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Abstract: The high sedimentological variability of gypsum rocks has the effect that a univocal characterization of this material is not easy to establish. 

This is particularly true from the geomechanical point of view: when the mechanical properties of gypsum rocks are requested, it is therefore necessary 

to undertake detailed characterization analyses. Common facies of gypsum were observed in the Upper Miocene evaporitic succession (Messinian 

Salinity Crisis) within the whole Mediterranean Basin. In this work, mechanical tests were conducted on a site-specific facies, represented by the 

microcrystalline branching selenite. The tested samples came from the Monferrato area (northwestern Italy). Uniaxial compressive strength (UCS) tests 

were performed in order to obtain reference mechanical parameters. More rapid and economic point load test (PLT) and ultrasonic pulse velocity 

(UPV) measurements were additionally performed to verify their applicability as complementary/alternative methods for site characterization. Rock-

type specific PLT-UCS and UPV-UCS relationships were established. A wide dispersion of the mechanical parameters was observed due to the 

heterogeneities of the studied material. Consequently, compositional, textural and microstructural observations on selected samples were performed. 

Two main material classes were recognized based on average grain size and total gypsum content, underlining the significant influence of the grain 

sorting on the measured mechanical properties.  

Keywords: gypsum; uniaxial compressive strength (UCS); point load test (PLT); mechanical properties; geological heterogeneity 

 

1. Introduction 
  

Rock mass classification and geotechnical design in mining industry 

and rock-related structures require definition of specific geotechnical 

parameters, providing a strength indication for the studied material (e.g. 

shear resistance and compressive strength). One of the most widely used 

parameters in various engineering issues, including the selection of 

appropriate excavation techniques and stability analyses, is the uniaxial 

compressive strength (UCS). Destructive tests, traditionally used to 

estimate UCS, are however expensive and need accurate sample 

preparation. This often results in a small set of tested samples, which 

could not be adequate in number to account for the high geological 

variability of the studied material. Consequently, cheaper and faster 

methodologies, providing alternative physical and mechanical parameters 

potentially correlated with UCS, have been proposed by various authors 

(among others, Hatherly et al., 2007; Sharma and Singh, 2008; Lawrence 

et al., 2013).  

The simplest method to provide an expeditious index of the rock 

mechanical strength is the point load test (PLT). This technique is 

economic and quick; it does not require any specimen preparation and can 

be carried out directly on site. By contrast, deformation is not controlled 

during the test. The resulting PLT strength index IS50 can be potentially 

correlated with UCS (ISRM, 1985; ASTM, 2007). Different authors 

focused on rock-type dependent IS50-UCS relationships and conversion 

factors (Broch and Franklin, 1972; Bieniawski, 1975; Chau and Wong, 

1996; Hardy, 1997; Tsiambaos and Sabatakakis, 2004; Fener et al., 2005; 

Kahraman et al., 2005; Çobanoğlu and Çelik, 2008; Kahraman and 

Gunaydin, 2009; Basu and Kamran, 2010; Singh et al., 2012; JahanGer, 

2013; Li and Wong, 2013; Salah et al., 2014; Kaya and Karaman, 2015; 

Akram et al., 2017; Liu et al., 2017; Everall and Sanislav, 2018).  

Beside destructive methods, non-destructive ultrasonic tests can be 

used to indirectly assess the rock mechanical properties, by correlations 

between ultrasonic pulse velocity (UPV) and elastic or strength 

parameters (McNally, 1990; Yasar and Erdogan, 2004; Hatherly et al., 

2005; Oyler et al., 2010). In particular, UPV-UCS correlations were 

recently established for different rock types in several studies 

(Vasconcelos et al., 2008; Butel et al., 2014; Karaman and Kesimal, 2015; 
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Wang and Li, 2015; Zel et al., 2015; Colombero et al., 2016; Vasanelli et 

al., 2017). 

Following these approaches, an integration of the most established 

destructive techniques (UCS) with faster and cheaper methodologies 

(PLT and UPV) is presented in this work to obtain appropriate 

correlations and a reliable technical characterization of a specific facies of 

gypsum. Even if relatively standard methodologies have been applied in 

this work, similar approaches are not available in the literature on 

branching selenite. New specific material-calibrated relationships are 

therefore proposed with the aim of improving geotechnical design over 

similar facies of gypsum. An innovative classification based on 

compositional, textural and microstructural observations is additionally 

proposed which could be helpful in discriminating this particular facies 

behavior. Gypsum rock observed in nature show indeed a large variety of 

ages, formation mechanisms, depositional environments and facies. Each 

type of gypsum is marked by specific features in terms of grain size, 

texture, microstructure and composition (Lugli et al., 2010). 

Previous studies were accomplished on the mechanical properties of 

specific gypsum facies. Papadopoulos et al. (1994) compared the 

mechanical properties of alabastrine, medium-grained and coarse-grained 

Neogene gypsum from Crete, recognizing the underlying strong influence 

of formation mechanisms and depositional environments. Yilmaz and 

Sendir (2002) analyzed the relationships of Schmidt rebound number with 

UCS and Young’s modulus (Et) on a pure alabastrine gypsum type from 

the Sivas Basin (Turkey); whereas the mechanical properties of porphyric 

and alabastrine gypsum types from the same basin were compared in 

Yilmaz (2007). At the nanoscale, Chen et al. (2010) analyzed the flexural 

strength of individual crystal of gypsum and its influence on the elastic 

properties of specific geometrical configuration of crystal agglomerates at 

high porosities (needle aggregates and homogeneous randomly oriented 

single crystals) to study synthetic samples. Heidari et al. (2012) proposed 

PLT-UCS correlations for a specific gypsum facies from the Early 

Miocene Gachsaran Formation (Iran), with peculiar crystalline-gypsum 

and micrite layers and veins. The above-mentioned works, and resulting 

correlations, have however to be considered valid only for the particularly 

analyzed facies. 

Recently, sedimentologists underlined the presence of a specific 

facies, named branching selenite, in most of the Upper Miocene 

evaporites of the Mediterranean Basin (Lugli et al., 2010). This facies has 
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a scientific and economic significance because it is associated with a 

specific layer (reported in geological literature as “key layer”) and it is 

consequently very useful for both stratigraphic studies and ore body 

reconstructions for mining. Despite its importance, mechanical 

investigations and specific correlations for this specific facies are not 

available in the literature and are therefore worthy of investigation. 

Branching selenite, as well as some other gypsum facies, is commonly 

exploited in either open pits or underground quarries. Mining tunnels in 

gypsum formations can reach lengths of tens of kilometers, and thus both 

underground and surface stabilities have to be assured. Nevertheless, in 

everyday practice, the lack of a specific focus on the relationship between 

gypsum geological variability and strength parameters often leads to 

ignoring of important information for the mechanical characterization of 

the ore deposits. 

The present research aims at focusing on the mechanical 

characterization of a set of branching selenite samples coming from the 

Monferrato area (northwestern Italy). Special attention is paid to 

correlations among different mechanical tests that have to be facies-

specific, in reason of the described high geological variability of gypsum 

rocks. Results of destructive (UCS and PLT) and non-destructive (UPV) 

tests on branching-selenite samples and facies-specific correlations 

among them are reported. The possibility to complement the mechanical 

characterization obtained from UCS tests with a larger number of cheaper 

and more expeditious tests, such as PLT and UPV, resulted in a much 

larger available dataset without significant cost increase. Because of the 

wide dispersion in the collected mechanical parameters observed within 

the same gypsum facies, further chemical (i.e. gypsum content) and 

physical (i.e. rock texture and microstructure) characterizations of the 

tested rock samples were undertaken. As a matter of fact, the strength 

dependence from geological and physical features, such as grain size and 

mineralogy, have been suggested by many authors for several other rock 

types (Aggistalis et al., 1980; Hatzor and Palchik, 1997; Palchik and 

Hatzor, 2004; Tsiambaos and Sabatakakis, 2004; Kahraman et al., 2005; 

Sabatakakis et al., 2008; Rajabzadeh et al., 2012; Weng and Li, 2012; Ju 

et al., 2013; Karakul and Ulusay, 2013; Wasantha et al., 2015; Aladejare 

and Wang, 2017; Yu et al., 2017). 

 

2. Geological framework 

 

During the Messinian Salinity Crisis, both hyper-haline and hypo-

haline sediments were deposed all over the Mediterranean basin, in three 

successive phases (Lugli et al. 1999; Dela Pierre et al., 2002, 2007, 2011, 

2012, 2014; Roveri et al., 2008; Manzi et al., 2009, 2011, 2013). During 

the first phase (5.971-5.60 Ma), the primary lower gypsum (PLG) Unit 

was deposed in the marginal basins, while anoxic marls settled in the 

deeper basins. The second phase (5.60-5.55 Ma) corresponded to the 

resedimentation of the PLG Unit as a chaotic body (Resedimented Lower 

Gypsum (RLG)) in the deeper basins. Eventually, during the third phase 

(5.55-5.33 Ma), hypo-haline sediments in the so-called “Lago-Mare” 

facies were locally deposed. The resulting distribution of Messinian 

evaporitic sediments in the Mediterranean basin is shown in Fig. 1. 

 

 

Fig. 1. Distribution of Messinian evaporites in the Mediterranean basin (modified 

from Rouchy and Caruso, 2006). The sampling area for the gypsum rock facies of 

the present study is highlighted in red (Monferrato, northwestern Italy). 

 

The organization of sediments within the PLG Unit is cyclically 

depending on the influence of orbital parameters on the paleoclimatic 

conditions. Within the unit, it is possible to recognize pairs of gypsum and 

marl layers which are usually repeated in a cyclical way. Even if the 

beginning of gypsum deposition is not synchronous in the entire 

Mediterranean basin, several studies allowed to identify the stratigraphic 

beginning of the salinity crisis, even where the gypsum was not yet 

deposed (Hilgen et al., 1995; Manzi et al., 2013). A total number of 16 

marl-gypsum cycles were recognized. 

According to Lugli et al. (2010), different facies are observed in the 

PLG Unit of the whole Mediterranean area: giant and massive selenite, 

banded selenite, branching selenite, displacive selenite, gypsarenite and 

gypsrudite. 

The giant and massive selenite consists of twinned gypsum crystals 

(called arrow-head or swallow-tail) with average size of several 

centimeters. The peculiar organization of these crystals was successfully 

used to determine the strata polarity in mining operation, because the 

vertical crystal growth direction is subperpendicular to the stratification.  

The banded selenite or grass-like selenite consists of relatively small 

vertical crystals, less than 10 cm in thickness, which are separated by thin 

few-millimeter thick carbonate laminae. 

The branching selenite has been described as “nodular and lenticular 

selenite” or “wavy, needle-like selenite layers” (in Sicily, Italy) or “hemi-

radial to radial selenite” (in Spain). It consists of clear selenite crystals, 

with length varying from some millimeters up to few centimeters, having 

their long axis inclined or oriented horizontally, grouped into decimeter-

large irregular nodules and lenses separated by thin fine-grained 

carbonate or gypsum laminae. The crystal arrangement reveals that 

clusters of selenite grew laterally, grouped in branches, projecting 

outward from an initial nucleation zone into a fine-grained gypsum matrix 

resulting in a conical shape. Those cones are difficult to recognize 

because they are widely spaced and very broad so that the nucleation 

points are not always visible. The matrix surrounding the cones may 

consist mostly of gypsum or mudstone with fine-grained gypsum. This 

facies appears only from the 6th cycle and consequently allows an easy 

identification of this cycle over the whole Mediterranean basin. For this 

reason, the 6th cycle is considered as a key sedimentological level and is 

reported in the literature (Dela Pierre et al., 2011) as “Sturani Key Bed” 

(SKB).  
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The displacive selenite usually shows lenticular crystals, but a few 

twinned crystals have also been observed, up to 1 m across. They are 

commonly present above selenite beds, in contact with the overlaying 

shale layers. The typical horizontal growth (“flat-laying”) of the lenticular 

crystals is opposed to the vertical growth of the primary selenite twins, 

and as in this case, the free space of the displacive growth is only 

horizontal because the shale layers are normally only a few decimeters 

thick. 

The gypsarenite and gypsrudite are clastic deposits locally recognized 

throughout the selenite successions of the PLG Unit. They are limited to 

thin layers in the more marginal successions. In most of the cases, the 

selenite clasts are only slightly corroded, suggesting local erosion and 

deposition as a consequence of floods at the basin margins. 

All these facies have been recognized in the evaporitic successions of 

the Mediterranean region, including the Monferrato geological domain 

(northwestern Italy), where samples for this study were collected (Clari et 

al., 1995; Piana and Polino, 1995). The Monferrato stratigraphic sequence 

(Fig. 2) shows that, under the SKB (6th cycle), three layers of massive 

selenite (10-12 m in thickness) are divided by marl layers with a thickness 

of approximately 2 m. The SKB layer has an average thickness of 10 m 

and it is mainly made of branching-selenite with local banded-selenite 

facies. Over the SKB layer, finer interbedded layers of gypsum and marl 

are present, referred as “higher evaporitic cycles” (Dela Pierre et al., 

2016). 

 

3. Materials 

 

A total of 60 gypsum samples in branching-selenite facies were 

obtained from 10 boreholes in the evaporitic succession of the Monferrato 

area. Core drilling on site was performed in vertical direction, i.e. 

perpendicularly to the sub-horizontal stratification and to the main 

sedimentary discontinuities. As a result, the axial direction of the cores is 

perpendicular to the stratigraphic anisotropy, which in the tested samples 

consists of carbonate or gypsum laminae embedded between homogenous 

nodules of gypsum crystals. In the studied area, stratification lies nearly 

horizontally and, in case of underground quarries, drifts run completely 

into the gypsum layers; the direction of maximum load on walls and 

pillars is therefore perpendicular to the sedimentary discontinuities. 

Consequently, UCS tests with uniaxial stress oriented normally to the 

sample anisotropies simulate on-site pillar conditions. For these reasons, 

PLT and UPV measurements were also performed in the same direction. 

Cores were made available from a private company and the related 

diameter (80 mm) was out of our control. Final lengths of the selected 

cores, after parallel edge cutting with a circular saw (perpendicularly to 

core axis), were in the range between 200 mm and 500 mm. Number and 

size of the cores tested for mechanical characterization (UCS, PLT and 

UPV) are summarized in Table 1. The sampling procedure for each 

method is shown in Fig. 3. All cores were tested in dry conditions in order 

to reduce the additional influence of water content on the retrieved 

parameters.  

 

 

Fig. 2. Typical stratigraphic section of Messinian evaporitic deposits in the 

Monferrato area (Bernardi, 2013). 

 

Even if all the cores were tested with the non-destructive UPV 

technique, only 49 measurements are discussed in the following; the 

results of the remaining 11 cores were excluded due to the high standard 

deviation observed among the measurements. 

For the destructive tests (UCS and PLT), in some cases, the total core 

length was higher than the standard required sample size. Therefore, these 

cores were further cut into shorter samples. 

 

Table 1. Number of samples tested with the described methodologies and sizes of 

the specimens. 

Test Number of 

samples 

Specimen sizes (length ×

diameter) (mm × mm) 

Number of common 

samples 

UPV test 49 200-500 × 80 UCS-UPV: 15 

PLT 35 (54 

specimens) 

30-70 × 80 UCS-PLT: 8 

UCS test with constant 

strain rate 

8 160-280 × 80 

UCS test with constant 

stress rate 

9 160-280 × 80 
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Gypsum content 

measurement 

15  UCS-gypsum 

content: 8 

PLT-gypsum 

content: 13 (17 

specimens) 

UPV-gypsum 

content: 12 

Thin section 

observation 

6  UCS-thin section: 4 

PLT-thin section: 5

(8 specimens) 

UPV-thin section: 6 

  

 

Fig. 3. Schematic representation of sample extraction from the long cores and 

preparation according to geometrical requirements of the five test methods.  

 

Gypsum content measurements and thin section observations were 

carried out on broken samples of PLT and UCS tests. In particular, 15 

samples were devoted to the evaluation of the gypsum content and six 

samples to the preparation of thin sections.   

Independent data from the same gypsum layer report an average 

porosity in the range between 4% and 8% and an average bulk weight of 

22 kN/m3. 

 

4. Methods 

 

4.1. Ultrasonic pulse velocity tests 

UPV measurements were performed with an ultrasonic pulse 

generator Pundit (Proceq) which provides emission and acquisition (at a 

sampling frequency of 2 MHz) of P-waves by means of two cylindrical 

transducers having a nominal frequency of 54 kHz. Measurements were 

conducted following the requirements of ASTM D2845-08 (2008) for 

laboratory determination of pulse velocities. Particularly, all the 

investigated travel distances H (i.e. core length, 200-500 mm) obey the 

standard relationship with the minimum lateral dimension φ (i.e. core 

diameter, 80 mm) and the average sample grain size d: 
�	 ≤ 	5φ                                                                                                 (1) 
�	 ≥ 	10�                                                                                         (2) 

Branching selenite gypsum is a fine-grained rock having a maximum 

grain size of about 10 mm, thus investigated H basically obeys Eq. (2). 

Given the relatively low nominal frequency of the transducers, some 

discrepancies from the standard arose with the core diameters φ, 

considering: 
φ ≥ 5	 ≥ 15�                                                                                 (3) 

where λ is the pulse wavelength, defined as 

	 = ��
�                                                                                        (4) 

where f is the nominal frequency of the instrument (54 kHz). Considering 

an approximate average UPV of 2000 m/s, the expected wavelength λ is 

37 mm. As a consequence, samples with diameter of 80 mm could not 

fully satisfy Eq. (3), but it was at least ensured to have measurements on 

samples obeying φ>2λ. 

An average of ten UPV acquisitions was repeated on each sample. 

Manual picking of the first arrival times was performed on each recorded 

trace, to obtain the time of travel within the investigated core. 

Determination of the P-wave velocity was then straightforward since 

travel distances (core lengths) were known. Final UPV values for each 

sample were averaged over the 10 related measurements.  

4.2. Point load test 

Gypsum samples were loaded in the PLT apparatus between two 

conical steel points, according to the suggested method for determining 

point load strength (ISRM, 1985; ASTM, 2007). In test conditions 

involving core specimens tested along the axial direction, the sample 

geometric requirements follow: 
0.3φ < � < φ	                                                                                (5) 

For this reason, the cores were cut into smaller samples, with lengths 

between 30 mm and 70 mm (Table 1).  

The point load index IS is defined as the ratio between the applied 

force at failure (P) and the equivalent diameter of the core (De): 

�� 	= 	 �
���

                                                                                              (6) 

where 

��
� = ��φ

�                                                                                                  (7) 

Due to the influence of the sample diameter on IS, a normalized value 

referred to as an equivalent sample with diameter of 50 mm (IS50) is used: 

���� 	= 	 ���
�� 

�.��
��                                                                          (8) 

4.3. Uniaxial compressive strength test 

The UCS test is used for determination of the maximum strength and 

elastic parameters (Young’s modulus and Poisson’s ratio) of intact rock 

cores in uniaxial compression. Following ASTM D3148-02 (2002) and 

UNI EN 1926-2007 (2007), samples with geometrical features obeying 

Eq. (9) were placed in a loading frame and the axial load was 

continuously increased until failure: 
2φ < � < 2.5φ	                                                                                       (9) 

Both constant stress-rate and constant strain-rate tests were 

performed. In the first configuration, a mechanical (Comazzi) and a 

hydraulic (Galdabini) press were used for peak loads lower and higher 

than 50 kN, respectively. Only the maximum strength value was recorded, 

without strain measurement. In the second configuration, a constant 

deformation rate of 0.55 µm/s was applied by means of a servo-controlled 

press; axial and lateral deformations were monitored throughout the test 

and the material behavior after the peak was also recorded. Local strains, 

in both axial and lateral directions, were measured using electrical 

resistance strain gages. To evaluate the reliability of this device, the total 

deformation of the sample in axial direction was also measured by means 

of linear variable differential transformers (LVDTs) on the steel plate of 

the press.  

The UCS of each sample was expressed as the ratio of the failure load 

(F) of the specimen to its cross-sectional area before testing (A): 

"#$	 = %
&                                                                                              ( 1 0 ) 

4.4. Gypsum content measurement 
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The gypsum content in the samples was measured through the 

thermogravimetric method (Porta, 1998), which is based on the measure 

of the mass losses occurring during the heating of a sample due to the 

dehydration of gypsum. Calcium sulphate occurs in nature in the form of 

three different minerals distinguished by the degree of hydration: gypsum 

(CaSO4·2H2O), bassanite (CaSO4·0.5H2O) and anhydrite (CaSO4). The 

phase transition between these minerals depends on the temperature, 

following: 
CaSO� ∙ 2H�O → 	CaSO� ∙ 0.5H�O. 1.5H�O → CaSO� . 2H�O       (11) 

When the sample is heated to 105 °C, part of the gypsum crystal water 

is lost, and bassanite is produced. With increasing temperatures, all the 

gypsum is transformed into anhydrite; the total conversion is attained at 

about 200 °C. Knowing that the total amount of crystal water is 20.91% 

of the gypsum mass (Eswaran and Gong, 1991), from the measure of the 

sample mass variation during the heating, the gypsum percentage (mass) 

is obtained. 

4.5. Thin section observation 

Given the heterogeneity of the facies, thin sections were prepared 

perpendicularly to the observed anisotropy (according to the loading 

direction). Large transparent glass supports (100 mm × 60 mm) were used 

for thick, smooth and polished slices of material (around 1 mm), to 

investigate representative portions of the samples. Cross-sections were 

then observed and described with optical microscope in reflected light to 

analyze texture and microstructures. The grain size distribution was 

quantitatively estimated with a photographic method. For each section, a 

representative area was selected and the inner grain edges were manually 

delineated. The area of the grains was retrieved with the software ImageJ 

and used to calculate the grain size distribution curves. An example of 

this image processing is shown in Fig. 4. 

 

5. Results 

 

5.1. Ultrasonic pulse velocity test  

The average UPV values obtained on the 49 samples are reported in 

Fig. 5. As for the following figures, values measured on the samples are 

sorted in ascending order, from low to high, to allow for a progressive 

visualization of the distribution of the measured parameters. Vertical 

black bars show standard deviations from the average values. 

Measurements spread out in a wide range, with a minimum of 745 m/s 

and a maximum of 3169 m/s. The average velocity of the whole dataset is 

1737 m/s. 

5.2. Point load test 

The obtained IS50 values are shown (in ascending order) in Fig. 6, for 

all the 54 tested samples. As already observed for UPV results, IS50 values 

distribute quite homogeneously over a wide interval (0.02-1.2 MPa), with 

a high variability of values among the samples. The average IS50 

computed based on the whole dataset is 0.44 MPa.  

In addition to the obtained IS50 values, macroscopic observation on 

sample failure during the tests (Fig. 7a) highlighted systematic differences 

between samples having IS50 lower and higher than 0.5-0.6 MPa. In the 

first case, samples often broke in several scraps, with failure surfaces 

being developed not only in vertically but also sub-horizontally, following 

the weakness surfaces of the rock anisotropies (Fig. 7b). In the second 

case, samples generally broke in two parts, with a clear sub-vertical 

failure surface (Fig. 7c). 

 

 

Fig. 4. (a) Representative area of the thin section of sample c (see Fig. 14); (b) Manually delineated edges of the grains; and (c) Calculated grain areas with the software 

ImageJ.  

 

 

Fig. 5. Average UPV measurements on 49 samples, sorted in ascending order. The 

vertical black bars show the standard deviation of the ten measurements performed 

on each sample. 
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Fig. 6. IS50 values determined on 54 samples from point load test, sorted in ascending 

order. 

 

 
Fig. 7. (a) Macroscopic observations of sample failure during PLTs; (b) Post-failure 

rock fragments of samples with IS50 values lower than 0.5-0.6 MPa; and (c) Post-

failure rock fragments of samples with IS50 values higher than 0.5-0.6 MPa. 

 

5.3. Uniaxial compressive strength test 

The UCS values obtained on 17 samples tested with either constant 

stress-rate or constant strain-rate procedures are shown in Fig. 8, sorted in 

ascending order. UCS ranges between 1.73 MPa and 18.35 MPa. Stress-

strain curves obtained from the constant strain-rate tests are plotted in Fig. 

9 and the related elastic parameters are summarized in Table 2. To 

simplify the reading, samples were labeled from U1 to U8. Elastic 

parameters referred to samples U7 and U8 are not presented because, 

during the test, the strain gages unglued from the samples. 

 

 
Fig. 8. UCS values determined on 17 samples from UCS tests, sorted in ascending 

order. 

 

Since electrical strain gages were often unreliable in the post-peak 

phase, losing cohesion with the sample due to the rock failure or 

excessive deformation, strain values measured with strain gages and 

LVDTs were compared. The total strain measured with LVDTs is shown 

in Fig. 9a. These data provide an estimate of the deformation behavior of 

the material, both in pre- and post-peak phases (even if the strain is 

overestimated). For comparison, lateral and axial stress-strain curves 

obtained with the strain gages, offering a more precise measure of the 

local deformation, are shown in Fig. 9b. The qualitative comparison 

between the axial strain curves underlines similar trends within the 

different measurement methods, highlighting the effectiveness of strain 

gages on this kind of material. A similar distribution of Young’s modulus-

UCS values is clear from both graphs. Samples U1, U2, U3 and U8 show 

UCS and Young’s modulus higher than 11-12 MPa and 6 GPa, 

respectively. Samples U4, U5 and U7, with UCS between 7 MPa and 12 

MPa, have lower Young’s modulus (<3 GPa) and sample U6 has both 

UCS and Young’s modulus values much lower than those of all the other 

samples.  

The Young’s modulus and Poisson’s ratio were obtained by using the 

deformation values from the strain gages and by calculating the tangent to 

the 50% of the stress-strain curve. From these values, P-wave velocities 

(VP) were retrieved for a direct comparison with the VP measured on the 

same samples with the UPV test. For the majority of samples, a good 

correspondence is found between measured UPV values and calculated VP 

(Fig. 10). 

Table 2. Summary of the elastic parameters retrieved from constant strain-rate UCS tests. The Young’s modulus and Poisson’s ratio were obtained using the deformation 

values from the strain gages and by calculating the tangent to the 50% of the stress-strain curve. VP values were calculated from the elastic parameters, considering an 

average density of 2.4 kg/cm3, and compared with the UPV measured on the same samples.  

Sample Peak Strength (MPa) Ultimate Strength (MPa) Young’s modulus (GPa) Poisson’s ratio VP calculated (m/s) VP measured with UPV test (m/s) 

U1 18.35  6.68 0.24 1799.82 2753.1 

U2 15.3 11.47 7.61 0.33 2158.95 2593.5 

U3 14.04  14.47 0.29 2781.54 2434.73 

U4 11.57 10.8 2.86 0.37 1442.68 1512.78 

U5 10.1 0.23 1.71 0.42 1341.7 1690.3 

U6 2.12 1.45 0.8 0.33 698.62 986 

U7 8.02 5.89     

U8 11.84 9.98     
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Fig. 9. Stress-strain curves measured with (a) LVDTs and (b) axial and lateral strain gages, for the constant strain-rate UCS tests. 

 

 

Fig. 10. Comparison among VP retrieved from elastic parameters and from the UPV 

measurements. 

 

In correspondence with the peak load, visible failures were not often 

observable on the sample surface. The observable growth of the first 

macroscopic cracks began during the loss of load in the post-peak phases. 

Cracks progressively propagated until a well-defined failure surface was 

formed, with an angle of approximately 50°-60° with the core horizontal 

edges. In most cases, the specimen did not reach a final collapse, but an 

internal cohesion was maintained even after failure (see Fig. 11c). 

Samples with the lowest strength did not always develop a well-defined 

failure surface. Conversely, sub-horizontal breaking surfaces, following 

rock anisotropy direction, were observed. These surfaces seem to develop 

along the fine material films separating different gypsum lenses. 

5.4. Gypsum content measurement 

The results of chemical characterization on the 15 analyzed samples 

report gypsum percentages on the total composition varying between 62% 

and 97% (Fig. 12). Most of the samples (12) are, however, in a range 

between 80% and 93%.  

Gypsum content data, divided in percentage higher and lower than 

90%, were overlapped to the results of mechanical characterization in Fig. 

13. Despite some outliers, a coherent trend between gypsum percentages 

and strength data is observed: samples with gypsum content higher than 

90% reflect higher mechanical properties (retrieved from direct or indirect 

measurements), whereas gypsum content lower than 90% corresponds, in 

general, to lower strength. 
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Fig. 11. (a) Sample tested within the UCS apparatus: (b) before and (c) after the test. 

In (b), horizontal and vertical electrical strain gages used for the test are shown, and 

in (c), evidence of the failure surface is depicted. 

 

 

Fig. 12. Results of the chemical analyses, sorted in ascending order of gypsum 

content. 

 

5.5. Thin section observation 

The analyzed thin sections are shown in Fig. 14. An increase in grain 

size is noticed from Fig. 14a to f. Two main groups with similar textural 

features can be recognized, based on qualitative observation and grain 

size distribution curves (Fig. 15a): fine-grained (Fig. 14a-c) and coarse-

grained samples (Fig. 14d-f). 

Fine-grained samples show the dominant presence of a matrix of 

small crystals (around 0.1 mm) that concentrate along layers, elongated in 

the direction of anisotropy, wrapping oval lenses with 1-2 mm crystals. 

Some of the gypsum crystals into these lenses show an elongated shape, 

with the maximum length of 9-10 mm, underlying the anisotropy (Fig. 

14c). In this configuration, crystals are perfectly in contact, without any 

empty space. This is mainly due to the poor sorting of the grain size and 

the consequent presence of fine crystals (<0.5 mm) in the void among 

coarser grains. 

 

 
Fig. 13. Data of (a) UPV, (b) IS50 and (c) UCS, with associated gypsum content 

(labels). 

 

Conversely, coarse-grained samples do not show the presence of fine 

gypsum crystals and the grain size seems to be more homogeneous, 

resulting in a clast-supported texture. In addition, this sections show a less 

compact structure, showing thin void spaces among the crystals (Fig. 14d) 

or the embedded presence of fine marl films, with braided shape and sub-

horizontal direction (Fig. 14e). In the coarsest section (Fig. 14f), the most 

significant feature is the average crystal dimension, locally equal to 3-4 

mm, almost twice the average size in the other sections; a few layers with 

slightly variable grain sizes, parallel to the anisotropy planes, have also 

been recognized. 

The grain size distribution curves and their derivatives (Fig. 15a and b, 

respectively) confirm that, even if the larger crystals have similar sizes in 

the two groups (1-2 mm), the fine-grained samples have a significant finer 
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content (0.1-0.5 mm, see the local peak in Fig. 15b), which is not present 

in the other group. 

Porosity estimations (from sample mass in dry and wet conditions) 

demonstrated that the coarse-grained well-sorted samples are indeed 

characterized by higher porosity values (7%-8%), while the fine-grained 

poor-sorted samples show lower porosity, usually lower than 5%. 

 

 
Fig. 14. Thin section photos of the gypsum samples observed with an optical microscope in reflected light. 

 

 

Fig. 15. (a) Grain size distribution curves of the thin sections of Fig. 14; and (b) Derivative of the average curves of the fine and coarse grained classess showing the peaks of 

the maximum concentration of grain size. 

 

An indication of the grain size group was overlapped to the 

mechanical parameters (Fig. 16). In general, it can be observed that, 

similarly to the distribution of chemical indicators, fine-grained materials 

cluster in the higher part of the graphs, while coarse-grained samples 

correspond to the lower strength data.  

 

6. Discussion 

 

6.1. Correlation between mechanical features 

Correlation between UCS values and PLT and UPV measurements 

has been attempted. For these analyses, only one PLT result for each 

original core was considered. IS50-UCS and UPV-UCS relationships are 

shown in Fig. 17 and summarized in Table 3, in terms of linear, 

exponential and logarithmic regressions. Exponential regression gave the 

higher correlation coefficient (R2 = 0.97) for IS50-UCS data, while the best 

fitting for UPV-UCS data was found with linear and logarithmic 

regressions (R2 = 0.68 and 0.65, respectively). 
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Fig. 16. Data of (a) UPV, (b) IS50 and (c) UCS, with associated grain size group 

(labels). 

 

In agreement with previous observations on weak rocks (Palchik and 

Hatzor, 2004; Kaharman et al., 2005; Sabatakakis et al., 2008), the linear 

correlation factor between PLT and UCS tests has a value approximately 

half of the standard value (UCS/IS50 = 24.5), which is proposed as a good 

approximation for all the rock types by ASTM D5731-07 (2007). The 

strength-dependent relationship between IS50 and UCS is confirmed by the 

best fitting of the measurements with an exponential regression, which 

should be considered as a general regression curve for the studied facies 

of gypsum.  

Since the compositional and textural variations of the material were 

likely to have a significant influence on the mechanical behavior (Figs. 13 

and 16), two material classes were defined based on chemical indicators 

and grain size features. To quantitatively describe the coarse-grained and 

the fine-grained materials, we used the parameter D10 (the grain size 

corresponding to the 10% of passing material), since we noted that the 

discriminant factor among the two groups of material is the size of finer 

grains. 

The two groups showed different mechanical features and the 

corresponding mechanical thresholds were identified as UCS = 6 MPa and 

IS50 = 0.6 MPa. Consequently, a UPV threshold value has been estimated 

through the UCS-UPV relationship in Table 3. As a result, a summary of 

mechanical parameters, composition and grain size for the two material 

classes is reported in Table 4.  

Due to the difference in the geological constituting factors and 

mechanical features, two UCS-IS50 specific relationships could potentially 

more correctly define the two material classes. Data have been therefore 

preliminary interpolated by two linear regressions (Fig. 18 and Table 5), 

with different slopes. Chemical indicators and grain size features are 

overlapped to the graph, underling the division. The correlation 

coefficient of the coarse grain samples (Class 1) is still high (R2 = 0.9). 

Even if the correlation coefficient for the fine grained class (Class 2, R2 = 

0.67) is much lower than the one of the exponential interpolation of the 

entire dataset (R2 = 0.97), the two proposed equations are based on 

uniformity of features, offering a more realistic representation of the 

material and avoiding to classify both materials with too high 

heterogeneity. 

6.2. Dependence of mechanical behavior from geological features 

In Fig. 19, all the results of the compositional analyses are compared 

to the corresponding UCS values, obtained either directly from the 

uniaxial tests or from IS50 and UPV values, using the relationships 

proposed in Table 3. The thresholds (gypsum content = 90% and UCS = 6 

MPa) used to divide the material classes are highlighted in the graph. 

Almost all the samples of Class 1 (gypsum content < 90%) fall in the area 

with UCS < 6 MPa (violet), whereas samples of Class 2 (gypsum content 

> 90%) mainly fall in the area with UCS > 6 MPa (blue). Only four points 

fall outside the two classes. 
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Fig. 17. (a) IS50-UCS and (b) UPV-UCS measurements, with linear, exponential and logarithmic regression curves. 

 

Table 3. Summary of IS50-UCS and UPV-UCS relationships, obtained with linear, 

exponential and logarithmic regressions, with associated coefficients of 

determination (R2). 

Relationship Equation R2 

UCS-IS50 UCS = 1.98exp(1.79IS50) 0.97 

UCS = 13.29IS50 – 0.47 0.87 

UCS = 3lnIS50 + 11.22 0.47 

UCS-UPV UCS = 7.75UPV – 6.75 0.68 

UCS = 14.05lnUPV – 0.36 0.65 

UCS = 0.66exp(1.141UPV) 0.62 

 

 
Fig. 18. IS50-UCS relationships based on chemical and textural differences. Labels 

refer to the percentages of gypsum content and the grain sizes observed in thin 

sections. 

 

Table 4. Summary of mechanical, compositional and structural thresholds between 

the two recognized material classes. PLT and UCS values have been obtained by the 

conjunction point between the two linear regressions in Fig. 18. 

Material class Gypsum content (%) Grain size, D10 (mm) UPV (m/s)IS50 (MPa)UCS (MPa)

1 < 90 0.1-0.2 (coarse) < 1600 < 0.65 < 6 

2 > 90 0.5-1 (fine) > 1600 > 0.65 > 6 

 

Table 5. IS50-UCS relationships, with associated coefficients of determination (R2), 

for the two identified material classes. 

Material class Equation R2 

1 UCS = 5.95IS50 + 1.84 0.9 

2 UCS = 19.56IS50 – 6.83 0.67 

 

Microscopic observations can help in explaining the occurrence of 

these outliers: letters referring to the thin sections of Fig. 14 are reported 

in Fig. 19. Points with UCS < 6 MPa and gypsum content > 90% may be 

explained by textural and structural observations on the thin section of 

Fig. 14f. Even if in this sample, the gypsum percentage is the highest 

among the considered samples (96.7%), and extremely low strength 

values are obtained both from PLT and UPV measurements. This 

anomalous behavior may be related to the grain size, that is coarser and 

locally almost twice the one observed in the other thin sections, as 

highlighted from the grain size distribution curve in Fig. 15a. Larger 

grains and intergranular voids promote the formation of failure surfaces at 

the grain contacts and result in an average reduced strength of the sample. 

Conversely, samples with UCS > 6 MPa and gypsum content < 90% 

can be explained by the microstructural observations on the thin section 

of Fig. 14b and related grain size distribution curve in Fig. 15a. This 

sample shows the presence of extremely fine-sized interlocked crystals 

with a very high compact structure. Fine-grained and compacted material 

among crystals seems therefore to promote the increase in strength. 

As observed, a decrease in grain size corresponds to an increase in 

strength (see Fig. 16). Similarly, the presence of fine-grained layers in 

coarse material contributes to producing higher mechanical strength. 

Indeed, poorly-sorted materials showed higher strength than well-sorted 

samples, since the presence of different grain sizes allows for a more 

efficient structural organization, resulting in a lower porosity and a higher 

rock compactness. 

Considering the high heterogeneity of this particular facies with 

respect to other already investigated gypsum rocks, even if the gypsum-

content division of the material into two classes well addresses the overall 

variability of mechanical parameters, microstructural and textural 

peculiarities should be strongly considered for a complete understanding 

of the specific material strength. 
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Fig. 19. Relationship between gypsum content (percentage over the total sample 

weight) and UCS value, retrieved from either uniaxial tests or PLT and UPV 

measurements. Letters refer to the subsections in Fig. 14 (microscopic images 

related to the labeled samples). Violet and blue areas refer to material classes 1 and 

2, respectively. 

 

7. Conclusions 

 

Recent geological studies highlighted the presence in the whole 

Mediterranean basin of different gypsum facies, among which the 

branching selenite facies was investigated in this study. This facies is 

considered a key sedimentological level for stratigraphic reconstruction 

and ore deposit evaluation. Despite the scientific and economical (mining) 

interest, it has been poorly geologically and mechanically investigated. To 

fill this gap, this study aimed at evaluating the mechanical properties of 

this material and proposing specific correlations between standard UCS 

values and more economical and expeditious tests, such as PLT and UPV 

measurements. These relationships were established in a general form, 

disregarding additional information on the sample content and structure, 

with an exponential law linking PLT results and UCS values and a linear 

regression for UPV-UCS measurements. 

The proposed relationships have to be considered valid only for the 

specific branching selenite facies. Nevertheless, the basin-scale 

homogeneous peculiarities of this layer make the results of this work 

potentially applicable to rock mechanics and engineering geology issues 

related to this facies all over the Mediterranean Sea.  

Despite the choice of focusing on a well-defined gypsum rock type, a 

large variability of mechanical parameters was detected by all the adopted 

methods. The related wide range of representative strength values is 

mainly due to the facies inner heterogeneities (in terms of grain size, 

composition, textural and structural organization of the crystals) caused 

by its depositional mechanism. 

As a consequence, to further constrain the origin of this mechanical 

variability, additional information on the grain size and gypsum content 

was retrieved from representative microscopic and chemical analyses on 

the tested materials. Although slight strength dependence from the 

gypsum content was noticed, given a similar gypsum content, the grain 

size was found to be the key parameter influencing strain features. Two 

material classes were firstly identified on the basis of these microscopic 

features, only partially addressing the dispersion of the mechanical 

parameters. Further microstructural and textural aspects, linked to the 

presence of local grain size heterogeneities and to the sorting of the 

material, were found to complementarily explain the variability in the 

mechanical behavior.  

All these aspects have therefore to be considered for further 

applications of specific IS50-UCS and UPV-UCS relationships. More in 

detail, a preliminary subdivision in two linear relationships was adopted 

for IS50-UCS based on the two recognized material classes and offering 

new insights into grain size dependent conversion factors for branching 

selenite gypsum rocks. Nevertheless, given the low number of 

measurements used to retrieve the proposed correlations, the two 

introduced linear relationships have to be considered as a preliminary 

result, to be confirmed and supported by further studies. 

Since it was demonstrated that a large variability of mechanical 

parameters could occur even within the same gypsum facies, the 

availability of faster and cheaper testing methods (PLT and UPV 

measurements) and UCS correlations potentially gives access to a larger 

set of measurements in field applications. This can be considered as a 

powerful tool to improve the reliability of the material characterization in 

engineering and mining works, with respect to the limited number of UCS 

determinations in everyday practice. 

Future perspectives of this work include an enrichment of the 

presented data set with data on the mineralogical content and microscale 

observations with transmitted-light microscopy and scanning electron 

microscopy (SEM). Further analyses on the influence of porosity and 

natural water content of the material could introduce important 

modifications in the mechanical behavior. 
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