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Abstract

The salty running water from Gachsaran Formation in Robat Namaki region, north of
Khorramabad city, has caused salt weathering of some rocks in the region. Salt weathering
due to the salty running waters of the region is one of the reasons for changing the
geomechanical properties of rocks, and as a result reducing their durability. In current
research, the effect of salty running waters on the geomechanical properties of outcropping
rocks in Robat Namki region has been studied by conducting salt weathering tests. For this
purpose, two samples of limestone and sandstone have been prepared and salt weathering
tests have been performed on them for 30 cycles in salty running water, spring water and
saturated salt solution. After every 5 cycles, the point load index and porosity of the
samples were determined. Fitting curves between salt weathering test cycles with point load
index and porosity were developed for all three test solutions, and parameters of decay
constant and half-life were obtained from them. The effect of the three test solutions on the
samples has been evaluated using these parameters, as well as the percentage of changes of
the point load index and porosity. The results show that saturated salt solution, spring water
and salty running water had the greatest to least effect on the changes of point load index
and porosity of the samples, respectively. Also, data analyses shows that sandstone is more

affected by salt weathering due to its higher porosity and layered than limestone.
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1. Introduction

Weathering by crystallization of salt solutions causes chemical and physical
deterioration, changes in appearance (color, beauty and scaling) and geomechanical
properties of rock materials used in engineering structures. These changes, in turn,
cause a change in the durability of the rock. Durability is defined as the rock’s ability to
maintain its characteristic features, such as strength, resistance to environmental factors,
and its appearance. Therefore, evaluation the durability and deterioration of rocks to
select them for use in areas where there is possibility of salt weathering is necessary and
unavoidable. So far, various aspects of the effects of salt weathering on the
geomechanical properties and durability of various rocks have been studied [1-11]. In
addition, a number of researchers have investigated the crystallization pattern, thermo-
dynamic conditions of crystallization of various salts, and also their crystallization
method [12-16].
Yavuz [3] investigated the abrasion strength of tuff rock samples after salt weathering.
The results of this researcher showed that after salt weathering, the weight loss of the
samples due to abrasion increased by 60% of the initial value (before salt weathering).
The effect of salt weathering on samples of igneous rocks was investigated by Ulusoy
[17]. This researcher conducted the salt weathering test in sodium sulfate up to 15
cycles and in order to evaluate the durability of the samples, he measured the uniaxial
compressive strength before and after the test, as well as the weight loss of the samples.
Zedef et al [18] investigated the effect of salt weathering on dacite, andesite and tuff
rocks. The results of their work showed that the durability of rocks against salt
weathering depends on their chemical, mineralogical and physical properties.
The effect of salt weathering on the deterioration of six marble samples was
investigated by Yavuz and Topal [19]. Their results showed that water absorption,
effective porosity, uniaxial compressive strength, abrasion strength and compression
wave velocity are more suitable parameters for evaluating the durability and quality of
marbles than weight loss, density, Brazilian tensile strength and impact strength.
Cultrone et al. [8] performed a series of petrophysical tests and salt weathering in order
to evaluate the quality of sedimentary rocks as building materials. Their results showed

that the salt weathering test caused the color changes of the rock samples, as well as
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their weight loss. These researchers the main reason for the weight loss of the samples
attributed to the mineralogical difference between the constituent particles and the
matrix, as well as the presence of strong anisotropy due to the presence of layering
surfaces in the samples. Zalooli et al. [20] evaluated the deterioration of travertine
samples against salt weathering using two parameters of alteration index and alteration
velocity proposed by Angeli et al. [15].These researchers showed that porosity and
strength are important factors controlling the durability of rocks against salt weathering.
Jamshidi et al [9] investigated the durability of building stone samples by measuring
their weight loss against salt weathering due to sodium sulfate. Zalooli et al. [10]
investigated the durability of 15 different travertine samples against magnesium sulfate
salt weathering. They showed that the durability of samples has a direct relationship
with Brazilian tensile strength and an inverse relationship with effective porosity.
Jamshidi et al. [28] introduced a physico-mechanical parameter to evaluate the
durability of rocks against salt weathering. This parameter is based on water absorption,
average diameter of pores and rock strength. Benavente et al. [16] investigated the
effect of sodium sulfate salt weathering on the physical properties and durability of two
samples of travertine and carbonate tuff. The results of these researchers showed that
travertine is more durable against salt weathering compared to carbonate tuff. Torabi
Kaveh et al [11] investigated the role of petrographic characteristics in the durability of
limestones used in the historical monument of Persepolis (Marvdasht city, Fars
province) against salt weathering caused by sodium sulfate. They founded that porosity
is one of the most important parameters affecting the durability of rocks against salt
weathering.

In the previous studies, fully saturated solutions of various salts, especially sodium and
magnesium sulfates, have been used to perform salt weathering tests, and no attention
has been paid to the real conditions of salt solutions in nature, which have a lower
degree of saturation than laboratory conditions. In addition, much attention has not been
paid to point load index and porosity tests, which are known as quick, index and low-
cost tests, in the evaluating the rock durability against salt weathering.

In this research, two samples of limestone and sandstone were collected from Robat

Namaki region in the north of Khorramabad city, and the effect of salty water and salt
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saturated solution on their geo-mechanical properties was investigated using salt
weathering tests. This investigation has been done by using parameters of decay
constant and half-life, as well as the percentage of changes in the point load index and

porosity of the samples.

2. Materials and Methods

To perform the current study, a number limestone and sandstone blocks were selected
from various locations of the Robat Namaki region in the north of Khorramabad city
(Fig. 1). Then, the collected blocks were cored in the laboratory to prepare core samples
with NX size (54.1mm diameter) in order to perform point load index and, porosity
tests, as well as preparation of microscopic thin sections and chemical analyzes (XRD).
On the other hand, the water samples were taken from the running water and spring
water and salts existing in the region to simulate the salt weathering tests. The extracted
salt of the region was used to prepare a salt saturated solution. The salt weathering tests
was performed on limestone and sandstone samples using running water, spring water
and salt saturated solution, and the point load index and porosity of the samples were
measured. Using the obtained data, the results were analyzed and the effects of running
water, spring water, and salt saturated solution on the samples have been investigated
using parameters of decay constant and half-life, as well as percentage of changes in

point load index and porosity of the samples.

3. Geological setting of the study region

The study region with coordinates 33" 30’ to 33" 37’ north latitude and 48 15’ to 48 22’
east longitude is located in the north of Khorramabad city, in the folded belt of Zagros.
This region is known as Rabat Nakami, which is named due to abundance of salt and its
extraction. The region of Rabat Namaki is located along Khorramabad-Alshatar road
and after traveling a distance of 15 km. Fig. 1 shows the geological map of the region
and sampling points. The rock outcrops of the region are mainly Cretaceous-Tertiary
rock units, and in order from old to new, they include thick layered conglomerate of
Amiran formation, thick layered to massive dolomitic limestone of Asmari-Shahbazan

and marl formation, thin to medium layered sandstone, and gypsums belong to
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Gachsaran formation. In addition to these formations, Quaternary sediments also cover
parts of the region. Rabat Namaki region is one of the rainy and pleasant regions in
Khorramabad, which has many running waters, springs and water wells. On the way
back to the surface of the earth, the groundwater passes through the Gachsaran
formation and dissolves part of the rocks of this formation and reaches the surface of the
earth through springs and wells. These waters contain dissolved ions, which partially
settle as salt when the water evaporates in the summer season. The native people of the
region extract salt by creating ponds and use it for their livelihood. Fig. 2 shows one of

salt extraction ponds in the Rabat Namaki region.
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Figure 1. Geological map of the study region and sampling points [21]
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Figure 2. A picture of the salt extraction ponds in Robat Namaki region, north of Khorramabad city

4. Laboratory tests
4.1. Petrographical characteristics

In order to investigate the petrographic characteristics including the mineralogical
composition of the samples, microscopic thin sections were prepared from each rock
sample. Fig. 3 shows the microscopic thin sections of the samples. The mineralogical
composition of limestone is mainly fossil fragments (bioclasts) placed in a micrite
(limestone) matrix. On the other hand, sandstone is a lithic arenite that contains chert,

limestone, igneous and some quartz fragments.

Figure 3. Microscopic image of microscopic thin sections a) Limestone, and b) Sandstone
Micrite (Mic), fossil (Bio), chert (Ch), limestone (Cal), and igneous (VR fragments), quartz (Q)
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4.2. Porosity and Point Load Index of the samples

To determine the porosity of limestone and sandstone, 5 samples for each type of
rock were tested according to the ISRM [22] and their average values were determined.
The following equation is used to determine the porosity:

= (=20l 100 )

where n is the porosity in term %percent, Ms and Ms are the dry and saturated mass in
term g, respectively, pw is the water density in term gr/cm?, and V is the sample volume
in term cm?.
The porosity of limestone and sandstone are equal to 1.50 and 10.71%, respectively.
Based on the classification of Matula et al. [23], limestone and sandstone are classified
as low (1-5%) and medium (5-15%) porosity rocks, respectively.
Point load index test is one of the simple, quick and low-cost methods to determine the
strength of rocks. In this research, the point load index test was performed on
cylindrical samples for 5 specimens of each type of rock according to the ISRM [22].
Fig. 4 shows the point load testing device and some of specimens before testing. The
results obtained from the point load index test were corrected for the diameter of 50
mm. The results show that the point load index of limestone and sandstone is equal to
6.7 and 5.2 MPa, respectively. According to the Franklin and Chandra [24], the samples

are in the class of rocks with very good strength (point load index equal to 3-10 MPa).

Figure 4. a) Point load test device, and b) ome of speCImens before testing


https://jeg.khu.ac.ir/article-1-2940-fa.html
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html

[ Downloaded from j§20164ddin. a0 20RB2026-05-22 |

Journal of Engineering Geology, Vol. 16, No. 1, Spring 2022 31

4.3. Salt weathering test

To conduct the salt weathering test, water samples was collected from running water
and spring water in the region. Running water with geographical coordinates of 33" 30’
north latitude and 48 19.5' east longitude and spring water with geographical
coordinates of 33 5.5’ north latitude and 48 18’ east longitude were collected. In
addition, some salt was prepared from the extracted salts in the region to prepare a fully
saturated solution. The chemical composition of the prepared salt was investigated by
XRD analysis. Fig. 5 shows the results of this analysis. As can see, the chemical

composition of salt includes sodium chloride, calcium chloride and sodium sulfate.
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Figure 5. Result of XRD analysis of the studied salt sample

In the fallowing, the salt weathering test up to 30 cycles in running water, spring water
and salt saturated solution was performed according to the European standard [25] and
after every 5 cycles the porosity and point load index of limestone and sandstone were
determined. For each cycle of salt weathering test, first the samples were placed in the
pool of each of the solutions for 6 hours (immersion stage), then the samples were
placed in the oven at a temperature of 100 + 5 C for 18 hours (drying stage). In Fig. 6,
various solutions prepared for the salt weathering tests are shown. The results of
determinations of porosity and point load index of the samples after salt weathering

tests are presented in Tables 1 and 2.
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Figure 6. Solutions prepared for salt weathering tests

Table 1. Values of point load index (MPa) of limestone and sandstone during the salt
weathering tests

Sandstone Limestone
Salt saturated Spring Running Salt saturated Spring Running
solution water water solution water water
5.2 5.2 5.2 6.7 6.7 6.7
4.4 4.9 5.2 6.2 6.5 6.6
3.8 4.7 5.0 5.8 5.8 6.6
3.6 4.1 4.9 5.0 5.9 6.5
2.7 4.0 4.8 4.2 55 6.5
2.4 3.6 4.6 4.0 4.8 6.4
1.7 3.1 4.3 3.3 4.4 6.2
67.3 40.4 17.3 50.7 34.3 7.5

Cycle no.

0
5
10
15
20
25
30
Change (%)

Table 2. Values of porosity (%) of limestone and sandstone during the salt weathering tests

Sandstone Limestone
Salt saturated Spring Running Salt saturated Spring Running
solution water water solution water water Cycle no.
10.71 10.71 10.71 1.50 1.50 1.50 0
12.12 12.22 11.21 1.94 1.74 1.55 5
13.34 12.88 11.58 2.34 1.85 1.57 10
14.56 13.45 11.99 2.65 2.01 1.62 15
15.22 14.00 12.47 3.06 2.33 1.70 20
16.54 16.00 12.90 3.67 2.65 1.73 25
18.00 16.70 13.55 4.06 3.01 1.78 30
68.1 55.9 26.5 170.7 100.7 18.7 Change (%)
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5. Results and Discussion

In order to investigate the relationship between the changes of point load index and
porosity with salt weathering cycles, bivariate regression analyzes were established.
These analyzes are shown in Figs. 7 and 8. It should be noted that these Figs. are
obtained based on the data of tables 1 and 2. As can be seen in Fig. 7, with the increase
in the number of weathering cycles in running water, spring water, and salt saturated
solution, the value of the point load index of limestone and sandstone has decreased
with different degrees. The reason for this reduction can be explained in this way that in
the immersion stage of the samples during the salt weathering test, the salt solution
penetrates into the voids of the samples. In fallowing, if the pore structure and the rock
strength are such that the salt crystallization pressure cannot overcome the rock strength
and cause a change in the rock structure, the salt accumulation in the pore will not have
an effect on reducing the point load index of the samples. Whereas, the salt
crystallization pressure can overcome to rock strength, the pores structure of the
samples will change, and thus point load index of the samples will decrease during the
salt weathering test. However, with the increase in the number of salt weathering cycles,
the accumulation of salt in the pores will increase, and as a result, the point load index

due to salt crystallization pressure will be the more decreased.
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Figure 7. Point load index changes with salt weathering cycles a) limestone, and b) sandstone
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Figure 8. Porosity changes with salt weathering cycles a) limestone, and b) sandstone

Figs. 7 and 8 shows that the changes of point load index and porosity in various cycles
of salt weathering test follow the linear models with determination coefficients between
0.89 to 0.99. The linear model shows that the intensity of changes in point load index
and porosity in the initial and final cycles of the salt weathering test are almost similar
and follow a linear pattern. As can be seen in Figs. 7 and 8, the form of the linear model
for point load index and porosity is as Egs. 2 and 3, respectively:

Isn = — AN + Iso )

nn= AN + ng 3)
where N is the number of salt weathering test cycles, A is the decay constant of the point
load index or porosity, Isy and nn are point load index and porosity in the Nth cycle of
the salt weathering test, respectively, and Isg and ng are point load index and porosity in
intact conditions (without applying the salt weathering cycles).
The negative sign in the Eq. 2 indicates the reduction of the point load index during the
salt weathering test, and the positive sign in the Eqg. 3 indicates the increase in porosity
during the salt weathering test. In the linear models of Egs. 2 and 3, the decay constant
parameter, with the abbreviation A, has been introduced, which is an important
parameter for evaluating the changes in point load index and porosity of samples during

the salt weathering test. In fact, if the value of this parameter is multiplied by the value


https://jeg.khu.ac.ir/article-1-2940-fa.html
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html

[ Downloaded from j§20164ddin. a0 20RB2026-05-22 |

36 Journal of Engineering Geology, Vol. 16, No. 1, Spring 2022

of the point load index or porosity in intact conditions, the resulting answer shows the
average value of changes in the point load index or porosity in one cycle of salt
weathering test. For example, in Fig. 7a, the constant value of the deterioration of the
point charge index of limestone in running water is equal to -0.0143, which when
multiplied by the intact value of the point load index (6.7 MPa), its value will be 0.1
MPa. This means that in each salt weathering test cycle, 0.1 MPa is reduced from the
point load index.

According to the presented contents, it seems that although the decay constant can be a
suitable and important parameter in the evaluation of the deterioration of the point load
index and the porosity of the samples, but its analysis for researchers who are active in
the field of rock materials durability is not simple and somewhat is complicated
Therefore, Mutluturk et al. [27] introduced a parameter called half-life (N1), which is
believed to be more appropriate and tangible than the decay constant (A ) in the context
of evaluating the geomechanical properties of rock materials. The number of cycles of
the salt weathering test in which the value of a property is required to reach half or
twice its value in intact conditions is called the half-life of that property.

Using the models obtained from the salt weathering test (Egs. 2 and 3), the half-life of
the point load index and porosity can be determined.

In order to determine the half-life of the point load index, by putting 1so/2 instead of Isy

in Eq. 2, the following Eq is obtained:

Iso/2= -AN1/2 + Iso (4)
By solving the above Eq., the half-life of the point load index is obtained from Eq. 5:
N12= Iso /2 ()

To determine the half-life of porosity, by putting 2no instead of ny in Eq. 3, the

following Eq. is obtained:

2no= ANz + No (6)
By solving the above equation, the half-life of the porosity is obtained from Eq. 7:
N12=no /A (7)

According to the decay constant of point load index and porosity in salt weathering tests
(Figs. 7 and 8), the half-life of point load index and porosity were calculated by Eqgs. 5

and 7, respectively, and the results are presented in Table 3.
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Table 3. Values of decay constant and half-life of point load index and porosity in the various
salt weathering tests

Sandstone Limestone
Salt . . Salt . . Geomechanical
saturated Spring  Running saturated Spring  Running Parameter oroperty
. water water . water water
solution solution
0.1114 0.0686  0.0293 0.1157 0.0757  0.0143 Decay constant ()  Point load index
23 38 89 29 44 234 Half-life (N1,)
0.2328 0.1904 0.0914 0.0847 0.0488  0.0095 Decay constant (1) Porosity
46 56 117 19 32 158 Half-life (N1,)

The results of Table 3 are shown schematically in Figs. 9 and 10. It can be seen in Fig. 9
that half-life of point load index of limestone is the lowest (29 cycles) in saturated salt
solution and the highest (234 cycles) in running water. This shows that value of the
point load index in the salt saturated solution compared to running water with a lower
cycle’s number in the salt weathering test reaches half of its value in intact conditions.
Based on this, it can be said that the durability of limestone is the lowest in saturated
salt solution and the highest in running water.

Similar conditions exist for sandstone (Fig. 9). The half-life of point load index for
sandstone in running water, spring water, and saturated salt solution are equal to 89, 38,
and 23 cycles respectively. Therefore, the durability of sandstone is the highest in

running water and the lowest in saturated salt solution.
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Figure 9. Half-life values of point load index of samples in the various salt weathering tests
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From Fig. 10, it can be seen that the half-life of porosity for limestone in running water,
spring water, and saturated salt solution are 158, 32, and 19 cycles, respectively. These
results show that the rate of increase of limestone porosity is the lowest in running water
and the highest in saturated salt solution. Therefore, the durability of limestone is the
highest in running water and the lowest in saturated salt solution.

Similar results to limestone also exist for sandstone. As Fig.10 shows, the half-life value
of sandstone porosity is the highest for running water (117 cycles) and the lowest for
saturated salt solution (46 cycles). Therefore, the durability of sandstone based on the

porosity half-life is Max. in running water and Min. in saturated salt solution.
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Figure 10. Half-life values of porosity of samples in the various salt weathering tests

In addition to the half-life, percentage of changes of point load index and porosity also
has been used to evaluate the durability of the samples against salt weathering. Figs. 11
and 12 show the percentage of changes of point load index and porosity of the samples
in the various salt weathering tests, respectively. The following Eq. is used to determine
the percentage of changes:

P (%) = ((Mo-Mg)/Mo)x 100 (8)
where P is the percentage of reduction of the point load index or porosity in intact

conditions compared to the 30th cycle of salt weathering test, Mo is the point load index
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or porosity in intact conditions and Ms is the point load index or porosity in the 30th
cycle of salt weathering test.

As can be seen from Fig. 11, the highest (50.7) and the lowest (7.5) percentage of
reduction in point load index for limestone occurred in saturated salt solution and
running water, respectively. For sandstone, the highest (67.3) and lowest (17.3)
percentages of reduction are related to saturated salt solution and running water,

respectively.
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Figure 11. Percentage of changes of point load index of the samples in the various salt
weathering tests

In Fig. 12, it can be seen that the percentage of increase of porosity for limestone during
the salt weathering tests in running water, spring water and saturated salt solution is
18.7%, 100.7% and 170.7%, respectively. This indicates that, based on the assessment
of porosity changes, the durability of limestone in running water and saturated salt
solution is Max. and Min., respectively. Similar results also have been obtained for
sandstone. Fig. 12 shows that the lowest and highest percentage of increase in the
porosity (26.5 and 68.1) occurred for salt weathering tests in running water and salt
saturated solution, respectively. Therefore, it can be concluded that sandstone was more

durable in running water than that in saturated salt solution.
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Figure 12. Percentage of changes of porosity of the samples in the various salt weathering tests

By comparing the half-life and percentage of changes of point charge index and
porosity of limestone and sandstone in salt weathering tests, it can be seen that the
effect of running water, spring water and saturated salt solution on sandstone was more
than that limestone. In fact, sandstone shows less durability than limestone in salt
weathering tests. The reason for the lower durability of sandstone can be attributed to its
lower point load index and higher porosity compared to limestone. The lower strength
of a rock, the less resistance it will have against salt crystallization pressures, and as a
result, it will be less durable. Porosity is one of the most important parameters that
control the behavior of different types of rocks, especially sedimentary rocks. When
rock porosity is high, especially the effective porosity, the various destructive agents of
the rock, such as the crystallization of dissolved salts, acts more intensively and affects
the durability of the rock. In other words, the higher the effective porosity, the more
interconnected the rock porous, and as a result, more water will be absorbed. Rocks
with high water absorption are more susceptible to deterioration due to physical
weathering caused by salt weathering cycles, and consequently, they will be less

durable.
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6. Conclusion

In the present research, two samples of limestone and sandstone were prepared from
Robat Namaki region in the north of Khorramabad city. The salt weathering test was
performed on these samples up to 30 cycles in running water, spring water, and
saturated salt solution, and after every 5 cycles, the point load index and porosity were
measured. Based on the regression analyses, two parameters of decay constant and half-
life were introduced, which can be useful in evaluating changes in point load index and
porosity, and consequently in evaluating the durability of rocks.
The results showed that the parameters of decay constant and half-life have acceptable
precision and accuracy in evaluating the long-term durability of the studied samples
against salt weathering test. These parameters reduce the cost, save time, and provide a
quick assessment of the long-term durability of the samples in the salt weathering test,
which requires weeks and even months.
Based on the parameters of decay constant and half-life, as well as the percentage of
changes in point load index and porosity after salt weathering tests, the effect of
saturated salt solution on point load index and porosity was greater than that of spring
water and running water. In addition, the results showed that the changes of point load
index and porosity were more severe in sandstone than that limestone. This issue can be

attributed to the lower strength and higher porosity in sandstone compared to limestone.

References

1. Scherer, G., 1999. Crystallization in pores. Cement and Concrete Research 29, 1347—
1358.

2. Benavente, D., Martinez, J., Cueto, N., Cura, M.A., 2007a. Salt weathering in dual-
porosity building dolostones. Engineering Geology 94, 215-226.

3. Yavuz, A.B., 2006, Deterioration of the volcanic kerb and pavement stones in a
humid environment in the city centre of Izmir, Turkey. Environmental Geology, 51:
211-227.

4. Benavente, D., Martinez-Martinez, J., Garcia del Cura, M.A., Can averas, M.A.,
2007b. The influence of petrophysical properties on the salt weathering of porous

building rocks. Environmental Geology 52, 215-224.


https://jeg.khu.ac.ir/article-1-2940-fa.html
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html

[ Downloaded from j§20164ddin. a0 20RB2026-05-22 |

Journal of Engineering Geology, Vol. 16, No. 1, Spring 2022

. Broch, E., Franklin, J.A., 1972. Point load strength test. International Journal of Rock

Mechanics and Mining Sciences 9, 669-697.

. Urosevic, M., Pardo, E., Cardell, C., 2010. Rough and polished travertine building

stone decay evaluated by a marine aerosol ageing test. Construction and Building
Materials 24, 1438-1448.

. Schneider, C., Gommeaux, M., Fronteau, G., Oguchi, C.T., Eyssautier, S.,

Kartheuser, B., 2011. A comparison of the properties and salt weathering
susceptibility of natural and reconstituted stones of the Orval Abbey (Belgium).
Environmental Earth Sciences 63, 1447-1461.

. Cultrone, G., Luque, A., Sebastian, E., 2012. Petrophysical and durability tests on

sedimentary stones to evaluate their quality as building materials. Quarterly Journal

of Engineering Geology and Hydrogeology 45, 415-422.

. Jamshidi, A., Nikudel, M.R., Khamehchiyan, M., 2013. Estimating the durability of

building stones against Salt crystallization: considering the physical properties and

strength characteristics. Geopersia 3, 35-48.

10. Zalooli, A., Khamehchiyan, M., Nikudel, M.R., Jamshidi, A., 2017. Deterioration of

Travertine Samples Due to Magnesium Sulfate Crystallization Pressure: Examples

from Iran. Geotechnical and Geological Engineering 35, 463-473.

11. Torabi-Kaveh M., Heidari, M., Mohseni, H., Menendez, B., 2019. Role of

petrography in durability of limestone used in construction of Persepolis complex

subjected to artificial accelerated ageing tests. Environmental Earth Sciences 78, 297.

12. Benavente, D., Garcia del Cura, M.A., Fort, R., Ordbfiez, S., 2004. Durability

estimation of porous building stones from pore structure and strength. Engineering
Geology 74, 113-127.

13. Rodriguez-Navarroa, C., Doehnea, E., Sebastianb, E., 2000. How does sodium

sulfate crystallize? Implications for the decay and testing of building materials.
Cement and Concrete Research 30, 1527-1534.

14. Tsui, N., Flatt, R., Scherer, G., 2003. Crystallization damage by sodium sulfate.

Journal of Cultural Heritage 4, 109-115.


http://qjegh.lyellcollection.org/search?author1=G.+Cultrone&sortspec=date&submit=Submit
http://qjegh.lyellcollection.org/search?author1=A.+Luque&sortspec=date&submit=Submit
http://qjegh.lyellcollection.org/search?author1=E.+Sebasti%C3%A1n&sortspec=date&submit=Submit
https://jeg.khu.ac.ir/article-1-2940-fa.html
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html

[ Downloaded from j§20164ddin. a0 20RB2026-05-22 |

Journal of Engineering Geology, Vol. 16, No. 1, Spring 2022 43

15. Angeli, M., Heber, R., Menendez, B., David, C., Bigas, J-P., 2010. Influence of
temperature and salt concentration on the salt weathering of a sedimentary stone with
sodium sulfate. Engineering Geology 115, 193-199.

16. Benavente, D., Martinez-Martinez, J., Cueto, N, Ordoez, S., Garcia-del- Cura., M.,
2018. Impact of salt and frost weathering on the physical and durability properties of
travertines and carbonate tufas used as building material. Environmental Earth
Sciences 77, 147.

17. Ulusoy, M., 2007. Different igneous masonry blocks and salt crystal weathering
rates in the architecture of historical city of Konya. Building and Environment 42,
3014-3024.

18. Zedef, V., Kocak, K. Doyen, A. Ozsen, H. and Kekec, B., 2007. Effect of salt
crystallization on stones of historical buildings and monuments, Konya, Central
Turkey. Building and Environment 42, 1453-1457.

19. Yavuz, A.B., Topal, T., 2007. Thermal and salt crystallization effects on marble
deterioration: Examples from Western Anatolia, Turkey. Engineering Geology 90,
30-40.

20. Zalooli, A., Khamehchiyan, M., Nikudel, M.R., Jamshidi, A., 2013. Evaluation of
travertine samples deterioration against salt crystallization using alteration index and
alteration velocity parameters. Scientific Quarterly Journal of Iranian Association of
Engineering Geology 6, 52-66.

21. 1:25000 geological map of Khorramabad.

22. ISRM., 1981. Rock characterization testing and monitoring. ISRM suggested
methods. Pergamon Press, Oxford.

23. Matula, M., Dearman, W.R., Golodkovskaja, G.A., Pahl, A., Radbruch-Hall
Dorothy, H., 1979. Part 1: rock and soil materials. Bulletin of Engineering Geology
and the Environment 19, 364-371.

24. Franklin, J.A., Chandra, A., 1972. The slake durability test. International Journal of
Rock Mechanics and Mining Sciences 9, 325-341.

25. EN 12370., 1999. Natural stone test methods - Determination of resistance to salt

crystallization. European Committee for Standardization.


http://www.jiraeg.ir/article_68325.html?lang=en
http://www.jiraeg.ir/article_68325.html?lang=en
http://www.jiraeg.ir/article_68325.html?lang=en
https://jeg.khu.ac.ir/article-1-2940-fa.html
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html

[ Downloaded from j§20164ddin. a0 20RB2026-05-22 |

44 Journal of Engineering Geology, Vol. 16, No. 1, Spring 2022

26. Rodriguez-Navarro, C., Doehne, E., 1999. Salt weathering: influence of evaporation
rate, supersaturation and crystallization pattern. Earth Surface Processes and
Landforms 24, 191-209.

27. Mutluturk, M., Altidag, R., Turk, G., 2004. A decay function model for the integrity
loss of rock when subjected to recurrent cycles of freezing-thawing and heating-
cooling. International Journal of Rock Mechanics and Mining Sciences 41, 237-244.

28. Amin Jamshidi, A., Mohammad Reza Nikudel, M.R., Mashallah Khamehchiyan,
M., 2018. Introducing the physico-mechanical parameter for estimating the durability
of travertine stones against weathering salt. Scientific Quarterly Journal of Iranian

Association of Engineering Geology 10, 55-68.


http://www.jiraeg.ir/&url=http:/www.jiraeg.ir/article_76910.html?lang=en
http://www.jiraeg.ir/&url=http:/www.jiraeg.ir/article_76910.html?lang=en
https://jeg.khu.ac.ir/article-1-2940-fa.html
http://www.tcpdf.org
https://c4i2016.khu.ac.ir/jeg/article-1-2940-fa.html
http://www.tcpdf.org

