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A B S T R A C T   

Due to the complex structure of the brittle formations like shale, their microcracking and mechanical defor
mation behavior are not well known. To understand the fundamental factors at the micron scale, Marcellus shales 
were cored both parallel and perpendicular to the bedding orientation and mechanically tested through triaxial 
creep test under constant stress. The parallel-bedded shales exhibited higher level of permanent strain in the 
radial direction, which increased with increasing time. This also confirmed their anisotropic nature due to the 
bedding. Their advanced characterization via X-ray diffraction (XRD) and Raman spectroscopy techniques before 
and after the creep tests revealed the mineralogical heterogeneity, and the presence of an organic matter 
(kerogen) concentrated in the microcrack areas. Besides, the XRD peak shifts and changes in peak shape indi
cated that there was a certain level of macrostrain and microstrain in the shale. Further investigation of the XRD 
peak shape (integral breadth) changes using the Williamson-Hall method demonstrated a higher concentration of 
lattice defects and associated microstrain (inhomogeneous lattice strain) present in the calcite phase compared to 
the quartz. The parallel-bedded shales also revealed a higher level of microstrain with respect to the 
perpendicular-bedding. The results proved that the microcracking (initiation and propagation) and associated 
mechanical deformation of the Marcellus shales were mostly influenced by the presence of organic matter, 
microstrain level (defect concentration) in the calcite mineral, and the bedding orientation.   

1. Introduction 

In underground coal mines, the stresses induced by coal excavation 
deform the surrounding rock mass, such that the permanently supported 
or unsupported mine entries undergo an unexpected failure.1 In the 
Appalachian Basin, shale is known to be the most common immediate 
roof to the Pittsburgh coal seam.2 With the numerous thin bedding 
planes or laminations, shale is an anisotropic rock with smaller strength 
in the direction of bedding planes.3 It is moisture sensitive and a weak 
rock mass,4 which also exhibits time-dependent deformation under a 
constant stress state.5 The various empirical and numerical modelling 
studies proved that the level of constant stress, moisture content, tem
perature, mineralogical composition, and anisotropy significantly in
fluence the creep deformation in shale.6,7 Since the failure of the 
permanently supported shale roofs leads to the mine fatality or closure 
of mine entries, it is highly necessary to investigate the fundamental 

reasons behind the time-dependent deformation or creep in shale for a 
better mechanistic understanding. 

The small scale microcracking was recently determined to be the 
main reason of the creep failure in the Marcellus shale,1 as similar to the 
other types of brittle rocks, such as, quartz and granite.8 Conventionally, 
the microcracks can grow when either the local stress at the tip of the 
microcrack increases or the strength of the tip of the microcrack de
creases.8 In the case of the constant strain rate experiments, the 
continuous increase in the far-field compressive stresses increases the 
local stresses at the microcrack tip, and therefore, these microcracks 
typically grow in the direction of the maximum compressive stress. 
However, in the creep experiments, the constant nature of far-field 
compressive stresses does not change the local stresses at the micro
crack tip, and thereby, the microcrack growth occurs mainly due to the 
decrease in the strength of the microcrack tip. Furthermore, corrosive 
agents, such as moisture, temperature and interaction between cavities, 
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may also reduce the microcrack tip strength.9 Therefore, the stress 
corrosion in the presence of water or moisture is the primary reason of 
sub-critical growth of such microcracks at constant stress state for the 
brittle rocks (e.g. quartz). However, due to the significant changes in the 
mineralogy, mechanical properties, pore structure and anisotropy of 
different brittle rocks like shale,10 it should be noted that the funda
mental reason of microcracking in shale at constant stress is not well 
understood, and cannot be explained only by the described stress 
corrosion mechanism itself. 

Based on these facts, further studies and utilization of the advanced 
characterization techniques can provide new insights and further 
fundamental understanding on the microcracking and deformation 
behavior in shale. Therefore, we used bedded Marcellus shale speci
mens, which were cored parallel (PL) and perpendicular (PD) to the 
orientation of bedding planes. The triaxial creep tests measured the 
permanent macrostrain in the shale specimens. Although the macro
strain referring to average uniform strain value over a macroscopic re
gion is essential; the microcracking, deformation behavior and 
mechanical performance of the brittle rocks are mostly controlled by the 
defects and the associated microstrains.11 However, the microstrain 
aspect of their deformation has not been addressed yet. To provide a 
mechanistic understanding at the micron-scale, the as-cut samples from 
bottom and top regions of the Marcellus shale specimens were charac
terized by the X-ray diffraction (XRD) and the Raman spectroscopy, 
following the triaxial creep tests. These techniques can be efficiently 
applied for the bulk and local mineral identification, as well as, the 
detection of the presence of an organic matter.12,13 In recent years, they 
are considered as indispensable tools for the characterization of various 
rocks and minerals, such as, phosphorite, shale, granite, and quartz.14–16 

In addition to the chemical analysis, the changes in the XRD peak pro
files (termed as peak or line broadening) can be further evaluated to 
estimate the lattice strain or microstrain directly caused by the presence 
of defects (e.g. point defects, dislocations).17–19 Among the various 
techniques (e.g. Warren-Averbach analysis, Rietveld refinement), the 
Williamson-Hall method20 was applied in this study for the estimation of 
the microstrain in the Marcellus shale specimens. Therefore, in brief, the 
main objective of this study was to understand the factors influencing 
the microcracking and mechanical deformation in Marcellus shale over 
a microscopic scale by utilizing mechanical, bulk/local mineral or 
chemical, and microstrain analysis techniques. 

2. Materials and methods 

2.1. Marcellus shale specimens 

The shale specimens were retrieved from an outcrop of Marcellus 
formation located in the western New York. Marcellus shale is an 
organic rich shale formation, extends in the subsurface from New York 
state in the north to the northeastern Kentucky and Tennessee in the 
south, eastern Ohio to extreme western Virginia.21 Marcellus shale pri
marily contains carbonaceous silty black shale with scattered pyrite, 
scarce fossils and carbonate concretions. Its color ranges from medium 
light gray to black, which provides information about the depositional 
environment. For example, the shale deposited in the oxygen-deficient 
environment is typically black in color with high organic content. The 
Marcellus shale specimens used in this study were light gray in color, 
cored both parallel (PL) and perpendicular (PD) to the orientation of 
bedding planes. It should be noted that, for simplicity, the parallel- and 
perpendicular-bedded shale specimens were abbreviated as PL and PD, 
respectively. Each specimen was cylindrical shaped with both ends 
polished and ground flat to maintain the ends parallel to 0.0013 mm. 
The diameter and length of all shale specimens were 2.1 and 4.2 inches 
(or 53.4 and 106.8 mm), respectively. 

2.2. Triaxial creep tests on cylindrical shale specimens 

The constant load values for the triaxial creep tests were determined 
based on the triaxial strength of the Marcellus shales at similar confining 
stress state. In these tests, the confining stress remained constant, and 
axial stress was controlled by constant strain rate of 0.001% per second. 
The average triaxial strength of parallel-bedded shale specimens (142.7 
MPa) was measured to be higher than the perpendicular-bedded ones 
(132.2 MPa), indicating the anisotropic nature of the Marcellus shales, 
as reported in our previous study.1 In this study, six Marcellus shale 
specimens including three perpendicular (PD) and three parallel (PL) 
bedded were tested under constant triaxial stress state for different time 
intervals. The ratio of the specimen length to diameter was 2:1 for each 
specimen, which is suitable for the standardized testing of the intact rock 
core specimens.22 The servo-controlled triaxial rock testing system 
(RTX-1500, GCTS Testing Systems, Tempe AZ, USA) was used to apply 
the conventional triaxial stress to the cylindrical shale specimens, such 
that the major principal stress (σ1) > intermediate (σ2) = minor prin
cipal stress (σ3). The specimen in the triaxial cell was mounted with the 
axial and radial linear variable differential transformers (LVDTs) for 
accurate measurement of the strain in axial and radial directions. The 
level of the constant triaxial stress was measured from the short-term 
triaxial strength of the shale specimens, such that, for both types of 
bedded specimens, the constant stress was equivalent to 70% of the 
failure strength at the confining pressure of 6.89 MPa.1 After the 
completion of the triaxial creep tests and the complete removal of the 
applied load, the permanent strain within the shale specimens was 
recorded by the onboard axial and radial LVDTs. 

2.3. Specimen preparation protocol for materials characterization 

Following the triaxial creep tests, the specific locations of the large 
shale specimens, where the stress-induced microcracks are mostly 
populated, were determined both at their top (T) and bottom (B) sides. 
The baseline data was created for the unstressed shale specimens using 
similar identification of the pre-existing microcrack populated regions. 
For simplicity, the as-cut shale specimens were designated based on the 
bedding plane orientation, sample number and cut region. As an 
example, the PD-1 (T) refers to the top-side cut of a perpendicular- 
bedded Marcellus shale specimen after the creep test, while the PL-Un
stressed (B) corresponds to the bottom-side cut of a parallel-bedded 
Marcellus shale specimen before the creep test. These specific cut lo
cations from the top and bottom side of the shale specimens along with 
the sample identifications are listed in Table 1. 

In order to preserve the pre-existing and stress-induced microcracks 

Table 1 
Marcellus shale specimen identifications and top/bottom-side specific cut 
locations.  

Specimen ID before 
cutting 

Cut Locations (mm) Specimen ID after 
cutting 

Top-side 
(T) 

Bottom-side 
(B) 

PD-Unstressed 13.8 11.8  • PD-Unstressed (T)  
• PD-Unstressed (B) 

PD-1 12.6 12.1  • PD-1 (T)  
• PD-1 (B) 

PD-2 13.8 14.0  • PD-2 (T)  
• PD-2 (B) 

PD-3 8.4 –  • PD-3 (T) 
PL-Unstressed 14.5 13.5  • PL-Unstressed (T)  

• PL-Unstressed (B) 
PL-1 17.0 9.5  • PL-1 (T)  

• PL-1 (B) 
PL-2 21.0 15.2  • PL-2 (T)  

• PL-2 (B) 
PL-3 27.0 15.0  • PL-3 (T)  

• PL-3 (B)  
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for the following materials characterization studies, a specimen prepa
ration protocol was developed specifically for the shale and similar 
specimens. The flowchart of the developed protocol and the optical 
images of the representative shale specimens recorded at different stages 
are presented in Fig. 1. A high-viscosity epoxy gel (Devcon, ITW Poly
mers Adhesives, Danvers MA, USA) was initially applied to the surface of 
the Marcellus shale specimens. The applied epoxy was then cured for 
18–24 h at room temperature. This was followed by dry cutting of the 
shale specimens from the epoxy applied regions using a 10 inch diameter 
diamond blade in a tile saw (MK-100, MK Diamond Products, Torrance 
CA, USA). Due to their potential moisture sensitivity, the dry cutting 
process was preferred to preserve the mineralogical composition 
without creating any external damage prior to the materials character
ization. The rough surface of the shale specimens after the dry cutting 
process was evident as shown in Fig. 1. Therefore, the as-cut shale 
specimens were dry polished using 600 and 1200 grits of silicon carbide 
(SiC) polishing sheets for nearly 10 and 5 min, respectively. This was 
followed by fast cleaning of the as-polished specimen surfaces using 200- 
proof (anhydrous) ethanol. As presented in the optical image of a 
representative shale specimen prepared via the developed protocol, the 
existing microcracks and non-crack areas can be easily located. This is 
highly beneficial for the following mineral identification and micro
strain analysis from both bulk and surface (local regions) of the shale 
specimens. 

2.4. Materials characterization and microstrain analysis 

The as-prepared Marcellus shale specimens were characterized by X- 
ray diffraction (XRD, Panalytical X’Pert Pro diffractometer, West
borough MA, USA) in a continuous scan mode over the 2θ range of 
20◦–70◦ with CuKα radiation (λ = 1.5406 Å). For all XRD line profile 
data, a X-ray source at 45 kV and 40 mA was utilized under a slow 
scanning rate (1◦/min) and a step size of 0.004◦. In addition to the bulk 
characterization by XRD, the microcracks and non-crack areas were 
locally analyzed by a Raman spectrometer (Renishaw InVia Raman, New 
Mills, UK) using the 532 nm Ar laser as an excitation source. In addition, 
the standard calcite (CaCO3, anhydrous, reagent grade, 98%, VWR, 
Radnor PA, USA) and quartz (SiO2, fine-granular for analysis, washed 
and calcinated, MilliporeSigma, Danvers MA, USA) powders were 
analyzed under the same conditions to create a baseline data. Prior to 
the collection of the Raman spectra of the Marcellus shale specimens, the 
spectrometer was calibrated using a Si standard sample based on the 
characteristic Si band position at 521 cm− 1. The Raman spectra for each 
shale specimen were collected from one microcrack area and one non- 
crack area over the range of 100–2000 cm− 1 using a 50 × objective 
lens. The laser power and acquisition time were 10% and 10 seconds, 
respectively. Three accumulations were combined for achieving each 
spectrum. 

Following the mineral identification, the Williamson-Hall method 
was applied to the XRD line profile data in order to estimate the residual 
non-uniform (inhomogeneous) microstrain within each Marcellus shale 

Fig. 1. Flowchart of the developed specimen preparation protocol and example optical images of the Marcellus shale specimens at different stages.  
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specimen.20,23 The microstrain is local and non-uniform strain on a 
microscopic level, which typically consists of two components as (1) the 
average strain over a single grain, and (2) the strain fluctuation inside a 
grain.24,25 The microstrain analyses were carried out individually for the 
major calcite and quartz phases due to the multiphase shale system. Due 
to the large grain size of the minerals within the shale specimens, it is 
assumed that the effects due to grain size broadening is negligible. 
Furthermore, it is known that the XRD line profiles (peak broadening) 

are affected by the instrumental broadening factor. Therefore, a stan
dard potassium chloride (KCl, 99% min., Fisher Scientific, Waltham MA, 
USA) powder was additionally analyzed under the same XRD conditions 
to determine the integral breadth (peak area divided by peak height) 
caused by instrumental broadening.26 The instrumental integral breadth 
(βins) was measured to be 2.168 × 10− 3 radian (or 0.1242◦) for the (200) 
reflection at 2θ = 28.3◦. Following this, the experimental integral 
breadths, that were only related to the microstrain broadening (β), were 

Fig. 2. Strain-time curves for the perpendicular (PD) and parallel (PL) bedded Marcellus shale specimens during constant stress state: (a) PD-1, (b) PD-2, (c) PD-3, 
(d) PL-1, (e) PL-2, and (f) PL-3. 
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calculated using Eq. (1) below 23,27: 

β2 = β2
obs − β2

ins (1)  

where the βobs also corresponds to the measured integral breadth from 
the XRD line profile. 

3. Results and discussion 

3.1. Permanent strain results 

The strain versus time curves for the bedded Marcellus shale speci
mens during the constant stress state are displayed in Fig. 2. The 
constantly increasing axial stress caused axial and radial strain in the 
PD-1 and PL-1, also called as instantaneous strain (Fig. 2(a-d)). Both 
instantaneous and time-dependent strains in axial and radial directions 
were observed in the PD-2, PD-3, PL-2 and PL-3 during longer duration 
of the constant stress state (Fig. 2(b-c-e-f)). Unlike conventional creep 
curves including transient and steady creep state, these four shale 
specimens did not exhibit any transient creep phase. When the axial 
stress became constant, the strain accumulated in the shale specimens at 
a constant rate, which is called as steady state creep stage. Besides, PL-2 
and PL-3 specimens showed an exponential increase in radial strain after 
a certain period of constant stress state, implying the onset of tertiary 
creep stage. 

After complete removal of the constant stress, the permanent strain 
in all shale specimens were recorded in axial and radial directions, and 
these results are summarized in Table 2. The level of the constant stress 
with respect to the failure strength on Marcellus shale was similar 
among all parallel (PL) and perpendicular (PD) bedded specimens. 
Therefore, the total permanent strain (or macrostrain) accumulated in 
each shale specimen was discussed as a function of the duration of the 
constant stress state. The results demonstrated that the perpendicular 
(PD) bedded shale specimens only experienced a permanent strain in the 
axial direction. However, the permanent strain in both the axial and 
radial directions was evident in the parallel (PL) bedded shale speci
mens. Although the level of constant stress was similar (i.e. 70% of short- 
term strength) for the PL and PD bedded shale specimens, the PL bedded 
specimens displayed significantly higher permanent strain (radial) 
compared to the PD bedded ones. The creep experiments on the cubical- 
shaped specimens of Greenschist in uniaxial and biaxial conditions were 
also reported.28 They showed that, at any specific stress level, the creep 
strain was higher for the parallel bedding orientation compared to the 
perpendicular bedding orientation. If the orientation of the major 
principal stress is parallel or sub-parallel to the bedding planes, it was 
shown that the bedding planes tend to open up.29 This could explain the 
higher radial strain in the parallel (PL) bedded Marcellus shale speci
mens. Among all PD bedded specimens, the PD-3 exhibited the highest 
permanent axial strain (0.629 × 10− 3) after duration of the constant 
stress state for 747 h. The permanent axial strain in the PD-1 and PD-2 
shale specimens was measured to be 0.414 × 10− 3 and 0.191 × 10− 3, 
respectively. These results clearly showed that the permanent strain 
accumulated within PD bedded specimens did not show any trend with 
increasing duration of the constant stress state, even though the axial 
and confining stress levels were the same. This behavior may be 

attributed to the structural heterogeneity among the PD bedded shale 
specimens. In the case of the parallel (PL) bedded shale specimens, the 
permanent strain in both axial and radial directions increased with 
increasing duration of the constant stress state as presented in Table 2. 
The experimental results of uniaxial creep tests on Barre granite speci
mens similarly showed that total and inelastic strain increased both in 
axial and radial directions with constant stress.8 Although the level of 
increase in the axial strain was highly significant from the PL-1 to PL-2 
specimen (0 → 128 h), this increase was found to be very low for the 
PL-3 specimen after being maintained under the constant stress state for 
283 h. 

3.2. Bulk mineral identification 

All parallel- and perpendicular-bedded Marcellus shale specimens 
were cut from their top and bottom sides before and after triaxial creep 
tests, and prepared for the bulk and local chemical analysis or mineral 
identification. Fig. 3 shows the XRD patterns of the PD and PL bedded 
shale specimens. The XRD peaks identified at 2θ of 29.4◦, 39.4◦, 47.5◦

and 48.5◦ correspond to the major calcite mineral (CaCO3), and its main 
diffraction peaks for the (104), (113), (018) and (116) planes, respec
tively. The presence of the quartz mineral (SiO2) in the shale specimens 
was also determined based on the diffraction peaks detected at 2θ of 
20.8◦, 26.6◦, 36.5◦ and 50.1◦, which refer to the (010), (011), (110) and 
(112) planes, respectively. In addition to the calcite and quartz major 
phases, the dolomite (CaMg(CO3)2) and pyrite (FeS2) minerals were 
identified as minor phases in the shale specimens. The pyrite mineral 
peaks were observed at 2θ of 28.5◦, 33.0◦, 37.1◦, 40.8◦ and 56.3◦

reflecting the (111), (002), (021), (112) and (113) planes, respectively. 
The only peak detected at 2θ of 30.8◦ attributes to the dolomite mineral 
and its (104) plane. 

It is evident that all shale specimens displayed similar XRD patterns 
and bulk mineralogy only with certain changes in peak intensities and 
peak shapes. The identification of calcite, quartz, dolomite and pyrite 
minerals is expected, since the Marcellus shale is typically composed of 
clay minerals (e.g. illite, illite-smectite, chlorite), quartz, calcite, feld
spars and dolomite.30,31 It is also well known that the concentrations of 
these minerals vary significantly depending on the collection region and 
core depth of the shale specimens within the Appalachian Basin.13,32 In 
addition, the changes in the peak intensities of the calcite, quartz, pyrite 
and dolomite minerals for the top- and bottom-sides of the perpendic
ular (PD) and parallel (PL) bedded shale specimens indicated a certain 
level of mineralogical heterogeneity in the Marcellus shale. Such in
tensity changes can be also seen for the top-side and bottom-side cut of 
the same shale specimens (e.g. PD-1 (B) and PD-1 (T)). These variations 
in the mineral composition of the Marcellus shale are critical, since their 
mechanical properties and deformation or microcracking behavior may 
also vary depending upon the bedding orientation and specific cut 
location. 

3.3. Local mineral identification from non-crack and microcrack areas 

In addition to the bulk characterization by XRD, these Marcellus 
shale specimens were further analyzed by Raman spectroscopy in order 

Table 2 
Triaxial creep test results of the parallel (PL) and perpendicular (PD) bedded Marcellus shale specimens under constant stress state.  

Specimen ID Specimen type Confining stress (MPa) Axial stress (MPa) Duration of constant stress state (hours) Permanent Strain (10− 3) 

Axial Radial 

PD-1 Perpendicular 6.89 87.66 0 0.414 − 0.040 
PD-2 209 0.191 0.000 
PD-3 747 0.629 0.000 
PL-1 Parallel 6.89 95.04 0 0.230 0.000 
PL-2 128 0.525 − 0.580 
PL-3 283 0.561 − 2.870  
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to examine the local changes in their mineralogy and chemistry within 
the microcrack and non-crack areas. Prior to the analysis of the shale 
specimens, the Raman spectra of the standard calcite and quartz pow
ders are shown in Fig. 4(a) as a baseline for a better comparison. The 
major Raman bands of the baseline calcite mineral were observed at 
156, 283, 714 and 1086 cm− 1. The most intense and sharp Raman band 
at 1086 cm− 1 is attributed to the ν1(CO3)2- symmetric stretching mode.33 

Another characteristic Raman band of the calcite at 714 cm− 1 refers to 
ν4-symmetric (CO3)2- deformation.34 The two bands (156 and 283 cm− 1) 
detected in the low Raman shift region of the calcite mineral are often 
assigned to the external vibrations of the (CO3)2- group including the 
rotatory and translatory types of oscillations.33,35 In addition, two weak 
Raman bands for the calcite were located at 1437 and 1750 cm− 1, which 
correspond to the ν3-asymmetric (CO3)2- stretching mode and the (ν1 +

ν4) combination band, respectively. For the baseline quartz mineral 
(Fig. 4(a)), the major Raman bands were detected at 466, 129, 207, 
while the weak bands were at 265, 356, 400, 510, 697, 808, 1067, 1083 
and 1161 cm-1.36 It is reported that the main fingerprint Raman band of 
the α-quartz (around 465 cm− 1) is attributed to the Si–O–Si symmetric 
stretching mode.37,38 The other main peaks of the quartz mineral located 
at 129 and 207 cm− 1 are related to the rotation of the SiO4 tetrahedron 

and Si–O–Si bond angle inside the SiO4 tetrahedron (deformational 
bending vibrational mode), respectively.39,40 

Following the baseline data, Fig. 4 presents the Raman spectra of the 
perpendicular (PD) and parallel (PL) bedded shale specimens collected 
from the non-crack areas (Fig. 4(b–c)) and the microcrack areas (Fig. 4 
(d–e)). For both PD and PL bedded shale specimens, the Raman bands 
detected at around 156, 282, 714 and 1086 cm− 1 clearly presents the 
calcite mineral as the major crystalline phase within the non-crack areas 
(Fig. 4(b–c)). It is evident that the characteristic Raman bands of the 
calcite mineral are visible for the non-crack areas of all shale specimens. 
In addition, two distinct broad Raman bands were located at 1355 and 
1605 cm− 1, which correspond to the characteristic D (disordered) and G 
(graphitic) bands of carbon, respectively.16 The Raman band at 1265 
cm− 1 also refers to the shoulder D2 band associated with the amorphous 
carbon structure.41 These peaks clearly demonstrated the certain pres
ence of amorphous organic matter within the Marcellus shale specimens. 
This organic matter is typically known as a kerogen, which is defined as 
a dispersed carbonaceous residue.16,42 It can be trapped and observed in 
various rock specimens (e.g. organic-rich shales, marble, lime
stone).30,32,35 Besides, it should be noted that the quartz, dolomite, and 
pyrite minerals were not detected in their Raman spectra. This indicated 
their minor concentrations with respect to the major calcite phase, 
which is in good agreement with the XRD results. 

When the Raman data was further collected from the microcrack 
areas from the same PD and PL bedded shale specimens, significant 
changes were observed (Fig. 4(d–e)). The Raman bands of the calcite 
mineral at 156, 282 and 714 cm− 1 almost completely disappeared. In 
addition, the intensity of its major Raman band at 1086 cm− 1 signifi
cantly reduced, and this band was not observed for some of the shale 
specimens (e.g. PD-1 (B), PD-2 (T), PL-1 (T)) in the microcrack area. On 
the other hand, no significant changes were observed on the Raman 
bands of the organic matter or kerogen. Lastly, two additional Raman 
bands were detected at around 340 and 378 cm− 1 only for the PD- 
Unstressed (T) specimen, which may be attributed to the quartz min
eral. These results clearly demonstrated that the concentrations of the 
calcite and organic matter highly varied in the non-crack and micro
crack areas. The microcrack areas existing in the PD and PL bedded shale 
specimens were found to be organic-rich. This clearly implies that the 
microcracking and deformation behavior of the Marcellus shale speci
mens are highly influenced by the presence of organic matter and its 
concentration. 

3.4. Residual strain within the shale specimens 

It is known that the changes in the XRD line profiles can be efficiently 
used to estimate the residual strain in the materials. Therefore, the major 
peaks of each mineral within the perpendicular (PD) and parallel (PL) 
bedded shale specimens are shown in Fig. 5(a,d). In addition, the 
focused view of the major peaks of the calcite and quartz minerals 
(major phases) are presented in Fig. 5(b,c,e,f). The characteristic major 
peak positions of calcite (2θ = 29.41◦) and quartz (2θ = 26.63◦) minerals 
are also shown with dashed lines for a better comparison. In a poly
crystalline specimen, a certain shift in the peak position occurs due to 
the changes in a plane spacing induced by a uniform (homogeneous) 
compressive or tensile strain in all crystal grains.23 Therefore, the 
observation of any peak shift in the XRD pattern typically implies the 
presence of a macrostrain.43,44 For most of the PD and PL bedded shale 
specimens, slight positive peak shifts by 0.03–0.05◦ with respect to the 
reference calcite and quartz peaks were observed (Fig. 5(b and c)). This 
indicated the existence of a certain level of compressive macrostrain in 
the PD shale specimens.45 Similarly, positive peak shifts (by 0.02–0.11◦) 
can be seen for the PL bedded shale specimens. However, it is evident 
that the peak shifts were more significant, implying relatively higher 
level of compressive macrostrain in the PL specimens. Slight peak shifts 
were also observed for the unstressed PD and PL bedded shale speci
mens, indicating the pre-existing macrostrain. On the other hand, no 

Fig. 3. X-ray diffraction (XRD) patterns of the (a) perpendicular (PD) bedded, 
and (b) parallel (PL) bedded Marcellus shale specimens before/after triaxial 
creep tests. 

G.A. Yakaboylu et al.                                                                                                                                                                                                                          



International Journal of Rock Mechanics and Mining Sciences 134 (2020) 104442

7

Fig. 4. Raman spectra of the (a) standard calcite and quartz powders (baseline), and the perpendicular (PD) and parallel (PL) bedded Marcellus shale specimens from 
their (b–c) non-crack areas, and (d–e) microcrack areas, before/after triaxial creep tests. 
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significant changes in the peak positions were detected for the PD 
specimens before and after triaxial creep tests. These changes were 
found to be more significant for the PL specimens. In addition, the level 
of peak shifts relatively increased for the PL-2 and PL-3 specimens. This 
clearly indicated that the degree of macrostrain increased after triaxial 
creep tests, particularly with increasing duration of constant stress state. 

This is in good agreement with the increased permanent strain in the 
radial direction for these specimens (as presented in Table 2). 

The observation of the macrostrain is important to understand the 
deformation behavior over a macroscopic scale. However, the me
chanical performance and deformation behavior of the materials are 
mostly controlled by the presence of defects and resultant 

Fig. 5. (a,d) Major XRD peaks of each mineral, and focused view of the major XRD peaks of (b,e) calcite and (c,f) quartz, for the perpendicular (PD) and parallel (PL) 
bedded Marcellus shale specimens before/after triaxial creep tests. 
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microstrains.11 When a non-uniform (inhomogeneous) strain or 
commonly termed as microstrain (or lattice strain) is present, distortions 
in the XRD peak shapes (peak width and height) typically occur.23,43,46 It 
is known that both grain size and microstrain effects contribute to these 
changes in the XRD peak profiles. In this study, to estimate the residual 
microstrain in the calcite and quartz phases of the shale specimens, the 
Williamson-Hall method was utilized as described in Eq. (2) below 
23,47,48: 

β ⋅ cos(θ) =
λ
D
+ 4ε⋅sin(θ) (2)  

where β is the sample related integral breadth (peak area divided by 
peak height), θ is the Bragg angle, λ is the wavelength, D is the crystallite 
size, and ε is the measure of the microstrain. When the size broadening 
effect (D) is assumed to be negligible for the shale specimens, the slope 
of a linear fit (with zero intercept) for the plot of β⋅cos(θ) versus sin(θ) 
represents the maximum internal lattice microstrain value (4ε). The 
Williamson-Hall plots for the individual calcite and quartz minerals are 
presented in Figs. 6 and 7 for the perpendicular (PD) and parallel (PL) 
bedded shale specimens, respectively. The microstrain in the calcite and 

quartz minerals of the PD and PL bedded shale specimens were calcu
lated using the presented Williamson-Hall plots and the slopes of the 
linear fits. The estimated microstrain values in the calcite and quartz 
minerals for each shale specimen are listed in Table 3. The average 
microstrain values in the calcite and quartz minerals are also given in 
Table 3 as calculated from the top- and bottom-cut of the same shale 
specimen. It should be noted that the microstrain in the pyrite and 
dolomite minerals as minor phases were not calculated due to very 
limited number of low-intensity XRD peaks detected. 

The results showed that the microstrain levels in both calcite and 
quartz varied for the top- and bottom-cut of all PD and PL bedded shale 
specimens. This may be directly correlated to the mineralogical het
erogeneity within the Marcellus shale specimens, as similarly identified 
by the XRD studies (e.g. peak intensity variations). On the basis of this 
fact, the average microstrain levels were used for further discussion. The 
presence of a certain level of pre-existing microstrain was detected prior 
to the triaxial creep tests (unstressed specimens). The microstrain levels 
in calcite and quartz were similar (5.85-6.05 × 10− 3) for the PD- 
Unstressed specimen. Similar level of microstrain in quartz (6.05 ×
10− 3) was also detected for the PL-Unstressed specimen. However, it is 

Fig. 6. Williamson-Hall plots for the calcite and quartz minerals of the perpendicular (PD) bedded Marcellus shale specimens before/after triaxial creep tests: (a) PD- 
Unstressed (B), (b) PD-Unstressed (T), (c) PD-1 (B), (d) PD-1 (T), (e) PD-2 (B), (f) PD-2 (T), and (g) PD-3 (T). 
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evident that the calcite displayed higher amount of microstrain (7.27 ×
10− 3) for the PL-Unstressed specimen. These results indicated the higher 
concentration of pre-existing dislocations and/or other lattice defects (e. 
g. point defect, stacking, twin fault), and associated microstrain within 
the calcite grains of the parallel (PL) bedded unstressed shale specimen. 
This also confirms the anisotropic nature of Marcellus shales due to 
bedding.49 

After triaxial creep tests, significant changes in the average micro
strain within the calcite and quartz phases were detected for all shale 
specimens. For the perpendicular (PD) bedded shale specimens, the 
microstrain in the calcite mineral almost did not change after being 
maintained under constant stress state for 208.8 h (PD-2). With further 
increase in the duration of the constant stress state to 746.8 h (PD-3), the 
microstrain in calcite increased from 6.02 × 10− 3 to 7.17 × 10− 3. In the 
case of the quartz phase of the PD bedded shale specimens, highest 
microstrain (6.75 × 10− 3) was observed for the PD-2. Following this, the 
microstrain in quartz phase decreased to 5.19 × 10− 3 with increasing 
duration of constant stress state (PD-3). This may indicate the existence 
of a strain recovery mechanism in quartz phase, which needs to be 
further studied. For the parallel (PL) bedded shale specimens, similar 
trends in the average microstrain levels were identified. The microstrain 

in calcite phase of the PL-1 was similar to the unstressed one. However, 
it increased significantly from 6.88 × 10− 3 (PL-1) to 8.66 × 10− 3 (PL-3) 
with increasing duration of the constant stress state. Similar to the trends 
in the PD bedded shale specimens, the highest microstrain (7.81 × 10− 3) 
in the quartz phase for the PL samples was detected for the PL-2 after 
being maintained under constant stress state for 128.2 h. Furthermore, 
their permanent strain (or macrostrain) and average microstrain are 
summarized in Table 4. No significant correlation was observed between 
macrostrain and microstrain data, except for the PL specimens. It can be 
seen that both average microstrain in the calcite phase and total mac
rostrain increased for the PL specimens after longer duration of the 
constant stress state. 

In summary, it is evident that the microstrain levels in calcite phase 
were higher than that in the quartz phase for all shale specimens (except 
for the PD-2). This is due to the formation of more lattice defects, and 
thereby, increased microstrain-induced deformation in the calcite phase 
of the Marcellus shale, particularly compared to the quartz phase. It is 
known that there are many parameters affecting the mechanical 
strength and elasticity of shales (e.g. total clay/kerogen content, 
porosity), but it is mainly dictated by their mineralogical composi
tion.49,50 While quartz and pyrite are known as strong phases, the 

Fig. 7. Williamson-Hall plots for the calcite and quartz minerals of the parallel (PL) bedded Marcellus shale specimens before/after triaxial creep tests: (a) PL- 
Unstressed (B), (b) PL-Unstressed (T), (c) PL-1 (B), (d) PL-1 (T), (e) PL-2 (B), (f) PL-2 (T), (g) PL-3 (B), and (h) PL-3 (T). 
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carbonates (e.g. calcite) are typically considered as intermediate strong 
minerals. In addition, clays and kerogen are the weakest phases within 
the shale structure. The more microstrain and deformation identified in 
the calcite phase of the Marcellus shale specimens can be explained on 
the basis of this fact. Therefore, the lower microstrain and deformation 
was determined in the quartz phase. In comparison of the PD and PL 
bedded shale specimens, it can be stated that higher amount of micro
strain in both calcite and quartz phases were observed for the PL 
bedding orientation. The good correlation between high permanent 
radial strain and high microstrain (lattice strain) is also evident for the 
PL bedded shale specimens. The identification of the higher level of 
inhomogeneous microstrain in the calcite phase, and also in the shale 
specimens cored parallel to the bedding orientation, is critical for a 
mechanistic understanding at the micron scale. This could lead to the 
initiation of more microcracks in the calcite phase (compared to quartz), 
since it is known that the initiation of the microcracks are mostly 
interrelated with inhomogeneous strain concentration in the grains 
under creep or fatigue conditions.51 This indicated that microcracking 
and associated deformation of the Marcellus shale progressed mainly 
with the higher level of microstrain generated in the calcite mineral 
under triaxial creep conditions. 

4. Conclusions 

For a better fundamental understanding on microcracking and 
deformation behavior, the Marcellus shale specimens cored parallel and 
perpendicular to the bedding orientation were characterized by XRD 
and Raman spectroscopy. The Williamson-Hall method before/after 
triaxial creep tests under constant stress was used to estimate the level of 
microstrain within the major phases. The parallel-bedded shales expe
rienced higher permanent strain in radial direction, which also 
increased with increasing duration of the constant stress state. It also 
confirmed the anisotropic nature of the shales due to bedding. The XRD 
studies showed their mineralogy including calcite, quartz, pyrite and 
dolomite phases, and indicated a certain level of mineralogical hetero
geneity. The local mineral identification studies showed the presence of 
an organic matter (kerogen) both in non-crack and microcrack areas. 
The data collected from the microcrack areas implied that the micro
cracking in shales are highly influenced by organic matter and its con
centration. The XRD peak shifts indicated the pre-existing macrostrain, 
which increased after long-term triaxial creep tests. Besides, changes in 
the peak shapes and associated microstrain levels were analyzed using 
the Williamson-Hall method. The amount of microstrain was found to be 
much higher in the calcite compared to the quartz phase, indicating the 
presence of more lattice defects. The parallel-bedded shales also dis
played higher microstrain compared to the perpendicular ones. This 
knowledge is crucial, since the high level of inhomogeneous lattice 
strain (microstrain) could lead to the initiation of more microcracks in 
the calcite. In conclusion, these results clearly showed that the micro
cracking and associated mechanical deformation of the Marcellus shale 
was mainly dictated by presence of organic matter, concentration of 
lattice defects and associated microstrain in calcite (partially quartz), 
and bedding orientation. 
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