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Abstract: This research aims at investigating the deterioration of limestone rocks due to the influ-
ences of thermal quenching and salt crystallization weathering tests and predicting their long-term
durability. Therefore, six types of limestones were quarried from different provinces of Egypt and
subjected to 50 cycles of thermal quenching and 25 cycles of salt crystallization weathering pro-
cesses. The porosity, Schmidt hammer rebound hardness, ultrasound pulse velocity, Brazilian tensile
strength, and uniaxial compression strength were determined before and after weathering processes.
In addition, the mathematical decay function model was developed to evaluate the degradation
rate of samples against weathering processes. Results proved that the cyclic salt crystallization
deteriorates the physico-mechanical characteristics of the studied limestone more strongly than the
thermal quenching cycles do. The decay constant and half-life indexes obtained here indicate that the
degradation rate differs for various limestone specimens under thermal and salt weathering processes.
This model also showed that the deterioration rate of the studied rocks was higher during cyclic
salt crystallization in comparison with thermal quenching. Therefore, the rock degradation rate and
or long-term durability under cyclic thermal and salt processes can be estimated accurately. These
results show that the studied limestones can be used as building stones in regions exposed to frequent
cyclic thermal and salty weathering conditions for long periods without degradation. However,
partial attention should be given to LSG limestone rocks characterized by increased porosity and
water absorption characteristics.

Keywords: limestone rocks; thermal quenching; salt crystallization; decay function approach; weath-
ering; long-term degradation
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1. Introduction

Natural rocks have been widely used as building and construction stones, especially
in historical structures and new engineering applications from the past up to the present
times [1–4]. The long-term durability of stones is defined as its resistance to environmental
conditions over an extended period of time [5]. Due to the long-term exposure to the
atmosphere, rocks are always suffering different recurrent types of weathering processes,
resulting in partial or full deterioration [6–9]. Temperature changes are among the major
reasons for rock damage in ancient and new engineering structures [10]. All building
materials expand when heated and shrink as they cool down. This process is named thermal
shock weathering. Thermal quenching is created by sudden changes in temperature and
leads to ‘catastrophic’ damage in the form of cracks, so the strength of rock material is
suddenly reduced [5].

Many studies have been carried out for investigating the effect of thermal quenching pro-
cess on the physico-mechanical characteristics of building stones [11–17]. Yavuz et al. [18]
performed thermal quenching cycles on carbonate rocks in the laboratory and established
a model for predicting the index properties of damaged rocks depending on the initial
property and number of thermal quenching cycles. Hale and Shakoor [19] analyzed the
variation in the compression strength for sandstone rocks against heating and cooling
cycles. Sousa et al. [20] studied the influence of thermal quenching action on granite
rocks and found that the compressional wave velocity of granite decreased after thermal
quenching test. Wang et al. [21] experimentally studied the influences of thermal shock and
freezing–thawing cycles on red sandstone rocks before and after accelerated tests. They
indicated an important decrease in the physico-mechanical properties of red sandstone
rocks after the thermal shock and freezing–thawing processes. Wang et al. [22] indicated
induced change of physico-mechanical characteristics of red sandstone after 10, 20, 30, and
40 thermal quenching cycles. Gokceoglu et al. [23] developed models for estimating the
weathering degree of granitic rocks from some parameters, including porosity, ultrasound
wave velocity, and unconfined compression strength. Mutluturk et al. [24] established a
decay function model for predicting the decrease in rock integrity against heating and
cooling. Similarly, salt crystallization is also the most powerful weathering process, espe-
cially in marine and mild environmental conditions [25]. Salt crystallization is also one
of the significant reasons for the degradation of rocks in nature and in stones used in
construction [26]. Crystallization pressure is the most critical damage mechanism during
the salt weathering action, which depends mainly on the pore size and super saturation
degree [27]. When the crystallization pressure reaches the tensile strength of the rock, new
microcracks are developed and the present ones are deepened and widened; thus, this
process leads to rock decay [28].

Different studies have been carried out to determine the rock degradation induced
by salt crystallization weathering [29–42]. Angeli et al. [43] investigated the impact of
temperature and salt concentration on the salt weathering process of a sedimentary rock
with sodium sulfate. Cultrone et al. [44] investigated the petro-physical and durability
tests on sedimentary rocks to assess their quality as building materials. Vazquez et al. [45]
measured the changes in the weight of sedimentary rocks used as building stones against
the salt weathering process. Yavuz and Topal [46] studied the impacts of thermal shock
and salt crystallization on different types of marble specimens from Western Anatolia,
Turkey. Benavente et al. [47] performed laboratory tests on five different kinds of porous
stones, concluding that the mechanical characteristics of rocks have a statistically significant
weight in the prediction of salt crystallization process, with a small contribution to water
transport and pore structure parameters. Yavuz et al. [48] investigated the durability of
green andesite rocks through aging weathering processes such as salt crystallization and
freezing–thawing cycles. Ruedrich and Siegesmund [49] studied the physical weathering
processes under the crystallization of salt and ice in the pores of sandstone rocks. They
proved that these pores have a crucial influence on the behavior of rock damage.
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Despite the numerous studies conducted on this topic, few lead to the modeling of the
alteration phenomenon. Experimental investigations of rocks are essential for the thermal
and salt weathering processes, whilst it is also significant to develop damage models and to
estimate the degradation rate. Few damage models have been established for evaluating the
freezing–thawing and thermal quenching weathering processes [13,22,24,28,50,51], whilst
estimating deterioration models against salt crystallization process have not yet reported
and there are almost no damage models that take into consideration the mechanical strength
properties to evaluate the rock integrity loss due to the cyclic salt crystallization action.

The aims of this research are (1) to better understand the degradation of the selected
limestone rock specimens that occurred by the artificial weathering processes, including
thermal quenching and salt crystallization, and correlate it with their durability charac-
teristics; (2) to determine their response to the artificial weathering processes through
the assessment of their physico-mechanical characteristics described as porosity, Schmidt
hammer rebound hardness, ultrasound pulse velocity, and Brazilian tensile and uniaxial
compression strengths; and (3) to statistically assess and estimate the long-term durabil-
ity (integrity decrease rate) of the mechanical strength parameters for limestones against
cyclic thermal quenching and salt crystallization by use of a decay function model. In
general, this paper contributes to preliminary design stage, engineering structures, replace-
ment works, and safety or stability evolution of rock applications in mild or humid and
salty environments.

2. Materials and Methods
2.1. Materials

In this research, six types of limestone rocks were taken out from different localities in
Egypt, including South Sinai, Suez, El-Minia, Qena, Sohag, and Aswan (Figure 1). These
rocks are used in construction industries. Large blocks were extracted for each rock type
ranging in size from 0.3 m × 0.3 m × 0.35 m to 0.35 m × 0.4 m × 0.4 m. Cylindrical
and cubical rock samples were obtained in the laboratory for various experiments tests.
The tested rock samples were free of any discontinuities or joints to avoid the impact of
anisotropy on the measurements. The studied limestone samples were firstly examined un-
der the polarized optical microscope for petrographical analysis using the Eclipse E600POL,
based on Nikon’s popular Eclipse E600 microscope, which features a 12-volt, 100-watt
internal tungsten halogen illumination system. The microscopic features of the studied
limestones are shown in Table 1. The main mineral constituent of all tested specimens
is calcite associated with some rare amounts of accessory and or opaque minerals. The
chemical analysis was carried out at the Central Laboratories Sector at the Egyptian Mineral
Resources Authority, Cairo, Egypt using a ZSX PRIMUS X-ray fluorescence spectrometer
(XRF). The ZSX Primus is a 3 or 4 kW WDXRF spectrometer with the thinnest end-window
tube (30 microns) and 6 auto-selectable diameters: 35, 30, 20, 10, 1, and 0.5 mm (sample
size). The chemical analysis of the studied limestones is presented in Table 2.

Table 1. Petrographic features of the tested limestone rocks.

Rock Type Code Locality Microstructure

Limestone LSS South Sinai
Medium-grained calcite texture, oolitic, porous,

packstone, cemented, pores
filled with rare minerals

Limestone LSZ Suez Fine-grained calcite texture, calcareous massive,
slightly porous

Limestone LEM El-Minia Fine-grained calcite texture, slightly
hard stone, clastic

Limestone LQ Qena Very fine-grained calcite texture, clastic, compact,
marly, hard stone

Limestone LSG Sohag Coarse-grained calcite texture, porous, weak stone

Limestone LA Aswan Medium- to fine-grained calcite texture, semiporous,
pack stone
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Figure 1. Location map of the studied limestone specimens.

Table 2. XRF analysis of the studied limestones.

Rock type Locality CaO K2O MgO Al2O3 Na2O Fe2O3 SiO2 LOI Total

LSS South-
Sinai 55.06 0.05 0.30 0.11 0.09 0.15 2.07 42.09 99.92

LSZ Suez 53.13 0.07 0.60 0.16 0.05 0.17 2.77 43.20 100.15
LEM El-Minia 51.87 0.04 0.43 0.09 0.04 0.11 3.28 44.25 100.11
LQ Qena 50.61 0.02 0.33 0.07 0.01 0.10 4.97 43.88 99.99

LSG Sohag 56.47 0.09 0.66 0.19 0.06 0.23 1.80 40.54 100.04
LA Aswan 53.39 0.07 0.61 0.15 0.05 0.20 3.78 41.68 99.93

Absolute error (%) 0.030 0.001 0.006 0.002 0.001 0.004 0.013 0.00

2.2. Methods

Laboratory experiments were carried out for determining the Physico-mechanical
properties including, the bulk density, absorption of water, apparent porosity, the compres-
sional wave velocity, the Schmidt hammer rebound hardness, the unconfined compression
strength, and the tensile strength (Brazilian). The physical properties, including the density,
absorption by weight, and porosity, were determined for rock samples of size (side 5 cm)
according to the test methods carried out by TS EN 1936 [52] and TS EN 13755 [53]. Five
specimens were tested for each limestone type and their mean values were obtained.

The mechanical properties including the unconfined compression strength and the
Brazilian tensile strength were determined. The unconfined compression strength test was
carried out on specimens of cubic form (side 10 cm) in accordance with the test methods
proposed by ISRM [54] and TS EN 1926 [55]. Five samples were tested for each limestone
type and their average values were obtained.

The tensile strength test (Brazilian) was applied in according with the test methods
proposed by ISRM [56]. This test was carried out on diametrically shaped samples of
5.0 cm, and the ratio of height to diameter was 0.5. The number of rock samples used in
this test was five, and the mean values were taken.
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The Schmidt hammer rebound hardness was performed according to the test proce-
dures suggested by ISRM [56] and Aydin [57]. The Schmidt hammer (N-Type) test was
carried out on samples of cubic shape (side 10 cm). Twenty individual impacts were per-
formed on each rock specimen. The highest and lowest rebound values were excluded and
then the arithmetic mean was taken.

The compressional wave velocity was determined using the ultrasonic system. This
test was carried out at the Housing & Building National Research Center (HBRC), Cairo,
Egypt. Cylindrical rock specimens with a diameter of 5.0 cm and the ratio of height to diameter
of 2.5 were prepared according to the procedures outlined by Martinez-Martinez et al. [58].
The number of tested rock specimens was five, and mean values were determined.

2.3. Artificial Weathering Processes

The thermal quenching weathering test was applied according to EN-14066 [59]
recommendations, and salt crystallization was performed in accordance with the general
procedures suggested by Rothert et al. [60] for studying the resistance of rock samples to
determine the physico-mechanical characteristics and change rates.

2.3.1. Thermal Quenching

A thermal shock weathering test was carried out on specimens of cylindrical shape
(5.0 cm). All studied limestone samples were subjected to fifty cycles of thermal quenching
weathering. The thermal quenching process consisted of two stages (Figure 2a). Firstly, all
limestone specimens were heated in an air-ventilated oven at 70 ◦C for 18 h. Finally, all
specimens were taken out from the oven, and rapidly saturated in distilled water at +20 ◦C
for 6 h. Each thermal shock cycle requires 24 h to be completed. All studied limestone
samples were dried to constant weight in an oven at 70 ◦C before and after cyclic thermal
quenching. In this research, two series of limestone rock specimens were prepared; one set
of these specimens was used to determine the initial physico-mechanical characteristics
before the thermal shock process (unweathered specimens). The second set of specimens
was subjected to 10, 20, 30, 40, and 50 cycles, and then the mechanical characteristics,
including unconfined compression strength and Brazilian tensile strength, were recorded.
Meanwhile, the porosity, the Schmidt hammer rebound hardness, and the ultrasound
compressional wave velocity were determined at the end of the 50th cycle.
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2.3.2. Salt Crystallization

The salt crystallization weathering process was performed on cubic samples of 5.0 cm
by total saturation in a sodium chloride solution (10%). All rock samples were subjected
to twenty five cycles of salt crystallization. The salt weathering process consisted of three
stages (Figure 2b). Firstly (saturation), the clean and dried rock specimens were placed in a
container and saturated in the solution of sodium chloride for a period of 4 h. Secondly
(drying), the specimens were taken out from the solution and dried in an air-ventilated
oven at 60 ◦C for 16 h. Thirdly (cooling), the specimens were cooled at room conditions of
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20 ◦C for a period of 4 h. The cycle of the salt crystallization requires 24 h to be completed.
In this process, the uniaxial compression strength and the Brazilian tensile strength were
carried out at 5, 10, 15, 20 and 25 cycles, whereas the porosity, the Schmidt hammer rebound
hardness, and the ultrasound compressional wave velocity were obtained at 25 cycles.

3. Results and Discussions

As studied by many researchers, the long-term deterioration of rocks due to the
weathering processes is a function of their physico-mechanical characteristic. Consequently,
determination of these properties is significant for the assessment of the stone durability.
The mean values of the physico-mechanical properties and standard deviations of the
studied limestone rocks before the accelerated weathering processes (fresh samples) are
presented in Table 3. This table shows that the average values of dry densities for studied
rocks range between 2.44 for the LQ limestone samples and 2.63 for the LSG specimens. The
mean values of water absorption of these limestones range between 1.56% (LQ specimens)
and 5.5% (LSS samples). The average values of porosity range between 6.89% (LQ samples)
and 9.82% (LSS samples). The mechanical strength tests, including uniaxial compression
strength and Brazilian tensile strength, were investigated. Table 3 displays the mean values
of mechanical strength characteristics of studied rocks. This table indicates the highest
uniaxial compression strength of 73.77 MPa for LQ limestone samples in comparison
with the lowest (38.08 MPa) for LSS specimens. Similarly, the highest tensile strength of
5.83 MPa was recorded by the LQ limestone samples and the lowest of 3.19 MPa regarding
the LSS specimens. A nondestructive test including Schmidt hammer rebound hardness
and ultrasonic wave velocity was obtained. The average values of Schmidt rebound
hardness range between 30.5 for the LSS limestone samples and 40.7 for the LQ specimens.
Moreover, the mean values of ultrasound compressional wave velocity of these rocks range
between 3.33 Km/s (LSS limestone samples), and 5.02 Km/s for LQ samples (Table 3). Rock
strength is influenced by its pores and voids [61]; hence, permeability, which simplifies
the presence of water in the stone, is strongly affected by the value of the porosity [62]. As
rock specimens in the current research have porosity <10%, their permeability behavior
is determined by their porosity. Consequently, the porosity value is a critical physical
parameter that influences the rock characteristics and controls its durability [63]. It is
necessary to better understand the correlation between the porosity and the physico-
mechanical characteristics of studied rocks. Many studies investigate the relationships
between porosity and rock properties. Tuǧrul [64] and Diamantis et al. [65] determined
relationships between porosity and unconfined compressive strength of rocks. Figure 3
shows the correlation between the porosity and physico-mechanical properties of the
studied limestones. Figure 3b–e show an inverse strong linear relationship between porosity
and physical and mechanical properties. Therefore, the physico-mechanical characteristics
of the tested limestone specimens were influenced by their porosity. However, no important
correlation was found between porosity and dry density (R2 = 0.0316) (Figure 3a). Based
on these results, the physico-mechanical properties of the studied limestone rocks decrease
with increased porosity. Figure 4 displays a three-dimensional view of the effect of porosity
(n) on the Schmidt rebound hardness (SCH), ultrasound pulse velocity (UPV), tensile
strength (TS), and uniaxial compression strength (UCS) for the tested limestone rocks.

Table 3. Average values of the physico-mechanical properties and standard deviations
of fresh specimens.

Rock Type ρd
(g/cm3)

W
(%)

n
(%) SCH UPV

(Km/s)
Ts

(MPa)
UCS

(MPa)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

LSS 2.46 0.08 5.50 0.64 9.82 0.95 30.5 1.65 3.33 0.39 3.19 0.37 38.08 1.74
LSZ 2.61 0.11 2.26 0.41 7.99 1.17 36.9 0.99 4.67 0.65 5.15 0.62 54.95 1.71
LEM 2.49 0.07 1.61 0.44 7.47 0.83 38.3 1.06 4.81 0.44 5.42 0.72 66.90 1.75
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Table 3. Cont.

Rock Type ρd
(g/cm3)

W
(%)

n
(%) SCH UPV

(Km/s)
Ts

(MPa)
UCS

(MPa)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

LQ 2.44 0.09 1.56 0.38 6.89 0.90 40.7 1.41 5.02 0.53 5.83 0.99 73.77 1.65
LSG 2.63 0.10 4.80 0.40 9.33 0.72 33.8 1.18 3.78 0.88 3.99 0.65 41.05 2.36
LA 2.52 0.06 4.30 0.52 8.80 0.91 35.4 1.13 4.02 0.75 4.19 0.60 45.97 2.02

No of tested
specimens 5 5 5 5 5 5 5

(ρb) Dry density, (W) water absorption, (n) porosity, (SCH) Schmidt hammer rebound hardness, (UPV) ultrasound
compressional pulse velocity, (Ts) Tensile strength, and (UCS) uniaxial compression strength. LSS (Limestone—
South-Sinai), LSZ (Limestone—Suez), LEM (Limestone—El-Minia), LQ (Limestone—Qena), LSG (Limestone—
Sohag), and LA (Limestone—Aswan).

Minerals 2022, 12, x FOR PEER REVIEW 8 of 24 
 

 

Figure 3. Relationship between porosity, n (%) and (a) desity, ρ (gm/cm3), (b) Shmidt hammer re-

bound, SCH, (c) ultra sound pulse velocity, UPV (Km/s), (d) tensile strength, Ts (MPa), and (e) uni-

axial compression strength, UCS (MPa). 

Figure 3. Relationship between porosity, n (%) and (a) desity, ρ (gm/cm3), (b) Shmidt hammer
rebound, SCH, (c) ultra sound pulse velocity, UPV (Km/s), (d) tensile strength, Ts (MPa), and
(e) uniaxial compression strength, UCS (MPa).



Minerals 2022, 12, 1393 8 of 21
Minerals 2022, 12, x FOR PEER REVIEW 9 of 24 
 

 

Figure 4. Influence of porosity (n) on TS, UCS, UPV, and SCH for the tested limestone specimens. 

3.1. Influence of Cyclic Thermal Quenching Weathering on Physicomechanical Characteristics  

Table 4 shows the assessment of the physico-mechanical characteristics before and 

after cycles of thermal quenching weathering. The porosity, Schmidt hammer rebound 

hardness, and ultrasound pulse velocity are determined at the end of 50 cycles. Mean-

while, the tensile strength and uniaxial compression strength are determined at 10, 20, 30, 

40 and 50 cycles, and then their mean values and standard deviations are presented in 

Table 4. Generally, the tested limestone specimens did not indicate an important visual 

degradation after the thermal quenching weathering process. There were no visible 

granular disintegrations and edge fissures in the tested rock specimens after thermal 

quenching cycles. As can be seen in Table 4, the results show that the porosity values in-

crease for the tested rock specimens with the number of thermal quenching cycles, 

whereas the Schmidt hammer rebound hardness, ultrasound pulse velocity, Brazilian 

Figure 4. Influence of porosity (n) on TS, UCS, UPV, and SCH for the tested limestone specimens.

3.1. Influence of Cyclic Thermal Quenching Weathering on Physicomechanical Characteristics

Table 4 shows the assessment of the physico-mechanical characteristics before and after
cycles of thermal quenching weathering. The porosity, Schmidt hammer rebound hardness,
and ultrasound pulse velocity are determined at the end of 50 cycles. Meanwhile, the tensile
strength and uniaxial compression strength are determined at 10, 20, 30, 40 and 50 cycles,
and then their mean values and standard deviations are presented in Table 4. Generally,
the tested limestone specimens did not indicate an important visual degradation after the
thermal quenching weathering process. There were no visible granular disintegrations and
edge fissures in the tested rock specimens after thermal quenching cycles. As can be seen in
Table 4, the results show that the porosity values increase for the tested rock specimens with
the number of thermal quenching cycles, whereas the Schmidt hammer rebound hardness,
ultrasound pulse velocity, Brazilian tensile strength, and uniaxial compression strength
decrease. As seen in this table, after the end of the 50 cycles, the LSG limestone samples
exhibit the highest increase in porosity value, while the lowest was for LQ specimens.
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Table 4. Mean values and standard deviations of the physico-mechanical properties under cyclic
thermal quenching.

Cyclic Number LSS LSZ LEM LQ LSG LA

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

n (%)
0 9.82 0.95 7.99 1.17 7.47 0.83 6.89 0.90 9.33 0.72 8.80 0.91

50 9.94 0.99 8.14 1.12 7.55 0.95 6.95 0.99 9.51 0.66 8.97 1.07

SCH
0 30.51 1.65 36.90 0.99 38.44 1.06 40.71 1.41 33.8 1.18 35.4 1.13

50 29.11 1.09 35.05 1.11 37.10 1.27 39.70 1.33 31.9 1.29 33.7 1.28

UPV (Km/s)
0 3.23 0.39 4.67 0.65 4.81 0.44 5.02 0.53 3.78 0.88 4.02 0.75

50 3.10 0.44 4.53 0.77 4.70 0.62 4.95 0.50 3.56 1.04 3.82 0.80

Ts (MPa)
0 3.19 0.37 5.15 0.72 5.42 0.62 5.83 0.99 3.99 0.65 4.19 0.60

10 2.95 0.39 5.03 0.77 5.26 0.78 5.75 1.10 3.65 0.66 3.98 0.50
20 2.83 0.28 4.83 0.80 5.10 0.80 5.69 1.04 3.40 0.70 3.57 0.67
30 2.56 0.44 4.55 0.96 4.99 0.77 5.55 0.90 3.12 0.98 3.33 0.89
40 2.35 0.50 4.28 0.91 4.72 0.84 5.33 0.95 2.75 0.91 2.88 0.70
50 2.30 0.45 3.80 0.76 4.41 0.93 5.07 0.87 2.25 0.84 2.59 0.99

UCS (MPa)
0 38.08 1.74 54.95 1.71 66.90 1.75 73.77 1.65 41.05 2.32 45.97 2.02

10 36.55 2.10 51.15 1.66 65.11 2.12 73.02 1.59 37.36 2.55 41.57 2.22
20 33.82 2.04 47.10 1.77 63.50 1.80 71.89 1.87 34.56 2.23 36.54 2.43
30 31.75 1.99 45.15 2.05 60.14 1.98 69.18 2.14 31.23 2.67 33.70 2.30
40 28.65 1.67 42.98 1.99 56.84 1.95 66.65 2.23 26.66 2.11 30.54 2.25
50 27.83 1.89 41.29 1.85 55.9 2.02 65.99 1.77 25.00 1.99 29.32 2.61

The main reason for degradation in the thermal shock process is the difference in
the thermal shrinkage and contraction of the inside and outside area of the mineralogical
composition of the samples [15]. Heating water in the micro-fractures during the thermal
shock test reduces the rock structure through moving the soluble minerals toward the stone
surface [19]. Therefore, changes in the porosity value related to variations in mineralogical
and chemical composition, especially the percentage of calcite, which has a higher tendency
to shrinkage and contract than other minerals. It can also be seen that after 50 cycles, the
LQ limestone specimens show the lowest decrease in the Schmidt hammer rebound, while
the highest was for LSG samples. Table 4 also shows that after 50 cycles, the LSG and
LA limestone samples exhibit the highest reduction in ultrasound pulse velocity, while
the lowest was for the LQ and LEM specimens. This is due to the thermal quenching
process producing new internal cracks that lead to a decrease in ultrasound wave velocity.
Therefore, it can be said that the studied limestone specimens, namely LQ and LEM, are
less sensitive to the devastating influence of thermal quenching.

Generally, it can be concluded that the change in porosity values for the studied
limestones is less sensitive to the influence of cyclic thermal quenching compared to the
Schmidt hammer rebound and ultrasound wave velocity values. Figure 5 shows a three-
dimensional view of the influence of the number of thermal quenching cycles on the tensile
strength and uniaxial compression strength for the tested limestones. This figure shows
that an increase in the thermal quenching cycles decreased Brazilian tensile strength and
uniaxial compression strength values.

Table 4 and Figure 5 show that after 50 cycles, the LSG limestone samples have the low-
est values of Brazilian tensile strength and uniaxial compression strength, while the highest
values were for LQ specimens. Due to the cyclic thermal quenching, the loss of tensile
strength and unconfined compression strength are related to porosity and/or micro-fissures.
Therefore, these specimens were more affected than those LQ specimens due to having the
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highest increase in porosity. Overall, it is concluded that the limestone specimens, namely
LQ and LEM, exhibited the highest durability under the influence of thermal quenching
cycles, whilst the lowest durability was for the LSG and LA rock specimens.
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3.2. Influence of Cyclic Salt Crystallization Weathering on Physicomechanical Properties

Table 5 presents the mean values of the physico-mechanical characteristics before and
after the salt crystallization cycles. The porosity, Schmidt hammer rebound hardness, and
ultrasound pulse velocity were determined after the end of 25 cycles. The tensile strength
and uniaxial compression strength were determined at 5, 10, 15, 20 and 25 cycles, and then
their average values and standard deviations are displayed in Table 5. As seen in this table,
the results show that the porosity values increased with the number of salt crystallization
cycles, whilst the Schmidt rebound hardness, ultrasound pulse velocity, Brazilian tensile
strength, and uniaxial compressive strength decreased. As observed in this table, at the end
of 25 cycles, the LSG limestone specimens showed the highest increase in porosity, while
the lowest was for LQ samples. The changes in porosity values under salt crystallization are
linked to the variations in the size of the pores size within the rock specimens. Therefore,
different degradations may occur.
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Table 5. Average values and standard deviations of physico-mechanical properties due to salt
crystallization cycles.

Cyclic
Number LSS LSZ LEM LQ LSG LA

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

n (%)
0

25
9.82 0.95

10.03 1.11
7.99 1.17
8.24 1.30

7.47 0.83
7.67 0.90

6.89 0.90
7.05 1.04

9.33 0.72
9.64 1.0

8.80 0.91
9.08 1.20

SCH
0

25
30.51 1.65
28.00 1.77

36.90 0.99
33.80 1.09

38.44 1.06
36.60 1.13

40.71 1.41
39.34 1.47

33.80 1.18
30.20 1.11

35.43 1.13
32.10 1.29

UPV (Km/s)
0

25
3.23 0.39
3.02 0.49

4.67 0.65
4.44 0.73

4.81 0.44
4.62 0.55

5.02 0.53
4.86 0.76

3.78 0.88
3.48 0.97

4.02 0.75
3.76 0.66

Ts (MPa)
0
5

10
15
20

3.19 0.37
2.94 0.44
2.77 0.50
2.41 0.41

42.17 0.70

5.15 0.72
4.90 0.88
4.65 0.90
4.26 0.88
3.90 1.05

5.42 0.62
5.18 0.85
5.01 0.90
4.88 0.80
4.56 0.66

5.83 0.99
5.74 1.02
5.63 1.11
5.40 0.92
5.29 0.96

3.99 0.65
3.55 0.87
3.25 0.73
2.95 0.90
2.45 0.88

4.19 0.60
3.86 0.65
3.29 0.75
2.99 0.78
2.62 0.59

25 2.03 0.66 3.35 1.11 4.30 0.78 4.95 0.77 1.86 1.10 2.25 0.81

UCS (MPa)

0
5

10
15
20

38.08 1.74
35.90 2.27
32.99 2.14
30.15 1.90
27.12 1.99

54.95 1.71
49.85 1.89
46.12 1.75
43.55 2.22
39.58 1.80

66.90 1.75
64.55 2.14
61.88 1.99
59.24 1.86
56.77 1.90

73.77 1.65
72.12 1.70
70.79 1.94
68.22 2.01
65.25 2.10

41.05 2.32
35.16 2.40
30.66 2.15
27.67 2.60
23.02 2.43

45.97 2.02
39.88 2.16
34.12 2.22
31.07 2.07
27.89 2.28

25 24.65 2.18 37.12 1.99 54.02 2.22 63.98 1.99 21.22 2.70 26.64 2.35

Based on the degree of disintegration, the development of minute fissures at the
corners and surfaces was observed in the LSG specimens after the salt crystallization
cycles. Similarly, the LSG limestone samples had the highest decrease in Schmidt rebound
hardness, while the lowest was for the LQ specimens. As also seen in Table 5, at the end
of 25 cycles, the LSG limestone specimens had the highest decrease in ultrasound pulse
velocity, while the lowest was for LQ samples. The compressional wave velocity depends
on porosity, pore space, strength, and degree of disintegration [66]. The micro-fissures and
pores are the most crucial parameters for decreasing the ultrasound wave velocity. This is
evident in LSG limestone specimens. Therefore, it can be said that the loss of ultrasound
wave velocity for limestone specimens after the salt crystallization cycles is related to the
dilation and enlargement of pores and fractures. Figure 6 presents a three-dimensional
view of the effect of the number of salt crystallization cycles on the tensile and uniaxial
compression strengths for the studied limestones. As seen in this Figure, the progression of
the number of salt crystallization cycles caused a reduction in the values of Brazilian tensile
strength and uniaxial compression strength. Table 5 and Figure 6 show that after 25 cycles,
the LSG limestone specimens had the lowest values of uniaxial compression and Brazilian
tensile strengths, while the highest values were for LQ samples.

It is said that the variation of tensile strength and unconfined compressive strength
values is due to the widening and dilation of pre-existing micropores during the salt
crystallization process affecting the mechanical behavior of limestone specimens [15].

Previous studies proved that porosity and water absorption are the most significant
parameters affecting the behavior of rocks and durability control against the salt weathering
test [63]. Therefore, it can be believed that the limestone rocks with the highest increase
in porosity will be subject to a high level of disintegration and result in lower durability
compared to rocks with the lowest increase in porosity. Therefore, it is said that the
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limestone rock samples, namely LSG, exhibited the highest level of degradation against
the salt crystallization weathering cycles, whereas the lowest level of deterioration was
for LQ rock samples. The major reason for such disintegration of the physico-mechanical
parameters against the cyclic salt crystallization process is the high pressure caused by
precipitation of salt crystals within the pores and discontinuities of rock specimens. Hence,
new microcracks were developed, and finally, the rock was damaged [67].
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The results show that the limestone samples of LSG have the lowest durability against
the salt crystallization cycles due to having the highest reduction in the values of tensile
strength and uniaxial compression strength, whereas the LQ and LEM rocks have the
lowest decrease concerning these properties (Figure 6).

Overall, it is concluded that the change of physico-mechanical properties of the studied
limestone rocks is more sensitive to the destructive influences of cyclic salt crystallization
weathering than the thermal quenching process.

Brazilian tensile strength and uniaxial compression strength are the most sensitive
parameters against the influences of thermal quenching and salt crystallization weathering
tests, so their rates of variation are obtained after the end of every ten cycles of the thermal
process and after the end of every five cycles of the salt weathering process. The variation
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rate determines the degree of rock material deterioration. Figure 7 shows the relationship
between the change rate of tensile and uniaxial compression strengths (∆TS % and ∆UCS %)
against the cyclic thermal quenching and salt crystallization weathering processes. As seen
in Figure 7, after the end of the cyclic weathering processes, there was a high decrease in
the change rate of tensile strength and uniaxial compression strength for limestone samples,
namely LSG, while LQ specimens showed the lowest decrease compared to other rocks.
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As this Figure shows, after the end of 50 cycles of thermal quenching, the highest
percentage decreases in uniaxial compression strength and tensile strength were 39.1%
and 43.6 %, respectively, for LSG limestone specimens, whilst the lowest percent reduction
was for LQ samples (10.5% and 13%, respectively). Similarly, for the salt crystallization
process, it is seen that after the end of 25 cycles, the highest percentage decreases in uniaxial
compression strength and tensile strength were 48.3% and 53.4%, respectively, for LSG
limestone specimens, whereas the lowest percent decrease was for LQ samples (13.3%
and 15.1%, respectively). Therefore, it is observed that limestone rocks, namely LSG have
low durability under the influence of accelerated weathering processes compared to other
rocks, whereas limestone rocks, namely LQ and LEM, have the highest resistance and
durability to the effect of weathering processes. Based on these results, it is concluded that
the studied limestone rock specimens are more sensitive to the destructive effect of the salt
crystallization process than the thermal quenching. In general, it is said that the change
limits of the data obtained for the LSG and LA limestone samples are high, so these types
cannot withstand cyclic weathering processes compared to other rocks. Therefore, these
stones may not be suitable for construction purposes in humid and salty environments.

3.3. Degradation Model of the Mechanical Strength Parameters

Thermal quenching and salt crystallization weathering processes in the lab are sig-
nificant for obtaining the necessary data on rock decay, yet insufficient to assess the
long-term deterioration.
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Mutlutürk et al. [24] postulated the decay function model by using a decay constant
(λ) and half-life (N1/2) parameters as Equation (1) to express the degradation rate of rock
under cyclic freeze–thaw and heat–cool weathering tests, which could also be expressed
in an exponential model as Equation (2) by integrating Equation (1) between the initial
integrity (I0) and the integrity after N cycles (IN). To determine the long-term durability of
rock, the decay constant (λ) indicates the mean relative decrease in rock integrity by the
work of any single cycle, and the half-life (N1/2) refers to the number of cycles required to
decrease the rock integrity to its half-value, which is obtained as Equation (3) by replacing
(I0/2) with IN in Equation (2):

−(dI/dN) = λN (1)

IN = I0 e−λN (2)

N1/2 = 0.6930/λ (3)

where e−λN is the decay factor, which shows the proportion of the remaining integrity after
number of cycles, i.e., (IN /I0); I is the rock integrity; N is the number of cycles; (dI/dN)
is the standard for the degradation rate. The model postulated by Mutlutürk et al. [24]
considered only the physical parameters, and other mechanical properties were ignored.
Therefore, in our study, for investigating the model validity and evaluating the model
parameters, laboratory tests of Brazilian tensile strength and uniaxial compression strength
of limestone rocks for predicting the integrity decrease rate due to cyclic thermal quenching
and salt crystallization were performed. A simple regression analysis method was used
to determine the decay constant (λ). According to the model, the data obtained from
the laboratory investigations of tensile strength and uniaxial compression strength were
exponentially fitted. The degree of fit to this model (curve) can be measured by the value of
determination coefficients (R2), which measure the proportion of variation in the dependent
variable [68]. The high values of the determination coefficients indicate that the proposed
model fits the data well and facilitates the prediction of the rock sample’s properties after
any cycle of artificial weathering processes. The fitted curves and experimental data results
of tensile strength and uniaxial compression strength for the different limestone rocks
against cyclic thermal quenching and salt crystallization weathering processes are illus-
trated in Figure 8. Based on the previously mentioned experimental results of the Brazilian
tensile strength and uniaxial compression strength for the limestone rock types against the
cyclic thermal quenching and salt crystallization (Tables 4 and 5), the values of the decay
constant (λ) are determined graphically in Figure 8 and listed in Tables 6 and 7; in addition,
the half-life (N1/2) values obtained from Equation (3) are detailed in Tables 6 and 7.

3.3.1. Decay Constant (λ)

Figure 8 and Tables 6 and 7 show the decay constant values and the determination
coefficients (R2) obtained from the results of mechanical strength parameters, including
Brazilian tensile strength (Ts, MPa) and uniaxial compression strength (UCS, MPa) of
the studied limestone rocks due to the effect of thermal quenching and salt crystallization
cycles. As seen in Figure 8, the integrity loss of the uniaxial compression strength and tensile
strength show relatively high values of the decay constant and a rapid integrity decrease
rate (rapid durability rate) of the studied rocks, especially in the salt crystallization process.
It can also be seen that the high values of the determination coefficients indicate that the
proposed model fits the data well and is reliable for predicting the loss of mechanical
strength parameters and/or long-term durability of the studied limestone rock specimens
after any thermal quenching and/or salt crystallization cycle.
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Table 6. Decay constant (λ), half-life (N1/2), and coefficient of determination (R2) of tensile strength
parameter due to cyclic thermal shock and salt crystallization.

Tensile Strength TS (MPa)

Thermal Quenching Salt Crystallization

λ N1/2 R2 λ N1/2 R2

LSS −0.007 99.0 0.9796 −0.019 36.5 0.9877
LSZ −0.006 115.5 0.9385 −0.017 40.8 0.9571
LEM −0.004 173.3 0.9562 −0.009 77.0 0.9768
LQ −0.003 231.0 0.9200 −0.006 115.5 0.9438

LSG −0.011 63.0 0.9589 −0.029 23.9 0.9459
LA −0.010 69.3 0.9827 −0.025 27.7 0.9936

Table 7. Decay constant (λ), half-life (N1/2), and coefficient of determination (R2) of uniaxial com-
pression strength parameter due to cyclic thermal shock and salt crystallization.

Uniaxial Compression Strength UCS (MPa).

Thermal Quenching Salt Crystallization

λ N1/2 R2 λ N1/2 R2

LSS −0.007 99 0.9840 −0.018 38.5 0.9928
LSZ −0.006 115.5 0.9799 −0.015 46.2 0.9953
LEM −0.004 173.3 0.9753 −0.009 77 0.9979
LQ −0.002 346.5 0.9584 −0.006 115.5 0.981

LSG −0.010 69.3 0.9880 −0.027 25.7 0.9931
LA −0.009 77.0 0.9823 −0.022 31.5 0.9735

It is concluded that the sedimentary rocks of the same kind provide good information
about their long-term deterioration against the impact of cyclic weathering processes.
For example, as seen in Table 6, one of the highest durable limestone samples (LQ) and
also one of the least durable specimens (LSG), due to the influence of thermal quenching
process (i.e., showing the lowest and highest decay constant values, (λ = −0.003 and
−0.011, respectively), are of the same rock type. In fact, the tensile strength value of the LQ
specimens decreased by 0.3% compared to their initial value, on average, after one thermal
quenching cycle, whereas the LSG specimens decreased by 1.1%. Therefore, the integrity
decrease rate (degradation rate) of LSG limestone specimens is 3.7 times more than that of
the LQ specimens. Similarly, for the cyclic salt crystallization, some of the highest durable
samples (LQ) and the least durable specimens (LSG) (i.e., exhibiting the lowest and highest
decay constant, (λ = −0.006 and −0.029, respectively). Indeed, the LQ specimens lost only
0.6% of their main tensile strength value, on average, after one cycle of salt crystallization,
while the LSG specimens decreased by 2.9%. As a result, the integrity loss rate of the LSG
specimens is 4.8 times more than that of the LQ specimens (Table 6). Therefore, according to
the presented results in Tables 6 and 7, it can be said that the studied limestone specimens
exposed to the salt crystallization cycles exhibited the highest values of the decay constant
compared to the thermal quenching process.

3.3.2. Half-Life (N1/2)

The values of the half-life (N1/2) of the loss of tensile and uniaxial compressive
strengths of the studied limestones due to the cyclic thermal quenching and salt crys-
tallization are also listed in Tables 6 and 7 and graphically illustrated in Figures 9 and 10,
respectively. Based on the results of the tensile strength under the cyclic thermal quenching
presented in Table 6 and Figure 9, the limestone specimens, namely LQ, have the longest
half-life (231 cycles), whilst the LSG samples have the shortest half-life (63 cycles). For the
cyclic salt crystallization, it can also be seen that the LQ samples exhibit the longest half-
life (115.5 cycles), while the shortest half-life is for LSG specimens (23.9 cycles). Similarly,
according to the data of the uniaxial compression strength against the cyclic thermal quench-
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ing listed in Table 7 and Figure 10, the LQ limestone samples show the longest half-life
(346.5 cycles), whilst the LSG specimens have the shortest half-life (69.3 cycles). For the salt
crystallization process, it can also be seen that the LQ samples exhibit the longest half-life
(115.5 cycles), while the shortest half-life is for LSG specimens (25.9 cycles). As shown in
Figures 9 and 10, the half-life values based on the tensile strength and uniaxial compression
strength parameters, respectively, are similar in some of the studied limestone specimens.
The half-life values have no meaningful pattern with respect to the rock kind. Actually,
rocks linked to the same origin can indicate a clear variation in long-term deterioration
due to the various weathering processes in some cases. Therefore, the type of rock alone
cannot provide sufficiently useful information related to the durability of rock specimens
under the artificial weathering processes. Eren and Bahali [69] measured the reduction in
weight of two different types of limestone under cyclic freezing–thawing. They noticed
that the rocks regarding the same origin could indicate clearly different behaviors under
freezing–thawing action, and this is due to change in their porosity. Mutluturk et al. [24]
measured the shore hardness changes of some various rock types against freezing–thawing
cycles. They showed that the rock type alone does not give a clue for the half-life of rocks
due to cyclic freezing–thawing.
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Figure 9. Half-life values of tensile strength of limestones under cyclic thermal and salt weathering.
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Figure 10. Half-life values of uniaxial compression strength of limestones under the thermal and
salt weathering.

According to the current results, it is seen that the half-life values of the integrity loss
of the strength properties (Ts and UCS) for the studied limestone rock specimens due to the
impact of salt crystallization cycles are lower than those the thermal quenching process.
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Overall, it can be concluded that studied limestones were more sensitive to deterioration
under the salt crystallization process than thermal quenching.

4. Conclusions

Rock deterioration subject to various physical weathering conditions was assessed
by performing the laboratory’s cyclic thermal quenching and salt crystallization tests and
using the decay function model parameters (decay constant and half-life) to provide helpful
information for the assessment of their durability. In addition, the studied limestone rock
specimens were also subjected to a series of laboratory experimental tests for determining
their physico-mechanical characteristics. In this study, the cyclic thermal quenching and
salt crystallization weathering processes were carried out on six different limestone types
used for construction purposes in Egypt to evaluate their long-term degradation. In general,
the present results show the strong impact of salt crystallization cycles on the rock physico-
mechanical characteristics compared to thermal quenching. Therefore, the major following
findings can be drawn from the current work:

1. The studied limestone rocks are more sensitive to the destructive effect of the salt
crystallization action than the thermal quenching weathering process. The tested
limestone rock samples, namely LSG, showed the most significant increase in porosity
(3.30%) and the highest percentage decrease in uniaxial compression strength and
tensile strength (48.3% and 53.4%), respectively, after the cyclic salt crystallization
compared to the other limestone samples. Therefore, the thermal quenching process is
not very destructive to the tested limestone samples with high strength and durability
compared to salt crystallization. After the end of the cyclic salt crystallization, a slight
disintegration was observed at the edges and corners of the LSG samples. Therefore,
the studied limestone samples can be used as building stones in mild or humid and
salty areas for a long time without degradation. Nevertheless, partial attention must
be given to the LSG limestone type.

2. The lowest deterioration level was recorded for the LQ rock samples due to their
low porosity and water absorption capacity. Therefore, these specimens were more
resistant to weathering processes than other samples.

3. The tested rock specimens under cyclic thermal quenching showed low variations
in their physico-mechanical properties. The major reason for these changes is the
presence of calcite mineral that leads to anisotropic pressures. These pressures may
reopen micro-fractures or pores and finally damage the rock. Overall, the cyclic salt
weathering process deteriorated the physical and mechanical characteristics of the
rock samples compared to the thermal quenching action.

4. An exponential decay model is applied for predicting the integrity loss characteristics
(disintegration rate) of the mechanical strength properties for the tested limestones
following cyclic thermal quenching and salt crystallization weathering. This model
exhibited a higher sensitivity of limestone rock samples to the cyclic salt weathering
process. High values of the decay constant were attained under salt crystallization
weathering in comparison with the thermal quenching action, so this model is capable
of predicting the degradation rate (integrity loss) of limestone rock specimens without
performing any testing and is appropriate for rocks quarried from the same type.

After investigating the artificial weathering processes of the studied rocks, the infor-
mation attained may be very useful in new engineering applications and restoration works.
According to the current results, the tested limestone specimens may be appropriate for
use in areas exposed to frequent thermal and salt weathering action. However, future
work should investigate the impact of weathering processes on different types of rocks
for obtaining a complete evolution of the rock deterioration characteristics. Furthermore,
the decay function model used here to estimate the rock durability characteristics in pro-
jected future constructions might be usefully applied on various rocks against weathering
conditions for use in other studies. Therefore, the subsequent studies must select more
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than one appropriate model and compare their durability changes. This might give a good
impression of overall model performance and compare the results of these intermodal.
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