A illustrates Unconfined compressive strength (UCS), B showcases Point
load strength, C presents Porosity, D displays Water absorption, E represents Specific gravity and F shows Ultrasonic pulse velocity (UPV)
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show a comparable rise (Fig. 9D). After 100 cycles, the percentage increase in
water absorption for the rocks is as follows: granitic gneiss by 9.77%, rhyolite
by 8.15%, quartzite by 6.93%, dolerite by 6.2%, gabbronorite by 5.75%,

Number of cveles amphibolite by 4.65%, and granulite by 3.1%. In addition, after 100 cycles, the
Rock Types y water absorption of sandstone rose to 15.34% and that of limestone to 12.1%.
0 Cycle ‘ 50 Cycles 100 Cycles The investigation’s findings show that freeze-thaw affects specific
UCS (MPa) gravity, as shown in (Fig. 9E). As the number of cycles increases, a visible
DL 110 105 99 decline becomes apparent. After 100 cycles, the percentage decreases in the
specific gravity of the rock samples under study are as follows: granitic gneiss
RY 81 75 70 by 1.73%, thyolite by 1.29%, dolerite by 1%, quartzite by 1.21%, gabbronorite
GN 121 117 112 by 0.99%, amphibolite by 0.69%, and granulite by 0.4%. After the same
S.ST 42 36 30 number of cycles, the specific gravity of sandstone declined by up to 1.89% and
that of limestone by up to 1.63%.
L.ST 49 44 38
QZ 92 87 81 5.6 UPV
HGN 68 62 56 According to experimental results, the UPV values of rock samples
AM 129 126 120 decrease as the number of freeze-thaw cycles increases (Fig. 9F). First, there was
GG 134 132 128 a small difference in UPV; however, as the number of cycles increased, UPV
. significantly decreased. After 100 cycles, the UPV values decreased as follows:
Point load (MPa) granitic gneiss by 11.22%, rhyolite by 9.53%, dolerite by 8.22%, quartzite by
DL 49 46 44 8.70%, gabbronorite by 7.30%, amphibolite by 6.56%, and granulite by 5.69%.
RY 39 36 32 After the same number of cycles, there is a reduction in the UPV of sandstone
GN 51 48 46 by 15.56% and limestone by 13.37%. These results emphasize that freeze-thaw
S.ST 21 13 14 affects porosity, specific gravity, UPV, and water absorption. It also highlights
: how crucial it is to take temperature changes into account when evaluating the
L.ST 28 25 21 mechanical qualities and integrity of rocks.
Qz 43 40 37 Table 3. Results of Porosity, Water absorption, and Specific gravity of studied
HGN 34 31 27 rocks before and after freeze-thaw cycles
AM 56 54 52
f cycl
GG 64 62 60 Rock Types Number of cycles
UPV (m/s) 0 Cycle ‘ 50 Cycles ‘ 100 Cycles
DL 5107 4900 4687 Porosity (%)
RY 4511 4281 4081 DL 0.64 0.65 0.68
GN 5298 5108 4911 RY 1.15 1.20 1.25
S.ST 3275 3029 2765 GN 049 0.50 0.56
L.ST 3567 3329 3090 S.ST 2.54 2.77 2.92
oz an s 511 Lot 158 L1l 221
HGN 4186 3950 - - :
AM 5488 5311 Zég foR L L L5
AM 0.35 0.36 0.36
3 0,
Fracture density (%) Water absorption (%)
DL | e 0.49 1.12 DL 0.24 025 0.26
RY | - 0.59 1.22 RY 045 0.48 0.49
GN | e 0.48 1.08 GN 0.21 0.22 0.23
SST | e 1.12 1.47 S.ST 1.58 1.75 1.87
LST | oo 1.06 1.44 L.ST 1.35 1.48 1.54
QZ | e 0.57 1.14 QZ 0.34 0.35 0.36
HGN | 0.76 131 HGN 0.55 0.60 0.61
AM 046 1.03 AM 0.16 0.17 0.17
oG 0'43 1'02 GG 0.13 0.13 0.13
: : Specific gravity
DL 2.98 2.97 2.95
5.5 Porosity, Water absorption, and Specij ]
orosity, Water absorption, and Specific gravity RY 278 277 275
The porosity test results at the studied temperatures are shown in GN 3.12 3.12 3.09
(Fig. 9C). Following freeze-thaw cycles, the samples’ overall porosity SST 265 263 256
increased, presumably as a result of an increase in fracture intensity. : : - :
After 100 cycles, the porosity values of dolerite, rhyolite, gabbronorite, L.ST 271 2.69 2.66
quartzite, granitic gneiss, amphibolite, and granulite increased by 6.62%, Qz 2.88 2.87 2.85
8.07%, 4.27%, 7.21%, 8.69%, 3.04%, and 2.79%, respectively. Furthermore, HGN 2.72 2.70 2.68
after the same number of cycles, the porosity of sandstone increased by 13% AM 3.16 3.16 3.14
and that of limestone by 10.35%. The water absorption measurements also GG 322 322 321
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6 Discussion

The impacts of freeze-thaw cycles on the physico-mechanical properties
of rocks vary depending on the composition of the minerals, textural relations,
individual mineral behavior, and the fracture and deformational nature of the
rocks. For every type of rock, UCS, UPV, and porosity were measured after 100
freeze-thaw cycles. The values are given in Tables 2 and 3 and (Figs. 9 and 10).

Every rock’s porosity increased along with a drop in UCS and UPV due
to cycle progression, as seen in Tables 2 and 3. These changes vary from rock
to rock. The rock deterioration degree is indicated by the increase-decrease
ratio, which ranges from 0 to 1. Rocks that had degraded at the end of the F-T
cycles are given a rating value of 1. On the other hand, a grade of 0 denotes the
strongest type of rock. These data show the deterioration grade in ascending
order, and vice versa.

Using the following formula, the increased porosity ratio at the conclusion
of the 50 and 100 F-T cycles was determined (Khanlari et al., 2015).

Rp=P /P -1

(nc, us)-

Where P is the total porosity at the end of specific number of freeze-
thaw cycles and P is the total porosity of untreated rock types. The Rp values
are given in Table 4; trends in Rp values are shown in (Fig. 10A).

Table 4. Rp, Rvp and SDR values of samples after 50 and 100 F-T cycles

50 CYCLES
Rock Types Rp Rvp SDR
DL 0.030 0.041 0.045
RY 0.043 0.051 0.074
GN 0.022 0.036 0.033
S.ST 0.091 0.075 0.143
L.ST 0.066 0.067 0.102
QZ 0.033 0.045 0.054
HGN 0.046 0.056 0.088
AM 0.017 0.032 0.023
GG 0.016 0.026 0.015
100 CYCLES

DL 0.071 0.082 0.1
RY 0.088 0.095 0.136
GN 0.045 0.073 0.075
S.ST 0.150 0.156 0.286
L.ST 0.116 0.134 0.224
QZ 0.078 0.087 0.120
HGN 0.095 0.112 0.177
AM 0.031 0.066 0.070
GG 0.029 0.057 0.045

As shown in Tables 3 and 4, sample granulite exhibits the lowest increase
in porosity at the end of the 100 F-T cycles, with Rp100 of 0.029 (2.9%),
whereas sandstone displays the most increase with Rp100 of 0.150 (15%).
The number of pores in the samples is thought to be related to these changes.
During the freezing process, the water in the pore’s contracts due to which its
volume increases, causing the pores to expand. As seen in Figures 6, 7, and
8, new cracks and pores develop in the rock, depending on how much of
these processes have occurred. The trends of the samples’ porosity change are
displayed in Figure 10A.

In the F-T cycle, groundwater or surface water enters the rock through
capillary action, increases in volume, and exerts pressure inside the pores and
discontinuities where it freezes. This cycle keeps happening, creating adverse
deterioration of the rock (Su et al., 2024). When water freezes and thaws,
weakening, breakdowns, and expansion lead to the production of cracks and
fractures in rocks with a high-water absorption capacity, making the decline in
the strength of the rock more noticeable.

Using a similar approach, the decrease in ratios of UPV at the end of the
50 and 100 cycles was calculated by using the following equation (Khanlari et
al,, 2015):

RVP - l'Vp(nc)/V Py

Where Vp, is the P wave velocity of rock samples at the end of 100
freeze-thaw cycles and Vp, is the P wave velocity of untreated rocks.

Tables 2 and 4 along with the Figures. 9F and 10B demonstrate how
advancing the F-T cycles resulted in declining trends for UPV. The findings
show that the freeze-thaw cycles caused the most damage to the sandstone
samples amongst all rock types, with a decreased ratio of Rvp100 of 0.156
which indicates a 15.6 % reduction in UPV. On the contrary, the granulite
sample had the least decrease of Rvp100 which is 0.057 which means a 5.7 %
reduction in UPV.

Figure 10. Trends in Rp (A), Rvp (B), and SDR(C) of the studied samples.
Strength Deterioration Ratio (SDR) at the end of F-T cycles was
calculated using the following equation (Khanlari et al., 2015):

SDR = 1-UCS (nc)/UCS (us)

Where UCS s the uniaxial compressive strength of rock samples at
the end of number of freeze-thaw cycles and UCS | is the strength of untreated
samples. The strength deterioration values of rocks are given in Table 4 and the
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trends of decrease ratios are given in (Fig. 10C). Sandstone samples represent
the most sensitive rocks of all the samples with the highest strength deterioration
rate of 0.286. However, the granulite sample had the least damage with an SDR
value of 0.045.

Mitigation Strategies for Freeze-Thaw Damage

7 Mitigation Strategies for Freeze-Thaw Damage

Freeze-thaw cycles can significantly impact the durability of sandstone
and limestone constructions, leading to microcracking, increased porosity, and
structural weakening over time. To mitigate these effects, several strategies can
be implemented, focusing on reducing water infiltration, enhancing material
strength, and improving environmental management.

7.1 Surface Treatments and Sealants

Applying hydrophobic coatings or sealants can effectively reduce water
absorption in porous rocks like sandstone and limestone. These treatments create
a protective layer that prevents moisture penetration while allowing the material
to breathe, reducing internal stress caused by freeze-thaw cycles. However, the
selection of sealants should consider permeability to avoid trapping moisture
within the stone, which could exacerbate damage.

7.2 Improved Drainage Systems

Proper drainage around structures is crucial to minimizing water
exposure. Installing adequate gutters, sloping surfaces, and subsurface drainage
systems can help divert water away from foundations and rock surfaces, limiting
prolonged saturation and reducing the potential for freeze-thaw deterioration.

7.3 Material Selection and Reinforcement

Using more durable rock variants or combining sandstone and limestone
with reinforcing materials can enhance structural resilience. In construction,
selecting denser, lower-porosity stone reduces vulnerability to freeze-thaw
damage. Additionally, incorporating protective barriers, such as waterproof
membranes or composite materials, can improve longevity.

7.4 Environmental and Maintenance Strategies

Regular maintenance, such as cleaning debris, inspecting cracks, and
applying protective coatings when necessary, ensures long-term preservation.
In colder climates, minimizing direct exposure to de-icing salts, which can
accelerate chemical weathering and porosity increase, is also essential.
Additionally, designing structures with overhangs or protective facades can
shield rock surfaces from excessive moisture accumulation.

By implementing these mitigation strategies, sandstone and limestone
constructions can better withstand freeze-thaw cycles, prolonging their lifespan
and structural integrity in harsh climatic conditions.

8. Conclusions

This study extensively examined how freeze-thaw cycles impact the
physico-mechanical characteristics of rocks, including porosity, specific gravity,
water absorption, and ultrasonic pulse wave velocity (UPV). Various volcanic,
sedimentary, and metamorphic rock samples underwent multiple freeze-thaw
cycles, with their properties assessed at different stages. The results revealed
significant variations in mechanical properties, emphasizing the importance
of considering freeze-thaw effects in geological and engineering contexts,
particularly in regions with fluctuating temperatures around the freezing point
of water, such as northern Pakistan and similar climates. Understanding rock
deterioration processes due to freeze-thaw weathering is crucial. This research
is relevant for engineering applications in cold regions, aiding in construction
and maintenance, especially where snowfall is frequent. From this study, the
following conclusions are drawn:

. P-wave velocity, point load strength, specific gravity, and uniaxial
compressive strength were shown to decrease with an increase in
the number of freeze-thaw cycles, although porosity and water
absorption values showed a positive trend.

+  Fracture density considerably increased with freeze-thaw cycling
resulting in the disintegration of rocks.

*  Sandstone exhibited pronounced porosity increase and reduced
P-wave velocity, correlating with higher Strength Deterioration
Ratios (SDR), highlighting its vulnerability to freeze-thaw cycles.
Conversely, granulite, with lower porosity and minimal P-wave
velocity reduction, shows comparatively lower SDR values,
emphasizing the crucial role of porosity and P-wave velocity in
assessing rock stability.
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