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Abstract

Underground gas storage (UGS) in depleted reservoirs affects caprock properties. The resemblance of Qom anhydrite
outcrop with cutting obtained from a 2629 m depth was confirmed using X-ray diffraction (XRD) results and scanning
electron microscope (SEM) tests. The anhydrite specimens unconfined compressive strength (UCS) changed under stat-
ic cyclic loading conditions, and also petrophysical properties, such as porosity and permeability altered under 10, 20,
and 30 cycles of loading. The magnitude of loading ranged from 30 to 43% of intact anhydrite UCS. The loading rate used
for cyclic loading tests was 0.004 mm/s. The samples’ UCS decreased between 3.5 to 23.9% under cyclic loading condi-
tions. The study of specimens computed tomography (CT) imaging with porosity and permeability indicated the growth
of cracks, the cracks did not initiate in all lengths of specimens, hence the incremental increase in porosity did not in-
crease the permeability of specimens. Even being under cyclic loads, the permeability of specimens stayed lower than
105 m* (0.001 mD) but the trend of pressure versus time for measuring permeability shows a higher drop in pressure due
to changes in permeability. The study indicated that the CT imaging results are in good accordance with petrophysical

findings.
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1. Introduction

Depleted reservoirs hold the highest gas in place
(GIP) between different underground gas storage (UGS)
facilities. Caprock integrity is one of the principal issues
relating to the safety of the UGS facility. The reactiva-
tion of faults due to the alteration of UGS rock mechani-
cal properties is another possible reason for the loss of
gas (Evans and Chadwick, 2009).

Storing cycles in depleted reservoirs are mainly lim-
ited to less than two times per year (Joskow, 2012). The
reservoir pressure fluctuates during these cycles (Meng
et al., 2015; Meng et al., 2018), changing geomechani-
cal properties of the reservoir formation and induced
stresses affecting surrounding stratum, such as caprock
(Raza et al., 2016). Caprock primarily provides a seal
that traps hydrocarbon or other fluids from migrating
into confining layers, so during the lifetime of the UGS
facility, any symptom changing the caprock integrity
should be considered (Streit and Hillis, 2004).

The cyclic loading effect on the rock properties has
been widely studied, for time-lapses of milliseconds
(Liu et al., 2014) to months (Wang et al., 2016); and
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divided into dynamic (§ancer et al., 2011; Liu and He,
2012; He et al., 2016) and static (Costin and Holcomb,
1981; Liu et al., 2014) cyclic loading conditions. Anhy-
drite mechanical properties not only need further re-
search, but also behaviour under cyclic loading.

Despite the increasing amount of cyclic loading re-
search on different rock types, such as rock salt (Fuen-
kajorn and Phueakphum, 2010; Liang et al., 2012;
Liu et al., 2014; Wang et al., 2016; Pouya et al., 2016),
granite (Rao and Ramana, 1992; Chen et al., 2011),
sandstone (éancer et al.,, 2011; Liu and He, 2012;
Taheri et al., 2017) and shale (Guo et al., 2018), the
main works on the mechanical properties of anhydrite
(Robertson et al., 1958; Schwerdtner et al., 1965;
Bell, 1994; Smith et al., 2009; Hangx et al., 2010;
Malenda et al., 2015; Mehrgini et al., 2016; Yin and
Xie, 2019; Jalalifar et al., 2021) have been restricted to
the study of geomechanical properties rather than the ef-
fect of cyclic loading. Anhydrite weathering characteris-
tics on the surface that transforms to gypsum plays an
important role (Bell, 1994; Trippetta et al., 2013).

Cyclic loading divides into sinusoidal and incremen-
tal types (Liang et al., 2012; Liu et al., 2014), and
thence UGS in a depleted reservoir is a sinusoidal type.
Monitoring the effect of cyclic loading on rock proper-
ties includes acoustic emission (AE) (Rao and Rama-
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na, 1992; Zhang et al., 2017), unconfined compression
strength (UCS) degradation (Taheri et al., 2017), cycles
to fail (Chen et al., 2011; Wang et al., 2016), thin sec-
tion (Miiller et al., 1981; Chen et al., 2011; Trippetta
et al., 2013) and computed tomography (CT) scanning
study (Arns et al., 2005; Zulauf et al., 2009; Cnudde
and Boone, 2013).

The effect of anhydrite cyclic loading on unconfined
compressive strength (UCS) is not covered in these stud-
ies. UGS in the depleted reservoirs changes the reservoir
pore pressure, indirectly affecting caprock. Anhydrite
UCS reduced under three increasing loading cycles
(Bell, 1994), and 16 loading cycles decreased a Young
modulus (Trippetta et al., 2013). This paper mainly fo-
cuses on anhydrite specimens’ mechanical and petro-
physical properties alteration under cyclic loading in
unconfined conditions, taking into account the increas-
ing number of seismic activities around the UGS facility.

Micro-scale alterations of anhydrite specimens under
cyclic loading conditions are confirmed by computed to-
mography (CT) imaging since X-ray CT provides accu-
rate and exact morphology inside rock materials (Kou et
al., 2019).

2. Experimental procedure and tests

The effect of pore pressure fluctuation on both petro-
physical and geomechanical properties in the form of
cyclic loading was investigated. Cyclic loading tests in-
cluded four different cycles and three levels of loading
magnitude. CT imaging was used to confirm the petro-
physical property degradation results.

2.1. Specimens

The cyclic loading tests described herein are carried
out on Qom formation anhydrite because it is the cap-
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Figure 1: XRD results of Qom anhydrite cuttings and outcrop samples
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Figure 2: SEM EDAX of drilling cutting (left) and outcrop (right)
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Figure 3: Anhydrite NX specimens used for triaxial tests

rock of the UGS reservoir (Reuter et al., 2009). Similar
outcrop samples were gathered due to the absence of
cores from caprock. Samples were prepared and cores
were taken to investigate the mechanical properties of
anhydrite. The resemblance of outcrop with caprock has
been confirmed using X-ray diffraction (XRD by Philips
PW-1800) and scanning electron microscope (SEM
EDAX by Hitachi S-4200) tests on both drilling cuttings
sampled from 2629 m and 2630 m depths and outcrop
samples, as shown in Figure 1 and Figure 2. The ob-
tained mechanical properties from outcrop samples were
in good accordance with previous studies.

Qom anhydrite was selected since it is an impermea-
ble rock surrounding Qom formation, making it the suit-
able caprock to the reservoir presented in this area which
UGS would affect its properties. XRD and SEM results
confirmed that Qom anhydrite mainly consisting of cal-
cium sulfate and celestine and slightly boron minerals.
The existence of halite mineral (NaCl) in drilling cutting
obtained from 2629 m depth could be due to overlaying
evaporite sedimentary layers consisting of salt rock cov-
ering the anhydrite caprock, as shown in Figure 2.

Anhydrite sample selection from the outcrop was
confirmed using the Schmidt hammer rebound (SHR)
test to restrict the weathering effect on samples, previous
studies reported anhydrite SHR index ranges from 30 to
43 (Bell, 1994; Shalabi et al., 2007). The density and
wave velocity of the anhydrite specimens varied be-
tween 2890 and 2940 kg/m? and ranged from 5450 to
5800 m/s respectively. Specimens used in this paper
were gathered from an identical outcrop block to mini-
mize the specimen’s anomaly, anhydrite samples with
similar P-wave velocities were selected for cyclic load-
ing tests.

A set of Anhydrite NX cores (54 mm diameter) was
prepared from identical anhydrite rock blocks obtained

from the outcrop and was used to investigate the me-
chanical properties of anhydrite as shown in Figure 3.
The sample preparation and testing procedure for the
mechanical property of anhydrite conformed to the re-
quirements of the international society of rock mechan-
ics (ISRM) (Brown, 1981; Mohammadabadi et al.,
2021).

The specimens were cored with a coring machine us-
ing water as the cooling agent perpendicular to the layer-
ing. A set of 38.1 mm (1.5-inches) diameter cores with a
length to diameter ratio of 2:1 was prepared to study the
alteration of anhydrite petrophysical and geomechanical
properties under cyclic loading conditions. Petrophysi-
cal properties of specimens before and after cyclic load-
ing tests were obtained using the Petro Ahoura U.S.S
Perm apparatus. These samples were 3D CT imaged
with 100-micron resolution before and after the cyclic
loading test. The effect of cyclic loading on anhydrite
UCS under the different number of cycles and loading
magnitude was studied and indicated the critical magni-
tude of loading causing incremental damage in anhydrite
specimens.

The pressure of the UGS facility fluctuates due to the
Injection-Production mechanism, changing between the
minimum and maximum pressure. Depleted reservoir
pore pressure variation affects the condition of surround-
ing rocks, including impermeable formations confining
the reservoir. The cyclic loading effect on evaporate
rocks was mainly focused on rock salt, covering both
mechanical and creep properties due to crack initiation
and a reduction of mechanical properties. Anhydrite is
the caprock of this carbonate reservoir and the effect of
cyclic loading conditions on anhydrite needs further in-
vestigation. The static uniaxial cyclic loading tests were
carried out on 18 core samples obtained from the Qom
anhydrite outcrop. Anhydrite mechanical properties
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Table 1: Qom anhydrite geomechanical properties obtained from laboratory tests

Case Study Density Vp UCS E v C [0) TS
Unit kg/m? m/s MPa GPa - MPa ° MPa
Qom Anhydrite 2910 5645 60 30 0.24 11 34 8.0

Table 2: Specimens’ condition used for different static cyclic

loading test
Samples Number of Cycles
Cyclic Magnitude 10 Times | 20 Times | 30 Times
18 MPa B3 B40 B2
21 MPa Bl B4 BS5
24 MPa B8 B6 B7
25 MPa A7 AS A8

such as P-wave velocity (V,), unconfined compressive
strength (UCS), young modulus (E), Poisson’s ratio (v),
cohesion (C), friction angle (¢), and tensile strength
(TS) were obtained (see Table 1).

These properties were combined with UGS wellhead
pressure history to provide an upper-stress limit for cy-
clic loading tests. All cyclic loading tests were performed
using Azmon-50 KN electrohydraulic servo-control test-
ing apparatus. Strain control mode with a loading rate of
0.004 mm/s was used for UCS tests, and loading control
mode was used for cyclic loading tests.

The applied axial loading cycles were sinusoidal
compressive loads and the number of loading cycles di-
vided into 10, 20, and 30 times per loading level, respec-
tively. In this paper, each loading cycle is assumed as
one year of UGS operation. The maximum stress level
(ratio of maximum cyclic stress to anhydrite average
UCS) varied from 0.3 to 0.42. The samples loaded up to
maximum stress level, then the cyclic test performed in
different amplitudes and similar frequency as shown in
Table 2.

Finally, all the samples UCS obtained and the effect
of cyclic loading on anhydrite specimens UCS reported.
The porosity and permeability of a set of 9 specimens
were measured before and after cyclic loading tests to
understand the effect of fatigue resulting from cyclic
loading on petrophysical properties. The PROMAX 3D
D-054-C CT imaging unit with the 100-micrometer res-
olution was used to correlate the effect of fatigue on
samples’ petrophysical properties.

3. Results

Cyclic loading affects the specimens’ macro and mi-
cro-scale properties, these effects change the mechanical
and petrophysical properties of specimens subjected to a
different number of cycles and loading magnitude. The
intensity of specimen properties alteration increases
with an increase in the number of cycles and magnitude

of loading, although monitoring sonic wave travel time
indicates that micro-scale changes become less sensitive
to loading cycles in greater loading magnitude and hence
the critical operating period for a UGC facility is the first
decade.

3.1. Anhydrite cyclic loading and mechanical
property

The experiment included three different numbers of
cycles with four different maximum loading magni-
tudes. The number of cycles was 10, 20, and 30 for each
loading magnitude, and loading varied from 0 to 18, 21,
24, and 25 MPa respectively. Damage evolution of rock
salt under cyclic loading conditions in the range of 20 to
86% of UCS has been studied (Liu et al., 2014). Anhy-
drite specimens were cyclically loaded; subsequently,
cyclic loading degraded anhydrite specimens UCS in
different loading ranges from 30 to 42% of UCS as pre-
sented in Figure 4. Both increasing the number of load-
ing cycles and loading magnitude reduced anhydrite
UCS, the number of cycles has a lesser effect rather than
the magnitude of loading on this reduction. UCS reduc-
tion due to cyclic loading ranged from 3.5 to 23.9%.

[ ]0-25
0-24
BE=0-21
I 0-18

UCs (MPa)

Figure 4: Static cyclic loading effect on specimens UCS

3.2. Anhydrite cyclic loading and petrophysical
properties

Anhydrite specimen’s porosity and permeability be-
fore and after cyclic loading conditions were measured
using Petro Ahoura U.S.S PERM apparatus. The results
as shown in Table 3 indicated a minor change in poros-
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Table 3: Cyclic loading effect on petrophysical properties of specimens
10 Times 20 Times 30 Times
- = ~ = ~ =
Cyelic s | 3% | § | &3 | § | £%s
y Test condition 2 g8 Z =58 2, = g2
Load < B < B 2 B
3P Before cyclic load 0.011 0.00021 0.010 0.00052 0.010 0.00012
a
After cyclic load 0.047 0.00016 0.024 0.00011 0.064 0.00009
i T Before cyclic load 0.014 0.00055 0.010 0.00052 0.002 0.00046
a
After cyclic load 0.008 0.00008 0.044 0.00003 0.006 0.00008
T Before cyclic load 0.035 0.00066 0.010 0.000066 0.012 0.00070
a
After cyclic load 0.002 0.00007 0.039 0.000074 0.190 0.00006
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Figure 5: CT image of sample A8 after 30 times 25 MPa
magnitude cyclic loading

ity where the change in specimens’ permeability was
negligible, it could be due to discontinuity of created
voids. Cyclic loading up to 42% UCS on specimen A8
indicated that even with an increase in specimen’s per-
meability, the specimen stayed intact under 30 cycles of
25 MPa loading as shown in Figure 5.

Petrophysical properties of anhydrite specimens’
change as a result of the increase in the number of load-
ing cycles, the porosity of specimens increased due to
cyclic loading however permeability changes due to cy-
clic loading are minor or negligible. Permeability meas-
urement indicated that an increase in permeability due to
cyclic loading is less than 105 m? (0.001 mD).

Figure 6 indicates the effect of cyclic loading on pe-
trophysical properties of specimen B4, even with an in-
crease in the specimen’s porosity, the connectivity of
voids leading to permeability reduces. Regarding B4

Figure 6: Specimen B4 Pressure gradient-Time graph due to
20 cycles of 21 MPa loading magnitude (triangles and circles
indicate the pressure gradient before and after loading,
respectively).

results presented in Figure 7, it could be concluded that
in one end of the specimen, a crack initiated while the
other end shows compression due to cyclic loading. Yet
the permeability in both conditions whether cyclically
loaded or before loading stayed beyond 1015 m? (0.001
mD), as shown in Figure 6.

3.3. Anhydrite CT images

CT imaging is widely used for the study of porous
media, yet this method can be used for impermeable
samples (Meng et al., 2015), where monitoring CT
number alteration due to experiment plays the main
role in the correlation of real property and CT results
(Cnudde and Boone, 2013). CT imaging shows a good
convergence with the layering nature of anhydrite speci-
mens as an evaporate rock, however, because a higher
density causes a higher CT number for specimens, CT
number variation due to cyclic loading conditions is
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Initiated
Cracks

Figure 7: CT image of B4 specimen before (left) and after (right) cyclic loading

clear. Figure 7 shows a cross-section of B4 specimen
CT image before and after cyclical loading, the speci-
men was cyclically loaded 20 times to a maximum of 21
MPa. Crack initiation through the specimen is observed
due to cyclic loading.

The B1, B3, B4, BS, B6, and B8 specimens CT num-
bers change before and after cyclical loading is present-
ed in Figure 8. The CT number differentiation increased
drastically with an increase in the number of cycles,
which is in good agreement with the results obtained
from the UCS study.

4. Discussion

UGS in a depleted reservoir changes the geomechani-
cal and also petrophysical properties of both the reser-
voir and the caprock (Raza et al., 2016). Understanding
the effect of cyclic loading resulting from the pressure
fluctuating nature of UGS is essential. This paper inves-
tigated the effect of cyclic loading on the mechanical
and petrophysical properties of anhydrite specimens as
the main caprock of the UGS reservoir. The results have
compared with other research on similar rock types.

4.1. UCS alteration due to cyclic loading

The study of anhydrite specimens’ UCS subjected to
cyclic loading indicates 3.5 to 23.9 % UCS reduction
depending upon the number of cycles and magnitude of
loading (see Figure 9). The result was in good accord-
ance with salt rock UCS reduction due to cyclic loading
(Fuenkajorn and Phueakphum, 2010). Anhydrite
UCS due to cyclic loading is more sensitive to the mag-
nitude of loading rather than the number of cycles, the

higher the magnitude of cyclic loads, the smaller the ef-
fect of the number of cycles. The observations on the
effects of magnitude of loading and number of cycles on
anhydrite specimens during cyclic loading have good
accordance with results reported on the rock salt (Fuen-
kajorn and Phueakphum, 2010), sandstone (Sancer et
al., 2011), shale (Guo et al., 2018) and granite speci-
mens (Jobli et al., 2017).

The performed tests indicated an early stage increase
in the magnitude of loading results in higher damage to
anhydrite mechanical properties, while in posterior cy-
cles, an increase in the magnitude of loading has a small-
er effect on decreasing the specimen’s UCS. The results
obtained on anhydrite specimens are in good agreement
with those of shale (Guo et al., 2018) and granite speci-
mens (Jobli et al., 2017).

The study of anhydrite under cyclic loading condition
based on UCS cyclic indicates that between 10 and
20 cycles, an increase in the number of cycles results in
minor damage comparing to early loading stages. The
reduction effect of the number of cycles at the later
time is in good agreement with those reported on shale
(Guo et al., 2018) and argillaceous limestone (Liang et
al., 2017). The study of all cyclic loading condition sce-
narios showed that an increase in the amount of gas in
place in the form of injection pressure needs extra care if
it happens at the UGS first decade of operation, altera-
tion of geomechanical properties after 10 cycles of
loading is minor. The effect of loading magnitude of
anhydrite geomechanical properties is in good correla-
tion with salt (Liu et al., 2014; Wang et al., 2016), Bris-
bane tuff (Erarslan and Williams, 2012), and integrity
of low-density cement (Li et al., 2017) under cyclic
loading.
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Figure 8: CT number (left axis) and percentage change in CT after loading (right axis) of specimens Bi, B3, B4, Bs, B6, and B8.

4.2. Porosity and permeability reduction due to
cyclic loading

The study of anhydrite under cyclic loading condi-
tions indicates a notable increase in the porosity of spec-
imens in most cases, while permeability change is more
dependent upon a higher number of cycles and a greater
magnitude of loading (see Table 3). Likewise, the in-

creasing number of cycles from 10 to 20 has changed the
specimen’s CT number differently (see Figure 8). Com-
pressive cyclic loading changed the property of the spec-
imen, as shown in Table 3 only for the loading magni-
tude of 18 MPa. An increase in the number of cycles re-
duced the porosity, but for a higher loading magnitude,
the porosity of the specimen increased for all numbers of
cycles. For instance, an increase in density has been ob-
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Figure 9: Cyclic loading effect on relative UCS

served in the whole length of B3 specimen under 10 cy-
cles of up to 18 MPa loadings, unlike a reduction in CT
number in the length of B1 specimen has been observed
under 10 cycles of 21 MPa loading. Also, a decrease in
CT number at the length of specimens due to increases
in the number of cycles from 10, 20, and 30 cycles have
been observed (see Figure 8). The study of CT images
indicated the CT number reduction was due to crack ini-
tiation in the middle part of the specimens. This explains
the lower increase in permeability of these specimens
subjected to cyclic loading tests even with an increase in
porosity. It can be concluded from CT differenced moni-
toring that the lower number of cycles, the lower the CT
difference, and hence crack growth seems more possible
comparing with crack initiation. The study of CT differ-
ence and petrophysical property changes indicated criti-
cal storage pressure that affects the caprock integrity, it
dictates the storage capacity of the UGS facility.

4.3. CT correlation with petrophysical properties

The CT images have been used to quantify the cyclic
loading effect on the specimen’s density, the CT number
has changed and indicated that the specimen’s micro-
scale and macroscale property changes affected density.
The study of CT images indicated that crack growth is
restricted to the specimen’s central parts and even with
the change in porosity, the scattering cracks resulted
from cyclic loading did not affect specimen permeabili-
ty. The study of CT images of specimens B3, Bland B8
indicated that with an increase in the magnitude of load-
ing at 10 times loading, an increase in the magnitude of
loading lead the CT number to reduce comparing with a
lower loading magnitude, and the CT number reaching a
value around zero. Comparing B1, BS and B4 CT num-
bers indicate that for the magnitude of 21 MPa, a loading
increase in the number of cycles from 10 to 20 and 30
increases the specimens’ alteration, this alteration in
specimen B8 was considerable and also increased the

permeability. The CT image quantifying results are in
good agreement with those obtained from fatigue dam-
age on shale (Guo et al., 2018) and salt rock (Wang et
al., 2016).

5. Conclusions

Anhydrite geomechanical and petrophysical degrada-
tion due to cyclic loading conditions was investigated
under uniaxial conditions using a servo-control testing
machine under different magnitudes and intensities of
loading. Specimens were gathered from Qom anhydrite
outcrop and the outcrop resemblance with caprock was
confirmed using XRD and SEM EDAX tests for reduc-
ing the effect of weathering on samples, and the SHR
test was also used for outcrop selection.

Cyclic loading reduced the specimens’ UCS, and the
UCS reduction depends on the number of cycles and
magnitude of loading. The specimens’ petrophysical
properties also changed as a result of cyclic loading, but
even with the increase in porosity in most cases, perme-
ability reduced, and the study of CT images indicated
that this reduction resulted from the dissociation of pro-
duced voids. The degradation of anhydrite mechanical
properties due to cyclic loading was in good accordance
with salt rock, shale, sandstone, and granite. The critical
cyclic loading intensity threshold was similar to salt
rock and lower than shale. Anhydrite petrophysical deg-
radation due to cyclic loading with CT imaging showed
that even with an increase in the specimens’ porosity, the
change in permeability was negligible. The CT images
indicated that the distribution of cracks mainly alters the
specimens’ porosity but the permeability stays nearly in-
tact. The study of CT images indicated that the permea-
bility change happens when the difference between CT
numbers before and after cyclic loading becomes linear
instead of sinusoidal.
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SAZETAK

Procjena ¢vrstoce i petrofizickih svojstava anhidritne krovine na temelju
promjenjivih opterecenja i racunalne tomografije

Podzemno skladiste plina smjesteno u iscrpljenim lezistima utjece i na svojstva krovine. Sli¢nost izmedu anhidrita Qom
uzorkovanoga na povr$inskome izdanku te iz krhotina dobivenih s 2629 m dubine opisana je na temelju rezultata difrak-
cije x-zraka i skeniranja elektroni¢kim mikroskopom. Maksimalna jednoosna tla¢na ¢vrsto¢a uzorka anhidrita mijenja se
u uvjetima statickih, promjenjivih, ciklickih opterecenja, pri ¢emu dolazi i do promjene petrofizickih svojstava poput
$upljikavosti i propusnosti, npr. tijekom 10, 20 i 30 ciklusa. Magnituda opterecenja bila je u rasponu od 30 do 43 % mak-
simalne tla¢ne ¢vrstoce anhidrita, dok je intenzitet optereéenja kod ciklickih testova iznosio 0,004 mm/s. Kod ispitivanih
uzoraka zamijeéeno je smanjenje maksimalne tla¢ne ¢vrstoce u rasponu od 3,5 do 23,9 % pri razli¢itim uvjetima promje-
na opterecenja. Prouc¢avanjem $upljikavosti i propusnosti uzoraka i snimki ra¢unalne tomografije vidljiv je porast broja
pukotina u uzorku, pri ¢emu je uoceno da do stvaranja pukotina nije doslo uzduz cijeloga uzorka, kao $to niti porastom
$upljikavosti nije doslo do rasta propusnosti. lako su uzorci bili izloZeni ciklickim opterecenjima, propusnost uzoraka
ostala je manja od 10 m* (0,001 mD). Prou¢avanjem promjene tlaka u vremenu uoden je veéi pad tlaka zbog promjene
propusnosti uzorka. Rezultati istrazivanja upuéuju na dobro podudaranje podataka dobivenih snimkama ra¢unalne
tomografije i rezultata petrofizic¢kih ispitivanja.

Kljuéne rijeci:
podzemno skladiste plina, ciklicka opterecenja, anhidrit, maksimalna tla¢na ¢vrstoéa, ra¢unalna tomografija
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