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 Rock damage due to severe environmental conditions may affect durability over 

time. Therefore, this study aims to investigate the degradation of igneous rocks 

triggered by freezing-thawing weathering and to predict their loss of integrity. Four 

types of igneous rocks were collected from the Saint Katherine mountain area, Sinai, 

Egypt, and subjected to 100 cycles of the freeze-thaw method. The land surface 

temperature variation was analyzed using remote sensing data as an indicator for 

selecting the freeze-thaw temperature for our experiments. The physical and 

mechanical characteristics of the studied rocks, such as dry bulk density, effective 

porosity, ultrasound pulse velocity, abrasion loss, unconfined compressive strength, 

and point load strength, were measured after 0, 20, 40, 60, 80, and 100 cycles of the 

freeze-thaw process and evaluated using deterioration ratios and statistical models. 

Exponential and linear decay function models were established to statistically assess 

the integrity loss rate of the mechanical strength properties of the selected rocks. Two 

critical factors, decay constant and half-life, were derived from the studied models 

and used to predict rock durability. This evaluation suggests that the behavior of rock 

decay is very similar across different types of igneous rocks, exhibiting a strong 

correlation and high precision. Therefore, these models are reliable and valid for 

predicting the durability of the studied igneous rocks. Results also showed that the 

tested igneous rocks can be used as construction stones in regions exposed to 

repeated cyclic freezing-thawing weathering and harsh environmental conditions 

over long periods without disintegration. 
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1. Introduction 

Igneous rocks of variable shapes, patterns, 

colors, and chemical constituents are plentiful in 

north, central, and south Sinai areas of the Eastern 

Desert [1–6]. Egypt takes the seventh ranking in 

the production of building or decorative stone 

throughout the world [7–10]. These stones are 

commonly used as building or ornamentals stones 

for cladding, paving and flooring construction 

purposes because of their high diversity and great 

resistance and durability [11–14]. Due to numerous 

outdoor applications, it is necessary to understand 

that any construction stones used will change in 

appearance and exposed to some damage as an 

unavoidable consequence of disintegration due to 

long-term weather influences. Most rocks used as 

construction or decorative stones subjected to long-

term severe climatic conditions tend to degrade. 

These processes, named as rock damage, 
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Mousa. B.G. et al. Journal of Mining & Environment, Vol. 17, No. 4, 2026 

 

1308 

weathering and disintegration, indicate an altered 

state of the construction stone [15]. Freezing-

thawing is a major physical weathering process 

which occurs in humid weather wherein the 

temperature recurrently fluctuates over and under 

freeze point [16, 17]. When water transforms to ice, 

it increases in size by up to 9% and generating 

overstresses into the micro-pores and cracks. When 

the compression exceeds the stone's tensile 

strength, fresh micro-fractures are developed and 

the existent ones are expanded, thus these 

variations can reduce the strength and durability of 

rocks [18–22]. Zhang et al. [23] observed that there 

were more inside pores as the number of cyclic 

freezing–thawing increments, because of the 

growth of fresh micro-cracks and the widening of 

the main pores. Moreover, Zhang et al. [24] 

indicated that the combined temperature and 

pressure fields induced by cyclic freezing–thawing 

cycles degrade the physico-mechanical 

characteristics of rock masses, which indirectly 

cause geo-hazards, including landslides and 

damage. Ruedrich et al. [25] found that obvious 

damage cannot be identified in most conditions till 

50 cycles of weathering processes have been 

completed. Martínez et al. [26] indicated that the 

freezing–thawing is a non-linear process wherein 

long times of clear constancy are  accompanied by 

a prompt and catastrophic damage. Consequently, 

the principal tests performed on a definite number 

of cyclic frost weathering do not consider the 

variety of freezing–thawing aging of stones. 

Bayram [27] indicated that natural rocks in cold 

areas were exposed to the freezing-thawing 

weathering process at least once a year.  

The influence of frost aging process on the 

engineering parameters of rocks  has been 

investigated in several studies [28–33]. Mutluturk 

et al. [34] suggested a decay function approach for 

predicting the damage rate of rocks against the 

cyclic freezing–thawing, but this model used only 

Shore hardness method and other mechanical 

strength parameters are ignored. Yavuz et al. [35] 

developed a model formula to estimate the 

indicator parameters of damaged carbonation rocks 

against freezing–thawing cycles and indicated that 

the loss in index property of a damaged stone based 

on its main engineering property and porosity with 

regard to the coefficients for a distinctive index 

property. Tan et al. [36] performed the unconfined 

and tri-axial compression tests on granitic rocks 

subjected to freezing–thawing weathering process 

in order to predict the deterioration rate. Liu et al. 

[37] indicated the degradation of the main laws of 

frost weathering and the variation trend of physico-

mechanical characteristics of granite and andesite 

rocks against the cyclic freezing–thawing 

depending on the environmental conditions and the 

temperature variations in the Qinghai-Tibet 

Plateau. Ozbek [38] evaluated the physico-

mechanical parameters of ignimbrites of different 

colors from Central Anatolia against the impact of 

freeze–thaw cycles. He indicated that such cycles 

had a clear influence on engineering characteristics 

of the stones. Jamshidi et al. [39] determined the 

durability of 14 different types of construction 

stones under freeze–thaw cycles. Jamshidi et al. 

[40] evaluated the effect of cyclic frost aging 

process on the mechanical parameters of travertine 

rock specimens depending on half-life and decay 

constant parameters. Momeni et al. [41] indicated 

the variations in engineering characteristics of 

Aluand granitoid stones in Iran after 300 cyclic 

freezing-thawing. Zhang et al. [42] attempted to 

estimate the results of subjecting sandstone rocks 

to freeze–thaw cycles and chemical weathering 

using the decay function approach. Ma et al. [43] 

investigated the influences of the cyclic freeze–

thaw on the dynamic strength and energy allocation 

of stones. They proved that the dynamic 

characteristics reduced with increasing cycles 

number. Fan et al. [44] evaluated the impacts of 

freezing-thawing on the engineering parameters 

and elastic property of dry and saturated sandstone 

rocks. Chen et al. [45] evaluated the mechanical 

behavior and damage of granitic rock samples 

under freeze–thaw cycles. They concluded that 

there are three damage parameters with various 

definitions including modulus of elasticity, density, 

and porosity that can precisely describe the degree 

of deterioration for granitic rocks against the cyclic 

freeze–thaw weathering. Yun et al. [46] established 

a fatigue damage constitutive model for fractured 

granitic rock specimens, including main fracture 

deterioration, freezing–thawing weathering, and 

load deterioration and proved that this model valid 

for the combined influences of freezing–thawing 

cycles and fatigue load on granitic specimens.  

Although several studies have applied 

exponential decay models to quantify freeze–thaw 

deterioration in rocks, no such model has yet been 

calibrated for the igneous rock types in our study 

area. Moreover, the integrity loss rates of these 

specific rocks under freeze–thaw action remain 

unquantified. Therefore, the main contributions of 

this work are: (i) an initial assessment of the 

physico-mechanical deterioration of the study 

area's igneous rocks under laboratory freeze–thaw 

cycles, (ii) the application of a statistical decay 

function model to estimate their durability and 
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integrity loss, and (iii) the use of remote sensing-

derived land surface temperature data to define 

cycle conditions that reflect local real-world 

thermal regimes. Accordingly, this research will 

investigate the degradation of the engineering 

properties of selected igneous stones subjected to 

repeated freeze–thaw weathering and will 

statistically predict their durability using a 

degradation ratio and decay function model, with 

experimental temperatures informed by remote 

sensing analysis. 

2. Materials and Methods 

2.1. Materials  

In this paper, four different kinds of igneous 

stones, such as Red Granite (GR), Granodiorite 

(GD), Diorite (DI), and Monzonite (MO), were 

collected from the Saint Catherine area, South 

Sinai Peninsula, Egypt, and are located between 

longitudes 33° 57' East and latitudes 28° 33' North 

(Figure 1a). All of them are used locally as 

construction and ornamental stones. The peninsula 

has the maximum variation in altitude of any area 

within Egypt, ranging from low-lying coastal 

plains to high mountains, with the highest peak 

being Mount Catherine. The area consists of steep 

mountains intersected by deep canyons such as 

wadis, providing largely high mountains composed 

of magmatic and/or igneous rocks [47]. The 

elevation increases from northeast to southwest and 

ranges from 805 to 2,247 meters (Figure 1c). 

Figure 1b shows the average land surface 

temperature variation in the Saint Catherine region 

during the last years (2015–2025). It is observed 

that the temperature decreases from northeast to 

southwest (i.e., the lowest temperatures occur at 

high mountains). The studied igneous rock 

specimens were extracted from large blocks 

measuring 50 × 50 × 50 cm³ and prepared in 

cubical and cylindrical shapes. The selection of 

rock samples was free from fissures or micro-

cracks to avoid the influence of anisotropy on the 

measurements. Two sets of tested igneous rock 

samples were examined in this paper: the first set 

was used to determine the main physico-

mechanical properties (unweathered specimens), 

while the other samples were exposed to freezing-

thawing cycles. The relationships between 

physico-mechanical parameters were investigated 

after every 20 cycles of weathering, up to 100 

cycles. The results obtained were statistically 

analyzed using degradation ratio and mathematical 

exponential and linear decay function models to 

evaluate long-term durability and potential 

integrity loss characteristics. 

2.2. Methods 

2.2.1. Mineralogical and chemical analysis 

Performing mineralogical and chemical 

analyses is a useful tool in assessing rock 

characteristics and their resistance to weathering 

[48]. Hence, in this study, X-ray diffraction (XRD) 

was performed to determine the mineralogical 

composition of the studied rocks. Representative 

specimens of igneous rocks were selected for XRD 

analysis. For each rock type, a small amount of 

igneous rock sample was finely crushed and 

prepared for XRD analysis. This analysis revealed 

that the studied igneous rock samples are 

composed of quartz and feldspars as secondary 

minerals, associated with some mafic minerals 

including biotite and hornblende as accessory 

minerals (Table 1). It was also observed that the 

tested rock samples of granite (GR) contain the 

highest percentage of quartz (25.18%), while the 

lowest percentage (11.32%) was found in rock 

specimens of diorite (DI). Additionally, it was 

found that diorite rock samples recorded the 

highest percentage of mafic minerals (24.20%). 

The XRD pattern for the tested igneous rocks is 

presented in Table 1. Polarized optical microscopy 

(POM) was also used to determine the petrographic 

and textural characteristics of the igneous rocks. 

The results of this analysis are shown in Table 2. 

Furthermore, in this study, X-ray fluorescence 

(XRF) was performed to determine the chemical 

composition. Representative samples were 

analyzed to obtain the mean percentage of major 

element oxides (w.t%) (Table 3). 

Table 1. Mineralogical composition of the studied igneous rocks (Granite, GR; Granodiorite, GD; Diorite, DI; 

Monzonite, MO). Abbreviations: Q = Quartz, AF = Alkali feldspars, PL = Plagioclase feldspars, H = Hornblende, 

BI = Biotite.   

 

Rock type Q(%) AF(%) PF(%) H(%) B(%) Accessories(%) Mafics(%)  

Granite (GR) 25.18 41.37 21.22 6.03 5.15 1.08 11.18 

Granodiorite (GD) 20.33 17.32 49.60 6.11 4.95 2.66 11.06 

Diorite (DI) 12.32 6.95 61.07 14.66 4.14 1.02 18.80 

Monzonite (MO) 19.61 40.44 27.33 3.14 6.87 2.10 10.01 
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Figure 1. (a) Location map of the study area. (b) Average surface temperature variation during the winter season 

over the period 2015–2025. (c) Elevation variation across the arid landscape of Saint Katherine. 

Table 2. Petrographic properties of studied igneous rocks. 

Rock type Code Description 

Granite GR 

Coarse-grained in texture (>4mm) and quartz frequently reacts with the alkali feldspars 

forming graphic texture at their boundaries. Secondary albitization is also observed in this 

type of granite. 

Granodiorite GD 

Medium grains (2-4mm), holo-crystalline and non-porphyritic and equigranular in texture. 

Quartz occur as medium grains and filling space between the other main mineral constituents 

in this type of rock. 

Diorite DI 

Medium to coarse grains, homogeneous and indicating strong intergranular texture. 

Plagioclase is the most dominant mineral in the diorite rocks and quartz fills the interstitial 

space between the other main constituents. 

Monzonite MO 
Coarse grains and indicating perthitic texture. Perthitic intergrowths are often prevalent 

forming a patchy kind. Medium blobs of magnetite are observed in these samples. 

Table 3. Chemical analysis of the tested igneous rocks. LOI = Loss on ignition 

Rock type SiO2 (%) CaO MgO K2O Na2O Al2O3 Fe2O3 LOI Total 

Granite (GR) 69.03 1.09 1.56 3.95 4.02 14.99 3.90 2.67 99.21 

Granodiorite (GD) 63.71 1.64 3.25 4.00 3.87 15.83 4.27 3.60 100.17 

Diorite (DI) 57.44 2.16 4.51 4.86 4.33 17.75 3.82 4.71 99.58 

Monzonite (MO) 62.89 2.34 4.17 3.65 3.44 14.02 5.73 3.43 99.68 

 

2.2.2. Physical and mechanical characterization 

Weathering processes affect the physico-

mechanical properties of rocks used as construction 

or decorative stones and cause deterioration 

problems. These characteristics are studied through 

the laboratory tests used for the investigation of the 

igneous rock specimens.  

2.2.2.1. Physical characteristics 

Physical properties are the crucial indexes to 

determine the stone durability. The presence of 

water affects the stone properties and causes 

deterioration [49]. In this study, the physical 

parameters including the bulk density, water 

absorption by weight, and the effective porosity 
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were determined for physical characterization of 

the tested igneous rock specimens. Additionally, in 

this study, a non-destructive methods including the 

ultrasonic pulse system was also carried out to 

estimate the long term durability of the studied 

rocks specimens. The physical properties were 

determined using the saturation technique outlined 

by ISRM [50]. For this reason, oven-dry weight, 

saturate weight and volume of specimens were 

determined then dry density, water absorption and 

effective porosity were calculated through 

Equations 1, 2 and 3, respectively: six specimens 

were tested for every rock type and their average 

values were determined. 

 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑉𝑜𝑙𝑢𝑚𝑒
  (1) 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = ( 
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
) × 100 (2) 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑉𝑜𝑙𝑢𝑚𝑒
× 100  (3) 

 

2.2.2.1.1. Ultrasonic system 

The pulse transmission method was used to 

determine the velocities of the longitudinal waves. 

Therefore, in this paper, an ultrasound detector 

device couples two piezoelectric sensors on the 

opposite faces of the specimen transducers. The 

frequency was 1 MHz. Cylindrical rock specimens 

with a radius of 2.5 cm were prepared, and the ratio 

of height to diameter was two, based on the 

procedures proposed by Martinez-Martinez et al. 

[51]. A grease material was applied to the flat 

surface of the specimen. The specimen was placed 

between the transmitter and the receiver, and the 

transducer faces were firmly pressed against the 

sample faces until a stable velocity was displayed. 

The ultrasound pulse velocity (VP) was obtained 

from the ratio of the path length (cm) of the 

samples to the interval duration (µs) from the 

generator to the receiver at the opposite end. Six 

specimens of each rock type were used for this test, 

and their average value was calculated. 

2.2.2.2. Mechanical characteristics 

The mechanical characteristics such as uniaxial 

compressive strength, point load strengths, and the 

abrasion loss were investigated for characterization 

of studied specimens, and assessing the long term 

deterioration of rock specimens.  

2.2.2.2.1. Uniaxial compression test 

The uniaxial compressive strength (UCS) of 

rocks is a crucial property for choosing rocks used 

as construction or dimension stones in addition to 

predicting the rock durability under aggressive 

climatic conditions [52]. The uniaxial compression 

test was performed on cubical samples of 

10×10×10 cm3 according to the test methods 

outlined by the standard [50]. In this paper, a self-

designed microcomputer electro-hydraulic system 

was used. The maximum capacity was 1000 KN 

with loading compression rate between 0.1 and 

0.20 KN/s with a ±1% precision. The sample 

surfaces on opposite sides were regularized and 

vertical to the axis of the rock sample. 

Consequently, the force should be distributed 

regularly. The direction of loading has been done 

from bottom to top. Seven samples for each 

igneous rock type were tested and the average 

value was recorded. 

2.2.2.2.2. Point load test 

Point load index test (IS), as one of the 

significant mechanical methods was done in this 

study. It is a widely an in-direct method used for 

determining the rock strength because it's easy, 

simple in addition the simplest of sample 

preparation. The employ of point load test for 

estimating durability of rock used for ornamental 

purposes. The point load strength was carried out 

according to the test methods procedures outlined 

by ISRM [53]. Axial testing methods were applied 

in this study on a diametrical specimens of 5 cm 

and the ratio between length and diameter equals to 

0.8. For every rock type, the number of samples 

was seven and the average values were attained. 

2.2.2.2.3. Abrasion test 

The prepared and tested igneous rock 

specimens were based on the procedures outlined 

by [54, 55]. The cross sectional area of the tested 

samples was 7 x 7 cm2. The rock specimen was 

fixed in the holders and rotated 352 revolutions at 
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a speed of 38 rpm. Quartz sand was used as an 

brasive substance at feed rate of 750 g for each test. 

Abrasion test procedures were performed 

according to the Egyptian Code [56]. During this 

method, the machine rotated a grinding wheel 

whereas the specimen was fixed and exposed to 

constant force of 5 kg. The sample weight was 

recorded prior to and after test. The abrasion 

decrease was attained from the following equation 

[57]:  

𝐴𝑏𝑟 = ( 
𝑤1−𝑤2

𝜌 × 𝑎
 ) (4) 

Where, Abr is the abrasion loss (mm), W1 is the 

weight of the sample prior to the test (g), W2 is the 

weight of the sample after abrasion (g), ρ is the 

density (g/cm³), and a is the cross-sectional area 

(cm²). 

2.2.3. Freezing–thawing test  

To evaluate the durability of the tested rock 

specimens, they were subjected to freeze–thaw (F-

T) cycles up to 100 cycles following established 

procedures [58,59]. First, the prepared rock 

specimens were oven-dried at 105 °C for 48 h until 

the mass change was less than 0.1%. After cooling 

to room temperature (20 °C), the specimens were 

weighed. Second, to achieve full saturation, the 

dried specimens were placed in a vacuum 

desiccator and saturated with distilled water at 

20 °C under a vacuum pressure of 6 kPa for 4 h, 

followed by 24 h immersion at atmospheric 

pressure. Third, the saturated specimens were 

placed in a deep freezer pre‑cooled to −15 °C and 

frozen for 12 h. Finally, the specimens were 

removed from the freezer and immersed in distilled 

water at 20 °C for 12 h (Figure 2). Each complete 

cycle thus lasted 24 h (12 h freeze, 12 h thaw). The 

temperature range (−15 °C to +20 °C) was selected 

based on land surface temperature (LST) data from 

the study area (Saint Catherine, Sinai): MODIS 

LST records (2015–2025) (Figure. 1b) show winter 

minimum values of −10 °C and winter daytime 

maximum values of +17 °C. The laboratory range 

was extended slightly to accelerate testing while 

preserving the freeze–thaw damage mechanism 

and ensuring a safety margin beyond local 

extremes. Physico‑mechanical properties, 

including dry density, effective porosity, ultrasound 

wave velocity, uniaxial compressive strength, point 

load index, and abrasion resistance, were measured 

every 20 cycles (i.e., at 0, 20, 40, 60, 80, and 100 

cycles).  

 
Figure 2. Temperature–time changes schematic 

diagram of a freezing-thawing process. 

2.2.4. Mathematical modeling 

2.2.4.1. Deterioration function model 

Despite many previous studies on various 

aspects of the influence of freezing-thawing on 

rocks, which have been conducted over different 

decades, numerical methods are not sufficient for 

predicting the loss of rock integrity under the 

freezing-thawing weathering process. Therefore, in 

this study, a mathematical decay function model 

can be determined through simple regression 

analysis, including exponential and linear 

regressions. These models were developed and 

verified using mechanical tests such as uniaxial 

compressive strength and point load index strength. 

Two significant parameters are derived from this 

model to predict the decrease in mechanical 

strength properties and the degradation rate under 

cyclic freezing-thawing. These parameters can 

save time in predicting the characteristics of 

integrity loss and the lifespan of stones as durable 

structures. After the cyclic freezing-thawing 

process, the decay rate of the tested rock samples 

was evaluated using the damage function model. 

Mutluturk et al. [34] proposed a damage function 

model employing a decay constant (λ) and half-life 

(N₁/₂) parameters to assess the loss of rock integrity 

in various rock specimens due to freeze-thaw and 

heat–cool weathering. The statistical model 

suggests that the integrity loss rate induced by 

weathering actions is proportional to the stone 

integrity at the beginning of each cycle (Equation 

5): 

−(dI /dN)  =  λI  (5) 

Where (dI/dN) is the rate of deterioration, λ is 

the decay constant, I is the rock integrity and N is 

the cycles numbers. The minus sign in Eq. 5 

indicates the rock integrity loss is decreasing. By 

integrating Eq. 5, between the initial rock integrity 

(I0) and the integrity after N cycles (IN), we obtain 

an equation in logarithmic form as the following:  
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∫ (𝑑𝐼 /𝑑𝑁) 

𝐼𝑁

𝐼0

= 𝜆𝐼 → 𝑙𝑛 (
𝐼0

𝐼𝑁
) =  𝜆𝑁  (6) 

Equation 6 can be expressed in exponential 

form as follows: 

  𝐼𝑵 =  𝐼0𝑒−𝜆𝑁  (7) 

The term e−λN is the decay factor, which 

illustrates the rate of the residual integrity after N 

cycles, i.e. (IN /I0). In addition, the decay constant 

(λ) parameter illustrates the average relative 

decrease of integrity at any single cycle and it can 

be used to measure the durability of stone, the half-

life (N1/2) parameter shows the number of cycles 

required to reduce the rock integrity to its half 

value. This parameter is inversely proportional to 

the decay constant. By substituting (I0/2) with IN in 

Equation 7, the half-life (N1/2) can be determined 

shown in Equation 8 (Altindag et al. 2004): 

N1/2 =ln2/λ= 0.6930/ λ  (8) 

The decay function model can also be expressed 

as a linear regression model. The general form of 

the decay function model is given by the following 

linear regression equation: 

𝐼𝑁 = −𝜆𝑁 + 𝐼0 (9) 

Similarly, by replacing (I0/2) with IN in 

Equation 9, the half-life (N1/2) can also be obtained 

as shown in Equation 10: 

𝑁1/2 = 𝐼0/2𝜆  (10) 

The output parameters can provide significant 

information for the rendering of rocks against 

freezing-thawing tests when the model is 

applicable for their integrity. This can help in 

decision‑making in many daily applications. 

3 Results and Discussions 

The degradation of rocks induced by 

weathering tests is a function of their physico-

mechanical properties. Consequently, the 

determination of these characteristics is crucial for 

evaluating durability. The average values of the 

initial engineering properties and standard 

deviations of the tested igneous rocks (untreated 

specimens) are presented in Table 4. Among the 

tested igneous rocks, the diorite samples (DI) have 

the highest dry density, and the monzonite rock 

specimens (MO) have the lowest density. This 

variation is attributed to their mineralogical 

composition and the high percentage of heavy 

minerals or mafics, including hornblende and 

biotite, in the diorite samples. The lowest and 

highest values of water absorption, effective 

porosity, and ultrasound pulse velocity were 

observed in rock samples of diorite and monzonite, 

respectively. This indicates that ultrasound pulse 

velocity depends on water absorption and effective 

porosity. This relationship was also observed in 

mechanical characteristics. Table 4 shows the 

highest uniaxial compressive and point load 

strengths of 162.21 MPa and 10.12 MPa for diorite 

specimens, compared to the lowest values of 99.97 

MPa and 7.12 MPa for monzonite specimens. 

Additionally, diorite samples exhibit the minimum 

abrasion loss rate (0.10 mm), while monzonite 

samples show the maximum abrasion loss (0.19 

mm). Quantitatively, the higher hornblende content 

(14.66%) and strong interlocking in diorite directly 

correlate with its lower porosity and higher 

strength, whereas the higher biotite (6.87%) and 

magnetite content in monzonite correlate with its 

faster deterioration [60]. Tests have shown that 

hornblende-rich rocks have higher strength than 

magnetite-rich rocks. This difference is attributed 

to their mineralogical and textural characteristics 

and the presence of a high percentage of weak or 

weathered minerals such as biotite (6.87%) in the 

monzonite sample. It was also observed that 

monzonite specimens contain medium-sized 

magnetite blobs, which lead to a reduction in 

strength properties. 

Table 4. Mean values and standard deviations of physico-mechanical characteristics for unweathered specimens: 

ρb (dry bulk density), W (water absorption), pe (porosity), UCS (uniaxial compressive strength), IS (point load 

strength index), Abr (abrasion loss), Vp (ultrasound pulse velocity).  

Rock type 
ρb 

(g/cm3) 

W 

(%) 

pe 

(%) 

Vp 

(Km/s) 

UCS 

(MPa) 

IS 

(MPa) 

Abr 

(mm) 

GR 2.57±0.02 0.32±0.34 0.90±0.66 4.64±0.33 117.32±1.84 8.04±0.75 0.15±0.33 

GD 2.65±0.14 0.26±0.21 0.86±0.52 4.84±0.87 132.95±1.31 8.96±0.32 0.14±0.44 

DI 2.76±0.05 0.24±0.40 0.79±0.50 5.64±0.72 162.21±1.83 10.12±0.60 0.10±0.66 

MO 2.62±0.07 0.46±0.27 1.12±0.80 4.02±0.98 99.97±1.89 7.12±0.37 0.19±0.60 
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3.1. Impact of freeze-thaw cycles on physico-

mechanical properties 

The engineering characteristics of the studied 

rocks during freezing-thawing cycles are displayed 

in Table 5. To evaluate the influence of freezing and 

thawing on the engineering characteristics of the 

tested igneous rocks, a degradation ratio (RD) was 

calculated and applied to physical and mechanical 

properties, including bulk density (ρb), effective 

porosity (pe), ultrasound pulse velocity (Vp), and 

abrasion loss rate (Abr), using the following 

formula: 

𝑅𝐷 = (1 −
𝑅𝑛

𝑅𝑜
) × 100  (11) 

Where Rn is the physico-mechanical 

parameters after 100 cycles, and Ro is the initial 

physico-mechanical properties before cyclic 

freezing thawing of the studied igneous rock 

samples. According to the results displayed in 

Table 5, the maximum increase in deterioration 

ratio (RD) of effective porosity is 6.3 % for 

monzonite specimens, while the minimum is 5.03 

% for diorite samples. The results also show that 

the highest decrease in damage ratio of 

compressional wave velocity is 3.2% for rock 

specimens of monzonite, whereas the lowest is 

1.4% for diorite specimens. In addition, the highest 

increase deterioration ratio of abrasion is 3.6 % for 

rock specimens of monzonite, while the lowest is 

2.5 % for samples of diorite. According to the 

results of deterioration rate of bulk density 

displayed in Table 5, this parameter was virtually 

not influenced by cyclic freezing-thawing and there 

was no clear weight decrease. In fact, the 

deterioration ratio factor provides valuable 

information on the change trends of the rock 

characteristics against freezing thawing cycles, so 

the variations in the physico-mechanical properties 

including bulk density (ρb), effective porosity (pe), 

ultrasound pulse velocity (Vp) and abrasion loss 

rate (Abr) are indicated in Figures. 3 a-d, 

respectively. As shown in Figures 3b-3d, the 

changes in effective porosity and abrasion rate 

show an increasing trend with increasing the cyclic 

freezing-thawing. An exponential model was found 

to be the best fit for changes in effective porosity, 

while the best fit for abrasion rate variations was a 

linear model. As presented in Figure 3b, it can be 

observed that the change in limits of effective 

porosity supports high durability of the tested 

igneous rocks under freezing-thawing cycles. 

On the other hand, it can be noticed that the 

ultrasound pulse velocity changes exhibit a 

decreasing trend with increasing the number of 

cyclic freezing-thawing cycles (Figure 3c). The 

tested igneous rocks show indicate a critical loss of 

ultrasound pulse velocity in a linear model. 

Generally, the high values of coefficient of 

determination (R2) of ultrasound pulse velocity and 

abrasion rate indicate that theses parameters are 

more sensitive to the influence of the freezing-

thawing test and will be utilized as decay 

indicators. Inspecting the changes in bulk density 

reveals that the rate of decrease is very low, 

therefore this property is not sensitive to the cyclic 

freezing-thawing weathering influences (Figure 

3a). 

3.2. Assessment of rock strength properties 

using decay function model 

For investigating the model's validity in 

predicting the rate of integrity decrease due to 

cyclic freezing-thawing weathering, laboratory 

tests of uniaxial compression and point load index 

were performed on igneous rock samples. The 

results of the mechanical strength properties, 

including uniaxial compression and point load 

index of igneous rocks subjected to freezing-

thawing cycles, are presented in Table 6. As 

observed in this table, the changes in uniaxial 

compression and point load index strengths showed 

a decreasing trend with increasing freeze-thaw 

cycles. This indicates progressive micro-crack 

propagation along grain boundaries, with crack 

density increasing per cycle (qualitatively). It can 

also be observed that the maximum variations in 

uniaxial compression and point load values were 

for monzonite samples (MO), while the minimum 

variations were for rock specimens of granodiorite 

(GD). It is observed that at the end of 100 cycles, 

the monzonite specimens have the lowest values of 

uniaxial compression and point load strengths 

(70.94 MPa and 5.5 MPa, respectively). Therefore, 

the variation of strength properties shows a distinct 

manner of degradation between different rock 

samples. It can be said that the variation in uniaxial 

compressive and point load strength values is due 

to widening of preexisting micro-cracks and pores 

during cyclic freezing-thawing, which affects the 

mechanical properties of rock specimens [19]. 

Moreover, water in the capillary fractures and 

micro-pores of rocks leads to disintegration. The 

frozen fluid in the cavity will increase in volume by 

up to 9%, causing degradation [61], [62]. 

Mechanistically, diorite’s superior durability 

results from its tightly interlocked texture and 

minimal initial micro-crack density, which limit 

water ingress and restrict ice-induced crack 
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propagation despite the 9% volume expansion. In 

monzonite, higher initial porosity allows rapid 

crack widening, accelerating deterioration. When 

more pores or capillary cracks develop in the 

stones, deterioration accelerates and durability 

decreases, as can be seen in monzonite rock 

samples. 

According to the results presented in Table 6, 

simple regression analysis models were used to 

determine the decay function model parameters 

such as the decay constant (λ) and the half-life 

(N1/2). The authors attempted to develop the best 

correlation—linear, non-linear, exponential, or 

logarithmic regression models—between the 

mechanical strength properties of the tested 

igneous rocks and the freezing–thawing cycles to 

obtain the most reliable empirical equation. The 

equations of the best-fitted line, the 95% 

confidence limits, and the correlation coefficients 

(R^2) were obtained for each regression. Figures 

4a–d show the changes in the mechanical strength 

properties of the tested rocks during the freezing–

thawing cycles. In all cases, exponential regression 

equations were found to fit the data well, excluding 

the results of the point load index strength of 

granodiorite samples, which exhibited a linear 

regression trend. The degree of fit to this model 

could be evaluated by the values of determination 

coefficients (R^2), which measure the proportion 

of change in the dependent variable [63]. The high 

values of determination coefficients (R^2) 

facilitate the estimation of the mechanical 

properties of the tested igneous rocks after any 

freezing–thawing cycle (Table 7). Hence, the 

predictive power of the point load strength of the 

studied rocks ranges between 94.3% and 99.2%, 

and that for the unconfined compressive strength 

ranges from 97.3% to 99.6%. These values are 

statistically significant and close to 100%. It can be 

concluded that the integrity decrease parameters of 

rocks against freezing-thawing cycles correlate 

substantially with each other, and the studied model 

can be of practical use for estimating stone 

durability. 

Table 5. average values and standard deviations of engineering properties of samples under F-T cycles. 

Cyclic number GR GD DI MO 

ρb (g/cm3) 

0 2.570±0.02 2.650±0.14 2.760±0.08 2.620 ±0.07 

20 2.570±0.01 2.651±0.10 2.760±0.06 2.619±0.10 

40 2.569±0.06 2.650±0.11 2.759±0.09 2.618±0.11 

60 2.569±0.09 2.649±0.13 2.760±0.04 2.618±0.14 

80 2.5688±0.11 2.648±0.09 2.759±0.06 2.6179±0.11 

100 2.5690±0.08 2.648±0.10 2.759±0.05 2.6178±0.13 

Deterioration ratio (DR%) 0.04 0.08 0.04 0.084 

pe (%) 

0 0.90±0.66 0.86±0.52 0.79±0.50 1.12±0.80 

20 0.91±0.78 0.85±0.95 0.77±0.72 1.13±0.85 

40 0.92±0.44 0.86±0.94 0.80±0.81 1.12±0.86 

60 0.94±0.41 0.87±0.88 0.81±0.67 1.15±0.92 

80 0.93±0.56 0.875±1.12 0.811±0.70 1.14±0.96 

100 0.95±0.88 0.91±1.01 0.83±0.78 1.19±0.90 

Deterioration ratio (DR%) 5.6 5. 8 5.01 6.3 

Vp (km/s) 

0 4.64±0.33 4.84±0.87 5.64±0.72 4.02±0.98 

20 4.62±0.30 4.83±0.80 5.63±0.76 3.99±0.90 

40 4.58±0.40 4.81±0.86 5.62±0.90 3.99±0.77 

60 4.56±0.50 4.82±0.70 5.60±0.89 3.96±0.68 

80 4.54±0.60 4.78±0.77 5.61±0.59 3.94±0.96 

100 4.53±0.55 4.72±0.90 5.56±0.70 3.89±0.94 

Deterioration ratio (DR%) 2.4 2.3 1.4 3.2 

Abr (mm) 

0 0.150±0.33 0.140±0.44 0.100±0.66 0.190±0.60 

20 0.151±0.40 0.140±0.37 0.100±0.85 0.192±0.77 

40 0.152±0.50 0.141±0.50 0.1011±0.77 0.194±0.80 

60 0.154±0.45 0.142±0.55 0.1022±0.90 0.195±0.70 

80 0.154±0.70 0.142±0.40 0.1025±0.88 0.195±0.67 

100 0.155±0.60 0.144±0.54 0.1025±0.81 0.197±0.74 

Deterioration ratio (DR%) 3.3 2.9 2.5 3.6 
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Figure 3. Variations in physico-mechanical properties of the studied igneous rocks under freeze–thaw (F‑T) 

cycles: (a) Dry bulk density (ρb, g/cm³); (b) Porosity (pe, %); (c) Ultrasound pulse velocity (Vp, km/s); (d) 

Abrasion loss (Abr, mm). 

Table 6. Mean values and standard deviations of UCS and IS of rocks against F-T cycles. 

 Cyclic number GR GD DI MO 

UCS (Mpa) 

0 117.32±1.84 132.95±1.31 162.21±1.83 99.97 ±1.89 

20 114.57±1.81 130.40.±1.40 158.76±1.77 94.63±1.77 

40 112.56±1.66 126.89±1.37 155.75±1.56 88.30±1.70 

60 108.80±1.55 122.64±1.50 148.10±1.70 82.70±1.68 

80 103.76±1.40 116.23 ±1.67 144.80±1.46 75.61±1.64 

100 99.92±1.88 115.11±1.41 137.60±1.77 70.94±1.76 

IS (Mpa) 

0 8.04±0.75 8.96±0.32 10.12±0.60 7.12±0.37 

20 7.66±0.78 8.80±0.85 9.85±0.76 6.70±0.85 

40 7.46±0.44 8.70±0.94 9.45±0.85 6.33±0.86 

60 7.30±0.48 8.55±0.88 9.16±0.67 6.12±0.90 

80 7.21±0.59 8.10±0.78 8.88±0.70 5.73±0.94 

100 7.08±0.80 7.92±0.65 8.75±0.77 5.50±0.90 
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Figure 4. Changes in uniaxial compressive strength (UCS, MPa) and point load strength index (IS, MPa) under 

freeze–thaw (F‑T) cycles for the four studied igneous rock types: (a) Granite; (b) Granodiorite; (c) Diorite; (d) 

Monzonite. 

Table 7. Determination of R2 values from the fitting curves of the regression models. 

Uniaxial compressive strength (UCS) 

Rock type UCS(MPa) Equation form Model 

GR 0.9734 UCS = 118.54exp-0.002N exponential 

GD 0.9728 UCS = 133.97exp-0.002N exponential 

DI 0.9554 UCS = 166.16 exp-0.003N exponential 

MO 0.9958 UCS = 100.99 exp-0.004 N exponential 

Point load (IS) 

Rock type IS (Mpa) Equation form Model 

GR 0.9432 IS = 7.9119 exp-0.001N exponential 

GD 0.9435 IS = -0.0106N + 9.0371 linear 

DI 0.9862 IS = 10.098exp-0.002N exponential 

MO 0.9916 IS= 7.0648exp-0.002N exponential 

 

3.2.1. Decay constant and half-life  

The decay function models, including 

exponential and linear regression analyses, have 

been postulated and verified by experimental work. 

The decay function models provide two 

parameters, including the decay constant (λ) and 

half-life (N₁/₂), to estimate the rate of integrity loss 

of the mechanical properties and, therefore, the 

rocks' durability under the freezing–thawing 

process. The decay constant (λ) values for 

unconfined compressive and point load index 

strengths of the tested rocks are presented in Table 

8. As shown in this table, the studied igneous rock 

specimens have comparable decay constant values, 

indicating the model's usability and validity for 

rock strength properties. However, the decay 
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constant values for uniaxial compressive strength 

are higher than those for the point load strength of 

the specimens, which suggests that the uniaxial 

compression test is more sensitive to cyclic 

freezing–thawing compared to the point load 

index. This can be attributed to the fact that igneous 

rocks of a similar type provide significant 

information about their durability against cyclic 

freezing–thawing. For instance, as observed in 

Table 8, some of the maximum durable igneous 

specimens (GR) and (GD), as well as one of the 

minimum durable samples (MO), exhibit the 

effects of the freezing–thawing process (i.e., 

indicating the minimum and maximum decay 

constant values of uniaxial compressive strength, λ 

= −0.002 and −0.004, respectively). These 

specimens are of a comparable rock type. In fact, 

the MO igneous specimens decrease only 0.4% of 

their initial uniaxial compressive strength value, on 

average, after one freezing–thawing cycle, while 

the GR samples lose 0.2%. Therefore, the integrity 

loss rate of MO igneous specimens is twice that of 

the GR and GD specimens. On the other hand, the 

half-life values (N₁/₂) for the decrease of 

unconfined compressive and point load strengths of 

igneous specimens under cyclic freezing–thawing 

weathering are listed in Table 9 and graphically 

displayed in Figures 5a–b, respectively. It is 

observed that the half-life values based on uniaxial 

compression strength are lower than those based on 

point load strength. Since decay constant and half-

life values are inversely related, their evolution, 

derived from the studied model, should be 

comparable. Therefore, the half-life parameter 

obtained from uniaxial compressive and point load 

tests can be used to assess the durability of the 

studied rocks against cyclic freezing–thawing. It is 

also noted that rocks exhibiting high resistance to 

deterioration induced by cyclic freezing–thawing 

have higher half-life values and are thus more 

durable. Based on these results, the tested samples 

demonstrated high resistance to disintegration 

caused by cyclic freezing–thawing. In general, the 

tested rocks can be used as construction and 

decorative stones in cold environments over long 

periods without deterioration, except for the 

monzonite (MO) samples. 

Table 8. Decay constant values under cyclic F-T. 

Decay constant (λ) 

Rock type UCS (MPa) IS (Mpa) 

GR -0.002 -0.001 

GD -0.002 -0.0106 

DI -0.003 -0.002 

MO -0.004 -0.002 

Table 9. Half-life values under cyclic F-T. 

Half-life (N1/2) 

Rock type UCS (MPa) IS (Mpa) 

GR 364.5 693.0 

GD 364.5 423.0 

DI 231.0 346.5 

MO 173.25 346.5 

 
Figure 5. (a) Half-life values of UCS against F-T cycles and (b) Half-life values of IS against F-T cycles. 

4. Conclusions and Recommendations 

To study the rock degradation caused by the 

repeated cyclic freezing-thawing weathering 

process, the physico-mechanical properties of four 

types of Egyptian igneous rocks used as 

construction and ornamental stones were tested 

before and after 20, 40, 60, 80, and 100 cycles of 

the freezing-thawing process. The long-term 

durability of the tested rocks was evaluated using 

the loss of integrity in some of the physico-

mechanical properties during these tests, as well as 

their decay constant (λ) and half-life (N₁/₂) 

parameters obtained from decay function models. 

The following major conclusions can be drawn 

from the present study: 
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• Exponential and linear decay function models 

were established for estimating the integrity loss 

of the mechanical strength parameters of the 

studied igneous rocks subjected to cyclic 

freezing-thawing weathering. The models 

demonstrated the susceptibility of the tested 

rock samples to cyclic freezing-thawing action. 

The decay constant and half-life values of the 

mechanical strength parameters across different 

rocks are highly comparable and show strong 

correlation. Therefore, these models and the 

extracted parameters are highly precise and can 

be used to estimate the integrity loss 

characteristics of the studied rocks. Moreover, 

these models are reliable for rocks extracted 

from approximately the same areas and with 

comparable characteristics. 

• Low effective porosity and high strength play a 

vital role in the resistance of the tested igneous 

rocks to deterioration induced by repeated 

freezing‑thawing weathering. Therefore, these 

rocks can be used for decorative purposes in 

cold environments; however, caution should be 

taken for monzonite samples. 

• Ultrasound pulse velocity is more sensitive to 

rock decay due to the physical aging process; 

hence, this parameter is the best physical 

indicator of repeated freezing‑thawing action, 

whilst unconfined compression is the best 

mechanical indicator for evaluating the 

influence of repeated freezing‑thawing on rock 

properties. 

• Inspection of the variations in dry bulk density 

shows that the decrease rate is very low and 

there is no significant weight loss; therefore, this 

property is not sensitive to cyclic freezing-

thawing weathering effects. 

Based on the results obtained from the present 

study, the tested igneous rocks may be suitable for 

use in regions subject to repeated freezing‑thawing 

effects. However, future studies need to apply the 

freezing‑thawing weathering process to rocks of 

different origins to obtain a more complete 

assessment of rock damage. The studied models 

can be used to predict the integrity loss 

characteristics and/or durability of rocks. However, 

future research needs to use other statistical models 

with various types of rocks and compare the results 

from these models. 

Future studies should apply more than 100 

cycles of freeze–thaw on similarly hard, 

low‑porosity igneous rocks (e.g., granite and 

granodiorite) in order to obtain more robust 

half‑life estimates from the decay function model, 

better constrain long‑term degradation trends and 

incorporate long‑term climate trend analysis in 

addition link predicted half‑life cycles to actual 

annual freeze–thaw frequency in the field. 

Therefore, these efforts will further constrain 

degradation time scales and strengthen the 

connection between laboratory experiments and 

natural environmental conditions. 
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آسیب سنگ به دلیل شرایط سخت محیطی ممکن است در طول زمان بر دوام آن تأثیر بگذارد. بنابراین،  

دادن  بینی از دست  ذوب و پیش-های آذرین ناشی از هوازدگی انجماداین مطالعه با هدف بررسی تخریب سنگ

آوری  یکپارچگی آنها انجام شده است. چهار نوع سنگ آذرین از منطقه کوهستانی سنت کاترین، سینا، مصر جمع

های سنجش  ذوب قرار گرفتند. تغییرات دمای سطح زمین با استفاده از داده-چرخه روش انجماد  100و تحت  

های  های ما تجزیه و تحلیل شد. ویژگیذوب برای آزمایش-از دور به عنوان شاخصی برای انتخاب دمای انجماد

های مورد مطالعه، مانند چگالی حجمی خشک، تخلخل مؤثر، سرعت پالس فراصوت،  فیزیکی و مکانیکی سنگ

- چرخه فرآیند انجماد  100و    ۸0،  60،  40،  20،  0ای، پس از  افت سایش، مقاومت فشاری آزاد و مقاومت بار نقطه

های تابع واپاشی نمایی و  های آماری ارزیابی شدند. مدلهای زوال و مدلنسبت  گیری و با استفاده ازوب اندازهذ

های انتخاب شده ایجاد  خطی برای ارزیابی آماری نرخ از دست دادن یکپارچگی خواص مقاومت مکانیکی سنگ

ی دوام سنگ  بینهای مورد مطالعه استخراج و برای پیشعمر، از مدلشدند. دو عامل حیاتی، ثابت واپاشی و نیمه

های آذرین بسیار مشابه  دهد که رفتار واپاشی سنگ در انواع مختلف سنگاستفاده شدند. این ارزیابی نشان می

های آذرین  بینی دوام سنگها برای پیشدهد. بنابراین، این مدلاست و همبستگی قوی و دقت بالایی را نشان می

توان  های آذرین آزمایش شده را میهمچنین نشان داد که سنگمورد مطالعه قابل اعتماد و معتبر هستند. نتایج  

ذوب و شرایط سخت  -ای مکرر انجمادهای ساختمانی در مناطقی که در معرض هوازدگی چرخهبه عنوان سنگ

 . های طولانی بدون فروپاشی قرار دارند، استفاده کردمحیطی در دوره
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