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Abstract

Rock strength is defined as the limit of the ability of a rock to resist stress or deformation without breaking. Testing methods
recommended by ISRM (International Society of Rock Mechanics) and ASTM (American Standards Testing Material) include
unconfined compressive strength (UCS), point load index (PLI), indirect tensile strength (ITS), Schmidt hammer rebound (SHR),
sonic velocity (V,, and V), and slake durability index 2nd cycle (I4,). This contribution compares the results of these methods and
explores the influence of rock composition and texture on Lower Miocene evaporites from Al Ain city, United Arab Emirates
(UAE). These sedimentary rocks are common in the Arabian Peninsula as exposures or in the subsurface where they may
constitute the foundations of buildings. A large number of UCS, PLI, ITS, SHR, SV, and I, tests were carried out on both core
samples and rock blocks according to ASTM Standards. Examination of compositional and textural characteristics of represen-
tative rock samples was performed using XRD, XRF, polarized-light microscopy, and SEM. The results reveal variable corre-
lations between the rock strength parameters with specific significant values between 0.53 and 0.72. The effect of composition
and texture of the evaporitic rocks on their strength behavior is related to impurities such as clay minerals and celestite and grain
interlocking textures. Despite the limited compositional variability of the evaporitic rocks (5-10%), the textural variability may
present a challenging feature in rock strength testing and should be taken as a primary factor for consideration during
applications.

Keywords Rock strength - Evaporiticrocks - Unconfined compressive strength - Pointload index - Indirect tensile strength - Slake
durability index 2nd cycle

Introduction the ability of rocks to resist stress or deformation without

breaking. In engineering approaches, rock strength may be

Rock strength measurement and characterization of disconti-
nuities (mainly fractures) are important tasks in engineering
applications. Overall, rock strength is defined as the limit of
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defined as the inherent strength of an isotropic rock under
wet or dry conditions. Nevertheless, rock masses are aniso-
tropic and therefore, the strength of rocks is influenced by the
presence of impurities, zones of weakness, and/or discontinu-
ities (Hawkins 1998).

Rapid changes of rock structure on the meter scale (i.e.,
presence of layering, fractures, faults, folds), rock texture
(grain size, cementation, dissolution), and even mineralogy
(percentage of clay minerals, sulfates, etc., and presence of
water) have always created problems in generalizing overall
bulk mechanical and physical properties, such as rock
strength, porosity, etc. Thus, true homogeneity may only exist
at a small scale, perhaps a few cubic decimeters, leading to
problems for engineers when they are forced to deal with
much larger scales of rock masses. Inhomogeneity and rapid
changes in the physical properties of rock masses commonly
cause unexpected rock failure, particularly when these factors
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are combined with the presence of water. All these factors
underline the importance of measuring the rock strength via
in situ or laboratory methods (Marinos and Hoek 2001;
Erguler and Ulusay 2009; Yilmaz 2010; Arman et al. 2013a,
b, 2014, 2017).

However, measurement of rock strength in either in
situ or laboratory environments is relatively expensive,
time-consuming, and requires considerable efforts in rock
sampling, preparation, and laboratory tests. Quite a large
number of specimens must be tested in order to produce a
representative value for a large rock exposure. Therefore,
it is common to measure rock strength using several test-
ing methods and approaches (Arman et al. 2013a, b, 2014,
2017). A number of methods have been recommended for
the testing of rock strength. Among these are the uncon-
fined compressive strength (UCS), indirect tensile
strength (ITS), point load index (PLI), Schmidt hammer
rebound (SHR), sonic velocity (V, and V), and slake
durability index 2nd cycle (I,).

There are few available studies concerning strength estima-
tions of evaporitic rocks. Yilmaz and Sendir (2002) performed
correlation of SHR with UCS and Young’s modulus (E) in
gypsum. Their study concluded that it may be possible to
estimate UCS and E of gypsum from the SHR number using
their proposed empirical equations. They also suggested that
their equations must be used only for gypsum to give an
acceptable accuracy in the preliminary stage of designing
structures. Yilmaz and Yuksek (2008, 2009) thought that it
may possible to predict UCS and even E of gypsum using
artificial intelligence-based techniques such as fuzzy interface
system (FIS), multiple regression (MR), genetic programing
(GP), artificial neural network (ANN), and adaptive neuro-
fuzzy inference system (ANFIS) models. However, these find-
ings should be treated with caution due to the limited number
of data analyses. Heidari et al. (2012) studied the relationships
between UCS, ITS, and PLI (air-dried and saturated and three
methods of axial, diametrical, and irregular) for gypsum rock
samples and developed appropriate empirical equations. Thus,
they demonstrated the possibility of estimating UCS and ITS
using fast, practical, and economical PLI tests. However, they
also advised that their empirical equations be used for the local
gypsum rocks, excluding those of other regions. Salah et al.
(2014) carried out laboratory studies on crystalline gypsum in
order to develop a dataset for predicting the UCS of rock
specimens from PLI tests. They found the data to be highly
scattered, and they provided empirical equations for use as
conservative design values.

This paper presents comprehensive laboratory mechanical
investigations of the evaporitic rocks at selected United Arab
Emirates (UAE) sites, with the aim of providing data that can
be used to better constrain rock strength properties. The highly
variable composition and texture of the evaporites results in
their vulnerability to in situ chemical and mechanical changes
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due to changes in groundwater chemistry and climatic condi-
tions, which can influence the durability of evaporites over
time. The present work aims to provide vital data and guide-
lines that will help reduce the cost of hazards assessment for
the engineering projects sited on evaporite rocks.

Geological setting, sampling, and analytical
techniques

Evaporitic rocks of the Lower Fars (Gachsaran) Formation of
Early Miocene age (23—16 Myr) exist as 300 m outcrops and
at different depths below land surface in Al Ain city of the
UAE (Abdelghany et al. 2015). The Jabal Hafit mountain
south of Al Ain city, UAE, exposes a lower tertiary to
Miocene limestone, marl, and evaporite sequence exceeding
1200 m in thickness (Boukhary et al. 2002) (Fig. 1). Beneath
the Gachsaran Formation evaporites are dominantly carbonate
rocks. The Miocene evaporite beds were deposited conform-
ably on the top of the Lower Oligocene Asmari Formation on
the eastern limb of the Jabal Hafit Anticline (Styles et al. 2006;
Thomas et al. 2014).

The Lower Miocene evaporitic rocks consist mainly of
gypsiferous layers and veins that are interbedded with friable
marls and mudstones of 3 to 5 m thickness. The gypsiferous
layers are composed of a variety of nodular, coarsely crystal-
line, and finely granular gypsum and are well exposed in a
quarry east of Jabal Hafit (Fig. 1). Forty-eight-representative
evaporite rock block samples were collected over a strati-
graphic interval of about 20 m to be used in this investigation.
To reduce effects of anisotropy, thinly bedded (< 1 cm thick)
rocks were avoided.

The compositional and textural characteristics of the
evaporite samples were determined using polarized light
microscopy, scanning electron microscopy (SEM), X-ray
diffraction (XRD), and X-ray fluorescence (XRF). A total
of 213 core samples (NX, 54 mm in diameter) were obtain-
ed from the 48 evaporite blocks. A large number of tests
including 114 UCS, 115 PLI, 124 ITS, and 231 SV (for V,,
and V) were performed according to ASTM Standards
(ASTM 2008a). In addition, from each block, a represen-
tative slake durability index (SDI) test sample was pre-
pared according to ASTM (2016a) procedure. The UCS,
PLI, ITS, SV, and SDI tests were carried out following
ASTM standards (ASTM 1995, 2008b, c, 2016a, b).

Results
Composition and texture of the rocks

Material investigation of the evaporites revealed three major tex-
tural and compositional groups (Fig. 2). The first group (G1)
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Fig. 1 A Geological map and sampling location with exposure and rock
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includes samples E3, E4, and E23 and shows dominance of
platy-like, radiating, and partly aggregated crystals of gypsum
that vary from coarse (> 1 mm) to finer grainsizes (Fig. 2). The

quarry sample site with measured stratigraphic section D Boulder-sized
rock samples showing pattern of test points for SHR

texture is interlocking with sparse porosity and presence of ma-
trix of muddy aggregates (clay minerals, quartz, and feldspars).
There are some zones of dolomitic texture; however, neither the
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images under plane and cross-polarized light showing coarse (>1 mm)
radiated platy gypsum, D. SEM image showing interlocked gypsum crys-
tals, E. XRD showing the major mineral > 95% gypsum and the remain-
ing is matrix and dolomite; G2 Sample of 2™ group, A. Rock sample, B—
C. Thin-section images under plane and cross-polarized light showing
gypsum with relics of anhydrite and dolomite, D. SEM image showing
prismatic gypsum crystals, E. XRD showing the major mineral > 95%

matrix nor dolomite was evident on the XRD scans suggesting
concentrations of < 5%. In addition to the microscopic observa-
tion, the presence of dolomite and clay minerals was confirmed
by the chemical data and correlation between the chemical com-
ponents (Table 1). Calculation of the mineralogical formula indi-
cates that the analyzed evaporites contain > 90% gypsum with
the remainder represented by matrix and dolomite.
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gypsum and minor <5% matrix and dolomite; G3 Sample of 3" group, A.
Rock sample, B-C. Thin-section images under plane and cross-polarized
light showing acicular (needle-like) and fibrous gypsum crystals, D. SEM
image micro-rhombi-prismatic crystals (< 10 micron in size) occur in
these samples suggesting a mixture of dolomite and anhydrite, E. XRD
showing the major mineral > 95% gypsum and both the matrix and
dolomite content of <5%

The evaporite rocks of the second group (G2) include rep-
resentative samples E11 and E20 and are composed primarily
of granular aggregates and crystalline gypsum with grain
long-axis-preferred orientation. The texture of the samples of
massive and lacking in the abundant microporosity is ob-
served in G1 samples. The content of matrix material appears
more abundant than in G1 as shown by the microscopic

Table 1 Chemical composition of representative evaporite samples (L.O.1 loss on ignition)
wt. % Group 1 Group 2 Group 3

E3 E4 E23 Ell E20 E13 El4 E17 E26
SiO, 0.23 0.37 <0.01 1.19 0.60 0.45 0.26 0.49 0.34
TiO, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ALO; 0.11 0.15 <0.01 0.36 0.19 0.16 0.10 0.11 0.19
Fe,05 0.12 0.12 0.07 0.23 0.18 0.12 0.12 0.13 0.13
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MgO 0.29 0.24 0.13 0.93 0.80 0.41 0.38 0.40 0.51
CaO 33.45 33.30 33.55 32.90 34.30 33.38 33.27 34.95 33.19
Na,O <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
K,0 0.01 0.02 <0.01 0.07 0.04 0.03 0.01 0.03 0.01
Cl 0.07 0.06 0.05 0.08 0.06 0.07 0.06 0.09 0.10
SOs 44.95 45.10 45.75 42.44 43.26 45.10 44.60 40.58 44.60
LOI 20.37 20.30 20.10 21.39 20.20 19.90 20.80 22.86 20.56
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Table 2 The statistical results for

the tested samples UCS(MPa)  PLI(MPa) ITS(MPa) SHV (N)blocks SV (km/s)  SDI (%)
Vo Voo g
Number of samples 114 115 124 48 231 231 48
Minimum 15.55 0.53 1.47 18 419 165 842
Maximum 40.03 2.19 439 28 615 343 60.77
Average 24.57 139 2.80 24 541 252 3621
Standard deviation 4.9 0.42 0.67 3 041 035 1482

examination (Fig. 2) and chemical data (Table 1), with higher
Si0O,, MgO, Al,O3, and Fe,O5. The matrix mineralogy is not
evident in the XRD diagram, suggesting < 5% matrix, con-
firmed by the mineralogical formula calculation.

The third group (G3) of evaporite rocks includes represen-
tative samples E13, E14, E17, and E26 and is dominated by
gypsum showing platy to acicular and fibrous crystals (Fig. 2).
Microscopic rhombic crystals (< 10 micron in size) are found
in these samples pointing to a mixture of dolomite and anhy-
drite (Fig. 2). However, as with the previous samples, these
minor minerals are not evident in the XRD diagram. The ma-
trix content in this group of evaporites is intermediate between
those of G1 and G2.

It is important to mention that the chemical analyses show
sodium and potassium salts to be uncommon in all the groups
of'evaporite rocks described above. Traces of celestite (SrSO,4)
crystals occur in all samples based on the chemical data and
SEM examination. In most of the samples, relics of anhydrite
were also observed (Fig. 2).

Rock strength

The number of samples and rock strength average values are
shown in Table 2. Based on the obtained results, the UCS

values for the samples ranged between 15.55 and 40.03 MPa,
with an average of 24.57 MPa, while the average values of PLI
and ITS were 1.39 and 2.8 MPa. PLI values varied from 0.53 to
2.19 MPa, and ITS ranged from 1.47 and 4.39 MPa. As shown
in Table 2, the average value of SHV on rock blocks was 24 (N)
and the minimum and maximum values were 18 and 28 (N),
respectively. The minimum and maximum values of V, and V
were 4.19-6.15 and 1.65-3.43 km/s, respectively, with an av-
erage of 5.41 and 2.52 km/s. The SDI values of samples varied
between 8.42 and 60.77 (%) with an average of 36.42 (%).

The Pearson linear correlation coefficients obtained from
plotting chemical data against rock strength indices for the
representative samples are shown in Table 3. The correlation
R values show significant positive coefficients between SiO,,
Fe,03, Al,O5, MgO, and K,O that are common constituents
of the matrix (clay minerals). The negative correlation with
sulfate (SO;) against other chemical and strength parameters
is insignificant for all components apart from CaO (—0.63)
indicating the connection to gypsum. The estimated correla-
tion between the chemical components and rock strength data
suggest fluctuating relationships and correlation coefficients <
0.6 for all the components. These correlations and effects of
textural variability of the rocks are further discussed in the
next section.

Table 3  Correlation coefficient (R-value) matrix between the chemical components and rock strength data

wt. % SiO, ALO; Fe,05 MgO CaO K,O Cl SO,
ALOs 0.94

Fe,05 0.96 0.93

MgO 0.89 0.88 0.96

CaO —-0.10 -033 —-0.09 —0.04

K,O 0.98 0.87 0.92 0.86 0.00

Cl 0.36 0.44 0.32 0.34 0.10 0,24

SOs —0.61 —0.40 —0.57 —0.54 —0.63 —0,62 —-0,52

L.Ol1 0.37 0.17 0.28 0.21 0.53 0.34 0.56 -0.90
UCS (MPa) 0.24 0.24 0.38 0.48 0.56 0.29 0.18 -043
ITS (MPa) 0.48 0.36 0.53 0.30 0.15 0.50 —-0.17 -041
PLI (Iyss0) (MPa) 0.34 0.49 0.40 0.33 -0.29 0.33 -0.14 0.20
V,, (km/s) 043 0.54 0.46 0.48 0.01 0.38 0.59 -0.31
145 (%) 043 0.53 0.42 0.26 -0.17 0.40 0.24 -0.15
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Discussion

According to the intact rock classification (Marinos and Hoek
2001), the studied evaporite rocks can be classified as either
medium strong or weak using the UCS and PLI mean values,
respectively. In order to establish the empirical relations be-
tween dependent and independent variables, simple regression
analyses were carried out. The equation of the line of best fit
and the correlation coefficient (R) were estimated for selected
pairs of strength criteria, plotted one against the other (Fig. 3a—
¢). In Fig. 3a, the relations between UCS on the one hand, and
ITS and Iy, on the other, are approximated by linear (UTS
versus ITS) and exponential equations (UTS versus Iy,) with

R values 0.53 and 0.62, respectively. Similarly, linear and
exponential equations with R values 0.53 and 0.59 represent
the statistically best representation of the relations of ITS plot-
ted against PLI (I5(s0)) and 14, (Fig. 3b). In addition, the best-fit
correlation lines for V,, data plotted against PLI (Iyso)) and V
data are characterized by power equations with R values of
0.54 and 0.72, respectively. Overall, the relations between
UTS plotted against ITS and I4, (Fig. 3a); ITS plotted against
PLI (I s0)) and Iy, (Fig. 3b); and V,, plotted against PLI (Iys0))
and V; (Fig. 3c) are associated with moderate to medium
values of correlation coefficients.

Published data (Yilmaz and Sendir 2002; Yilmaz and
Yuksek 2008, 2009; Heidari et al. 2012; Salah et al. 2014)

Table 4  Previous studies and the present study on the correlations between UCS, E, PLI (Iys)), V), Vi, ITS, and 1,3, for evaporitic rocks

Researchers Equations R Rock type
Yilmaz and Sendir 2002 E=e(1.146 + 0.054SHV) 0.95 Gypsum
UCS = ¢(0.818 + 0.059SHV 0.98
Yilmaz and Yuksek 2008 UCS = 2.14PLI(I;50) — 9.0859 0.90 Gypsum
E = 10.943PLI(Iy;50) + 0.8527 0.75
Yilmaz and Yuksek 2009 UCS = 10.52PLI(Is50) — 3.966 0.75 Gypsum
UCS = — 28.429Ln(n) + 78.989 -0.89
UCS=—10.163Ln(WA) + 30.577 -091
UCS = 4.011"7355HY 0.88
UCS = 3.9348¢"012°"7 0.91
E=—391Lnm)+ 110.31 -0.91
E=—1394Ln(WA) + 43.712 -0.92
E = 6.9986¢" S 0.89
E = 6.8545¢"7%1" 0.91
Heidari et al. 2012 UCS = 10.99PLI(I;5q) + 7.04 (axial) 0.96 Gypsum (air dry samples)
UCS = 11.96PLI(I;sp) + 10.64 (diametric) 0.97
UCS = 13.29PLI(I;s0) + 5.25 (irregular) 0.95
UCS = 5.58PLI(I,sp) + 21.92 (axial) 0.96 (Saturated samples)
UCS = 7.56 PLI(I,50) + 23.68 (diametric) 0.97
UCS = 3.49PLI(I,;s0) + 24.84 (irregular) 0.94
ITS = 1.36PLI(I;;50) + 2.06 (axial) 0.96 (Air dry samples)
ITS = 1.77PLI(Iy50) + 2.57 (diametric) 0.93
ITS = 0.88PLI(Ii;50) + 2.7 (irregular) 0.98
ITS = 2.88PLI(I50) — 0.07 (axial) 0.94 (Saturated samples)
ITS = 2.9 PLI(I,;50) + 1.1 (diametric) 0.88
ITS = 3.47PLI(I550) — 0.52 (irregular) 0.93
Salah et al. 2014 UCS = 11.08PLI(I,s0) (crystalline 0.83 Gypsum
UCS = 11.24PLI(I50)) (weak crystalline) 0.74
This study 2019 UCS = 4.2293ITS + 13.668 0.53 Evaporites
UCS = 17.792¢%90831 , 0.62
ITS = 1.632¢"-3093PLI (Is(50) 0.53
ITS = 0.02441;, + 1.6963 0.59
V, = 5.2038PLI(Is0)""*% 0.54
V,=3.7031v " 0.72

UCS uniaxial compressive strength (MPa), £ modulus of elasticity (GPa), SHV Schmidt rebound value (N), PLI (I,5) point load index value (for 50 mm
in diameter size sample) (MPa), V,, P wave velocity (km/s), V S wave velocity (km/s), /7S indirect tensile strength (MPa), WA water absorption (%), n =

Porosity (%), 1, slake durability index 2nd cycle (I), R regression coefficient
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have quantified the relations between rock strength indices
(UCS, PLIL E, etc.) and physical properties (n and WA) of
gypsum, using a variety of equations to analyze the data
(Table 4). The results revealed relationships ranging between
positive and negative trends with correlation coefficients (R)
for gypsum that are higher (0.74—0.98) than ours (0.53-0.72).
However, all published data shown in Table 4 clearly indicate
that the provided empirical equations should not be viewed as
applicable for all gypsum, even where R values are high
(Yilmaz and Sendir 2002; Yilmaz and Yuksek 2008, 2009;
Heidari et al. 2012; Salah et al. 2014). The contrast in the R-
values between published data and our data may relate to the
compositional and textural changes that were correlated to the
rock strength data in other works.

The impact of compositional variability (mineralogical and
chemical) of the evaporite rocks on the rock strength values is
not highly significant as shown by the correlation coefficient
data (Table 3). Occurrence of impurities such as clay minerals
seem to positively correlate with UCS (MPa), ITS (MPa), PLI
(Iss0)) MPa),V,, (km/s), and 14, (%) as indicated by the rela-
tively moderate R values. These correlations are also apparent
with plotting of the different groups in the rock strength cor-
relation in Fig. 3a—b, especially in the SDI values. Despite this
apparently limited compositional control on the rock strength
properties of the rocks, the textural variability may be a sig-
nificant factor as shown by the rather variable textures of the
rocks (Fig. 2). The textural difference, crystal size and shapes,
porosity (intra- and intercrystalline) and compaction effect,
introduces variations in the mechanical properties of the rocks.
Therefore, the mean values and relationships between the tests
are unequivocally affected by the compositional and textural
changes in the rocks, though simple and direct relationships
are difficult to find. This is because in addition to the micro-
scopic textural variability, there are also macro changes (on
mm and cm scales) that include aggregation, thin lamination,
and occurrence of interlayering of marl and mudstones that
further complicate the behavior of strength properties of the
rocks.

The rock strength values of the evaporite rocks tested here
are also lower than those for carbonate rocks in the same area
(Arman et al. 2013a, b, 2014). This is another important issue
for the evaluation of rock strength properties in the area. In
most cases, the evaporite rocks are interlayered or mixed with
carbonate rocks in the subsurface, and estimating the strength
properties for both lithologies provides a complimentary data
set for engineering evaluation of this terrain.

Conclusions
Following standard rock strength testing methods for evapo-

rite rocks of the Al Ain area, UAE, the results indicate variable
correlations between the rock strength parameters. These

@ Springer

variations are related to effects of composition and texture of
the evaporite rocks, including occurrence of impurities, such
as clay minerals and celestite, and the development of crystal-
line interlocking textures. Despite the limited compositional
variability of the evaporitic rocks (5-10%), the textural vari-
ability may represent a challenging feature in rock strength
testing and should be taken as a primary factor for consider-
ation during applications. The data also suggest that further
caution should be taken during engineering applications deal-
ing with evaporate rocks, due to the sensitivity of their
strength properties to textural variations.
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