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Abstract

Point load test is a common, inexpensive and fast test for the indirect achievement of compressive or tensile strength of the rocks in 

the laboratory and the field. In this research, by conducting uniaxial compression test (UCT), axial (APLT), and diametral (DPLT) point 

load tests on gathered sulfate rock blocks from the Gachsaran Formation outcrops at the four under-construction reservoir dam sites 

in Iran, investigate the effect of mineral composition on the relationships between point load index, the uniaxial compressive strength 

(UCS) and their point load deformation. Regarding that, firstly by creating a correlation between axial (APLI) and diametral (DPLI) point 

load index and UCS, relationships for each specific mineral composition were provided. Secondly, by comparing the reliability of the 

APLT and DPLT results in predicting UCS, the conversion factors of the APLI and DPLI to the UCS were calculated. Thirdly, the effect of 

unique or multiple sampling locations in the analysis results was compared, and finally, for the first time, the deformation of loading 

points in point load tests was investigated. The results of this study confirmed that by variation of mineral composition of sulfate rocks, 

the relationships between APLI and DPLI, and UCS, conversion factors as well as loading points deformation patterns during point 

load tests are changed significantly, and the results of APLT and DPLT can be used to predict UCS with the same reliability in dry and 

saturated conditions. 
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1 Introduction
Point load strength test (PLST or PLT) is a common 
test in many rock engineering projects, and its method 
is described by standards such as ISRM [1] and ASTM 
D5731-16 [2]. PLT has been used as an efficient and prac-
tical  method  to  evaluate  the  strength  and  classification 
of rock mass [3–8]. Point Load Strength Index (PLSI or 
PLI) has often been used as an indirect measure of rock's 
compressive or tensile strength [3, 5, 9, 10]. Doing a PLT 
is much easier and faster than a uniaxial compressive 
strength  test  (UCT),  requires  less  preparation  effort  to 
sample and even lump samples can be used for testing and 
can be done quickly in the field and at the project site. This 
test can be performed in three types: axial, diametral and 
lump. In PLT, rock specimens (cylindrical, prismatic, or 
irregular) are placed between two contact points of coax-
ial, truncated conical platens, and then the load is applied 
at a constant rate so that the specimen can be failure in 10 

to 60 seconds (The time specified in both of the mentioned 
standards). According to ISRM [1] and ASTM D5731-
16 [2] standards, the test results are acceptable when the 
failure surface passes through two conical platen load-
ing points. One of the most initial relationships that can 
be pointed between UCS and PLI (or Is )  is  the D'Andrea 
et al.'s [9] equation for determining UCS using PLI: 

UCS PLI� �15 3 16 3. . .  (1)

Broch and Franklin [3] reported that the UCS of 50 mm 
diameter cores is approximately 24 times the PLI. They 
also provided a diagram to correct the sample size so that 
cores with different diameters could be used to determine 
the strength of the rock. Bieniawski [5] used a conversion 
factor k equal to 24 in his equation based on data from 
UCTs  and  PLTs  on  different  types  of  rocks.  However, 
Pells [11] showed that applying a conversion factor of 24 
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to the PLI for UCS estimation could lead to a 20% error in 
predicting the UCS of rocks such as dolerite, norite, and 
pyroxenite. Since the 1970s, the PLI of different rocks and 
their correlations with UCS have been studied by various 
researchers, and many experimental equations for relating 
PLI or Is(50) to UCS have been developed:

UCS = k Is( )
.

50
 (2)

The value of the conversion factor (k) in the generalized 
linear Eq. (2) depends on the type of rock, its lithologi-
cal, structural and engineering characteristics. As shown 
in Table 1 [1, 3, 5, 8, 9, 11–53], most of the relationships 
between Is(50) and UCS are linear, but some do not inter-
sect at the origin of the coordinates, or some are power or 
nonlinear equations.

A review of the literature shows some kinds of sed-
imentary [5, 12–14, 17–19, 21, 25, 26, 28, 29, 31–33, 35, 
36, 41, 48, 49, 53], metamorphic [35, 41, 42, 48–50] and 
igneous [12, 14, 23, 27, 35, 39, 51, 53] rocks have been 
investigated, and several relationships have been pre-
sented. Some researchers have also considered the effect 
of mineral composition on the correlation between PLI 
and UCS. Tuğrul and Zarif [30], by examining granite's 
physical and mechanical properties, showed a correlation 
between the mineral composition and the engineering 
strength properties of rock. Lindqvist et al. [54] inves-
tigated  the  effects  of  mineral  composition,  grain  size, 
porosity and micro-cracks on the mechanical properties 
of rock. Ioanna et al. [55] have been shown a relation-
ship between mineral composition and rock strength in 
weak rocks (types of marl such as calcareous marl and 
clay marl). Yusof and Zabidi [56] investigated the correla-
tion between the mineral composition and textural prop-
erties of granite and engineering properties, including 
PLI, UCS and tensile strength. Although linear equations 
were presented between the mineral compositions and 
the three mentioned engineering strengths, but the pre-
sented equations had weak determination coefficients (for 
point load, R2 = 0.165, for UCS, R2 = 0.378, and for tensile 
strength, R2 = 0.39). Li et al. [57] investigated the effect of 
mineral composition, microstructure and pore properties 
on the mechanical properties of four types of sandstone 
and stated that these properties are very closely related 
to the mechanical properties of the rock. Yasir et al. [58] 
investigated  the  effect  of  mineral  composition  of  sand-
stone rocks on uniaxial compressive and point load 
strength and concluded that the alkali silica reactivity not 

really significant with the point load strength and uniax-
ial compression strength. Davarpanah et al. [59] studied 
the mechanical properties of dry, saturated, and frozen 
marls using destructive and non-destructive laboratory 
approaches and reported that there is linear correlation 
between uniaxial compressive strength and Is(50) in satu-
rated, and frozen conditions with a determination coef-
ficient of R2 = 0.74 and R2 = 71, respectively and a good 
correlation under dry condition with the determination 
coefficient 0.7 and the α value in the linear correlation rela-
tions was presented to −8.55, 3.73 and 6.52. Contact prob-
lem and pre-cracks in some materials have been investi-
gated by many researchers. Yaylaci et al. [60–63], have 
been investigated the punching phenomena in soft and 
rigid materials and their contact problems. Yaylaci [64] 
and Yaylaci et al. [65] have been studied the effect of pre-
crack on behavior of soft materials. 

The correlation between Is(50) and UCS of gypsum rocks 
has also been considered by researchers such as Yılmaz and 
Yuksek [38] and Heidari et al. [44]. Yılmaz and Yuksek [38] 
reported a general relationship between the axial point 
load index and UCS. However, Heidari et al. [44] presented 
equations between axial, diametrical and lump point load 
indices with UCS for air-dried and saturated samples. 
Unfortunately, these researchers did not provide informa-
tion on the mineral composition and texture of the studied 
gypsum rocks. The rock blocks used by Heidari et al. [44] 
were collected from the Gachsaran Formation outcrops in 
Iran, as in this study. The correlated relationships by all 
three researchers were linear (Y = αX + b). The equations 
presented by Heidari et al. [44] had better determination 
coefficients than the Yılmaz and Yuksek's [38] equation. 

Due to the little research done in the past on the cor-
relation between UCS, APLI and DPLI in sulfate rocks, in 
this research, an attempt was made to perform UCTs and 
axial-diametral point load tests on these rocks and making 
a correlation between their test results, to investigate: 

1. the reliability of two types of point load tests in pre-
dicting UCS, 

2. obtains the conversion factors between the strength 
properties  of  sulfate  rocks  with  different  mineral 
compositions, 

3. the  effect of mineral  composition on  these  correla-
tions, and 

4. the deformation behavior of loading points in point 
load tests during the experiments.
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Table 1 Relationships presented by different researchers between UCS and Is(50) for different rocks

Author(s) Suggested correlation equation R2 Rock

D'Andrea et al. [9] UCS = 15.3 PLI + 16.3 -
Granite, basalt, rhyolite, serpentine, slate, sandstone, limestone, 
dolomite, taconite, syenite pegmatite, anorthosite, chalk, marble, 

schist, peridotite, quartzite, gabbro, greenstone

Deere and Miller [12] UCS = 20.7 Is(50) + 29.6 - limestone, granite, basalt

Broch and Franklin [3] UCS = 23.7 Is(50) - Various rock types

Bieniawski [5] UCS = 23.9 Is(50) - different rock type

Hassani et al [13] UCS = 29 PLI - Sedimentary rocks

Read et al. [14] UCS = 16 Is(50) - Sedimentary rocks

UCS = 20 Is(50) - Basalt

Singh [15] UCS = 18.7 Is(50) − 13.2 - Sandstone, sandy shale, ferruginous sandstone etc. 

Forster [8] UCS = 14 Is(50) - -

Gunsallus and Kulhawy [16] UCS = 16.5 Is(50) + 51.0 - Sandstone

ISRM [1] UCS = (20, …, 25) Is(50) - All rocks

Das [17] UCS = 14.7 PLI - Siltstone

UCS = 18 PLI - Sandstone

UCS = 12.6 PLI - Shale

Hawkins and Olver [18] UCS = 26.5 PLI - Limestone

UCS = 24.8 PLI - Sandstone

O'Rourke [19] UCS = 30 PLI - Sedimentary

Vallejo et al. [20] UCS = 17.4 Is(50) - Sandstone

UCS = 12.6 Is(50) - Shale

Cargill and Shakoor [21] UCS = 23 Is(50) + 13 - Sandstone, limestone

Tsidzi [22] UCS = (14, …, 82) Is(50) - Metamorphic rocks

Ghosh and Srivastava [23] UCS = 16 Is(50) - 22 Granite rock samples

Grasso et al. [24] UCS = 25.67 (Is(50))
0.57 - Power relation

UCS = 9.30 Is(50) + 20.04 - Linear relation

Singh and Singh [25] UCS = 23.37 Is(50) 0.80 Quartzite

Ulusay et al. [26] UCS = 19 Is(50) +12.7 - Sandstone

Chau and Wong [27] UCS = 12.5 Is(50) 0.73 Granite and tuff

Smith [28] UCS = 24 Is(50) = 14.3 Is(50) - Sandstone/limestone

UCS = 12.6 PLI - Shale

Rusnak and Mark [29] UCS = 21.8 PLI - Shale

UCS = 20.2 PLI - Siltstone

UCS = 20.6 PLI - Sandstone

UCS = 21.9 PLI - Limestone

Tuğrul and Zarif [30] UCS = 15.25 Is(50) 0.98 Granite

Kahraman [31] UCS = 8.41 Is(50) + 9.51 0.85 Dolomite, limestone

UCS = 23.62 Is(50) − 2.69 - Coal measure rocks

Sulukcu and Ulusay [32] UCS = 15.31 Is(50) 0.83 23 samples in different rock type

Quane and Russel [33] UCS = 24.4 Is(50) - Welded ignimbrite

UCS = 3.86 Is(50)
2 + 5.65 Is(50) - Pyroclastic rocks

Tsiambaos and Sabatakakis [34] UCS = 7.3 Is(50)
1.71 - Power relation (Limestone-Sand stone- Marlstone)

UCS = 23 Is(50) - Linear relation (Limestone-Sand stone- Marlstone)

Fener et al. [35] UCS = 9.08 Is(50) + 39.32 0.85 Igneous - metamorphic - sedimentary rocks

Kahraman et al. [36] UCS = 10.91 PLI + 27.41 - Various rock types Porosity˃1%

Agustawijaya [37] UCS = 13.4 Is(50) 0.89 Various rock types
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The  difference  of  this  research  with  other  similar 
researches is, firstly, the correlation between the results of 
the uniaxial compressive strength and axial and diagonal 
point load tests in a relatively wide range of mineral com-
position  of  sulfate  rocks,  secondly,  for  the first  time,  an 
attempt was made to investigate the correlations between 
the results of point load tests and the mineral composition 
of sulfate rocks, and for the first time, presents the defor-
mation behavior of loading points in point load tests.

2 Geology setting
One of the most typical gypsum (GP) and anhydrite (AN) 
bearing formations in the middle east is the Gachsaran 

Formation (Southeast-Northwest of Iran in the Zagros zone, 
formerly Low Fars), which meets the North-West regions 
of Iraq. This formation consists of a sequence of marl, lime, 
gypsum, anhydrite layers and in some areas, salt layers. 
Therefore, this formation is susceptible to erosion, disso-
lution, physical and chemical degradation. The Gachsaran 
Formation comprises seven members. The first member (the 
lowest one), which is made up of AN, is known as the cap-
rock of the Asmari carbonate reservoir, the most famous 
hydrocarbon reservoir in Iran [66]. One of the most import-
ant hydraulic structures that affected by the GP layers of the 
formation is the Mosul Dam in Iraq, which faced significant 
problems such as dissolving and karstification of  the dam 

Author(s) Suggested correlation equation R2 Rock

Yılmaz and Yuksek [38] UCS = 12.4 Is(50) – 9.0859 0.81 Gypsum

Diamantis et al. [39] UCS = 19.79 Is(50) 0.74 Serpentinite

Sabatakakis et al. [40] UCS = 13 Is(50) , Is < 2 MPa 0.70 Marlstones

UCS = 24 Is(50) , Is = 2–5 MPa 0.60 Sandstones

UCS = 28 Is(50) , Is > 2 MPa 0.72 Limestones

Kahraman and Gunaydin [41] UCS = 8.20 Is + 36.43 0.68 Igneous rocks

UCS = 18.45 Is – 13.63 0.77 Metamorphic rocks

UCS = 29.77 Is – 51.49 0.78 Sedimentary rocks

Basu and Kamran [42] UCS = 11.103 Is(50) – 37.66 - Schistose rocks

Tahir et al. [43] UCS = 21.69 Is(50) 0.30 Limestone

Heidari et al. [44] UCS = 5.58 Is(50) + 21.92 0.93 Gypsum; (axial) - Air dried

UCS = 7.56 Is(50) + 23.68 0.94 Gypsum; (diametric) -  Air  dried

UCS = 3.50 Is(50) + 24.84 0.89 Gypsum; (irregular) -  Air  dried

UCS = 10.99 Is(50) + 7.04 0.92 Gypsum; (axial) - Saturated 

UCS = 11.96 Is(50) + 10.94 0.94 Gypsum; (diametric) - Saturated

UCS = 13.29 Is(50) + 5.25 0.90 Gypsum; (irregular) - Saturated

Karaman and Kesimal [45] UCS = 20.42 Is(50) − 5.146 - Various rock types

Kohno and Maeda [46] UCS = 16.4 Is(50) 0.92 Various rock types

Basu [47] UCS = 11.218 Is(50) + 4.008 - Schistose rocks

Singh et al. [48] UCS = 22.8 Is(50) 0.99 Schist

UCS = 21.9 Is(50) 0.89 Sandstone

UCS = 21 Is(50) 0.96 Epidiorite

UCS = 22.3 Is(50) 0.68 Limestone

UCS = 22.7 Is(50) 0.82 Dolomite

Mishra and Basu [49] UCS = 14.63 Is(50) 0.99 Sandstone- Schist-Granite 

Li and Wong [50] UCS = 19.831 Is(50) - Meta-siltstone

UCS = 21.27 Is(50) - Meta-sand stone

Tandon and Gupta [51] UCS = 5.6 Is(50) + 4.38 0.94 Granite

UCS = 8.597 Is(50) + 30.72 0.78 Quartzite

UCS = 10.53 Is(50) − 7.61 0.91 Dolomite

Kahraman [52] UCS = 14.68 Is(50) − 8.67 0.88 Pyroclastic rocks

Momeni et al. [53] UCS = 13.54 Is(50) + 14.93 0.74 Limestone-Shale-Granite

Table 1 Relationships presented by different researchers between UCS and Is(50) for different rocks (continued)
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foundation [67–70]. Based on macroscopic evidence (tex-
ture, color of the crystals and matrix), in 84 rock blocks col-
lected from the 4 dam sites, 20 appearance types (Konjun-
Cham dam site 4 types, Meymeh dam site 5 types, Kangir 
dam site 7 types, and Nargesi dam site 4 types) were iden-
tified. The lithological studies showed that, in general, the 
studied rocks consist of GP, AN, clay minerals (CMs) with 
the differential contribution of each of these minerals in the 
rock samples. So that the core samples were taken from the 
rock blocks collected from the Konjun-Cham dam site con-
tain large crystals in a cream to light to dark earthy color 
matrix (porphyry texture), mainly of gypsy nature with a 
maximum content of about 31% of CMs, the samples of 
the Meymeh dam site have a dark gray to light earthy color 
and porphyry texture, with a higher content of AN along 
with CMs up to 12%, but generally, in microscopic studies, 
amorphous salt crystals can be found in the rock matrix, 
the samples of the Kangir dam site are gray to dark earthy 
color, with alabaster texture, mainly of gypsy nature, almost 
without AN, but with CMs up to 18%, and the samples 
of the Nargesi Dam site in gray color, with alabaster tex-
ture, mostly of gypsy nature, almost without AN, but some 
samples have CMs even up to 59%. The average porosity, 
dry and saturated density of GP rocks, was 1.87 ± 0.61%, 
2.35 ± 0.12, 2.37 ± 0.13 g/cm3 and AN rocks 2.13 ± 0.72%, 
2.56 ± 0.11, 2.62 ± 0.07 g/cm3, respectively. But it should 
be noted that the actual saturated density of these types of 
soluble rocks will be a little more than the measured values 
due to their surface dissolution during saturation.

In 2020, because more than 30 large reservoir dams 
were being understudied or under construction within 
or adjacent to the Gachsaran problematic Formation in 
Iran, and importance of the identifying engineering and 
strength properties of the GP and AN layers of this forma-
tion, this research was carried out on sulfate rock blocks 
taken from the outcrops of this evaporative formation at 
Konjun-Cham, Meymeh, Nargesi, and Tange-Shemiran 
(the other name, Kanghir) under construction dam sites. 
In Fig. 1 [71], the geographic location of the studied dam 
sites is shown on the geographical map of Iran.

3 Materials and methods
3.1 Sampling and preparation of samples
The rock blocks used in this research with dimensions 
about 40 × 30 × 30 cm, were collected from the exposed 
sulfate rock layers of the Gachsaran Formation from the 
Konjun-Cham (16 blocks), Meymeh (35 blocks), Nargesi 
(17 blocks), and Kangir (16 blocks) reservoir dam sites in 

Iran (totally, 84 rock blocks). Also, seven rock blocks were 
gathered from the exposed Aghajari Formation downstream 
of the Konjun-Cham dam axis to investigate the effect of 
CMs on gypsum properties. In this paper KG, MG, NG 
and TG indexes were used for rock blocks gathered from 
the outcrops of the Gachsaran Formation at the Konjun-
Cham, Meymeh, Nargesi and Kangir dam sites and KA for 
rock blocks belong to the Aghajari Formation, respectively. 
After transferring the rock blocks to the Geological and 
Geotechnical Laboratory of Bu-Ali Sina University, coring 
with dimensions of NX (54.7 mm) was performed. For UCT 
samples, the L/D ratio was selected close to 1:2.5 to meet 
the  dimensional  specifications  of  core  samples  specified 
in both ASTM D7012-23 [72] and ISRM [73] standards. 
The two ends of the samples were polished completely, and 
flawless  samples were used  in  experiments. A  steel  plat-
form and two wagon rails installed on the platform were 
used in two directions perpendicular to each other to 
ensure that the sample dimension tolerances meet ASTM 
D4543-19 [74] standard. By installing the gauge on the 
wagons and moving the gauge needle on the body of the 
sample and the two ends of the samples, the compliance of 
the  sample's  specifications with  the standard criteria was 
checked. If the sample does not meet the standards, they 
were modified or removed. Fig. 2 shows several cylindrical 
rock core samples prepared from rock blocks taken from 

Fig. 1 Geographic location of studied dam sites on a geographical map 
of Iran National Cartographic Center (with modifications) [71]
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the four mentioned above dam sites for UCTs. Axial point 
load tests (APLTs) and diametral point load tests (DPLTs) 
samples were prepared from rock cores of approximately 
NX diameter by diamond cutting blade perpendicular to 
the longitudinal axis direction of the cores in accordance 
with  the dimensional requirements specified  in ISRM [1] 
and ASTM D5731-16 [2]. The length-to-diameter ratio of 
APLT specimens about 1/3 to 1, and the DPLT specimens 
larger than 1 (to 1.2) were selected. The specimens were 
prepared so that the two side circular surfaces of the speci-
mens were completely parallel to each other. The diameter 
and length of all samples were determined using a digital 
caliper with an accuracy of 0.01. The diameter was mea-
sured in two perpendicular directions from the cylindrical 
surface, and the length was measured in two perpendicular 
directions on both lateral surfaces of the rock cores (4 mea-
surements in total). The methods mentioned in Section 3.3 
were used for oven-dried or saturate the samples.

3.2 Petrology
For the petrology of rock blocks, three methods were 
used, including microscopic studies (thin sections), X-ray 
diffraction  (XRD)  and  X-ray  fluorescence  spectroscopy 
(XRF). In microscopic studies, first minerals were identi-
fied and then an image analysis method was used to deter-
mine the volume content of minerals. For this purpose, 
Adobe Photoshop software was used. The microscopic 

studies indicate that the main constituent minerals of sam-
ples include GP (CaSO4 • 2H2O), AN (CaSO4) (Fig. 3 (b)), 
and CMs [75]. The predominant texture of the Nargesi and 
Kangir dam sites rock samples was alabaster (microcrystal-
line) (Fig. 3 (a)), and Konjun-Cham and Meymeh dam sites 
were found in the porphyry texture (Fig. 3 (c)). The rock 
blocks gathered from the Aghajari Formation had alabas-
ter texture in one sampling location and porphyry texture 
in another location. One of the important issues observed 
in microscopic studies is the presence of clay-sized car-
bonated minerals (microcrystalline carbonates) inside or 
along with clay minerals (Fig. 3 (a)), so the clay minerals 
found in investigated samples can be identified as carbon-
ated clay minerals. X-Powder software was used to analyze 
the  XRD  diffractograms.  The  RIR  (Reference  Intensity 
Ratios) quantitative analysis method was also used to 
quantify the minerals. In some samples, the GP mineral is 
dominant, and in some cases, the amount of AN is higher. 
The minor minerals include calcite, dolomite, quartz, 
CMs (such as Illite, Kaolinite, Montmorillonite, Chlorite), 
and some kinds of Halite (including Halite, Cryptohalite, 
Sinhalite, Sulphohalite, Hydrohalite, Polyhalite). In XRD 
studies, it has been possible to identify the kind of CMs 
and detect some other minerals, such as halite, which are 
usually not detectable in microscopic studies (Table 2). 
These studies indicate that in some regions the Gachsaran 
Formation contains halite minerals. The presence of halite 

Fig. 2 Rows of red, yellow, green and black, respectively, several rock core samples of the Konjun-Cham, Meymeh, Kangir and Nargesi dam sites

Fig. 3 Microscopic thin sections image of (a) an alabaster gypsum, (b) a gypsum dominant, (c) an anhydride dominant rock

(c)(b)(a)
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Table 2 XRD analysis results

Rock group Gypsum Anhydrite Calcite Dolomite Halite Quartz Illite Kaolinite Montmorillonite Chlorite Amorf

KA1-2 89.4 4.1 0 0 0 2.1 0 2.1 0 0 2.3

KA2-1 58.3 5.5 0 0 0 0 10.5 6.6 0 15.8 3.2

KG1-1 52.5 2.15 24.8 0 1.85 1.6 3.1 2.65 2.1 5.6 3.15

KG2-1 55.4 2 18.4 0 0 0.8 1.8 12.1 3.4 1.8 4.1

KG3-1 2.7 93.5 1.9 0 0 0 0 1.9 0 0 0

KG4-1 29.05 40 8.75 1.45 0 2.25 5.1 2.55 2.1 2.1 6.65

MG1-2 53.6 1.5 10.5 0 0 2.6 6.9 9.3 6.8 4.7 4.3

MG2-2 6.5 77.8 4.4 4.4 0 0 1.4 0 1.2 0 4.3

MG3-1 16.8 72.8 0 0 0 0.7 3.6 1 0 0.8 4.3

MG4-2 14.1 59.1 6.4 5 0 0.5 5.8 2.5 0 1.8 4.6

MG4-5 14 66.7 5 3 0 0.9 0.5 1.9 1.4 2.1 4.6

NG1-1 73.8 0 13.3 7.1 3.3 0 0 0.4 0 0 2.1

NG2-1 87.7 0 0 0 0 3.6 0 0 8.7 0 0

NG2-2 60.2 0.4 0 19.8 0 2.4 1.3 2.3 1.2 6 6.3

TG1-1 96.4 0 0 0 0 0 0 1.5 0 0 2.1

TG2-1 93.4 0 0 0 0 3.4 0 0 0 0 3.2

minerals in the Gachsaran Formation can be the source 
of salt deposits observed on the margins of some rivers. 
Carbonate minerals (calcite and dolomite) were even up 
to 25% observed in XRD results. The results of the XRF 
analysis confirmed that the main constituent oxides of the 
samples are the main constituent oxides of GP and AN. In 
XRF results, on average, 36% and 46%, CaO and SO3 were 
observed in the tested specimens, respectively (Table 3). 
These two oxides, with such percentages, actually reflect 
the sulfate nature of the studied rocks. Also, the presence 
of aluminum, magnesium, iron and silica oxides indicates 
the presence of CMs in the samples. 

3.3 Drying and saturating of samples
Owing to low permeability (x × 10−7 to x × 10−9 cm/s) and 
sulfate rocks' dissolving and swelling properties, prepar-
ing these rocks to perform UCT and PLT in dry and sat-
urated conditions encounters some problems. Although 
microwave oven heating has been proposed by standard 
test method [72] for the determination of water content 
of soil samples during the last few decades, in order to 
dry rock samples, the oven has been adopted in place of 
the microwave. Regarding the sample sensitivity issue in 
the current study, an attempt was made to use a different 
method for thoroughly drying and saturating the sulfate 

Table 3 XRF analysis results

Rock group
SiO2 Al2O3 CaO MgO TiO2 Fe2O3 SO3 P2O5 Na2O K2O SrO ZrO2 L.O.I

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

KG1-1 2.07 0.63 31.25 1.15 <0.1 0.53 42.34 <0.1 <0.1 <0.1 0.13 <0.1 21.92

KG2-1 0.88 0.24 36.47 <0.1 <0.1 <0.1 39.51 <0.1 <0.1 <0.1 0.18 <0.1 22.73

KG3-1 0.21 0.06 38.87 <0.1 <0.1 <0.1 52.45 <0.1 <0.1 <0.1 0.17 <0.1 8.24

KG4-1 0.81 0.23 37.66 <0.1 <0.1 <0.1 52.65 <0.1 <0.1 <0.1 0.19 <0.1 8.45

MG2-2 <0.1 <0.1 39.78 <0.1 <0.1 <0.1 53.6 <0.1 <0.1 <0.1 0.21 <0.1 6.41

MG3-1 0.83 0.25 32.68 0.57 <0.1 <0.1 43.37 <0.1 <0.1 <0.1 0.87 0.18 21.25

MG4-2 0.61 0.16 38.24 <0.1 <0.1 <0.1 52.15 <0.1 <0.1 <0.1 0.45 0.08 8.31

NG2-2 0.55 0.21 34.32 <0.1 <0.1 <0.1 43.42 <0.1 <0.1 <0.1 0.85 0.16 20.49

TG1-1 0.63 0.17 34.31 0.45 <0.1 <0.1 42.74 <0.1 <0.1 <0.1 0.33 <0.1 21.36

TG2-1 2.78 0.83 31.52 0.71 <0.1 <0.1 41.05 <0.1 <0.1 0.34 0.45 0.1 22.22

Sum   355.1    463.3      161.4

Mean   35.51    46.33      16.14
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rock samples. The result of this study showed that with 
a temperature of 45 ± 2 °C for drying sulfate rock sam-
ples (to prevent GP dehydrating and turning into AN), 
the usual multi-day time used in geotechnical labs is not 
enough time. Moreover, achieving a constant or near-con-
stant weight of GP samples needs at least 2 to 4 weeks [76]. 
This time for the AN samples lasts more than a year some-
times. In this research, by giving such time opportunities 
to the samples, it was attempted to dry the samples com-
pletely with losing free water. Additionally, vacuum pres-
sure method by using a desiccator and a suction pump was 
used for saturating samples. The performed experiments 
confirmed that, generally, the samples subjected to a wet 
vacuum pressure of Pvac(wet) = −0.5 atmosphere  (atm)  for 
four days, gaining more than 95 % of their added weight, 
and practically the sample could be considered saturated. 
Before applying the wet vacuum pressure, a dry vacuum 
pressure (Pvac(dry)) stage was applied to the samples to cre-
ate an internal negative pressure inside the samples, for 
more and faster water absorption during the wet vacuum 
pressure. In the case of GP - AN rocks, the experiences 
showed that the application of a dry vacuum pressure 
equivalent to −0.5 atm for five hours (Pvac(dry) = −0.5 atm, 
Tvac(dry) = 5 h) gives beneficial results [77].

3.4 Test procedures
To perform a dry UCS test, after drying the core sample 
in the oven, first, the sample was cooled inside the desic-
cator, and its temperature was balanced to ambient tem-
perature, and then it was subjected to UCT. UCTs were 
performed using a uniaxial compression testing device 
ELE international 2000 model, load gauge with an accu-
racy of 0.01 kN (Newton), strain gauge with an accuracy 
of 0.001 mm, a data logger and a computer for viewing and 
recording data. The UCTs were performed according to 
ASTM D7012-23 [72] and ISRM [73] standards. Saturated 
core samples were tested in the same way as dry samples 
after removing them from water and drying their surface 
with a cotton cloth. The average loading rate was selected 
about 200 N/s  to meet  the  failure  time  criteria  specified 
in the standard ISRM [73] (5 to 10 minutes) and ASTM 
D7012-23 [72] (2 to 15 minutes), at an appropriate time of 
about 5 to 15 minutes, as well as they can enter the failure 
stage without entering the creeping stage [78]. Loading 
continued on each sample until failure occurred. The lon-
gitudinal strain of the sample was measured using a strain 
gauge. Point load tests were performed by using the UCT 
mentioned device. By installing steel conical platens on 

the mentioned device's upper and lower steel plate surfaces 
and placing the sample between the tips of the two coni-
cal platens, the load was applied at a constant rate until 
the rupture occurred in the sample. The experiments were 
performed by Broch and Franklin [3], ISRM [1] and ASTM 
D5731-16 [2]. The loading rates were chosen to break the 
samples at the specified time of 10 to 60 seconds in the two 
mentioned standards. Experience has shown that about 
0.1 KN/sec is the appropriate rate for such experiments 
in sulfate rocks. According to paragraphs 8–5 of ASTM 
D5731-16 [2], if the amount of penetration of conical plat-
ens  into  the  sample  is  significant, D' (distance between 
the tips of two conical platens at the time of sample rup-
ture) should be used instead of the initial D (Initial sample 
thickness) value of the sample. Therefore, due to the sig-
nificant penetration of  the conical planets  into  the  tested 
rock samples in this research, the amount of penetration 
into the two end surfaces of the APLT specimens and also 
the two sides of the diameter of the DPLT specimens were 
measured by installing a strain gauge on the lower metal 
platen of the UCT device during the experiments. 

3.5 Calculations
To calculate the UCS of each specimen, the failure load 
(F in kN), the original cross-section area (A in m2) of the 
sample and equation UCS = F/A were used (according to 
ASTM D7012-23 [72] and ISRM [73]). To estimate the PLI 
or Is according to ISRM [1] and ASTM D5731-16 [2], the 
uncorrected PLI was calculated using Is = P / De2 equation. 
In this equation, P = failure load (N), De = equivalent core 
diameter = D for diametral tests (m) given by De2 = D2 
for cores (mm2) or De2 = 4A / π for axial, block, and lump 
tests (mm2), where A = WD = minimum cross-sectional 
area of a plane passing through the platen contact points. 
The modified De values are calculated as follows:

De D D W D2
4� � � � � �for cores for other shapes.�  (3)

Because in this research, cores of about NX were used 
in the experiments, to verify the results and better com-
pare the results with other similar studies, size correction 
was made in the test results. Size correction is done using 
the Is(50) = F × Is equation. The size correction factor F is 
calculated from the F = (De / 50)0.45 equation. Therefore, 
by calculating the size correction factor and applying it to 
the unmodified PLI, the result of the PLT of each sample 
is modified to a sample equivalent to a 50 mm core sample 
and Is(50) is calculated. To estimate the mean Is(50), depend 
on the number of samples of each groups kind of rocks, 
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according to ISRM [1] and ASTM D5731-16 [2], the two 
highest and two lowest values from the ten or more valid 
tests was removed and the rest was averaged. In the case of 
rock samples with less than 10 experiments, a maximum 
and minimum values was removed. 

4 Results
In this study, the results of 182 series of laboratory tests 
(182 UCTs, 182 APLTs and 182 DPLTs in dry and saturated 
conditions, a total of 1092 tests) were used. The results 
of the experiments performed on the oven-dried samples 
are presented in Appendix A and saturated conditions in 
Appendix B.  In  the  coding of  each  sample,  the first  two 
letters are the abbreviation of the sampled dam site (KG 
for the Kunjan-cham dam, MG for the Meymeh dam, TG 
for the Kangir dam and NG for the Nargesi dam), the first 
number  after  the  first  two  letters,  the  sampling  location 
number, the second and the third number is the rock block 
number and the UCT sample number. The mean length (L), 
diameter (D), L/D ratio of UCT specimens is 133 ± 3.40, 
53.53 ± 0.86 mm and 2.49 ± 0.07, respectively. The mean 
L, D, L/D ratio of APLT specimens is 26.34 ± 1.90, 
53.39 ± 1.11 mm and 0.49 ± 0.30 and DPLT specimens were 
58.77 ± 1.35, 53.75 ± 0.47 mm and 1.09 ± 0.03, respectively. 

5 Discussions
Regression analysis between the APLTs - DPLTs results 
with the results of UCTs experiments in dry and saturated 
conditions was performed in two ways: analysis of the 
results of experiments of  rock groups with specific min-
eral composition (samples with almost identical mineral 
composition taken from the rock blocks belong to a spe-
cific  sampling  site)  and  the  results  of  all  tested  samples 
with their general classification in the form of three main 
mineral composition groups (samples with almost identi-
cal mineral composition taken from rock blocks gathered 
from the different sampling site).

5.1 Analysis based on the mineral composition of rock 
groups
In this type of analysis, the results of 182 UCTs, 
182 APLTs and 182 DPLTs in dry conditions (182 series) 
and with the same number in saturated conditions were 
used. The grouping of the samples related to each specific 
sampling site based on the mineral composition, led to 
the placement of the samples in 17 rock groups (Table 4), 
including 4, 6, 3 and 2 rock groups belonging to the rock 

blocks gathered from the Gachsaran Formation outcrops 
in sampling sites in the Konjun-cham, Meymeh, Kangir 
and Nargesi dam sites, respectively and also, two rock 
groups contain samples of rock blocks taken from the 
Aghajari Formation outcrops (rock groups KA1-2 and 
KA2-1). In this method, regression analysis of n triples of 
the results of APLTs-DPLTs and UCTs of each rock group 
was performed. The value of n varied from a minimum of 
8 to a maximum of 15. 

Fig. 4 shows several tested samples from many 
rock groups with valid results before and after APLT 
Experiments. In the results of valid experiments, the fail-
ure surface clearly passed through both loading points, 
and the specimens are broken approximately in the direc-
tion perpendicular to the axis of the specimens, and the 
specimens are divided into two to three separate pieces. 
In DPLTs specimens, in valid failure (Fig. 5) the failure 
surface generally passes through both loading points as 
a surface approximately perpendicular to the axis of the 
specimen. But in a limited number of samples, the failure 
surface also occurs in the diametral direction. Following 

Table 4 Mineralogical classification of the rock samples at each 
sampling site

Row Dam site Rock 
group

Mineral composition%
Texture

GP AN CMs

1 Konjun-
Cham

KA1-2 68.89 1.70 29.41 Alabaster

2 KA2-1 87.31 2.32 10.37 Porphyry

3 KG1-1 91.31 1.60 7.10 Porphyry

4 KG2-1 70.38 0.38 29.23 Porphyry

5 KG3-1 20.27 75.27 4.46 Porphyry

6 KG4-1 50.19 26.72 23.09 Porphyry

7 Meymeh MG1-2 59.37 38.98 1.69 Porphyry

8 MG2-1 86.37 10.76 2.86 Porphyry

9 MG2-2 23.94 71.44 4.63 Porphyry

10 MG3-1 18.73 81.27 0.00 Porphyry

11 MG4-2 49.22 50.18 0.60 Porphyry

12 MG4-5 29.07 69.16 1.77 Porphyry

13 Nargesi NG1-1 75.70 9.00 15.29 Alabaster

14 NG2-1 89.49 0.61 9.89 Alabaster

15 NG2-2 43.90 46.53 9.57 Alabaster

16 Kangir TG1-1 93.04 1.33 5.62 Alabaster

17 TG2-1 93.92 1.52 4.65 Alabaster

Mean 61.83 28.75 9.43

Max 93.92 81.27 29.41

Min 18.73 0.38 0.00

St.D 27.30 30.85 9.46
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the ASTM D5731-16 [2] and ISRM [1] standards, the use 
of the results of samples with invalid failure was avoided 
in the analysis.

Fig. 6 shows examples of invalid APLTs (Fig. 6 (a)) 
and DPLTs (Fig. 6 (b)) results experienced in this study. 
As can be seen in these samples, the failure could not pass 
through both or one or neither loading points. 

The best-fitted curves on the data points (e.g., Fig. 7) were 
extracted, and their equations were obtained by regression 
analysis on each rock group experiment result in both dry 
and saturated conditions. Given that the predominant equa-
tion type in the reported global equations so far (Table 1) 
is basically  the first-degree equation (UCS = α Is(50) ± b), 
so if the determination coefficients (R2) for the best-fitted 
equations are of the exponential, logarithmic or power type 
and  had  a maximum  difference  of  2% with  linear  equa-
tions,  first-order  equations were  selected  for  easier  com-
parison with common linear equations. In Table 5, the axial 
equations are presented for the correlation between UCS 
and Is(50)(Axial) and the diametral equations for the correla-
tion between UCS and Is(50)(Diametral) for the 17 rock groups 

in dry and saturated conditions. In Table 5, except for one 
case (the axial equation in row 6 in the dry condition part), 
all the extracted equations are linear, and secondly, the 
mean determination coefficients for both UCS − Is(50)(Axial)  
and UCS − Is(50)(Diametral) correlations are greater than 0.90, 
therefore, the extracted equations have perfect predict-
ability for UCS in dry and saturated conditions. The rela-
tionships obtained in this study for almost pure gypsum 
rock groups (KG1-1, TG1-1 and TG2-1 rock groups in 
Table 5) are similar to report by Yılmaz and Yuksek [38] 
and Heidari  et  al.  [44],  but with  different  coefficients  for 
the X variable (α  values)  and  different  y-intercept values 

Fig. 4 Examples of valid axial point load tests results of rock groups 
(this study)

Fig. 5 Examples of valid diametral point load tests results of rock groups 
(this study)
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(a)

(b)

Fig. 6 Examples of invalid test results in (a) APLTs and (b) DPLTs (this study)

(a) (b)

Fig. 7 The correlation between UCS and Is(50)(Axial)(Dry) – Is(50)(Diametral)(Dry) for the NG1-1 rock group in (a) Dry conditions, (b) Saturated conditions

(b values) in equations. Any researcher can use the equa-
tions presented in Table 5 to compare their similar research 
results on sulfate rocks (with a similar mineral composi-
tion to each rock group). To estimate the average APLI and 
DPLI of each rock group, in accordance with paragraph 
10.3.2 of ASTM D5731-16 [2] and paragraph 14 (b) of the 
ISRM  [1],  first  the  maximum  and  minimum  values  of  
Is(50)(Axial) or Is(50)(Diametral) were removed (depending on the 

number of performed experiments, one to two values of 
maximum or minimum) and then the average value was 
calculated from the remaining number of Is(50). In addition 
to applying these rules to the results of APLTs and DPLTs, 
to create homogeneity, the same procedure was used for the 
results of UCTs. In Table 6, the values of APLI - DPLI and 
UCSs calculated for each rock group are presented in dry 
and saturated conditions. In Table 6, the KG1-1 (porphyry), 
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TG1-1 (alabaster) and TG2-1 (alabaster) rock groups with 
more than 90% GP can be considered as almost pure gyp-
sum rock groups (APGPRG), KG3-1, MG3-1, MG4-5 and 
MG2-2 (all with porphyry texture) with more than 69% AN 
as the anhydride dominant sulfate rock groups (ANDSRG), 
as well as KA1-2 and KG2-1 (both have porphyry 

texture) with about 29% of clay minerals, be considered 
as clay mineral bearing gypsum rock groups (CBGPRG). 
The mean UCS, Is(50)(Axial) and Is(50)(Diametral) of APGPRG 
samples in dry conditions are 23.75 ± 1.74, 1.74 ± 0.08 and 
1.62 ± 0.47 MPa, respectively, and in saturated conditions, 
13.36 ± 3.25, 0.77 ± 0.09 and 0.81 ± 0.17 MPa (Table 7). 

Table 5 Extracted correlation equations between UCS and Is(50)(Axial)(Dry) – Is(50)(Diametral)(Sat) for each rock group in dry and saturated conditions

Row Rock 
group

Number 
of sample

Is(50)(Axial) Is(50)(Diametral)

Equation R2 Equation R2

Dry condition

1 KA1-2 15 UCS = 9.34 Is(50)(Axial)(Dry) + 12.07 0.80 UCS = 9.88 Is(50)(Diametral)(Dry) + 11.49 0.96

2 KA2-1 10 UCS = 11.98 Is(50)(Axial)(Dry) + 11.28 0.94 UCS = 9.74 Is(50)(Diametral)(Dry) + 11.09 0.96

3 KG1-1 13 UCS = 10.13 Is(50)(Axial)(Dry) + 8.44 0.88 UCS = 6.50 Is(50)(Diametral)(Dry) + 12.41 0.90

4 KG2-1 9 UCS = 24.48 Is(50)(Axial)(Dry) − 19.68 0.90 UCS = 9.88 Is(50)(Diametral)(Dry) + 14.70 0.98

5 KG3-1 13 UCS = 16.25 Is(50)(Axial)(Dry) − 7.40 0.93 UCS = 15.56 Is(50)(Diametral)(Dry) − 1.74 0.98

6 KG4-1 11 UCS = 14.18 Is(50)(Axial)(Dry) 1.40 0.83 UCS = 13.58 Is(50)(Diametral)(Dry) + 9.49 0.94

7 MG1-2 8 UCS = 15.41 Is(50)(Axial)(Dry) + 8.52 0.96 UCS = 22.71 Is(50)(Diametral)(Dry) + 2.77 0.92

8 MG2-1 7 UCS = 10.43 Is(50)(Axial)(Dry) + 0.26 0.96 UCS = 7.30 Is(50)(Diametral)(Dry) + 7.42 0.94

9 MG2-2 12 UCS = 20.12 Is(50)(Axial)(Dry) − 11.24 0.94 UCS = 14.10 Is(50)(Diametral)(Dry) − 6.66 0.96

10 MG3-1 12 UCS = 15.20 Is(50)(Axial)(Dry) − 10.75 0.95 UCS = 14.49 Is(50)(Diametral)(Dry) − 5.94 0.95

11 MG4-2 10 UCS = 20.36 Is(50)(Axial)(Dry) − 2.78 0.96 UCS = 14.18 Is(50)(Diametral)(Dry) + 8.14 0.98

12 MG4-5 8 UCS = 17.45 Is(50)(Axial)(Dry) − 4.04 0.91 UCS = 11.00 Is(50)(Diametral)(Dry) + 13.18 0.87

13 NG1-1 10 UCS = 23.95 Is(50)(Axial)(Dry) − 20.35 0.88 UCS = 17.18 Is(50)(Diametral)(Dry) + 3.09 0.97

14 NG2.1 10 UCS = 12.91 Is(50)(Axial)(Dry) − 1.25 0.81 UCS = 12.33 Is(50)(Diametral)(Dry) + 3.74 0.96

15 NG2-2 8 UCS = 7.87 Is(50)(Axial)(Dry) + 9.30 0.99 UCS = 9.75 Is(50)(Diametral)(Dry) + 5.41 0.97

16 TG1-1 14 UCS = 16.88 Is(50)(Axial)(Dry) − 5.12 0.97 UCS = 16.64 Is(50)(Diametral)(Dry) − 6.61 0.96

17 TG2-1 12 UCS = 19.93 Is(50)(Axial)(Dry) − 10.59 0.93 UCS = 25.00 Is(50)(Diametral)(Dry) − 10.12 0.96

Mean 0.91 0.95

Sat condition

1 KA1-2 15 UCS = 31.60 Is(50)(Axial)(Sat) − 8.24 0.89 UCS = 34.23 Is(50)(Diametral)(Sat) − 7.34 0.87

2 KA2-1 10 UCS = 26.32 Is(50)(Axial)(Sat) − 1.50 0.94 UCS = 8.58 Is(50)(Diametral)(Sat) + 1.88 0.91

3 KG1-1 13 UCS = 20.94 Is(50)(Axial)(Sat) − 6.24 0.94 UCS = 10.47 Is(50)(Diametral)(Sat) − 0.08 0.94

4 KG2-1 9 UCS = 30.17 Is(50)(Axial)(Sat) − 2.64 0.95 UCS = 18.32 Is(50)(Diametral)(Sat) + 0.74 0.94

5 KG3-1 13 UCS = 25.49 Is(50)(Axial)(Sat) − 18.07 0.96 UCS = 16.18 Is(50)(Diametral)(Sat) − 3.17 0.98

6 KG4-1 11 UCS = 5.45 Is(50)(Axial)(Sat) + 14.31 0.94 UCS = 8.62 Is(50)(Diametral)(Sat) + 7.74 0.94

7 MG1-2 8 UCS = 18.75 Is(50)(Axial)(Sat) − 0.34 0.95 UCS = 18.18 Is(50)(Diametral)(Sat) + 11.57 0.98

8 MG2-1 7 UCS = 5.22 Is(50)(Axial)(Sat) + 15.24 0.75 UCS = 6.28 Is(50)(Diametral)(Sat) + 12.09 0.93

9 MG2-2 12 UCS = 12.99 Is(50)(Axial)(Sat) + 1.89 0.84 UCS = 5.94 Is(50)(Diametral)(Sat) + 10.38 0.88

10 MG3-1 12 UCS = 16.36 Is(50)(Axial)(Sat) − 4.88 0.98 UCS = 13.28 Is(50)(Diametral)(Sat) − 3.16 0.98

11 MG4-2 10 UCS = 17.17 Is(50)(Axial)(Sat) + 13.51 0.95 UCS = 12.55 Is(50)(Diametral)(Sat) + 14.19 0.96

12 MG4-5 8 UCS = 18.36 Is(50)(Axial)(Sat) − 4.49 0.94 UCS = 17.84 Is(50)(Diametral)(Sat) + 0.05 0.90

13 NG1-1 10 UCS = 18.74 Is(50)(Axial)(Sat) + 0.84 0.97 UCS = 19.29 Is(50)(Diametral)(Sat) + 4.40 0.93

14 NG2.1 10 UCS = 13.63 Is(50)(Axial)(Sat) + 2.13 0.96 UCS = 17.44 Is(50)(Diametral)(Sat) + 0.41 0.97

15 NG2-2 8 UCS = 5.52 Is(50)(Axial)(Sat) + 10.20 0.94 UCS = 6.09 Is(50)(Diametral)(Sat) + 10.61 0.91

16 TG1-1 14 UCS = 15.26 Is(50)(Axial)(Sat) + 3.66 0.95 UCS = 8.33 Is(50)(Diametral)(Sat) + 6.23 0.82

17 TG2-1 12 UCS = 13.86 Is(50)(Axial)(Sat) + 4.08 0.97 UCS = 22.97 Is(50)(Diametral)(Sat) + 2.49 0.81

Mean 0.93 0.92
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Table 6 Mean UCS, Is(50)(Axial) and Is(50)(Diametral) of 17 sulfate rocks groups

Row Sample 
NO

ρ UCS Is(50)(Axial) Is(50)(Diametral)

Dry Sat Δ% Dry Sat Δ% Dry Sat Δ% Dry Sat Δ%

1 KA1-2 2.21 2.22 0.45 27.30 21.46 −21.38 1.75 0.97 −44.51 1.64 0.87 −46.81

2 KA2-1 2.31 2.36 2.51 18.37 6.85 −62.68 0.62 0.33 −46.71 0.76 0.54 −29.19

3 KG1-1 2.08 2.28 9.71 25.72 9.65 −62.48 1.81 0.74 −58.94 2.16 0.88 −59.22

4 KG2-1 2.27 2.28 0.53 34.73 20.51 −40.95 2.25 0.77 −65.58 2.01 1.06 −47.49

5 KG3-1 2.64 2.70 2.19 33.47 31.62 −5.52 2.54 1.96 −23.01 2.22 2.15 −3.17

6 KG4-1 2.38 2.45 2.93 36.84 20.13 −45.35 2.08 1.03 −50.62 2.13 1.51 −28.90

7 MG1-2 2.60 2.69 3.49 57.28 50.86 −11.21 3.13 2.70 −13.96 2.36 2.16 −8.74

8 MG2-1 2.22 2.41 8.24 22.48 20.20 −10.17 2.12 0.90 −57.44 2.04 1.28 −37.41

9 MG2-2 2.54 2.59 2.09 34.47 24.88 −27.83 2.33 1.84 −21.02 3.01 2.54 −15.40

10 MG3-1 2.62 2.66 1.35 33.10 30.71 −7.22 2.88 2.18 −24.21 2.72 2.58 −4.91

11 MG4-2 2.67 2.72 1.94 54.57 51.72 −5.22 2.90 2.29 −21.25 3.36 2.99 −10.87

12 MG4-5 2.67 2.69 0.49 52.04 46.35 −10.94 3.24 2.81 −13.21 3.51 2.68 −23.80

13 NG1-1 2.28 2.32 1.51 27.83 19.62 −29.49 2.06 1.01 −50.98 1.44 0.82 −43.27

14 NG2-1 2.28 2.31 1.39 23.31 15.59 −33.11 1.92 1.01 −47.03 1.56 0.85 −45.15

15 NG2-2 2.28 2.31 1.43 22.06 18.04 −18.24 1.63 1.47 −10.20 1.73 1.28 −26.10

16 TG1-1 2.27 2.29 0.91 22.42 14.72 −34.37 1.66 0.71 −57.51 1.37 0.93 −32.12

17 TG2-1 2.26 2.29 1.37 23.11 15.70 −32.07 1.75 0.87 −50.29 1.34 0.62 −54.20

Mean 2.39 2.45 2.50 32.30 24.62 −26.95 2.16 1.39 −38.62 2.08 1.51 −30.40

St.D 0.19 0.18 2.59 11.96 13.50 18.40 0.65 0.76 18.67 0.74 0.82 17.55

Table 7 Mean UCS, Is(50)(Axial) and Is(50)(Diametral) and mineral composition of APGPRGs, ANDSRGs and CBGPRGs

Almost pure gypsum

Row Rock 
group

ρ (g/cm3) UCS (MPa) Is(50)(Axial) (MPa) Is(50)(Diametral) (MPa) Mineral composition%

Dry Sat % (Dry) (Sat) % (Dry) (Sat) % (Dry) (Sat) % GP AN CMs

1 KG1-1 2.08 2.28 9.71 25.72 9.65 −62.48 1.81 0.74 −59.12 2.16 0.88 −59.26 91.31 1.60 7.10

2 TG1-1 2.27 2.29 0.91 22.42 14.72 −34.34 1.66 0.71 −57.23 1.37 0.93 −32.12 93.04 1.33 5.62

3 TG2-1 2.26 2.29 1.37 23.11 15.70 −32.06 1.75 0.87 −50.29 1.34 0.62 −53.73 93.92 1.52 4.65

Mean 2.20 2.29 4.00 23.75 13.36 −42.96 1.74 0.77 −55.54 1.62 0.81 −48.37 92.76 1.48 5.79

St.D 0.11 0.00 4.95 1.74 3.25 16.94 0.08 0.09 4.65 0.47 0.17 14.34 1.33 0.14 1.23

Anhydrite dominant sulfate rocks

1 KG3-1 2.64 2.70 2.19 33.47 31.62 −5.53 2.54 1.96 −22.83 2.22 2.15 −3.15 20.27 75.27 4.46

2 MG3-1 2.63 2.64 0.45 33.10 30.71 −7.22 2.88 2.18 −24.31 2.72 2.58 −5.15 18.73 81.27 0.00

3 MG4-5 2.67 2.69 0.49 52.04 46.35 −10.93 3.24 2.81 −13.27 3.51 2.68 −23.65 29.07 69.16 1.77

4 MG2-2 2.54 2.54 0.12 34.47 24.88 −27.82 2.33 1.84 −21.03 3.01 2.54 −15.61 23.94 71.44 4.63

Mean 2.62 2.64 0.81 38.27 33.39 −12.88 2.75 2.20 −20.36 2.87 2.49 −11.89 23.00 74.28 2.71

St.D 0.06 0.07 0.93 9.20 9.14 10.22 0.40 0.43 4.91 0.54 0.23 9.55 4.59 5.29 2.23

Clay bearing gypsum

1 KA1-2 2.21 2.22 0.45 27.30 21.46 −21.39 1.75 0.97 −44.57 1.64 0.87 −46.95 68.89 1.70 29.41

2 KG2-1 2.27 2.28 0.53 34.73 20.51 −40.94 2.25 0.77 −65.78 2.01 1.06 −47.26 70.38 0.38 29.23

Mean 2.24 2.25 0.49 31.02 20.99 −31.17 2.00 0.87 −55.17 1.83 0.97 −47.11 69.64 1.04 29.32

St.D 0.05 0.05 0.06 5.25 0.67 13.83 0.35 0.14 15.00 0.26 0.13 0.22 1.05 0.93 0.12

Similar values in the dry conditions of the ANDSRG sam-
ples are 38.27 ± 9.20, 2.75 ± 0.40, 2.87 ± 0.54 MPa and 
in the saturated conditions, 33.39 ± 9.14, 2.20 ± 0.43 and 
2.49 ± 0.23 MPa. The reduction effect of saturation on the 

mean UCS, Is(50)(Axial) and Is(50)(Diametral) of APGPRG sam-
ples are 42.96 ± 16.94, 55.54 ± 4.65 and 48.37 ± 14.34 %, 
respectively, and ANDSRG samples are 12.88 ± 10.22, 
20.36 ± 4.91 and 11.89 ± 9.55%. These results show that 
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the water softening effect on the three strength properties 
experienced in this research in APGPRG samples (weaker 
rocks), is much greater than ANDSRG samples (stronger 
rocks). The mean UCS, Is(50)(Axial) and Is(50)(Diametral) samples 
of the two CBGPRGs in dry conditions are 31.02 ± 5.25, 
2.0 ± 0.35 and 1.87 ± 0.26 MPa, and in saturated conditions 
are 20.99 ± 0.67, 0.87 ± 0.14 and 0.97 ± 0.13 MPa, respec-
tively. Comparison of the test results of CBGPRG samples 
with APGPRG samples shows the strengthening effect of 
clay-sized minerals on the strength properties of APGPRG 
samples. Such an increase can be attributed to the carbon-
ate (calcite and dolomite) nature of the clay-sized particles 
in this study's matrix of these experienced rocks. The aver-
age UCS of calcite and dolomite in dry conditions is about 
60 MPa, while gypsum is about 20 to 40 MPa. 

In Table 8, the ratios between UCS(Dry) / Is(50)(Axial)(Dry), 
UCS(Sat) / Is(50)(Axial)(Sat), UCS(Dry) / Is(50)(Diametral)(Dry), UCS(Sat) /  
Is(50)(Diametral)(Sat), Is(50)(Axial)(Dry) / Is(50)(Diametral)(Dry), Is(50)(Axial)(Sat) /  
Is(50)(Diametral)(Sat) are presented as conversion factors K1(Dry), 
K1(Sat), K2(Dry), K2(Sat), K3(Dry) and K3(Sat)  for  all  different 
rock groups in dry and saturated conditions, respectively. 

In Table 9, the values of these conversion factors are pre-
sented only for APGPRGs, ANDSRGs and CBGPRGs. 
The values of Is(50)(Axial) conversion factor to UCS for 
APGPRGs in dry (K1(Dry)) and saturated (K1(Sat)) conditions 
are 13.64 ± 0.52 and 17.27 ± 3.90, respectively, and for 
ANDSRGs are 13.88 ± 1.98 and 15.06 ± 1.47. The conver-
sion factor of Is(50)(Diametral) to UCS for APGPRGs in dry 
(K2(Dry)) and saturated (K2(Sat)) conditions are 15.17 ± 2.86 
and 17.37 ± 7.30 and for ANDSRGs 13.38 ± 1.84 and 
13.43 ± 3.27, respectively. Comparison of CBGPRGs con-
version factors with APGPRGs also shows the increas-
ing  effect  of  carbonated  clay-sized minerals  on  the  con-
version factors. The values of the conversion factors 
obtained for converting the APLI and DPLI to UCS for the 
three types of sulfate rocks (APGPRGs, ANDSRGs and 
CBGPRGs) show that the values of these conversion fac-
tors are much lower than the overall conversion factor of 
24 reported by Broch and Franklin [3] and Bieniawski [5] 
for different types of rocks and therefore the use of above 
conversion factor can cause up to 80% error in estimat-
ing  UCS  (magnification)  of  sulfate  rocks  based  on  the 
point load test results. Comparison of the ratio between  
Is(50)(Axial) / Is(50)(Diametral) in dry (K3(Dry)) and saturated (K3(Sat)) 
conditions for all three groups of rocks shows that the 
value of this ratio is average in the range of 1 or slightly 
more than 1. This means that the conversion factors of 
Is(50)(Axial)(Dry) and Is(50)(Diametral) to UCS in the studied sulfate 
rocks were very close to each other. 

In Fig. 8, the correlation between the conversion factors 
of Is(50)(Axial) – Is(50)(Diametral) to UCS (Y-axis) with the mineral 
composition of rock groups (X-axis), for 14 rock groups 
consisting of GP and AN (CMs ˂ 5%) is presented in dry 
(Fig. 8 (a)) and saturated (Fig. 8 (b)) conditions. To elimi-
nate the amount of CMs content in the mineral composi-
tion of rock groups with less than 5% of CMs, the amount 
of clay-sized minerals was removed from 100% mineral 
compositions, and then the share of each GP and AN 
was recalculated from 100%. In Fig. 8, on the x-axis, the 
amount of GP increases from right to left and the amount 
of AN increases from right to left. In both Fig. 8 (a) and (b), 
the best-fitted curves of  linear  type with very  low deter-
mination coefficients only show an increase in each of the 
K1(Dry), K2(Dry), K1(Sat) and K1(Sat) factors by increasing the 
amount of GP in a sulfate rock composed of GP – AN and 
in fact confirming the increase in the amount of these fac-
tors, by weakening the rock in both dry (Eqs. (4) and (5)) 
and saturation (Eqs. (6) and (7)) conditions.

Table 8 Conversion factors of Is(50)(Axial) – Is(50)(Diametral) to UCS and  
Is(50)(Diametral) to Is(50)(Axial) for each rock group

Row Rock 
group

UCS /  
Is(50)(Axial)

UCS /  
Is(50)(Diametral)

Is(50)(Axial) /  
Is(50)(Diametral)

K1(Dry) K1(Sat) K2(Dry) K2(Sat) K3(Dry) K3(Sat)

1 KA1-2 15.60 22.12 16.65 24.67 1.07 1.11

2 KA2-1 29.63 20.76 24.17 12.69 0.82 0.61

3 KG1-1 14.21 13.04 11.91 10.97 0.84 0.84

4 KG2-1 15.44 26.64 17.28 19.35 1.12 0.73

5 KG3-1 13.18 16.13 15.08 14.71 1.14 0.91

6 KG4-1 17.81 19.54 17.30 13.33 0.97 0.68

7 MG1-2 18.30 18.84 24.27 23.55 1.33 1.25

8 MG2-1 10.59 22.44 11.00 15.78 1.04 0.70

9 MG2-2 14.79 13.52 11.45 9.80 0.77 0.72

10 MG3-1 11.49 14.09 12.17 11.90 1.06 0.84

11 MG4-2 18.82 22.59 16.24 17.30 0.86 0.77

12 MG4-5 16.06 16.49 14.83 17.29 0.92 1.05

13 NG1-1 13.51 19.43 19.33 23.93 1.43 1.23

14 NG2-1 12.14 15.44 14.94 18.34 1.23 1.19

15 NG2-2 13.53 12.27 12.75 14.09 0.94 1.15

16 TG1-1 13.51 20.73 16.36 15.83 1.21 0.76

17 TG2-1 13.21 18.05 17.25 25.32 1.31 1.40

Mean 4.21 4.47 16.06 16.99 1.06 0.94

Max 5.74 6.39 24.27 25.32 1.43 1.40

Min 3.02 2.09 11.00 9.80 0.77 0.61

St.D 0.78 1.14 3.89 4.93 0.19 0.24
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Table 9 Conversion factors of Is(50)(Axial) – Is(50)(Diametral) to UCS for APGPRGs, ANDSRGs and CBGPRGs in dry and saturated conditions

Texture Number of sample 
series

Statistical 
functions

ρ  
(g/cm3)

UCS  
(MPa)

Is(50)(Axial)  
(MPa)

Is(50)(Diametral)  
(MPa) GP% AN% CMs%

Almost pure gypsum (GP ˃ 90%)(AN ˂ 5%)(CMs ˂ 5%)

Dry condition

Alabaster 18
Mean 2.27 24.69 1.77 1.44 96.02 1.19 2.84

St.D 0.02 7.70 0.39 0.37 1.46 1.46 0.88

Sat condition

Alabaster 16
Mean 2.30 15.08 0.80 0.90 96.27 1.08 2.78

St.D 2.28 9.61 0.37 0.19 94.00 0.00 1.04

Anhydrite dominant (GP ˂ 27%)(AN ˃ 70%)(CMs ˂ 5%)

Dry condition

Porphyry 38
Mean 2.60 38.36 2.75 2.86 22.93 75.40 1.67

St.D 0.08 12.12 0.61 0.76 4.81 5.47 1.21

Sat condition

Porphyry 21
Mean 2.65 35.58 2.22 2.62 22.90 75.71 1.40

St.D 0.09 11.74 0.61 0.62 6.19 6.80 1.02

Clay bearing gypsum (GP ˃ 60%)(AN ˂ 5%)(25 ˂ CMs ˂ 36%)

Dry condition

Alabaster 9
Mean 2.34 31.55 1.91 1.85 62.83 3.08 34.09

St.D 0.07 6.27 0.55 0.60 3.70 1.11 2.59

Porphyry 11
Mean 2.27 34.43 2.14 1.98 70.31 0.54 29.15

St.D 0.02 7.34 0.36 0.75 1.74 0.62 2.25

Sat condition

Alabaster 9
Mean 2.29 25.22 1.05 0.95 63.46 2.78 33.77

St.D 0.02 7.35 0.21 0.23 4.01 1.43 2.64

Porphyry 19
Mean 2.26 20.18 0.92 1.28 71.05 0.23 28.71

St.D 0.03 4.34 0.52 0.41 1.53 0.43 1.48

K R
1

2
0 06 11 27 0 02

Dry
GP� � � � �. % . .  (4)

K R
2

2
0 09 10 34 0 03

Dry
GP� � � � �. % . .  (5)

K R
1

2
0 04 14 36 0 01

Sat
GP� � � � �. % . .  (6)

K R
1

2
0 01 16 48 0 01

Sat
GP� � � � �. % . .  (7)

Fig. 8 Correlation between the conversion factors of Is(50)(Axial) – Is(50)(Diametral) to UCS with the mineral composition of rock groups  
in (a) dry and (b) saturated conditions

(b)(a)
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5.2 Analysis based on the mineral composition of all 
samples
In this type of analysis, regardless of the sampling location 
of rock blocks, 182 series of triple-tested samples were 
divided into three main groups, a series of rock samples 
consisting of almost pure gypsum (GP ˃ 90%, AN ˂ 5% 
and CMs ˂ 5%, refer to APGPMRG), anhydrite dominant 
(GP ˂ 27%, AN ˃ 70%, CMs ˂ 5% refer to ANDSRMG) 
and clay-sized bearing gypsum (GP ˃ 60%, AN ˂ 5% and 
25 ˂ CMs ˂ 36% refer  to CMBGPMRG) rock groups  in 
terms  of  mineral  composition.  Based  on  this  classifica-
tion, 34 (18 alabaster textures and 16 porphyry textures), 
59 (all porphyry textures) and 20 (9 alabaster textures and 
11 porphyry textures) sample series were divided into 
three main groups, respectively. A number of tested series 
could not be used in this type of analysis due to their min-
eral composition contrary to the three specified levels of 
classification. Due to the present the results of each series 
of samples in Appendices A and B, in Table 10 only the 

UCS, Is(50)(Axial) and Is(50)(Diametral) obtained statistical func-
tions for each group is presented. Comparison of the mean 
values in Table 10 with Table 7 shows that except for three 
cases (with an increase of about 3 to 11%), in all other 
cases,  the use of  samples  taken  from different  locations, 
led to a decrease in the three studied strength properties, 
from about 1% to 32%.

In Table 10, the mean UCS, Is(50)(Axial), Is(50)(Diametral), the 
mineral composition of APGPMRG, ANDSRMG and 
CMBGPMRG samples are presented in dry and satu-
rated conditions. APGPMRG includes 18 series of UCT, 
APLT and DPLT samples that tested in dry conditions 
and 16 series in saturated conditions, all with alabaster 
texture. The mean UCS, Is(50)(Axial), Is(50)(Diametral) of ala-
baster APGPMRG samples are 24.69 ± 7.70, 1.77 ± 0.39 
and 1.44 ± 0.37 MPa in dry conditions and 15.08 ± 9.61, 
0.80 ± 0.37 and 0.90 ± 0.19 MPa in saturated conditions, 
respectively. Saturation has resulted in 39, 55 and 37% 
reduction in three strength indices, respectively. All of the 

Table 10 Mean UCS, Is(50)(Axial) and Is(50)(Diametral) statistical functions and mineral composition of APGPMRG, ANDSRMG and CMBGPMRG samples 
tested in dry and saturated conditions

Texture Number of sample 
series

Statistical 
functions

ρ  
(g/cm3)

UCS  
(MPa)

Is(50)(Axial)  
(MPa)

Is(50)(Diametral)  
(MPa) GP% AN% CMs%

Almost pure gypsum (GP ˃ 90%)(AN ˂ 5%)(CMs ˂ 5%)

Dry condition

Alabaster 18
Mean 2.27 24.69 1.77 1.44 96.02 1.19 2.84

St.D 0.02 7.70 0.39 0.37 1.46 1.46 0.88

Sat condition

Alabaster 16
Mean 2.30 15.08 0.80 0.90 96.27 1.08 2.78

St.D 2.28 9.61 0.37 0.19 94.00 0.00 1.04

Anhydrite dominant (GP ˂ 27%)(AN ˃ 70%)(CMs ˂ 5%)

Dry condition

Porphyry 38
Mean 2.60 38.36 2.75 2.86 22.93 75.40 1.67

St.D 0.08 12.12 0.61 0.76 4.81 5.47 1.21

Sat condition

Porphyry 21
Mean 2.65 35.58 2.22 2.62 22.90 75.71 1.40

St.D 0.09 11.74 0.61 0.62 6.19 6.80 1.02

Clay bearing gypsum (GP ˃ 60%)(AN ˂ 5%)(25 ˂ CMs ˂ 36%)

Dry condition

Alabaster 9
Mean 2.34 31.55 1.91 1.85 62.83 3.08 34.09

St.D 0.07 6.27 0.55 0.60 3.70 1.11 2.59

Porphyry 11
Mean 2.27 34.43 2.14 1.98 70.31 0.54 29.15

St.D 0.02 7.34 0.36 0.75 1.74 0.62 2.25

Sat condition

Alabaster 9
Mean 2.29 25.22 1.05 0.95 63.46 2.78 33.77

St.D 0.02 7.35 0.21 0.23 4.01 1.43 2.64

Porphyry 19
Mean 2.26 20.18 0.92 1.28 71.05 0.23 28.71

St.D 0.03 4.34 0.52 0.41 1.53 0.43 1.48
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ANDSRMG sample series in dry and saturated conditions 
have porphyry texture and their mean UCS, Is(50)(Axial),  
Is(50)(Diametral) in dry conditions are 38.36 ± 12.12, 2.75 ± 0.61 
and 2.86 ± 0.76 MPa and in saturation conditions, 
35.58 ± 11.74, 2.22 ± 0.61 and 2.62 ± 0.62 MPa, respec-
tively, and saturation caused 7, 19 and 18% decrease in 
the three strength indices, respectively. Saturation results 
in two different tested APGPMRG and ANDSRMG series 
of  samples  show  that  the  weakening  effect  of  water  on 
weaker rocks is greater than stronger rocks. Also, the mean 
values of UCS, Is(50)(Axial), Is(50)(Diametral) of the porphyry 
ANDSRMG sample series in dry conditions are 55, 55 and 
98%, respectively, and in saturated conditions 136, 178 
and 191% and more than the alabaster APGPMRG sam-
ple series is similar conditions. Compared to the alabaster 
APGPMRG sample series means, the CMBGPMRG sam-
ple series in dry conditions have 28, 7 and 28% higher UCS, 
Is(50)(Axial), Is(50)(Diametral) means, respectively. As mentioned 
before, the reason for such an increase can be attributed 
to the presence of clay-sized carbonate particles (calcite 
and dolomite) with higher strength than GP in the rock 
matrix. This increase in strength is also seen in clay-bear-
ing gypsum in saturated conditions. Measurement of the 
penetration of steel conical platens during axial point load 
tests showed that in oven-dried and saturated samples, 
the penetration amount of alabaster APGPMRG samples 
is 2.36 and 1.23 mm, and in ANDSRMG samples is 1.44 
and 1.01 mm. Such penetration values indicate that, firstly, 
the penetration amount of alabaster APGPMRG samples 
is higher than the ANDSRMG samples. Second, the pene-
tration in saturated conditions is less than in the dry condi-
tion (contrary to expectations). The reason for this seems 
to be a greater reduction in the strength of the rock than 
the frictional resistance at the point of penetration of the 

tip of the steel conical platens in the saturated condition. 
In fact, before the conical platens tips can penetrate more 
into the sample, the sample breaks. The penetration values 
in the DPLTs in APGPMRG samples in dry and saturated 
conditions are 2.48 and 2.61 mm, respectively, and in the 
ANDSRMG samples are 3.17 and 4.66 mm. In DPLT sam-
ples, although the penetration amount in the ANDSRMG 
samples is expected to be less than in the APGP sam-
ples, the opposite is observed. This seems to be due to the 
greater strength of the ANDSRMG specimens at a thick-
ness close to the specimen diameter and the need for more 
steel conical platens to try to break the specimen. Given 
the inverse relationship between De and Is in the equa-
tion Is = P / De2, It can be concluded that not measuring 
the amount of penetration in the PLTs and using the initial 
thickness or diameter of the sample can lead to a smaller 
erroneous calculation for Is in week rocks. 

Regression analysis of the UCTs, APLTs and DPLTs 
results of series of samples placed in three main rock 
groups in dry and saturated conditions (for example, Fig. 9 
for a series of ANDSRMG samples) led to relationships of 
Eqs. (8)–(11) (for alabaster APGPMRG series of samples), 
Eqs. (12)–(15) (for porphyry ANDSRMG series of sam-
ples), Eqs. (16)–(19) (for alabaster CMBGPMRG series of 
samples) and Eqs. (20)–(23) (for porphyry CMBGPMRG 
series of samples) for the three main rock groups rock, 
respectively, in dry and saturated conditions: 

• for APGPMRG(Alabaster): 

UCS
Dry Axial Dry� � � �� �� �� �11 68 0 94

50

1 92 2
. .

%

.I Rs
 (8)

UCS
Dry Diametral Dry� � � �� �� �� �15 90 0 91

50

1 17 2
. .

%

.I Rs
   (9)

UCS
Sat Axial Sat� � � �� �� �� � �13 99 4 67 0 94

50

2
. . .

%
I Rs  

(10)

(a) (b)

Fig. 9 Correlation between UCTs, APLTs and DPLTs results for ANDSRMG in (a) dry, (b) saturated condition
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UCS
Dry Diametral Sat� � � �� �� �� � �6 22 9 51 0 84

50

2
. . .

%
I Rs  

(11)

• for ANDSRMG(Porphyry): 

UCS
Dry Axial Dry� � � �� �� �� �11 94 0 72

50

1 14 2
. .

%

.I Rs
 (12)

UCS
Dry Diametral Dry� � � �� �� �� � �14 52 3 10 0 84

50

2
. . .

%
I Rs

 

(13)

UCS
Sat Axial Sat� � � �� �� �� � �15 17 1 91 0 63

50

2
. . .

%
I Rs  (14)

UCS
Dry Diametral Sat� � � �� �� �� �14 09 0 51

50

0 94 2
. .

%

.I Rs   (15)

• for CMBGPMRG(Alabaster): 

UCS
Dry Axial Dry� � � �� �� �� � �11 04 10 47 0 92

50

2
. . .

%
I Rs

 

(16)

UCS
Dry Diametral Dry� � � �� �� �� �22 48 0 91

50

0 57 2
. .

%

.I Rs  (17)

UCS
Sat Axial Sat� � � �� �� �� � �37 71 15 20 0 92

50

2
. . .

%
I Rs

 

(18)

UCS
Dry Diametral Sat� � � �� �� �� � �29 09 1 51 0 86

50

2
. . .

%
I Rs  

(19)

• for CMBGPMRG(Porphyry): 

UCS
Dry Axial Dry� � � �� �� �� � �17 84 3 82 0 77

50

2
. . .

%
I Rs

 

(20)

UCS
Dry Diametral Dry� � � �� �� �� � �9 70 15 27 0 98

50

2
. . .

%
I Rs

 

(21)

UCS
Sat Axial Sat� � � �� �� �� �21 27 0 60

50

0 34 2
. .

%

.I Rs
 (22)

UCS .
Dry Diametral Sat� � � �� �� �� �17 90 0 65

50

0 54 2
. .

%

.I Rs  (23)

Since most of the series of alabaster APGPMRG sam-
ples are the same as APGPRG rock group samples, so 
the  obtained  determination  coefficients  values  for  the 
APGPMRG sample series are in the range of mean deter-
mination coefficients values  for  the APGPRG rock group 
(the axial and diametral equations for dry and  for satu-
ration conditions are in the rows 3, 16 and 17 of Table 5) 
relationships.  However,  in most  of  the  similar  equations 
obtained for ANDSRMG and CMBGPMRG, the values of 
the determination coefficients are reduced. This means that 
even if the mineral composition of the samples is the same, 

if  the  rock  blocks  are  taken  from different  locations,  the 
value of the determination coefficients and the reliability of 
the extracted equations between the PLI and the UCS of the 
sulfate rock are reduced for use in UCS forecasts. In Fig. 9, 
there is a weaker correlation between UCS and Is(50) in 
saturated conditions rather than dry conditions. It can be 
caused by the absorption of water in the layered structure 
of silicates in clay minerals and the angle of placement of 
these layered structures in relation to the loading direction.

5.3 Deformation and type of failure in point load tests
Deformation of rocks under normal loads is a function of 
lithological characteristics, grain size, internal structure, 
the pattern of loads, etc. So far, most of the deformation 
curves presented for GP and AN in the UCT are S-shaped 
and usually have three stages: plastic, elastic and plas-
tic [79–81]. Therefore, basically, the deformation behav-
ior of these two rocks under loads is usually plastic-elas-
tic-plastic. However, so far, no research has been done on 
the deformation behavior of rocks during point load test-
ing. In order to investigate the behavior of sulfate rock 
samples during APLTs and DPLTs, as mentioned above, by 
installing a strain gauge with an accuracy of 0.001 mm on 
the lower metal platform of the UCT instrument (Fig. 10), 
the penetration rate of the metal cones, as well as the defor-
mation of the loading points of specimens in the direction 
of loading, was recorded (Fig. 11). With gradual increasing 
of the load on the sample, the amount of point load strength 
gradually increases and in proportion to the strength of the 
rock, after reaching the peak strength, the sample will fail-
ure. In order to obtain deformation curve and failure mode, 
a correlation was established between the instantaneous 

Fig. 10 Installing the strain gauge on the metal plate located on the 
loading platform below the samples
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thickness of the specimens (D') and the instantaneous 
point load index (Is(50)Instantaneous) during the experiments 
for all specimens. In fact, the created correlation is simi-
lar to the stress-strain correlation in UCT, but instead of 
using strain, the instantaneous thickness of PLT specimens 
is used during the tests. Such a correlation has not been 
observed in the thematic literature and taken as an initia-
tive in this article. The creation of such correlations leads 
to  different  "instantaneous  thickness-instantaneous  PLI" 
curves for different types of sulfate rocks (Fig. 12).

Brittle elastic deformation was observed in porphyry 
anhydrite dominant samples (such as KG3-1, MG2-2, 
MG3-1 and MG4-5 groups). In such rocks, with a grad-
ual increasing the load, the rock suddenly (Fig. 12 (a)) or 
after one to several local failures at the point of penetra-
tion of metal cones, becomes failure (Fig. 12 (b), (c) and 
(d)). In this type of rocks, although the deformation of the 
rock sample under the point load test is an elastic type, 
but with the continuous crushing of a number of porphyry 
crystals in the rock sample, the complete failure of the 
sample  is  faced  with  delays.  However,  the  predominant 
behavior in almost pure gypsum specimens is elastoplas-
tic deformation. This type of deformation is the dominant 
behavior in many samples, including samples with high 
GP content with porphyry texture such as KG1-1 and ala-
baster texture of all rock groups belonging to the Kangir 
and Nargesi dam sites, as well as some porphyry anhy-
dride dominant samples such as KG3-1, MG1-2, MG3-1, 
MG4-2 and MG4-5 rock groups. This type of deformation 
is observed in different forms of one to several-stage rup-
ture (Fig. 12 (c), (f), (g), (h)). The rupture in this type of 
rock is mainly brittle. 

In some samples, with increasing load on the spec-
imen, there is initially no penetration (or very small or 
limited penetration), but after increasing the load, the 

elastic behavior with one-stage (Fig. 12 (i)), two-stages 
(Fig. 12 (j)), three stages (Fig. 12 (k)) to several stages 
(Fig. 12 (l)) brittle failure are observed. In fact, the rock 
sample  at  the  applied  load,  at  first  resisted  to  a  degree 
commensurate with the hardness and strength of the rock, 
but after increasing the amount of load from the resistance 
point (Resistance of rock particles to crushing or resis-
tance due to adhesion created between rock particles due 
to the matrix), penetrate to the sample begins and then the 
path of elastic deformation goes through and eventually 
leads to brittle failure. This type of deformation can be 
called "elastic deformation with initial strength stiffness" 
or "elastic deformation with pre-strength stiffness". Such 
deformation was seen in some samples containing high 
GP content with alabaster texture such as NG1-1, and with 
porphyry texture such as KG1-1 or porphyry anhydride 
dominant such as KG2-1, MG2-2, MG4-2, 5. 

In some AN dominant sulfate rock samples with por-
phyry texture such as KG2-1, KG3-1, MG1-2, MG2-1, 
MG3-1 and MG4-2,5 as well as almost pure GP samples 
with porphyry texture such as KG1-1 and alabaster tex-
tures such as NG1-1, NG2-1, TG1-1 and TG2-1 show elas-
tic-plastic-elastic deformation in which the initial deforma-
tion of the rock is elastic and then after a stage of plastic 
behavior, re-entered the elastic behavior and brittle failure 
(Fig. 12 (m), (n)). In a very limited number of samples, the 
sample is failure after reaching the peak strength, but if the 
experiment continues, some residual strength is observed 
(Fig. 12 (o)) due to the plastic deformation of the pressed 
material under the metal cones. This type of deformation 
can be described as "elastoplastic deformation with tempo-
rary residual strength". Such deformation and failure were 
observed in some samples containing significant clay min-
eral content with porphyry texture such as KG2-1 and also 
samples with high alabaster gypsum such as NG1-1, NG2-1, 
NG2-2, TG1-1 and TG2-1. Therefore, very different defor-
mation behavior can be observed during point load tests 
depending on the mineral composition of sulfate rocks.

6 Conclusions
Although axial and diametral point load testing to pre-
dict the uniaxial compressive strength is common in many 
civil projects today, research on sulfate rocks has been 
very limited. In this study, focusing on sulfate rocks with 
different mineral compositions, it was concluded that:

1. There is a unique relationship between the axial – 
diametral point load index and the UCS for each spe-
cific mineral composition. 

Fig. 11 Local failure during point load tests
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Fig. 12 The point load tests "Thickness-Is(50%)" curves with deformation: 1 - Elastic with (a) single-stage, (b) double stage, (c) triple stage, 
(d) Multi-stage brittle failure; 2 - Elastoplastic with (e) single-stage, (f) double stage, (g) triple stage, (h) multi-stage brittle failure, 3 - Elastic with 

initial pre-hardening and (i) one-stage, (j) double stage, (k) triple stage, (l) multi-stage brittle failure, 4 - Elastic-plastic-elastic with (m) double 
stage, (n) triple stage brittle failure; 5 - Elastoplastic with residual strength (o) one stage

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)
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2. The mean UCS, Is(50)(Axial) and Is(50)(Diametral) of 
almost pure gypsum samples in dry conditions are 
23.75 ± 1.74, 1.74 ± 0.08 and 1.62 ± 0.47 MPa, respec-
tively, and in saturated conditions, 13.36 ± 3.25, 
0.77 ± 0.09 and 0.81 ± 0.17 MPa. Similar values in 
the dry conditions of the anhydrite dominant samples 
are 38.27 ± 9.20, 2.75 ± 0.40, 2.87 ± 0.54 MPa and 
in the saturated conditions, 33.39 ± 9.14, 2.20 ± 0.43 
and 2.49 ± 0.23 MPa. 

3. The values of Is(50)(Axial) conversion factor to UCS for 
almost pure gypsum samples in dry conditions and 
saturated are 13.64 ± 0.52 and 17.27 ± 3.90, respec-
tively, and for anhydrite dominant samples are 
13.88 ± 1.98 and 15.06 ± 1.47. The conversion factor 
of Is(50)(Diametral) to UCS for almost pure gypsum sam-
ples in dry and saturated conditions are 15.17 ± 2.86 
and 17.37 ± 7.30 and for anhydrite dominant sam-
ples 13.38 ± 1.84 and 13.43 ± 3.27, respectively. 
Therefore, the conversion factors of point load indi-
ces to UCS in sulfate rocks are far less than the value 
of 24 announced by some authors for different rocks.

4. Comparison of the ratio between Is(50)(Axial) / Is(50)(Diametral) 
in dry and saturated conditions for studied sulfate 
rocks shows that the value of this ratio is average in 
the range of 1 or slightly more than 1. 

5. The results of axial and diametral point load tests can 
be used with the same reliability to predict the UCS.

6. If rock samples with the same mineral composition 
are gathered from different geographical or geolog-
ical points, the reliability of the equations obtained 
between point load indices and UCS, will face with 
a  significant  reduction  compared  to  samples  taken 
from a unique location. Therefore, such correla-
tions are better to be done independently for samples 
taken from each sampling site.

7. The obtained results of the point load test on sulfate 
rocks  show very different deformation behavior  such 
as elastic, elastoplastic, elastic deformation with initial 
strength  stiffness,  elastic-plastic-elastic,  elastic  defor-
mation with pre-strength stiffness, elastoplastic defor-
mation with temporary residual strength, before failure.

The results obtained above regarding uniaxial com-
pressive strength, axial and diagonal point load strength, 
as well as correlation relations for almost pure gypsum 
and anhydrite predominant sulfated rocks can be used 
with sufficient reliability in other similar researches. But 
as mentioned above, for each special geological and geo-
graphical situation, especially in development plans, it is 
necessary to conduct special tests on rock samples.
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Table A1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in oven dried conditions

Row Sample NO L 
(mm)

d 
(mm) L/d ρdry 

g/cm3
UCS(Dry) 
(MPa)

Is(50)(Axial)(Dry) 
(MPa)

Is(50)(Diametral)(Dry) 
(MPa)

Mineral composition
Texture

GP AN CMs

1 KA1-2-1 134.60 54.55 2.47 2.32 27.79 2.12 1.87 75.83 0.00 24.17 Alabaster

2 KA1-2-2 133.50 54.70 2.44 2.31 23.92 1.30 1.28 75.83 0.00 24.17 Alabaster

3 KA1-2-3 132.80 54.61 2.43 2.30 28.07 2.14 1.90 75.83 0.00 24.17 Alabaster

4 KA1-2-6 133.95 54.56 2.46 2.31 25.62 1.45 1.41 75.83 0.00 24.17 Alabaster

5 KA1-2-8 134.81 54.63 2.47 2.31 27.51 1.77 1.73 75.83 0.00 24.17 Alabaster

6 KA1-3-1 130.77 52.38 2.50 2.31 22.89 0.96 1.05 60.96 3.64 35.39 Alabaster

7 KA1-3-2 130.56 52.39 2.49 2.30 33.16 2.24 2.23 60.96 3.64 35.39 Alabaster

8 KA1-3-14 131.43 52.86 2.49 2.31 39.70 2.39 2.65 60.96 3.64 35.39 Alabaster

9 KA1-3-17 131.78 52.72 2.50 2.30 37.56 2.34 2.56 60.96 3.64 35.39 Alabaster

10 KA1-3-21 130.99 52.73 2.48 2.32 32.74 2.23 2.11 60.96 3.64 35.39 Alabaster

11 KA1-5-1 133.86 54.24 2.47 2.32 23.33 1.25 1.07 60.96 3.64 35.39 Alabaster

12 KA1-5-2 133.97 54.26 2.47 2.31 24.95 1.40 1.35 60.96 3.64 35.39 Alabaster

13 KA1-6-1 134.63 53.97 2.49 2.30 20.38 0.72 0.86 75.83 0.00 24.17 Alabaster

14 KA1-6-2 133.47 54.06 2.47 2.29 27.26 1.75 1.61 75.83 0.00 24.17 Alabaster

15 KA1-6-3 135.32 53.97 2.51 2.30 25.93 1.62 1.48 75.83 0.00 24.17 Alabaster

16 KA4-1-2 135.8 52.78 2.57 2.29 13.61 0.22 0.34 87.31 2.32 10.37 Porphyry

17 KA4-1-3 135.02 52.77 2.56 2.33 25.95 1.16 1.42 87.31 2.32 10.37 Porphyry

18 KA4-1-4 135.31 52.78 2.56 2.31 20.45 0.86 1.08 87.31 2.32 10.37 Porphyry

19 KA4-2-1 124.85 52.01 2.40 2.28 19.47 0.64 0.85 87.31 2.32 10.37 Porphyry

20 KA4-2-3 127.18 52.03 2.44 2.27 15.70 0.24 0.39 87.31 2.32 10.37 Porphyry

21 KA4-5-2 136.6 53.97 2.53 2.34 22.11 0.92 1.15 87.31 2.32 10.37 Porphyry

22 KA4-5-7 134.66 54.2 2.48 2.31 17.35 0.55 0.69 87.31 2.32 10.37 Porphyry

23 KA4-5-9 133.62 54.32 2.46 2.33 20.34 0.67 0.97 87.31 2.32 10.37 Porphyry

24 KA4-5-13 134.28 54.27 2.47 2.30 16.04 0.47 0.44 87.31 2.32 10.37 Porphyry

25 KA4-5-14 134.65 54.25 2.48 2.30 16.54 0.52 0.54 87.31 2.32 10.37 Porphyry

26 KG7-1-1 133.74 52.66 2.54 2.26 23.36 1.55 1.84 91.79 1.72 6.49 Porphyry

27 KG7-1-2 133.99 52.3 2.56 2.23 17.97 0.90 0.73 91.79 1.72 6.49 Porphyry

28 KG7-1-3 133.67 52.25 2.56 2.24 30.17 2.23 2.80 91.79 1.72 6.49 Porphyry

29 KG7-3-1 132.46 52.24 2.54 2.27 23.32 1.50 1.51 91.79 1.72 6.49 Porphyry

30 KG7-3-2 132.33 52.36 2.53 2.26 36.65 2.49 3.37 91.79 1.72 6.49 Porphyry

31 KG7-3-3 133.35 52.29 2.55 2.26 27.87 1.93 2.51 91.79 1.72 6.49 Porphyry

32 KG7-3-4 132.36 52.32 2.53 0.00 23.94 1.81 2.25 91.79 1.72 6.49 Porphyry

33 KG7-3-5 132.52 52.37 2.53 2.26 23.90 1.68 1.95 91.79 1.72 6.49 Porphyry

34 KG7-4-2 132.84 54.31 2.45 2.29 28.18 2.05 2.62 90.22 1.31 8.47 Porphyry

35 KG7-4-3 135.64 54.31 2.50 2.27 28.29 2.12 2.71 90.22 1.31 8.47 Porphyry
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Row Sample NO L 
(mm)

d 
(mm) L/d ρdry 

g/cm3
UCS(Dry) 
(MPa)

Is(50)(Axial)(Dry) 
(MPa)

Is(50)(Diametral)(Dry) 
(MPa)

Mineral composition
Texture

GP AN CMs

36 KG7-4-4 134.46 54.23 2.48 2.30 35.58 2.41 3.11 90.22 1.31 8.47 Porphyry

37 KG7-6-1 134.16 54.07 2.48 2.22 21.10 0.93 1.27 91.00 1.52 7.48 Porphyry

38 KG7-6-3 133.69 54.04 2.47 2.21 22.47 1.42 1.28 91.00 1.52 7.48 Porphyry

39 KG9-1-1 130.84 52.71 2.48 2.27 40.60 2.43 2.58 69.09 0.00 30.91 Porphyry

40 KG9-1-2 131.43 52.55 2.50 2.27 34.16 2.29 1.88 69.09 0.00 30.91 Porphyry

41 KG9-1-3 132.87 52.64 2.52 2.28 31.69 2.21 1.76 69.09 0.00 30.91 Porphyry

42 KG9-1-4 132.48 52.64 2.52 2.28 39.67 2.34 2.34 69.09 0.00 30.91 Porphyry

43 KG9-1-8 132.23 52.68 2.51 2.27 42.77 2.49 2.92 69.09 0.00 30.91 Porphyry

44 KG9-1-9 131.82 52.74 2.50 2.27 41.56 2.46 2.82 69.09 0.00 30.91 Porphyry

45 KG9-2-1 132.64 54.93 2.41 2.65 45.56 3.09 2.85 18.95 72.91 8.15 Porphyry

46 KG9-2-2 131.71 54.94 2.40 2.64 21.40 1.63 1.51 18.95 72.91 8.15 Porphyry

47 KG9-2-4 132.04 54.91 2.40 2.66 23.66 2.05 1.58 18.95 72.91 8.15 Porphyry

48 KG9-2-6 131.47 54.86 2.40 2.65 46.41 3.26 3.19 18.95 72.91 8.15 Porphyry

49 KG9-5-4 134.16 53.96 2.49 2.27 26.78 1.90 1.21 72.96 1.15 25.89 Porphyry

50 KG9-5-8 134.42 53.74 2.50 2.27 28.65 2.10 1.49 72.96 1.15 25.89 Porphyry

51 KG9-5-9 134.79 53.92 2.50 2.27 25.39 1.73 1.12 72.96 1.15 25.89 Porphyry

52 KG10-3-1 135.59 53.63 2.53 2.63 31.14 2.36 2.10 20.86 76.32 2.82 Porphyry

53 KG10-3-3 135.03 54.02 2.50 2.66 26.13 2.16 1.77 20.86 76.32 2.82 Porphyry

54 KG10-3-4 134.68 54.04 2.49 2.64 33.96 2.45 2.21 20.86 76.32 2.82 Porphyry

55 KG10-3-6 135.30 53.63 2.52 2.65 28.37 2.30 1.91 20.86 76.32 2.82 Porphyry

56 KG10-3-7 136.05 53.63 2.54 2.64 41.39 2.96 2.73 20.86 76.32 2.82 Porphyry

57 KG10-3-8 135.19 53.63 2.52 2.62 35.49 2.47 2.29 20.86 76.32 2.82 Porphyry

58 KG10-3-9 134.35 53.62 2.51 2.64 32.01 2.43 2.16 20.86 76.32 2.82 Porphyry

59 KG10-3-10 135.87 53.63 2.53 2.64 36.28 2.86 2.35 20.86 76.32 2.82 Porphyry

60 KG10-3-11 135.92 53.61 2.54 2.65 36.46 2.90 2.50 20.86 76.32 2.82 Porphyry

61 KG13-2-1 132.09 52.10 2.54 2.30 56.34 2.34 3.54 48.74 21.02 30.23 Porphyry

62 KG13-2-2 128.50 52.12 2.47 2.36 69.86 2.65 3.96 48.74 21.02 30.23 Porphyry

63 KG13-2-3 131.58 52.12 2.52 2.25 29.67 1.70 1.60 48.74 21.02 30.23 Porphyry

64 KG13-2-4 131.46 52.02 2.53 2.26 39.43 2.26 2.46 48.74 21.02 30.23 Porphyry

65 KG13-2-8 131.52 52.34 2.51 2.45 36.12 2.06 1.85 48.74 21.02 30.23 Porphyry

66 KG13-2-9 132.61 52.51 2.53 2.36 33.42 1.88 1.78 48.74 21.02 30.23 Porphyry

67 KG13-5-3 132.24 54.23 2.44 2.69 26.47 1.63 1.11 39.90 55.11 4.99 Porphyry

68 KG13-5-4 132.24 54.23 2.44 2.71 38.82 2.25 2.31 39.90 55.11 4.99 Porphyry

69 KG13-5-8 134.15 54.22 2.47 2.28 37.46 2.09 2.11 39.90 55.11 4.99 Porphyry

70 KG13-6-1 135.45 54.21 2.50 2.27 42.99 2.32 2.79 69.98 1.24 28.78 Porphyry

71 KG13-6-2 135.69 54.10 2.51 2.22 24.49 1.32 0.84 69.98 1.24 28.78 Porphyry

72 MG4-1-1 132.33 52.24 2.53 2.64 43.43 2.46 1.98 53.71 46.59 0.00 Porphyry

73 MG4-6-1 136.01 52.59 2.59 2.54 54.09 2.77 2.13 54.62 43.82 1.56 Porphyry

74 MG4-6-2 136.35 52.59 2.59 2.49 62.32 3.61 2.64 54.62 43.82 1.56 Porphyry

75 MG4-8-1 135.43 52.64 2.57 2.70 49.32 2.58 2.10 67.61 29.98 2.42 Porphyry

76 MG4-8-2 136.46 52.62 2.59 2.71 64.90 3.62 2.75 67.61 29.98 2.42 Porphyry

77 MG4-8-7 136.53 52.66 2.59 2.56 69.47 3.95 2.97 67.61 29.98 2.42 Porphyry

78 MG4-8-8 136.41 52.83 2.58 2.55 58.76 3.21 2.41 54.62 43.82 1.56 Porphyry

79 MG4-8-9 135.79 52.49 2.59 2.58 54.28 2.99 2.14 54.62 43.82 1.56 Porphyry

80 MG5-10-1 134.27 54.50 2.46 2.58 44.64 2.82 3.74 39.81 60.19 0.00 Porphyry

Table A1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in oven dried conditions (continued)
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Row Sample NO L 
(mm)

d 
(mm) L/d ρdry 

g/cm3
UCS(Dry) 
(MPa)

Is(50)(Axial)(Dry) 
(MPa)

Is(50)(Diametral)(Dry) 
(MPa)

Mineral composition
Texture

GP AN CMs

81 MG5-3-1 135.46 52.61 2.57 2.47 28.34 2.67 2.80 70.22 24.26 5.52 Porphyry

82 MG5-4-1 134.77 52.63 2.56 2.16 18.49 1.61 1.19 89.07 8.51 2.42 Porphyry

83 MG5-4-2 134.46 52.61 2.56 2.15 12.76 1.29 0.91 89.07 8.51 2.42 Porphyry

84 MG5-4-3 134.35 52.64 2.55 2.21 27.96 2.58 2.70 89.07 8.51 2.42 Porphyry

85 MG5-4-4 133.95 52.64 2.54 2.19 18.78 1.87 1.62 89.07 8.51 2.42 Porphyry

86 MG5-4-7 133.68 52.43 2.55 2.18 21.51 1.96 2.06 89.07 8.51 2.42 Porphyry

87 MG5-4-8 134.49 52.73 2.55 2.20 25.67 2.57 2.63 89.07 8.51 2.42 Porphyry

88 MG5-6-1 135.96 52.65 2.58 2.57 22.92 1.68 1.89 26.56 70.77 2.66 Porphyry

90 MG5-6-2 135.86 52.63 2.58 2.58 35.51 2.37 3.04 26.56 70.77 2.66 Porphyry

91 MG5-6-3 137.53 52.63 2.61 2.61 27.98 1.95 2.67 26.56 70.77 2.66 Porphyry

92 MG5-6-4 135.83 52.65 2.58 2.58 25.38 1.90 2.45 26.56 70.77 2.66 Porphyry

93 MG5-6-5 134.93 52.77 2.56 2.56 32.08 2.10 2.71 26.56 70.77 2.66 Porphyry

94 MG5-6-8 135.78 52.76 2.57 2.57 18.62 1.39 1.68 26.56 70.77 2.66 Porphyry

89 MG5-6-10 135.49 52.82 2.57 2.52 33.93 2.17 2.81 26.56 70.77 2.66 Porphyry

95 MG5-7-5 136.09 52.69 2.58 2.58 56.88 3.18 4.23 26.56 70.77 2.66 Porphyry

96 MG5-8-3 135.12 53.72 2.52 2.52 36.11 2.64 3.09 39.81 60.19 0.00 Porphyry

97 MG5-8-5 135.66 53.59 2.53 2.53 48.97 2.86 3.84 39.81 60.19 0.00 Porphyry

98 MG5-9-1 135.85 53.82 2.52 2.52 40.10 2.68 3.54 26.56 70.77 2.66 Porphyry

99 MG6-5-A2 140.07 52.60 2.66 2.35 28.29 2.52 2.26 12.59 87.41 0.00 Porphyry

100 MG6-5-A3 137.25 52.64 2.61 2.61 31.30 2.74 2.49 12.59 87.41 0.00 Porphyry

101 MG6-5-B1 139.05 52.61 2.64 2.64 29.13 2.63 2.46 12.59 87.41 0.00 Porphyry

102 MG6-5-B2 135.76 52.70 2.58 2.58 36.57 3.12 3.07 12.59 87.41 0.00 Porphyry

103 MG6-5-B3 136.29 52.68 2.59 2.59 31.91 2.81 2.59 12.59 87.41 0.00 Porphyry

104 MG6-7-1 134.98 53.77 2.51 2.56 34.17 3.01 2.96 23.12 76.88 0.00 Porphyry

107 MG6-7-2 135.67 53.81 2.52 2.62 42.32 3.39 3.37 23.12 76.88 0.00 Porphyry

108 MG6-7-3 134.71 53.81 2.50 2.73 47.79 3.54 3.48 23.12 76.88 0.00 Porphyry

109 MG6-7-4 128.64 53.79 2.39 2.73 20.38 2.16 1.91 23.12 76.88 0.00 Porphyry

110 MG6-7-9 135.38 53.80 2.52 2.63 36.86 3.22 3.11 23.12 76.88 0.00 Porphyry

105 MG6-7-11 134.69 53.68 2.51 2.68 49.65 4.18 3.75 23.12 76.88 0.00 Porphyry

106 MG6-7-12 134.92 53.59 2.52 2.48 27.31 2.50 2.14 23.12 76.88 0.00 Porphyry

111 MG11-1A-1 135.26 53.84 2.51 2.71 56.35 2.88 3.35 27.48 70.78 1.74 Porphyry

112 MG11-1A-4 135.26 53.84 2.51 2.71 61.67 3.25 3.95 27.48 70.78 1.74 Porphyry

113 MG11-2-2 135.99 53.86 2.52 2.71 57.66 3.64 4.52 27.48 70.78 1.74 Porphyry

114 MG11-2-5 135.95 53.83 2.53 2.73 46.83 2.71 2.98 27.48 70.78 1.74 Porphyry

115 MG11-2-6 135.82 53.75 2.53 2.58 54.16 3.45 3.71 27.48 70.78 1.74 Porphyry

116 MG11-2-8 136.27 53.71 2.54 2.59 53.89 3.39 3.48 27.48 70.78 1.74 Porphyry

117 MG11-4-2 135.75 54.04 2.51 2.74 76.16 3.71 4.68 55.07 44.51 0.42 Porphyry

118 MG11-4-5 135.29 54.39 2.49 2.62 71.29 3.52 4.24 55.07 44.51 0.42 Porphyry

119 MG11-4-8 135.67 54.67 2.48 2.65 65.76 3.44 4.17 55.07 44.51 0.42 Porphyry

120 MG11-5-3 130.77 55.17 2.37 2.78 66.97 3.83 4.63 27.48 70.78 1.74 Porphyry

121 MG11-5-4 130.67 55.20 2.37 2.67 49.98 3.23 3.27 27.48 70.78 1.74 Porphyry

122 MG11-6-1 135.26 54.22 2.49 2.69 40.03 2.01 2.19 55.07 44.51 0.42 Porphyry

123 MG11-7-1 135.05 53.12 2.54 2.61 38.08 2.48 2.63 33.82 64.32 1.86 Porphyry

124 MG11-7-2 134.66 53.08 2.54 2.72 49.71 3.03 3.13 33.82 64.32 1.86 Porphyry

125 MG11-8-2 132.13 53.20 2.48 2.66 45.14 2.50 2.60 55.07 44.51 0.42 Porphyry

Table A1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in oven dried conditions (continued)
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Row Sample NO L 
(mm)

d 
(mm) L/d ρdry 

g/cm3
UCS(Dry) 
(MPa)

Is(50)(Axial)(Dry) 
(MPa)

Is(50)(Diametral)(Dry) 
(MPa)

Mineral composition
Texture

GP AN CMs

126 MG11-8-5 133.56 53.06 2.52 2.65 37.35 1.82 1.96 55.07 44.51 0.42 Porphyry

127 MG11-10-1 135.43 53.35 2.54 2.66 49.95 2.73 3.12 53.39 46.61 0.00 Porphyry

128 MG11-10-6 136.07 53.82 2.53 2.63 48.55 2.63 2.94 53.39 46.61 0.00 Porphyry

129 NG3-1-1 135.89 54.48 2.49 2.28 35.08 2.22 1.96 69.36 1.13 29.51 Alabaster

130 NG3-1-2 133.34 54.47 2.45 2.28 34.58 2.17 1.71 69.36 1.13 29.51 Alabaster

133 NG3-2-2 132.13 54.35 2.43 2.28 39.45 2.45 2.07 74.31 15.06 10.63 Alabaster

134 NG3-2-5 135.31 54.18 2.50 2.28 25.68 2.03 1.38 74.31 15.06 10.63 Alabaster

131 NG3-2-10 135.34 54.38 2.49 2.27 30.12 2.14 1.62 74.31 15.06 10.63 Alabaster

132 NG3-2-11 134.37 54.62 2.46 2.27 29.38 2.12 1.48 74.31 15.06 10.63 Alabaster

135 NG3-6-1 133.28 50.36 2.65 2.31 21.20 1.71 1.03 70.58 12.39 17.02 Alabaster

136 NG3-6-7 133.39 51.42 2.59 2.27 19.86 1.56 0.94 70.58 12.39 17.02 Alabaster

137 NG3-7-1 126.43 52.34 2.42 2.29 22.45 1.87 1.18 98.17 0.78 1.04 Alabaster

138 NG3-9-A1 135.81 54.76 2.48 2.28 24.77 2.02 1.29 81.72 1.97 16.31 Alabaster

139 NG5-1-1 135.65 54.21 2.50 2.31 30.40 2.17 2.13 90.42 3.01 6.58 Alabaster

142 NG5-5-3 135.94 54.23 2.51 2.31 17.74 1.01 1.16 42.60 54.03 3.37 Alabaster

143 NG5-5-8 135.94 54.23 2.51 2.28 26.18 2.13 2.09 42.60 54.03 3.37 Alabaster

140 NG5-5-10 133.68 54.49 2.45 2.26 22.12 1.61 1.70 42.60 54.03 3.37 Alabaster

141 NG5-5-11 132.84 54.37 2.44 2.27 19.16 1.28 1.56 42.60 54.03 3.37 Alabaster

144 NG5-6-2 133.37 54.43 2.45 2.27 30.92 2.61 2.31 84.91 0.64 14.45 Alabaster

145 NG5-6-3 134.87 54.39 2.48 2.27 29.23 2.13 1.99 84.91 0.64 14.45 Alabaster

146 NG5-7-3 135.39 54.52 2.48 2.29 14.76 1.04 0.81 88.87 1.86 9.27 Alabaster

147 NG5-9-A3 133.99 54.74 2.45 2.29 27.82 2.36 2.28 38.30 44.82 16.87 Alabaster

148 NG5-9-B1 131.89 54.64 2.41 2.29 23.99 1.82 1.89 47.51 37.10 15.39 Alabaster

149 NG5-9-B4 135.32 54.76 2.47 2.26 18.06 1.17 1.32 47.51 37.10 15.39 Alabaster

150 NG5-9-B7 133.52 54.62 2.44 2.27 22.86 1.78 1.81 47.51 37.10 15.39 Alabaster

151 NG5-10-B3 131.63 54.66 2.41 2.28 25.01 2.03 1.71 90.97 0.00 9.03 Alabaster

152 NG5-10-B4 127.33 54.70 2.33 2.26 15.55 1.59 1.15 90.97 0.00 9.03 Alabaster

153 NG5-10-B6 130.39 54.63 2.39 2.28 22.56 1.84 1.44 90.97 0.00 9.03 Alabaster

154 NG5-10-B7 129.74 54.28 2.39 2.29 24.07 1.90 1.59 90.97 0.00 9.03 Alabaster

155 NG5-10-B8 132.64 54.71 2.42 2.26 18.79 1.77 1.26 90.97 0.00 9.03 Alabaster

156 NG5-10-B9 131.69 54.62 2.41 2.27 20.19 1.82 1.35 90.97 0.00 9.03 Alabaster

157 TG3-1-1 135.45 53.53 2.53 2.24 15.40 1.13 0.98 90.67 0.00 9.33 Alabaster

158 TG3-1-2 135.80 53.52 2.54 2.23 16.63 1.37 1.13 90.67 0.00 9.33 Alabaster

159 TG3-2-1 134.37 53.37 2.52 2.29 15.81 1.22 1.07 98.00 0.00 2.00 Alabaster

160 TG3-3-1 134.59 53.60 2.51 2.27 22.15 1.64 1.34 90.67 0.00 9.33 Alabaster

161 TG3-3-8 134.68 53.49 2.52 2.27 19.43 1.49 1.15 90.67 0.00 9.33 Alabaster

162 TG3-3-2 135.08 53.61 2.52 2.26 12.27 1.01 0.85 90.67 0.00 9.33 Alabaster

163 TG3-3-3 134.90 53.57 2.52 2.26 26.82 1.95 1.66 90.67 0.00 9.33 Alabaster

164 TG3-5-1 135.40 53.61 2.53 2.30 25.47 1.91 1.54 94.00 4.00 2.00 Alabaster

165 TG3-5-2 136.61 53.60 2.55 2.30 28.89 2.01 1.74 94.00 4.00 2.00 Alabaster

166 TG3-5-3 136.47 53.58 2.55 2.30 21.99 1.58 1.23 94.00 4.00 2.00 Alabaster

167 TG3-7-1 129.40 53.42 2.42 2.27 32.90 2.21 2.15 94.66 1.67 3.68 Alabaster

168 TG3-9-1H 135.56 53.70 2.52 2.28 22.78 1.68 1.38 94.66 1.67 3.68 Alabaster

169 TG3-9-2H 134.94 53.54 2.52 2.27 24.25 1.78 1.42 94.66 1.67 3.68 Alabaster

170 TG3-9-6V 135.82 53.69 2.53 2.27 31.95 2.04 1.91 94.66 1.67 3.68 Alabaster

Table A1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in oven dried conditions (continued)
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Row Sample NO L 
(mm)

d 
(mm) L/d ρdry 

g/cm3
UCS(Dry) 
(MPa)

Is(50)(Axial)(Dry) 
(MPa)

Is(50)(Diametral)(Dry) 
(MPa)

Mineral composition
Texture

GP AN CMs

171 TG4-1-1 134.24 53.5 2.51 2.27 35.74 2.35 1.83 86.41 2.90 10.69 Alabaster

172 TG4-6-1 134.5 53.23 2.53 2.24 27.31 1.88 1.46 97.00 0.00 3.00 Alabaster

173 TG4-7-1 132.64 53.05 2.50 2.22 30.93 2.16 1.78 96.33 1.00 2.67 Alabaster

174 TG4-7-2 133.67 53.05 2.52 2.25 28.19 2.07 1.61 96.33 1.00 2.67 Alabaster

175 TG10-6-1 135.12 54.26 2.49 2.27 20.32 1.61 1.12 96.33 0.00 4.67 Alabaster

176 TG10-7-1 132.08 54.03 2.44 2.28 44.58 2.48 2.09 96.23 0.00 3.77 Alabaster

177 TG10-8-1 131.23 54.05 2.43 2.28 24.74 1.85 1.32 82.01 8.68 9.31 Alabaster

178 TG10-9-1 110.36 53.35 2.07 2.28 15.68 1.42 1.09 87.01 4.68 8.31 Alabaster

179 TG10-10-1 137.38 53.72 2.56 2.29 22.20 1.77 1.31 97.33 0.00 2.67 Alabaster

180 TG10-10-4 135.8 53.62 2.53 2.25 15.49 1.28 1.06 97.33 0.00 2.67 Alabaster

181 TG10-10-6 134.9 53.49 2.52 2.26 13.82 1.13 0.97 97.33 0.00 2.67 Alabaster

182 TG10-10-7 135.5 52.73 2.57 2.23 15.11 1.14 0.98 97.33 0.00 2.67 Alabaster

Mean 133.94 53.51 2.50 2.39 32.18 2.11 2.07 62.43 27.94 9.63

Max 140.07 55.20 2.66 2.78 76.16 4.18 4.68 98.17 87.41 35.39

Min 110.36 50.36 2.07 0.00 12.27 0.22 0.34 12.59 0.00 0.00

St.D 2.80 0.87 0.06 0.25 13.36 0.76 0.91 27.41 31.22 10.47

Table A1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in oven dried conditions (continued)

Appendix B

Table B1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in saturated conditions

Row Sample NO L 
(mm)

d 
(mm) L/d ρ(Sat) 

(g/cm3)
UCS(Sat) 
(MPa)

Is(50)(Axial)(Sat) 
(MPa)

Is(50)(Diametral)(Sat) 
(MPa)

Mineral composition
Texture

GP AN CMs

1 KA1-2-7 131.32 54.67 2.40 0.00 17.02 0.79 0.68 75.83 0.00 24.17 Alabaster

2 KA1-2-9 134.37 54.69 2.46 2.32 15.86 0.63 0.57 75.83 0.00 24.17 Alabaster

3 KA1-2-10 132.85 54.69 2.43 2.3 18.22 0.87 0.80 75.83 0.00 24.17 Alabaster

4 KA1-2-11 132.64 54.48 2.43 2.3 17.48 0.83 0.79 75.83 0.00 24.17 Alabaster

5 KA1-2-12 133.12 54.6 2.44 3.31 19.14 0.97 0.87 75.83 0.00 24.17 Alabaster

6 KA1-2-13 131.98 54.42 2.43 2.31 17.4 0.80 0.75 75.83 0.00 24.17 Alabaster

7 KA1-2-14 133.08 54.51 2.44 2.31 16.86 0.74 0.61 75.83 0.00 24.17 Alabaster

8 KA1-2-16 133.28 54.52 2.44 2.31 18.76 0.94 0.86 75.83 0.00 24.17 Alabaster

9 KA1-3-3 130.67 52.81 2.47 2.30 31.43 1.22 1.08 60.96 3.64 35.39 Alabaster

10 KA1-3-4 130.61 52.76 2.48 2.29 20.73 0.97 0.88 60.96 3.64 35.39 Alabaster

11 KA1-3-10 131.34 52.87 2.48 2.32 36.79 1.33 1.23 60.96 3.64 35.39 Alabaster

12 KA1-3-12 131.12 52.78 2.48 2.27 26.29 1.09 0.95 60.96 3.64 35.39 Alabaster

13 KA1-3-19 131.72 52.71 2.50 2.31 28.24 1.15 1.01 60.96 3.64 35.39 Alabaster

14 KA1-3-25 132.22 52.47 2.52 2.28 33.72 1.26 1.13 60.96 3.64 35.39 Alabaster

15 KA1-3-27 131.56 52.48 2.51 2.32 21.36 1.06 0.93 60.96 3.64 35.39 Alabaster

16 KA1-5-13 129.74 52.69 2.46 2.37 9.97 0.42 0.91 87.31 2.32 10.37 Alabaster

17 KA1-5-15 131.48 52.78 2.49 2.38 11.65 0.49 1.25 87.31 2.32 10.37 Alabaster

18 KA4-1-5 134.2 52.78 2.54 2.30 8.39 0.39 0.66 87.31 2.32 10.37 Porphyry

19 KA4-5-1 134.39 54.09 2.48 2.35 4.59 0.28 0.43 87.31 2.32 10.37 Porphyry

20 KA4-5-3 133.96 54.19 2.47 2.36 6.60 0.32 0.47 87.31 2.32 10.37 Porphyry

21 KA4-5-6 134.8 54.04 2.49 2.36 8.23 0.36 0.62 87.31 2.32 10.37 Porphyry

22 KA4-5-10 134.89 54.38 2.48 2.38 5.75 0.29 0.44 87.31 2.32 10.37 Porphyry

23 KA4-5-11 134.29 54.39 2.47 2.39 7.56 0.33 0.62 87.31 2.32 10.37 Porphyry
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Row Sample NO L 
(mm)

d 
(mm) L/d ρ(Sat) 

(g/cm3)
UCS(Sat) 
(MPa)

Is(50)(Axial)(Sat) 
(MPa)

Is(50)(Diametral)(Sat) 
(MPa)

Mineral composition
Texture

GP AN CMs

24 KA4-5-13 133.84 54.48 2.46 2.37 3.56 0.16 0.27 87.31 2.32 10.37 Porphyry

25 KA4-5-14 134.28 54.37 2.47 2.38 4.11 0.21 0.34 87.31 2.32 10.37 Porphyry

26 KG7-1-4 135.77 52.15 2.60 2.29 3.94 0.53 0.53 91.79 1.72 6.49 Porphyry

27 KG7-1-5 133.45 52.14 2.56 2.28 7.31 0.68 0.73 91.79 1.72 6.49 Porphyry

28 KG7-1-6 132.68 52.24 2.54 2.28 12.13 0.81 1.11 91.79 1.72 6.49 Porphyry

29 KG7-3-6 132.63 52.32 2.53 2.29 11.39 0.80 0.97 91.79 1.72 6.49 Porphyry

30 KG7-4-5 138.61 54.21 2.56 2.31 14.15 0.99 1.36 90.22 1.31 8.47 Porphyry

31 KG7-4-7 134.67 54.35 2.48 2.31 12.64 0.82 1.17 90.22 1.31 8.47 Porphyry

32 KG7-4-8 134.52 54.39 2.47 2.31 14.98 1.09 1.60 90.22 1.31 8.47 Porphyry

33 KG7-4-9 134.57 54.3 2.48 2.27 11.06 0.81 1.02 90.22 1.31 8.47 Porphyry

34 KG7-4-10 135.14 54.29 2.49 2.29 9.37 0.76 0.88 90.22 1.31 8.47 Porphyry

35 KG7-6-4 134.81 54.52 2.47 2.3 2.56 0.43 0.36 91.79 1.72 6.49 Porphyry

36 KG7-6-5 134.92 54.18 2.49 2.26 6.69 0.63 0.58 91.00 1.52 7.48 Porphyry

37 KG7-6-6 134.37 54.1 2.48 2.26 9.28 0.71 0.87 91.00 1.52 7.48 Porphyry

38 KG7-6-7 135.33 54.1 2.50 2.25 6.99 0.67 0.62 91.00 1.52 7.48 Porphyry

39 KG9-1-5 130.64 52.81 2.47 2.25 20.48 0.77 1.02 69.09 0.00 30.91 Porphyry

40 KG9-1-6 132.84 52.57 2.53 2.26 23.47 0.80 1.14 69.09 0.00 30.91 Porphyry

41 KG9-1-7 134.62 52.62 2.56 2.28 25.42 0.96 1.37 69.09 0.00 30.91 Porphyry

42 KG9-1-10 134.27 52.48 2.56 2.27 24.56 0.89 1.21 69.09 0.00 30.91 Porphyry

43 KG9-1-11 134.80 52.61 2.56 2.29 28.14 1.00 1.58 69.09 0.00 30.91 Porphyry

44 KG9-1-12 133.62 52.81 2.53 2.3 17.45 0.73 0.95 69.09 0.00 30.91 Porphyry

45 KG9-1-13 134.58 52.73 2.55 2.3 16.29 0.66 0.86 71.03 0.57 28.40 Porphyry

46 KG9-2-8 131.05 54.62 2.40 2.66 36.75 2.09 2.39 18.95 72.91 8.15 Porphyry

47 KG9-3-2 131.48 55.01 2.39 2.31 15.89 0.61 0.84 71.03 0.57 28.40 Porphyry

48 KG9-3-5 132.39 54.69 2.42 2.3 13.66 0.52 0.79 71.03 0.57 28.40 Porphyry

49 KG10-1-1 133.91 52.92 2.53 2.67 28.72 1.85 2.01 34.86 62.35 2.79 Porphyry

50 KG10-1-5 133.37 52.83 2.52 2.72 34.55 2.08 2.30 34.86 62.35 2.79 Porphyry

51 KG10-1-7 132.06 52.87 2.50 2.68 21.53 1.62 1.56 34.86 62.35 2.79 Porphyry

52 KG10-1-9 131.97 52.85 2.50 2.64 17.96 1.34 1.25 34.86 62.35 2.79 Porphyry

53 KG10-1-10 133.77 52.78 2.53 2.69 31.74 2.02 2.18 34.86 62.35 2.79 Porphyry

54 KG10-1-11 133.53 52.83 2.53 2.72 22.89 1.68 1.62 34.86 62.35 2.79 Porphyry

55 KG10-1-15 132.22 52.79 2.50 2.70 26.99 1.71 1.89 34.86 62.35 2.79 Porphyry

56 KG10-4-3 131.89 52.62 2.51 2.73 42.95 2.44 2.98 34.31 62.76 2.93 Porphyry

57 KG10-4-9 131.40 52.62 2.50 2.66 42.43 2.32 2.68 34.31 62.76 2.93 Porphyry

58 KG10-4-11 132.85 52.60 2.53 2.72 39.87 2.17 2.59 34.31 62.76 2.93 Porphyry

59 KG10-5-3 130.18 53.14 2.45 2.77 32.24 2.07 2.26 27.30 69.75 2.95 Porphyry

60 KG10-5-4 125.66 53.67 2.34 2.77 30.85 1.95 2.14 27.30 69.75 2.95 Porphyry

61 KG13-2-5 132.40 52.08 2.54 2.28 29.39 2.59 2.29 48.74 21.02 30.23 Porphyry

62 KG13-4-2 133.10 52.36 2.54 2.25 16.82 0.55 1.17 72.56 0.00 27.44 Porphyry

63 KG13-4-4 133.83 52.22 2.56 2.27 18.82 0.55 1.33 72.56 0.00 27.44 Porphyry

64 KG13-4-6 134.17 52.18 2.57 2.25 14.68 0.34 0.79 72.56 0.00 27.44 Porphyry

65 KG13-4-7 134.34 52.18 2.57 2.28 19.85 1.18 1.52 72.56 0.00 27.44 Porphyry

66 KG13-4-8 134.21 52.20 2.57 2.21 19.77 0.74 1.38 72.56 0.00 27.44 Porphyry

67 KG13-4-9 133.76 52.24 2.56 2.22 19.27 0.70 1.34 72.56 0.00 27.44 Porphyry

68 KG13-4-10 134.24 52.32 2.57 2.23 22.70 1.71 1.83 72.56 0.00 27.44 Porphyry

Table B1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in saturated conditions (continued)
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Row Sample NO L 
(mm)
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(mm) L/d ρ(Sat) 

(g/cm3)
UCS(Sat) 
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Is(50)(Axial)(Sat) 
(MPa)

Is(50)(Diametral)(Sat) 
(MPa)

Mineral composition
Texture
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69 KG13-4-12 133.45 52.30 2.55 2.23 16.38 0.49 0.81 72.56 0.00 27.44 Porphyry

70 KG13-6-4 134.76 54.17 2.49 2.25 23.71 1.76 2.03 69.98 1.24 28.78 Porphyry

71 KG13-6-5 133.78 54.16 2.47 2.27 26.32 2.30 2.05 69.98 1.24 28.78 Porphyry

72 MG4-1-3 133.93 52.23 2.56 2.69 36.03 2.06 1.39 53.71 46.59 0 Porphyry

73 MG4-2-2 134.19 52.53 2.55 2.63 42.56 2.32 1.79 54.62 43.82 1.56 Porphyry

74 MG4-2-5 133.68 52.52 2.55 2.74 62.84 3.46 2.81 54.62 43.82 1.56 Porphyry

75 MG4-4-2 135.60 52.59 2.58 2.60 54.99 2.83 2.37 54.62 43.82 1.56 Porphyry

76 MG4-4-3 135.61 52.57 2.58 2.74 57.69 3.15 2.64 54.62 43.82 1.56 Porphyry

77 MG4-6-3 136.47 52.59 2.59 2.65 49.25 2.61 2.02 54.62 43.82 1.56 Porphyry

78 MG4-8-3 135.53 52.62 2.58 2.73 47.85 2.59 1.90 67.61 29.98 2.42 Porphyry

79 MG4-8-5 135.58 52.63 2.58 2.72 52.82 2.66 2.21 67.61 29.98 2.42 Porphyry

80 MG5-2-1 133.33 52.03 2.56 2.64 24.26 1.60 1.87 89.07 8.51 2.42 Porphyry

81 MG5-3-2 134.17 52.49 2.56 2.48 22.31 1.54 1.81 70.22 24.26 5.52 Porphyry

82 MG5-3-3 138.19 52.58 2.63 2.49 22.14 1.35 1.59 70.22 24.26 5.52 Porphyry

83 MG5-3-4 134.28 52.54 2.56 2.52 20.95 0.59 1.30 70.22 24.26 5.52 Porphyry

84 MG5-4-6 135.21 52.63 2.57 2.24 19.23 0.53 0.96 70.22 24.26 5.52 Porphyry

85 MG5-4-9 134.29 52.48 2.56 2.26 16.35 0.49 0.73 70.22 24.26 5.52 Porphyry

86 MG5-4-11 135.61 52.23 2.60 2.23 15.58 0.44 0.69 89.07 8.51 2.42 Porphyry

87 MG5-5-6 136.21 52.64 2.59 2.58 30.28 2.13 2.98 14.96 76.60 8.44 Porphyry

88 MG5-5-7 137.10 52.63 2.60 2.49 22.62 1.73 2.55 14.96 76.60 8.44 Porphyry

89 MG5-5-8 135.71 52.63 2.58 2.53 20.90 1.59 1.74 14.96 76.60 8.44 Porphyry

90 MG5-5-10 136.25 52.65 2.59 2.51 18.60 1.02 1.13 14.96 76.60 8.44 Porphyry

91 MG5-5-5 136.85 52.68 2.60 2.53 33.19 2.17 3.71 14.96 76.60 8.44 Porphyry

92 MG5-6-6 136.22 52.63 2.59 2.45 22.38 1.73 2.46 26.56 70.77 2.66 Porphyry

93 MG5-6-7 130.84 52.62 2.49 2.52 25.68 1.82 2.70 26.56 70.77 2.66 Porphyry

94 MG5-6-9 136.04 52.57 2.59 2.51 21.99 1.71 2.08 26.56 70.77 2.66 Porphyry

95 MG5-8-2 135.02 53.82 2.51 2.59 26.55 2.00 2.88 39.81 60.19 0.00 Porphyry

96 MG5-8-6 135.26 53.77 2.52 2.60 30.95 2.14 3.21 39.81 60.19 0.00 Porphyry

97 MG5-9-4 135.47 53.03 2.55 2.61 28.60 2.01 2.96 26.56 70.77 2.66 Porphyry

98 MG5-9-A6 134.67 53.29 2.53 2.58 20.15 1.45 1.49 26.56 70.77 2.66 Porphyry

99 MG6-1-4 134.01 52.37 2.56 2.69 15.87 1.22 1.42 12.59 87.41 0.00 Porphyry

100 MG6-2-2 135.74 52.58 2.58 2.59 35.29 2.48 3.08 16.95 81.37 1.68 Porphyry

101 MG6-3-2 135.20 52.56 2.57 2.53 22.36 1.63 1.84 32.26 67.74 0.00 Porphyry

102 MG6-3-3 135.68 52.57 2.58 2.53 27.28 2.02 2.28 32.26 67.74 0.00 Porphyry

103 MG6-3-5 135.33 52.54 2.58 2.63 23.34 1.89 2.08 32.26 67.74 0.00 Porphyry

104 MG6-5-A1 135.46 52.64 2.57 2.73 34.84 2.25 2.82 12.59 87.41 0.00 Porphyry

105 MG6-6-1 135.05 52.63 2.57 2.73 44.60 3.07 3.54 23.12 76.88 0.00 Porphyry

106 MG6-7-6 135.39 53.75 2.52 2.75 30.89 2.17 2.70 23.12 76.88 0.00 Porphyry

107 MG6-7-7 135.46 53.78 2.52 2.58 42.66 2.86 3.33 23.12 76.88 0.00 Porphyry

108 MG6-7-8 136.60 53.80 2.54 2.78 38.38 2.64 3.12 23.12 76.88 0.00 Porphyry

109 MG6-10-11 136.31 54.16 2.52 2.67 28.71 2.04 2.34 10.59 88.41 1.10 Porphyry

110 MG6-10-12 134.92 54.03 2.50 2.66 26.93 1.99 2.26 10.59 88.41 1.10 Porphyry

111 MG11-1A-3 136.66 53.84 2.54 2.73 57.10 2.49 3.58 27.48 70.78 1.74 Porphyry

112 MG11-1A-6 132.02 53.84 2.45 2.73 48.87 2.27 2.61 27.48 70.78 1.74 Porphyry

113 MG11-2-1 134.96 53.86 2.51 2.60 43.46 2.80 2.73 27.48 70.78 1.74 Porphyry

Table B1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in saturated conditions (continued)
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114 MG11-2-3 135.31 53.83 2.51 2.74 54.72 3.28 3.00 27.48 70.78 1.74 Porphyry

115 MG11-3-1 134.18 53.83 2.49 2.72 33.38 0.95 1.52 27.48 70.78 1.74 Porphyry

116 MG11-4-1 134.62 54.26 2.48 2.75 66.64 2.94 3.79 55.07 44.51 0.42 Porphyry

117 MG11-4-2 134.55 54.51 2.47 2.78 60.49 2.61 3.72 55.07 44.51 0.42 Porphyry

118 MG11-4-3 134.85 54.55 2.47 2.60 55.45 2.34 3.18 55.07 44.51 0.42 Porphyry

119 MG11-4-5 135.52 53.93 2.51 2.74 41.94 1.81 2.34 55.07 44.51 0.42 Porphyry

120 MG11-4-7 134.29 54.37 2.47 2.71 69.28 3.23 4.62 55.07 44.51 0.42 Porphyry

121 MG11-5-1 136.36 55.19 2.47 2.57 42.13 2.46 2.36 27.48 70.78 1.74 Porphyry

122 MG11-5-2 133.45 55.21 2.42 2.74 50.50 2.94 2.93 27.48 70.78 1.74 Porphyry

123 MG11-7-3 134.63 53.08 2.54 2.69 31.23 1.90 1.57 33.82 64.32 1.86 Porphyry

124 MG11-7-4 134.45 53.12 2.53 2.56 36.75 2.22 2.10 33.82 64.32 1.86 Porphyry

125 MG11-7-5 135.42 53.08 2.55 2.68 50.52 3.19 2.95 33.82 64.32 1.86 Porphyry

126 MG11-8-1 132.86 53.20 2.50 2.67 35.97 1.32 1.90 55.07 44.51 0.42 Porphyry

127 MG11-10-2 135.48 53.30 2.54 2.80 46.48 2.21 2.52 53.39 46.61 0.00 Porphyry

128 MG11-11-3 136.60 54.35 2.51 2.75 65.87 3.61 3.36 53.39 46.61 0.00 Porphyry

129 NG3-1-3 134.40 54.48 2.47 2.30 20.09 1.02 0.84 69.36 1.13 29.51 Alabaster

130 NG3-1-4 135.15 54.47 2.48 2.30 13.10 0.68 0.38 69.36 1.13 29.51 Alabaster

131 NG3-2-4 134.88 54.25 2.49 2.30 20.92 1.15 0.91 74.31 15.06 10.63 Alabaster

132 NG3-3-5 136.01 54.24 2.51 2.31 18.76 0.96 0.82 72.51 10.15 17.34 Alabaster

133 NG3-3-6 134.98 54.24 2.49 2.31 23.72 1.26 0.93 72.51 10.15 17.34 Alabaster

134 NG3-4-7 133.44 54.25 2.46 2.31 27.12 1.31 1.04 68.09 10.47 21.44 Alabaster

135 NG3-4-8 133.85 54.25 2.47 2.31 28.46 1.48 1.28 68.09 10.47 21.44 Alabaster

136 NG3-6-3 114.77 51.03 2.25 2.34 16.44 0.78 0.70 70.58 12.39 17.02 Alabaster

137 NG3-7-2 114.69 52.68 2.18 2.32 17.81 0.89 0.71 98.17 0.78 1.04 Alabaster

138 NG3-7-3 111.11 52.59 2.11 2.35 14.18 0.73 0.51 98.17 0.78 1.04 Alabaster

139 NG5-2-2 134.94 54.35 2.48 2.32 12.20 0.79 0.68 82.85 4.89 12.26 Alabaster

140 NG5-3-6 127.88 54.31 2.35 2.32 19.87 1.22 1.02 90.42 3.01 6.58 Alabaster

141 NG5-3-8 135.75 54.31 2.50 2.32 22.72 1.50 1.33 90.42 3.01 6.58 Alabaster

142 NG5-3-9 134.25 54.25 2.47 2.32 21.41 1.36 1.22 90.42 3.01 6.58 Alabaster

143 NG5-4-7A 118.70 54.44 2.18 2.30 10.71 0.57 0.60 88.87 1.86 9.27 Alabaster

144 NG5-5-2 135.47 54.19 2.50 2.31 16.72 1.21 1.03 42.60 54.03 3.37 Alabaster

145 NG5-5-6 135.57 54.21 2.50 2.31 16.03 0.93 0.73 42.60 54.03 3.37 Alabaster

146 NG5-5-7 131.86 54.21 2.43 2.31 20.41 1.85 1.65 42.60 54.03 3.37 Alabaster

147 NG5-5-9 135.28 54.21 2.50 2.32 22.83 2.13 1.82 42.60 54.03 3.37 Alabaster

148 NG5-5-10 129.54 54.30 2.39 2.31 18.08 1.42 1.22 42.60 54.03 3.37 Alabaster

149 NG5-6-5 120.88 54.47 2.22 2.30 14.55 1.00 0.81 84.91 0.64 14.45 Alabaster

150 NG5-7-8 125.74 54.55 2.31 2.31 18.03 1.15 0.95 88.87 1.86 9.27 Alabaster

151 NG5-8-5 134.14 54.52 2.46 2.30 15.84 1.12 0.90 80.67 7.61 11.72 Alabaster

152 NG5-8-6 136.00 54.69 2.49 2.30 13.05 0.82 0.76 80.67 7.61 11.72 Alabaster

153 NG5-8-7 134.44 54.61 2.46 2.30 10.07 0.54 0.57 80.67 7.61 11.72 Alabaster

154 NG5-9-A4 135.43 54.79 2.47 2.31 16.09 1.06 0.96 38.30 44.82 16.87 Alabaster

155 NG5-9-A5 135.11 54.82 2.46 2.31 18.75 1.67 1.44 38.30 44.82 16.87 Alabaster

156 NG5-9-B2 134.29 54.79 2.45 2.31 18.18 1.58 1.36 47.51 37.10 15.39 Alabaster

157 TG3-1-3 135.23 53.49 2.53 2.28 9.73 0.46 0.66 90.67 0.00 9.33 Alabaster

158 TG3-1-4 135.74 53.51 2.54 2.27 6.66 0.29 0.53 90.67 0.00 9.33 Alabaster

Table B1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in saturated conditions (continued)
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159 TG3-2-2 135.25 53.44 2.53 2.30 11.98 0.54 0.72 98.00 0.00 2.00 Alabaster

160 TG3-2-3 134.98 53.42 2.53 2.30 15.61 0.75 0.91 98.00 0.00 2.00 Alabaster

161 TG3-3-5 134.61 53.64 2.51 2.28 14.30 0.72 0.90 90.67 0.00 9.33 Alabaster

162 TG3-3-6 134.95 53.59 2.52 2.29 13.48 0.56 0.75 90.67 0.00 9.33 Alabaster

163 TG3-3-7 135.17 53.53 2.53 2.28 11.44 0.47 0.69 90.67 0.00 9.33 Alabaster

164 TG3-5-5 135.75 53.54 2.54 2.31 17.93 0.96 1.53 94.00 4.00 2.00 Alabaster

165 TG3-5-6 129.33 53.54 2.42 2.32 21.40 1.26 1.98 94.00 4.00 2.00 Alabaster

166 TG3-9-4H 134.68 53.60 2.51 2.28 14.93 0.74 0.91 94.66 1.67 3.68 Alabaster

167 TG3-9-5H 134.68 53.56 2.51 2.30 13.83 0.67 0.78 94.66 1.67 3.68 Alabaster

168 TG3-9-8V 134.68 53.66 2.51 2.30 20.61 1.05 1.77 94.66 1.67 3.68 Alabaster

169 TG3-9-9V 135.77 53.66 2.53 2.30 16.75 0.78 1.04 94.66 1.67 3.68 Alabaster

170 TG3-10-1 135.72 52.90 2.57 2.29 16.90 0.87 1.06 98.00 0.00 2.00 Alabaster

171 TG4-1-4 134.43 53.47 2.51 2.29 20.29 1.27 0.74 86.41 2.90 10.69 Alabaster

172 TG4-1-5 135.79 53.45 2.54 2.29 11.67 0.58 0.57 86.41 2.90 10.69 Alabaster

173 TG4-1-6 135.44 53.54 2.53 2.29 13.88 0.81 0.61 86.41 2.90 10.69 Alabaster

174 TG4-1-7 134.78 53.47 2.52 2.29 23.10 1.36 0.89 86.41 2.90 10.69 Alabaster

175 TG4-6-2 133.48 53.58 2.49 2.30 27.62 1.57 0.98 97.00 0.00 3.00 Alabaster

176 TG4-7-4 129.73 52.76 2.46 2.30 10.91 0.39 0.28 96.33 1.00 2.67 Alabaster

177 TG10-3-3 120.60 53.58 2.25 2.27 19.64 1.15 0.70 84.41 3.88 9.71 Alabaster

178 TG10-3-4 134.28 54.36 2.47 2.26 19.27 1.07 0.62 84.41 3.88 9.71 Alabaster

179 TG10-6-2 120.49 53.87 2.24 2.29 11.08 0.46 0.48 96.33 0.00 4.67 Alabaster

180 TG10-6-3 124.06 53.80 2.31 2.29 12.74 0.72 0.59 96.33 0.00 4.67 Alabaster

181 TG10-8-2 128.04 53.96 2.37 2.30 17.01 0.92 0.61 82.01 8.68 9.31 Alabaster

182 TG10-10-3 134.58 53.88 2.50 2.31 9.61 0.37 0.19 97.33 0.00 2.67 Alabaster

Mean 133.34 53.45 2.50 2.42 24.02 1.35 1.49 63.30 26.37 10.33

Max 138.61 55.21 2.63 3.31 69.28 3.61 4.62 98.17 88.41 35.39

Min 111.11 51.03 2.11 0.00 2.56 0.16 0.19 10.59 0.00 0.00

St.D 3.89 0.86 0.08 0.26 13.82 0.80 0.90 25.86 30.31 10.58

Table B1 The results of UCTs, APLTs, DPLTs for 182 series of rock samples in saturated conditions (continued)
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