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Abstract

The exploitation of gypsum by both open pit and underground quarries requires attentive evaluations
of mechanical features and variability. However, gypsum rock testing often neglects the natural
heterogeneity. The result is an inaccurate mechanical characterization that averages the strength
values of different materials leading to an underestimation or the overestimation of the stability
conditions, without offering a real representation of the mechanical behaviour of the rock.

Grain-size, grain-sorting, mineral composition and porosity significantly influence gypsum
mechanical behaviour. The individuation of textural and compositional features that primarily
influence the variation in mechanical parameters may offer an interpretation key of the phenomenon.
In this study, the relation between features at the microscale and macro-mechanical behaviour of
gypsum rock was analysed with a multiscale approach. Relationships between Uniaxial Compression
Strength (UCS), grain-size distribution and porosity were analysed and discussed. Microscopic
observations on thin sections were performed, developing an image analysis procedure for correlating

textural and structural parameters with UCS.
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1. Introduction

The extensive exploitation of gypsum rocks, widely used in building industries, requires a good

knowledge of mechanical properties and parameters that influence them. Nevertheless, gypsum

mechanical characterization is extremely complex due to its natural heterogeneity. Gypsum has been

found in nature in a wide range of facies (e.g. massive-selenite, banded-selenite, branching-selenite,

displacive-selenite, gypsarenite and gypsrudite; Lugli et al., 2010). Each facies may present very

different features in terms of grain size, porosity, mineralogical content and depositional processes.

Consequently, the mechanical properties of gypsum are highly variable (Table 1). Some of these

gypsum facies (i.e. microcrystalline branching selenite gypsum), due to their specific depositional

framework, are also strongly heterogeneous in themselves.

Table 1 Literature UCS and porosity values of gypsum samples in different facies.

with random presence of band

structures of pure calcium solphate

Reference Gypsum Facies UCS Porosity [%0]
[MPa]
Singh and Eksi, 1987 undefined 259-334 |0.92-2.92
Papadopoulos et al., 1994 Alabastrine gypsum 12
Medium-grained gypsum 4.6
Coarse-grained gypsum 4.9
Yilmaz and Sendir, 2002 Pure alabastrine gypsum 15.04 - 30.0
Moirat et al, 2006 Water saturated saccharoid gypsum | 13.7 155
grain size > 1mm
Water saturated saccharoid gypsum | 16.9 35
0.1 mm < grain size < 1mm
Water saturated saccharoid gypsum | 23.5 4.6
grain size < 0.1mm
Bonetto 2006 Fine grained gypsum 11.1-155
Coarse grained gypsum 57-11.7
Yilmaz, 2007 Pure alabastrine gypsum 28 — 36.2
Porphyritic gypsum 16.2 -19.7
Castellanza et al., 2010 Gypsum facies from an Upper | 16
Triassic sabkha
Liang et al., 2012 Xishan gypsum deposit of Taiyuan | 13.4 — 15.6
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Heidari et al., 2012 Gypsum facies from the Early | 3.8—-30
Miocene Gachsaran Formation
(Iran), with peculiar crystalline-
gypsum and micrite layers and

veins

Salih and Mohammed, 2017 | Gypsum rock that locally contains | 20
marl or clay impurities within

cracks.

Caselle et al., 2018b Microcrystalline branching selenite | 1.73 —14.86

gypsum
Macrocrystalline selenitic gypsum | 2.58 —9.02

Caselle et al., 2019 Microcrystalline branching selenite | 1.73 —18.35
gypsum

The influence of compositional features and textural properties (i.e. size, shape, orientation of mineral
grains, porosity) on the mechanical behaviour of rock materials have been recognized and studied
from several years in different rock types. In particular, the effect of mean grain-size was described
in different rock types: limestone (Handin et al., 1957; Fredrich et al., 1990), sandstone (Singh, 1988;
Klein et al., 2001; Cheung et al., 2012; Atapour and Mortazavi, 2018), marbles (Olsson, 1974; Wong
etal., 1996), anhydrite (Skinner, 1959), dolomite (Hatzor and Palchik, 1997, 1998), and igneous rocks
(Eberhardt et al., 1999). Generally, it has been observed that larger grains and longer grain boundaries
result in longer weakness surfaces. The worsening of the mechanical properties with the increasing
of the grain-size is therefore usually explained with the increase of the Griffith crack length (Fredrich
et al., 1990; Wong et al., 1996; Eberhardt et al., 1999).

Some studies recognized also the influence of other geometrical parameters related to grains
organization: shape and azimuth angle (Howarth and Rowlands, 1986) and orientation angle (Ptikryl
etal., 2007). In highly porous rocks, the role of grain-size is less crucial, because it is hidden by other
more influential parameters, such as cementation or porosity (Ulusay et al., 1994; Palchik, 1999;
Baud et al., 2017; Atapour and Mortazavi, 2018).

The present study focuses on a specific gypsum facies: the microcrystalline branching selenite. This
type of gypsum has a peculiar structure that is observable and recognizable from micro- to macro-

scale. Thus, many considerations can be made at the micro-scale and reliably extended, in a more

3



general way, at the scale of rock-mass. An image analysis method was applied at the micro-scale to
quantify the grain-size distribution, the shape and orientation of the grains and the porosity of the
material. The influence of these parameters on the macroscopic mechanical features, such as the UCS,

was evaluated.

2. Geological Framework and Material

The tested material is a Miocene microcrystalline gypsum in branching selenite facies. It comes from
the Primary Lower Gypsum Unit, in the Monferrato domain of the Tertiary Piedmont Basin (TPB),
in NW lItaly (Clari et al., 1995; Piana and Polino, 1995; Dela Pierre et al., 2011). Due to the thickness
of the layer (up to 10 m) and the good quality of the material (gypsum content higher than 80%), it is
largely exploited for economic purposes and is recognizable in several areas of Piedmont and the

Mediterranean basin.

Microcrystalline branching selenite (Lugli et al., 2010) is a typical gypsum facies which consists of
fine-grained material, with average grain-size of 1 mm. At the mesoscale, the rock appears to be
organized in decimeter-large irregular nodules and lenses of selenite crystals with major axes slightly
inclined or horizontally oriented (Fig. 1b-1c). Thin anastomosed fine-grained laminae separate the
nodules. The laminae have thickness ranging among several millimetres (usually with prevalent
carbonate or gypsum fine crystals) and very tiny films (typically constituted by prevalent clay and
terrigenous minerals). The mean orientation of these laminae contributes to create the anisotropy of
the rock. This anisotropy is evident at the sample scale (mesoscale), as well as at the rock mass scale
(macroscale), where lenticular bodies of selenite gypsum are surrounded by layers of finer material

with various thicknesses (Fig. 1a).
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Figure 1 a. Excavation face in a gypsum underground quarry in Monferrato (NW lItaly). It is evident the typical structure of the
branching selenite gypsum, with branches of coarse material surrounded by anastomosed fine layers. b. Core sample of microcrystalline
branching selenite gypsum, with nodules of big gypsum crystals surrounded by thin fine-grained laminae. c. Hand sample, with a more
detailed scale, with nodules of big gypsum crystals surrounded by thin fine-grained laminae

Seven core samples with diameter of 80 mm were drilled in a single layer within an area of 2-3 km?.
Samples were inspected to verify the absence of macro-cracks or alteration and prepared for testing
following ASTM 4543-01 standard requirements. To ensure sample compositional homogeneity and
representativeness, gypsum content percentages were measured through the thermogravimetric
method (Porta, 1998). Dimensions, bulk specific weights and gypsum contents of samples are
summarized in Table 2. A thin section for each sample was prepared for microstructural and textural
observations. Thin sections were prepared keeping in consideration the material variability, selecting
rock portions representative of the tested samples.

Table 2 Sizes of the samples, bulk specific weight and gypsum content.

Bulk
e | g iamns| 2 | G
mm mm KN/m?3 %
S61 C6 158.42 78.73 22.00 91.02
S56 C5 158.55 78.76 22.10 83.52
S61 C11 160.07 78.64 22.00 84.78
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POA 199.80 | 99.30 22.23 90.83
S58 C9 173.00 | 78.60 22.10 88.97
S61 C12 163.36 | 78.66 21.30 93.55
S58 C11 175.00 | 78.00 21.90 87.43

3. Experimental procedures
3.1 UCS tests

Unconfined compression tests were performed following ASTM D 3148 - 02 and UNI EN 1926-2007
standard requirements. Load was applied by means of an MTS apparatus with a nominal strain rate
of 10° s, Axial strain was measured throughout the duration of the tests by means of electrical strain
gauges or with linear variable differential transformers (LVDTSs) measuring the central 2/3 of the
sample (as specified in Table 3). Uniaxial Compressive Strength, UCS, and tangent Young’s

modulus, E;, were evaluated for each specimen.

3.2 Grain-size characterization

Grain-size distribution of each sample was estimated by means of an image analysis method. This
technique has been successfully used in the last decades since facilitates rapid and semi-automated
access to grain dimensions (e.g. Heilbronner and Keulen, 2006; Jutzeler et al., 2012; Buscombe, 2013;
Caselle et al., 2018a). Images of the thin sections were acquired with an optical microscope (Fig. 2a).
At least three pictures of different portions for each section were processed and analysed, taking into

account the material variability in order to increase the representativeness and reliability of results.

The image processing consists of three steps: a) application of a threshold for a preliminary and
automatic grain delineation (Fig. 2b); b) process of manual retracing of grains edges (Fig. 2c) (for
improving manual delineation, the colour image can be converted into grayscale intensity image); c)
calculation of particle areas using the open source ImageJ code (Schneider et al., 2012). The
frequency distribution of the particle grain-sizes calculated from the areas values was attained using
the standard size classes. The total number of particles in each class has been recalculated to the
correspondent weight. Computing the percentage of passing material for each size class, grain-size
distribution curves were obtained (Fig. 2d). D10, D50 and UC (Uniformity Coefficient) were defined
for each sample.
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Figure 2 Processing flow performed on thin section images of sample S58C9 for the determination of the grain-size distribution. a.
Thin section microphoto acquired with the optical microscope. b. Application of a threshold filter to perform a first automatic
delineation of the grains. c. Grayscale image after manual delineation of grains. d. Resulting grain-size distribution curve

The elongation and the anisotropy of the grains were also quantified. With the definition of the best
fit ellipse for each particle (Fig. 3), the aspect ratio (AR) was retrieved as the ratio among major and
minor axes of the ellipses and the anisotropy orientation as the angle among the major axes and the
x-axis of the picture (that is the horizontal direction, perpendicular to the axial direction of gypsum
core).



1 cm

Figure 3 a. Particular of Figure 2c, with the grain delineated. b. Best fitting ellipses corresponding to each grain.
3.3 Porosity

Methods of image analysis with SEM (Scanner Electron Microscope) images have been commonly
used for the estimation and description of pores and cracks in rock materials (e.g. Hao et al., 2017;
Dalla Santa et al., 2019). With the backscattered electrons (BSE) mode of acquisition, the resulting
images identify an intensity that depends on the average atomic number Z of the target. Since atomic
number of pores is zero, the images show high grey-scale contrast between “pores” and “rock”.
Although some three-dimensionality is sacrificed, with the simple application of a threshold, it is

possible to distinguish the “pore” pixels from the “rock” pixels.

To obtain representative information, image reproduction of the entire sections were obtained by
juxtaposition of more detailed pictures (Fig. 4a). Constant magnification and resolution were used for
the acquisition of the images. The elaboration was performed with the software ImageJ, with the

following processing flow:

- Application of a Filter to reduce the noise (Median Filter with Radius of 2.0 pixel) (Fig. 4b)
- Application of a threshold, automatically determined through the Otsu algorithm (Fig. 4c)
- Delineation of the interested area and count of total pixels

- Count of black pixels (pores) in the interested area (Fig. 4d).

The ratio among total pixels and black pixels returns the value of total porosity of the thin section.
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Figure 4 Processing flow of SEM image of sample S58C9 for the determination of the porosity. a. Image of the entire thin section
obtained through the juxtaposition of photographical images acquired with back-scattered SEM. b. Application of the median filter to
the reduction of the noise c. Application of a threshold, automatically determined through the Otsu algorithm. d. Final binarized black
and white image, where black pixels are pores and white pixels are the surrounding rock.

Reliability of results was verified by comparison with measurements of porosity performed with
helium pycnometer on the same samples from which thin sections were obtained. Results show a

good agreement, with the exception of sample S61C12 (Table 3 — Fig. 5).



Figure 5 Comparison among porosity results measured with image analysis method and with helium pycnometer
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Results of UCS tests, tangential Young modulus (E:), porosity from SEM and from helium

pycnometry and grain-size distribution indexes (D10, D50 and UC) are listed in Table 3.

Table 3 Uniaxial Strength (UCS), method used for the strain measure, tangential Young modulus (Et), grain-size distribution indexes
(D10, D50 and UC) and porosity (n) measured with SEM and with helium pycnometry for the 7 samples.

Strain . n
SNampIe ucs Measure Et D10 D50 UC [SEM] [Pycnometer]
ame System
MPa GPa mm mm % %
S61 C6 19.81 LVDT 13.49 0.06 0.30 6.67 3.46 5.0
S56 C5 19.10 LVDT 11.87 0.06 0.32 8.33 3.14 4.5
S61 C11 16.40 LVDT 11.19 0.26 1.00 4.62 5.64 6.7
POA 15.17 | LVDT | 1887 | 0.14 0.65 5.71 4.04 3.7
Strain 55
S58 C9 14.04 Gauge 14.47 0.22 0.85 4.77 7.11
S61 C12 12.61 LVDT 6.76 0.20 0.80 5.00 2.31 9.7
Strain 5.0
S58 C11 8.02 Gauge 7.78 0.40 1.30 3.75 3.71

Figures 6a and 6b show the complete stress-strain curves and the grain-size distribution curves of the

gypsum samples respectively. The graphs suggest a relationship between the peak strength and the

dimension of grains: coarser is the sample, lower is its axial resistance and vice-versa.
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Figure 6 a. Axial stress — axial strain curves for the 7 UCS tests. b. Grain-size distribution curves of the 7 samples.

Through correlation of the UCS and grain-size indexes (Fig. 7), a clear inverse linear trend with the
unconfined strength is recognizable with D10 and D60 indexes. The sorting of the material (i.e. the
Uniformity Coefficient, D60/D10) indicates a linear relationship with the UCS, suggesting that poor-
sorted materials, with a variety of grain-sizes, achieve a more efficient organization and higher rock

compactness, resulting in an higher strength.

These features seem to suggest a dependence of the mechanical behaviour from the grain-size features
related to intra-granular strain mechanisms (i.e. the higher concentration of dislocations in coarser
grains reduces their strength) and to crack mechanisms (i.e. Griffith theory). Coarser grains lower
the threshold for rock failure due to their internal lower strength and creating longer weakness
surfaces along the contacts between grains. An increase in finer-grained material, even if the number

of contacts increases, may be considered as a strengthening element due to the short length of these

11



contacts and their random orientation, which inhibit surface coalescence (Fredrich et al. 1990,
Eberhardt et al. 1999).

The relationship between elastic modulus and grain-size parameters is less clear, showing a wide

dispersion, and was not represented.
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Figure 7 Relationship and linear regressions among UCS and D10 (a), UCS and D50 (b) and UCS and Uniformity Coefficient (UC)
(©.

The shape of grains (i.e. Aspect Ratio) and their orientation demonstrate a limited amount of
variability amongst the different samples (Fig. 8). Samples typically contain horizontal grains
(orientation angle between -10° and +10°) with an aspect ratio of 1.8. As these features can be
therefore considered as homogeneous in the dataset the measured range of UCS is not due to

variations in shape and orientation of the crystals.
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Figure 8 Frequency distributions of the aspect ratio values (a) and of the values of dip angles of the grains (b) for the 7 samples.
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Analysis of porosity using SEM imaging highlighted a concentration of pores along the thin-grained
layers, whereas the lenses with big gypsum crystals identify a very low presence of pores (Fig. 9).

The organization and the abundance of thin-grained materials has, therefore, the double effect to
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increase the porosity and to enhance the strength of the sample. Consequently, in the dataset, no clear

relationship between strength and mean porosity was recognized.

However, the presence of thin-grained laminae does not always contribute to the strength of the
samples. In sample S58C11, where laminae of carbonate and gypsum grains are substituted by films
of clay and other phyllosilicate materials, a significant weakening of the bulk rock strength is
observed. The shape (not equigranular, but thin and planar) and the low strength of these minerals

contribute to the formation of significant weakness surfaces.
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Figure 9 SEM images of the thin section of samples S56C5 (a), S58C11 (b) and S61C12 (c). In blue, the pixels identified as void
portions.

5. Conclusions

Multiscale analysis offers an interesting interpretation key for the investigation of mechanical
variability in heterogeneous rocks. In particular, microcrystalline branching selenite gypsum rock
allows a direct correlation among macro-, meso- and micro-scale observations since deposit structure,
texture heterogeneity and anisotropy orientation maintain their key features at each scale. This

correlation has been justified by diffuse micro-scale analyses coupled with UCS tests showing
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mechanical variability at the mesoscale. The reliability of the association between micro- and meso-
scale samples is fundamental for the quality of the analysis. In the present study, the periodical
repetition of texture heterogeneity at the rock-mass scale and at the micro-scale allows the
identification of pseudo-homogenous samples which heterogeneity is exhaustively described by the

thin sections.

The micro-scale analysis highlighted a clear dependence of the mechanical strength on the grain-size
distribution. The decrease of the mean grain-size, the high percentage of fine grains, the poor sorting
of the material and the absence of layers of clay minerals are features that improve the strength of the

rock.

The possibility to recognize and qualitatively describe these elements at the mesoscale offers a good
instrument to calibrate number, position and typology of tested samples in the characterization of
UCS of the rock masses. Neglecting the strong heterogeneity of branching selenite gypsum and the
presence of a well-defined anisotropic structure may result in incorrect strength parameters, not fully
representative of the material, being locally over or underestimated.
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