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The large-scale use of renewable energy sources is closely linked to the ability to store excess energy generated
during periods of overproduction for use when demand is at a peak. Storing green energy is therefore a key
component in the move towards a carbon-neutral economy. Underground hydrogen storage in depleted oil and
gas reservoirs may provide an efficient long-term solution. Cyclic injection and production of hydrogen alter the
chemo-hydro-mechanical conditions of the reservoir and caprocks, and possible geomechanical consequences of
such alterations must be preliminarily assessed for safe storage operations. This study aims at exploring the
possible effects of cyclic mechanical loads, such as those that might be induced by hydrogen storage and pro-
duction, on the mechanical behaviour of a clayey caprock. A series of triaxial tests, both monotonic and cyclic,
were carried out on undisturbed samples of a stiff Italian clay cored from a caprock formation overlying a hy-
drocarbon reservoir. The results show that the material response is characterized by the distinctive stress-strain
behaviour of stiff clays, with a rather high fragility, which was found to be highly dependent on the loading
strain rate. During laboratory experiments conducted at frequencies larger than in situ ones, cyclic loading under
stress control causes a gradual degradation of the material structure leading to the formation of a clear shear
band followed by a reduction in shear strength. Eventually, failure occurs as the peak shear strength approaches
the applied load. The progressive destructuration also implies a reduction in P- and S-wave propagation ve-
locities and a significant change in the signal shape, which is therefore a promising parameter for monitoring the
material degradation process.
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1. Introduction timescales is therefore essential for the large-scale integration of

renewable energy sources.’

The development of renewable energy technologies is increasing in
response to the growing global demand for clean and sustainable energy.
However, the inherently intermittent nature of green energy poses a
significant challenge to its effective use and inevitably limits its appli-
cation as a primary source of power supply’ (see also Fig. 1a). The
balancing of supply and demand cycles over seasonal and annual
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Hydrogen has emerged as a promising solution for efficient energy
storage, offering high energy density, versatility and compatibility with
various conversion technologies.* Surplus renewable energy can be
converted to "green" hydrogen by electrolysis with no direct carbon
emissions, making it a clean and sustainable option for energy stor-
age.® Alternatively, "blue" hydrogen can be produced by steam
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methane reforming which results in carbon dioxide (CO5) production,
requiring additional carbon capture and storge programs.”'? While blue
hydrogen production is more carbon intensive than green hydrogen, the
use of carbon capture techniques allows a significant reduction in net
emissions. Hydrogen (blue and green) used as an energy carrier will be a
key component in the transition to a carbon-neutral economy.'' '3

Hydrogen has a high calorific value per unit mass (i.e., about 33.3
kWh/kg). However, its particularly low density poses significant chal-
lenges for its efficient storage. For example, under typical reservoir
subsurface conditions (i.e. 200 bar and T < 150 °C), hydrogen has a
volumetric calorific value of approximately 530 kWh/m®, about five
times less than natural gas.'* Therefore, surface hydrogen storage is
limited to small-scale applications. Underground gas storage facilities
are instead more suitable for balancing the large energy fluctuations
associated with the seasonality of renewable energy sources.'>'® In fact,
the density of hydrogen, which is 0.084 kg/m® at surface conditions,
increases with increasing pressure to about 10 kg/m® at 200 bar.’
Nevertheless, large amounts of storage are required to compensate for
the intermittent nature of renewables. For example, Stone et al. ' report
a hydrogen storage requirement of approximately 1930 million m® for
the UK alone, calculated on a seasonal basis and equated on an energy
basis.

Among the different types of underground gas storage, salt caverns
represent a viable option in the medium term due to their high pro-
duction rates.'® However, their use is limited by the existence of suitable
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geological formations of appropriate size. Depleted oil and gas reservoirs
and saline aquifers have emerged as flexible and effective solutions for
hydrogen storage due to their large storage capacities and worldwide
availability.® The process involves a porous formation, which acts as a
natural reservoir, and a low-permeable caprock formation, which pre-
vents gas from migrating, along with the lateral trapping structure.
During periods of overproduction, hydrogen is injected into the porous
formation, displacing the field fluids. These typically consist of brine or
residual hydrocarbons in saline aquifers and depleted reservoirs,
respectively. To maintain the desired pressure and ensure effective
production rates when energy demand peaks, a volume of gas, usually
referred to as cushion gas, is intentionally left in the reservoir. The
remaining hydrocarbon itself can form such a cushion gas in depleted
fields. The proven ability to prevent gas migration over long periods of
time is an additional benefit of using exhausted reservoirs.'® In this
sense, the geological formations that constitute the caprock and the
reservoir have already been extensively investigated due to the previous
hydrocarbon production operations. Some of the infrastructure imple-
mented to carry out the operational phases of the reservoir can also be
partially reused, including the injection and production wells, the sur-
face facilities, and the pipeline network. The reuse of depleted hydro-
carbon fields can therefore represent a cost-effective efficient solution
for underground hydrogen storage.

However, some specific potential issues have to be prevented and
monitored while storing gas in depleted reservoirs (e.g., 2°). For one,
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Fig. 1. (a) Renewable energy production/demand balance; (b) hydrogen injection/production operations in depleted oil and gas reservoir (inspired by ).
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abandoned wells might constitute a possible way of preferential leakage
so they have to be adequately sealed.?! The effect of stress changes in the
reservoir may indeed affect wellbore stability during hydrocarbon pro-
duction,’” moreover the chemical interaction between the well and the
gas may induce corrosion and mechanical degradation of the comple-
tion.”* Furthermore, caprock integrity studies need to be carried out, as
pore pressure depletion during the previous production phase of the
reservoir may have brought the stress state in the flanks of the over-
burden relatively close to failure conditions.”*

Fig. 1 shows a schematic representation of the storage operations of
hydrogen (produced by electrolysis) in depleted oil and gas reservoirs
because of the balance between energy production and energy demand
on an annual scale. Further details and similar illustrations can be found
in Heinemann et al.’,

The concept of underground gas storage has been already success-
fully applied to store natural gas as well as for carbon capture purposes
(e.g., 2°). Therefore, in principle, it should be easy to apply the same idea
to hydrogen storage by taking advantage of the large experience gained
with the several underground gas storage facilities active worldwide.
Nevertheless, a limited number of pilot studies have been conducted on
underground hydrogen regulation, mainly involving storage operations
for town gas, namely gas mixture with a certain percentage of hydrogen
(e.g., '7'%). The reason for this lies in the peculiar physical and chemical
properties of hydrogen which pose a wide range of scientific challenges,
as highlighted by several recent studies.'41°

Firstly, its low viscosity and high diffusivity increase the risk of
leakage through the caprock and lateral trap structures and the likeli-
hood of viscous fingering.'* The complex multiphase interaction be-
tween hydrogen and in situ pore fluids can lead to contamination of
stored hydrogen through the production of other gases.® Such
geochemical interactions can also cause partial dissolution or precipi-
tation of both reservoir and caprock minerals, in turn affecting their
mechanical and hydraulic properties. In addition, the presence of
hydrogen within the porous formation can increase microbial activity,
which enhances the methanogenic process, converting hydrogen to
methane and leading to hydrogen losses.”**”

Besides the geochemical interaction with the in situ materials, un-
derground gas storage also involves a mechanical interaction induced by
the injection-production processes, leading to changes in the effective
stress state not only in the reservoir material but also in the overlying
caprock. For example, the mechanical effects of hydrocarbon production
have been extensively studied in reservoir geomechanics. The reduction
in reservoir pore pressure causes material compaction, leading to sur-
face subsidence and variations in the caprock stress state (e.g., 28-30,31y
Conversely, the mechanical effect of gas injection implies a progressive
expansion of the reservoir material, which may lead to an increase in the
deviatoric stress acting on the overburden caprock, as analysed in the
context of carbon capture and storage studies.’” While the above sce-
narios typically result in a monotonic variation of the stress state within
the caprock, the alternation of hydrogen injection and production will
induce a cyclic loading characterized by a strain rate associated with the
seasonality of renewable energy sources (Fig. 1b). Indeed, the caprock
will experience a complex cyclic stress path driven by the reservoir
deformations. The latter may eventually result in progressive degrada-
tion of the material properties, potentially easing the development of
leakage pathways that may compromise the integrity of the formation.”
Similar stress paths may be also applied in subsurface reservoirs due to
temporary storage of natural gas (e.g., °>>*°%). For example, Jeanne
et al. °° numerically investigated the influence of natural gas injec-
tion/withdrawal sequences on the response of the Honor Rancho un-
derground storage facility in Los Angeles County, showing that plastic
reservoir compaction can induce irreversible deformations in the
caprock material that may compromise its sealing integrity.

The influence of cyclic loading due to underground hydrogen storage
has already been recognized in feasibility studies related to salt rock
caverns, both from an experimental and a numerical point of view.>”"*°
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However, to the best of our knowledge, there is no experimental evi-
dence in the literature regarding the impact of fatigue on the response of
caprock materials of oil and gas reservoirs, which in many cases might
either be shales or structured stiff clays subjected to large confining
pressures.

This paper presents the preliminary results of an ongoing experi-
mental investigation of the monotonic and cyclic response of caprock
materials. The research aims to highlight the distinctive features of
material behaviour under cyclic loading in order to develop an effective
methodology for an early assessment of eventual fatigue-related risks in
underground hydrogen storage projects involving clayey caprocks.
Although the research focuses on underground hydrogen storage, the
results are of general interest when dealing with cyclic subsurface fluid/
gas storage.

The tests were performed on undisturbed samples representative of a
typical overburden caprock of hydrocarbon reservoirs. The basic mate-
rial properties are firstly presented together with a definition of the
initial state of the samples in terms of in situ stress and sample suction.
The latter, together with the comparison between laboratory and in situ
elastic wave velocities, is used to provide a preliminary check on the
quality and representativeness of the undisturbed samples, which is
particularly relevant given the importance of material structure to its
mechanical response. The results of consolidated undrained triaxial tests
are then shown to analyze the stress-strain behaviour of the structured
clay under monotonic and cyclic loading. Particular emphasis is placed
on the analysis of the effect of strain rate on the mechanical response.
Finally, the results of the cyclic triaxial test are presented to show the
progressive material destructuration under fatigue loading until failure.
Cyclic degradation is also discussed in terms of variation in elastic wave
velocities of the specimen monitored during the triaxial test.

2. Material characterization

The material under consideration is a plio-pleistocenic structured
Italian clay. The mechanical behaviour under monotonic loads of similar
materials has been studied in many previous works (see e.g., ‘*?),
however in such cases the samples were proceeding from shallow
depths. In the present study, undisturbed samples were cored from a
deep formation above a hydrocarbon reservoir, known as "Argille del
Santerno" (“Santerno Clay”) at a depth of about 1150 m. Although such
reservoir is not currently being considered for hydrogen storage, the
study was conducted on this material because of the availability of high
quality samples retrieved from a formation with a geological history and
physical properties that are quite common for underground gas storage
projects. In geotechnical engineering, materials from this and similar
formations are usually defined as stiff clays (e.g., *>**%1%%), and this is
the terminology that will be adopted throughout this paper. However, it
is worth noting that the same materials are usually referred to as shales
in the oil and gas engineering literature (e.g., 9,

The adopted coring system was designed to maintain the original
petrophysical and mechanical characteristics of the formation. It was
made with a hydrolift-type total closure system, aluminum inner barrels
4 %" x 4 V4" (Outer Diameter x Inner Diameter) x 32 feet” with a pressure
relief valve suitable for preventing possible damage in the event of un-
desired gas expansion during extraction. The core bit was of the face
discharge type, for soft or moderately consolidated formations. This
ensured minimum contact between the drilling mud and the core. Also,
the core head was a low invasion PCD (Poly-Crystalline Diamond) type
for soft or moderately consolidated formations. After coring, the cores
were immediately stabilized by sealing them with foam, and carefully
handled to the laboratory, where samples to be tested were subcored.

In the following sections, the results of the preliminary and miner-
alogical characterization are reported together with the determinations
of the suction of the samples as delivered to the laboratory and of the
water retention properties. The latter were used to assess the quality of
the samples, along with a comparison between laboratory and in situ
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elastic wave propagation velocities.
2.1. Index properties and mineralogy

A series of tests including grain size distribution, Atterberg limits,
and X-ray analysis were performed to determine the index properties
and mineralogy of the soil. The grain size distribution (Fig. 2) showed
that the clay fraction is 49.6%, silt is 49.5% and sand is 0.9%.

Table 1 summarizes the average value of clay minerals, carbonate,
and silicate contents of several samples from the same core. The X-ray
diffraction revealed that clay minerals constitute about 36.3% of the
solid phase, illite and kaolinite being the dominant ones with percent-
ages of 26.2% and 6.3%. Minerals of the carbonate family are very
abundant, with a calcite fraction of 28.1% and a dolomite one of 10.7%.

The specific gravity was found to be Gs = 2.78. The liquid limit
determined with distilled water is w;, = 43.49% whereas the plastic limit
is wp = 25.34% (plasticity index PI = 18.15%).

2.2. Initial state

Cylindrical specimens with a diameter 10 mm and height of 10 mm
were sub-cored from the undisturbed samples to characterize their
initial state. Specimens were oven dried at 110 °C for 24 h for the
determination of the natural water content, which was found to vary
between w = 12.8% and w = 14.3%. Accordingly, the consistency index
CI of the specimens varied between 1.61 and 1.69. The void ratio e of the
specimens varied between 0.37 and 0.42, so that an initial degree of
saturation S. was found to vary between 0.92 and 0.98.

The vertical total stress at the depth of recovery was determined from
the integration of density logs and it was found to be S, = 25.90 MPa.
The in situ pore pressure was reconstructed from direct borehole mea-
surements (taken at the most permeable soil layers) together with
analysis of log data at the depth of interest (mainly sonic and density
data) by identifying normal compaction trend lines through mathe-
matical regression (see also 46’47). The final value resulted to be p,
= 13.62 MPa, whereas from leak-off tests and break-out analyses*® the
stress components in the horizontal plane were expected to be isotropic
ranging between S, ; = 19 MPa and S, 2 = 20 MPa.

A preliminary check on the sample quality/conservation was ob-
tained by comparing the sample suction with the one theoretically
induced by an ideal coring operation. Assuming an elastic unloading
process, undisturbed coring leads to the following estimate of capillary
pressure:

$=1Uy, —ty, = —(pw — Bpo) (€9)
CLAY SILT SAND
100 M ] C F_ 1 M [ C F
/
* 80 /
2 /
3 60
3 /
S A
£ 0 e
S
2 20
0.0002 0.002 0.02 0.2

particle size, d: mm

Fig. 2. Grain size distribution of the material.
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Table 1
Mineralogy of the tested material.

Carbonates, silicates, and clay minerals Average content (%)

Calcite 28.1
Dolomite 10.7
Quartz 15.4
Plagioclase 7.3
Illite 26.2
Kaolinite 6.3
Chlorite 3.8
Others 2.2

where: 1, is the air pressure; u, is the water pressure at the back of the
meniscus; B is Skempton’s”” pore pressure parameter; and p,, and po are
the in situ pore pressure and mean total stress, respectively. Conserva-
tively assuming B =1, it follows an expected matric suction due to
undisturbed coring s =~ 7.68-+8.64 MPa.

The filter paper technique (ASTM D5298-16’, see also °') was used
to measure the total suction y and the matric suction of the delivered
samples by using sheets of Schleicher and Schuell No. 589 filter paper.
The calibration line in ASTM D5298-16°" was adopted, determining a
matric suction s = 6.59 MPa and a total suction y = 9.35 MPa from
which an osmotic suction 7 = 2.76 MPa, results. The total suction was
also determined using a DECAGON WP4 chilled mirror psychrometer
(ASTM D6836-16"%) and a value of 8 MPa was obtained in this case. The
matric suction experimentally determined is smaller than the one pre-
dicted with Eq. (1). Accordingly with Doran et al.”*, the theoretical
suction depends on the possible anisotropy of the material stiffness, and
it is smaller than the one of the isotropic case when the horizontal
stiffness is smaller than the vertical one.

2.3. Representativeness of the samples

The water retention behaviour was investigated with the vapor
equilibrium technique. Small specimens were cut from the undisturbed
samples and placed in sealed containers, whose air relative humidity
was controlled by partially filling them with saturated saline solutions.>*
Five salts were used to such an extent. The total suction imparted with
the saline solutions was double-checked with the WP4, obtaining the
values presented in Table 2.

The specimens were weighted every day until a constant mass in time
was observed. The gravimetric water content at equilibrium for each
suction was used to determine the water retention curve shown in Fig. 3,
where it is compared with the measurement of the initial conditions of
the samples.

The initial state of the samples plots slightly above the water reten-
tion measurements, suggesting that a small hysteretic wetting occurred
for the sample exposed to the lower suction, while the other de-
terminations appear to belong the main drying curve. These results
indicate that a limited drying occurred during sample storage. However,
the very high degrees of saturation and the fact that initial suction
compares reasonably well with the one predicted theoretically, suggest
that the quality of the samples is high, and no significant alteration has
occurred in their fabric during the coring and storage stages.

These observations are also confirmed by the comparison, shown in
Fig. 4, between P- and S-wave velocities at small strains, Vp and Vg,

Table 2
Salts used to obtain the water retention curve.

Saturated salt solution Measured total suction y (MPa)

K2S04 5.08
BaCl2-2H20 14.27
KCl 22.72
NaCl 38.73
NaNO2 59.10
CaCl2-6H20 159.09
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Fig. 4. Comparison between laboratory P- and S-wave velocities with wellbore
sonic logs.

measured in situ and in the laboratory. The continuous measurement of
Vpwen and Vs, was obtained by sonic logs conducted within the
caprock formation, in a well located approximately 150 m from the one
from which the samples were taken. The elastic wave velocities char-
acteristics of the cored samples, Vp 4, and Vs 4, were instead measured
at the end of the consolidation stage of the cyclic triaxial test by means of
acoustic velocity sensors (see Section 6).

For a given material state (in terms of stress state, degree of satura-
tion, and porosity), an alteration of the structure, intended as both
particle arrangement and bonds, may induce a decrease in elastic wave
velocities. The joint analysis of laboratory wave velocities and wellbore
sonic logs can therefore provide a quantitative evaluation of the repre-
sentativeness of laboratory samples.””

As the samples and the log measurements are from two different
wells, and no porosity logs are available, a precise quantitative evalu-
ation of the structural representativeness, and therefore of the damage,
of the collected samples such as in Musso et al.>® is not possible. How-
ever, it can be observed that the compressive wave velocity measured in
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the experiments Vp s, = 2650 m/s is very consistent with the average
Vp wenr Value, confirming not only the quality of the samples, but also the
effectiveness of the saturation procedure carried out before the consol-
idation stage (see Section 3). A slightly lower Vgi = 1088 m/s is
instead observed compared to the average Vs, ~ 1220 m/s, which
might suggest that the structure of the formation has been just slightly
disturbed during coring and the samples can be considered representa-
tive of the in situ material response.

It is interesting to note that the results of the wave velocity mea-
surements from the borehole sonic logs are in perfect agreement with
the correlations proposed by Benetatos et al.*” to estimate the expected
in situ elastic moduli for some geological formations, including the
“Argille del Santerno”. Such relationships can indeed be used to give a
rough preliminary estimate of the elastic wave velocities at the depth of
interest, resulting in Vg, ~ 1250 m/s and Vp ey =~ 2650 m/s.

3. Experimental procedures and testing programme

The triaxial tests were conducted on undisturbed samples in the
medium- and the high-pressure triaxial apparatuses (MPTA and HPTA,
respectively) of the geotechnical laboratory of the Politecnico di Torino,
manufactured by GDS Instruments Ltd. and subsequently modified. A
full description can be found in Barla et al. °°. Cylindrical specimens
with a height of 100 mm and a diameter of 50 mm were cored from
intact samples and tested in the HPTA under monotonic conditions. The
cyclic test was performed using the MPTA on a 76 mm high and 38 mm
diameter specimen. The testing procedure encompassed the classical
three stages of a triaxial test, namely: saturation, consolidation, and
shearing.

The saturation phase deserves a detailed discussion. When preparing
the apparatus, the specimens are set using the dry setting method, which
avoids undesirable swelling that could affect the structure of the mate-
rial.”” However, this technique prevents obtaining an initially fully
saturated apparatus as it regards pore pressure pipes and porous stones.
An additional stage of flushing is then carried out by applying a pore
pressure gradient (about 60 kPa) between the bottom and top faces. As a
result, deaerated water passes through the entire equipment hydraulic
system, removing most of the trapped air. It is worth noting that the
water flows around the sides of the sample rather than through it, as
some strips of filter paper are applied to the sides of the sample. This
phase is usually carried out under an effective confining stress (in this
case approximately 250 kPa) such as to avoid excessive swelling (the
limit was set to a maximum negative volumetric strain ¢, = — 1%), the
latter being monitored by local axial and radial transducers. In previous
experimental studies carried out on similar materials, the above pro-
cedure has proved effective in achieving an acceptable initial degree of
saturation of the specimen and apparatus ensemble, while avoiding
excessive disturbance to the material structure.”®®°

Subsequently, a typical backpressure procedure is employed to
saturate the specimen. The cell pressure is increased under undrained
conditions and the Skempton’s*® B-parameter is computed as the ratio
between the measured pore pressure increase Au, against the applied
Ao,. If the B value is greater than 0.95, the saturation phase is assumed
to be complete. Otherwise, the drain is reopened while keeping the
effective pressure constant (thus increasing the imposed backpressure)
and the step is repeated after a certain time. The increase in back-
pressure implies an increase in the solubility of air in water according to
Henry’s Law and therefore a higher degree of saturation. It should be
noted that the B-value can be strongly influenced by the system
compressibility, especially in the case of stiff soils.®"®? Although speci-
mens cored from undisturbed sample showed an average initial degree
of saturation S. = 0.93 — 0.96, relatively low B values were observed
initially due to the apparatus not being fully saturated. However, the
coefficient increased rapidly with increasing backpressure u,,, reaching
values greater than 0.95 for u,, of about 4 MPa. Some further B-checks
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have shown that the B-value exceeded 0.97 at the end of the subsequent
consolidation phase.

After saturation, the specimens were anisotropically consolidated
under K, conditions up to an effective stress state consistent with the
expected lithostatic one, namely: p,”= 8.1 MPa and g, = 6.3 MPa. The
axial stress rate o, applied during the consolidation stage was defined
on the basis of Terzaghi’s one-dimensional consolidation equation for
the case of a vertical load that increases linearly with time (see e.g., 63,
In this case, the excess pore pressure at the base of the consolidating
layer u, tends to a constant value provided by the expression:

Hy
2-c,

Uyp = Oax (2)

where Hy is the height of the drainage layer and c, is the coefficient of
vertical consolidation, which in the stress range of interest was deter-
mined to vary between 2:1077 and 10~® m?/s through oedometer tests
conducted on the undisturbed material. Through Eq. (2), where c, was
assumed equal to 2:10~7 m%/s and u,,;, was imposed to be 0.2 MPa, (i.e.

2.5% of po’), the 64 was determined to be 0.12 MPa/h and 0.2 MPa/h,
for 100 mm and 76 mm high specimens respectively. These o, values
correspond to total consolidation times of approximately 100 h and
66 h. Similar to the time to failure at shearing, such values can be further
decreased due to the presence of the lateral filter strips, which shorten
the drainage length.®* The final assumed consolidation times are set at
72 h and 48 h, for 100 mm and 76 mm high specimens respectively.
These times were sufficient to achieve a fully drained consolidation
phase, as indicated by the variation of backvolume over time, which
showed a practically flat trend at the end of the consolidation.

The final stage consisted of shearing the specimens under undrained
conditions. Three specimens were monotonically sheared under strain
control using constant axial strain rates éq equal to 0.0005%/min,
0.01%/min, and 0.5%/min, respectively. The intermediate value was
computed according to the ASTM D4767-11° standard. The larger é, is
instead consistent with the average value implicitly adopted during the
cyclic triaxial test, which is conducted by imposing a cyclic stress history
to the specimen all the way up to failure. In the latter test, the deviator g
was firstly increased under undrained conditions up to Qmean
= 9.75 MPa. Subsequently, a sinusoidal loading was applied around
Qmean With an amplitude A = 3.25 MPa and a corresponding maximum
deviator gmax = 13 MPa. Such an amplitude value was selected by
referring to real data from gas storage fields from Northern Italy, where
the pore pressure amplitude in the reservoir material was found to be in
the range between 3 and 6.5 MPa.>*

The cyclic test was carried out using the MPTA, which was recently
instrumented with acoustic velocity transducers (manufactured by GDS
Instruments) embedded in the top cap and the pedestal of the triaxial
cell. Each sensor package contains P-wave and S-wave elements able to
receive and transmit. The input motions are typically pulses with a
duration of 1 ps, characterized by a central frequency of about 1 MHz
and applied towards either the positive or the negative verse. During the
cyclic shearing, the signals are acquired at the end of each cycle for a
scan time of 500 ps, adopting a sample time of 81072 ps.

4. Monotonic behaviour and strain rate effects

The results of the tests are presented in Fig. 5 in terms of stress-strain
q — €qx responses and excess pore water pressure Au, build-up. The
comparison between the tests shows the dependency of the mechanical
response of the material on the axial strain rate éq,. The behaviour is
particularly fragile for the three monotonic tests, showing a marked
softening from ¢4, of 0.01-0.025 (respectively for shearing conducted
adopting €4 ranging from 0.0005%/min to 0.5%/min, see Fig. 5a), as
expected for very stiff clays with a significant percentage of carbonates.

As regards the volumetric response of the material, positive Au,, are
initially accumulated by the specimens up to g;. Thereafter, Au, tends to
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Fig. 5. Results of the anisotropically consolidated (p,’ = 8.1 MPa, qo =
6.3 MPa) undrained triaxial tests in terms of (a) deviatoric stress ¢ and (b)
excess pore-water-pressure Au, versus axial strain e,y.

rapidly decrease at the onset of the brittle failure, approaching zero
while moving towards the post-failure resistance at large eq, (Fig. 5b).
Such a slightly dilatant response is characteristic of the behaviour of
structured clays and it is usually associated with the progressive
development of the shear band within the specimen starting at peak
strength.** The latter can be visualized in Fig. 6, which shows the typical
single well-defined slip surface observed in the specimens after either
monotonic or cyclic failure. Once the development of the rupture surface
is completed, the subsequent post-failure accumulation of ¢4 occurs as a
practically rigid-body sliding of the two parts of the specimen along the
slip plane.

The influence of éqe on the peak strength of the material is quite
obvious also from the stress paths presented in Fig. 7. In the plot, the
strain-controlled triaxial tests of this study are also compared to the peak
failure envelope (orange dashed line) obtained from several stress-
controlled monotonic tests (scatter points in Fig. 7) previously carried
out. The latter tests were conducted adopting a deviator stress rate q
=300 kPa/min. The resulting éqy, averaged along the whole failure
stage, were approximately mid-range of the values used in the strain-
controlled tests. As consequence, the failure envelope lies between the
peak strengths observed in the triaxial tests.

The strain rate dependency of the strength envelope and, thus, of the
yield surface is well known from the literature and it can be explained
assuming an influence of é, on the preconsolidation pressure of the
material. An in-depth discussion about strain rate effects can be found in
Augustesen et al.°®, The shaded zone depicted in Fig. 7 is a qualitative
representation of the area comprising the strength envelopes of speci-
mens sheared with ¢4 ranging from 0.01 to 0.5%/min. The dashed black
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Fig. 6. Typical single well-defined slip surface forming at failure in either
monotonic or cyclic triaxial tests.
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Fig. 7. Effective stress paths obtained from monotonic tests conducted at
different strain rates ¢, compared to the peak failure envelope defined based
on stress-controlled tests. The shaded area represents the qualitative failure
envelopes for ¢4 ranging from 0.01 to 0.5%/min. The dashed black line, cor-
responding to g/p’ =1, represents an estimation of the stress obliquity
after failure.

line corresponds to q/p’= 1, which is thought to be a reasonable esti-
mation of the stress obliquity after failure. The stress paths tend to the
same final value of the stress ratio q/p’ for both the tests, suggesting that
the €4 does not influence the residual strength of the specimen. It can be
observed that the commented stress paths of the undrained tests bend to
the right since the beginning, which together with the suction mea-
surements commented in Section 2.2 suggests that the vertical stiffness
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might be higher than the horizontal one.
5. Cyclic response

The results of the cyclic test are compared to the monotonic curves in
Fig. 5. The specimen shows a progressive accumulation of eq, with
increasing loading cycles (Fig. 5a). The cyclic loading history was
characterized by a period T = 5 min (i.e., frequency f = 0.0033 Hz).
While the actual axial strain rate increased in the last cycles of the test,
the average strain rate &gy, can be computed as:

- 4EGXC
€axc = T 3

being €. the average axial strain applied during a quarter of the cyclic
loading. The resulting éoc = 0.22%,/min is consistent, at least in terms
of order of magnitude, with the faster monotonic test (¢4 = 0.5%/min).
The response is quite stable during the first loading cycles, whereas it
rapidly degrades for ¢4, larger than about 0.02 all the way up to failure.
It is then interesting to notice that the cyclic g — eq curve obtained
under stress-control is well enveloped by the monotonic response
measured at the higher strain rate, while it extends outside of the
monotonic response measured at the other two strain rates (namely éqy
= 0.01%/min and 0.0005%,/min).

As concerns the pore pressure build-up, Au, initially increases with
€ax, consistently with the monotonic behaviour (Fig. 5b). On the con-
trary, the cyclic response does not show the abrupt decrease of Au,,
occurring in the monotonic tests at the onset of the slip surface. A
possible explanation for such a difference is that during a stress-
controlled cyclic test the actual ¢, is much larger when approaching
failure than the average &, value. Consequently, the response of the
specimen during the last cycles is governed by a failure envelope that is,
likely, even above the one obtained for ¢4 = 0.5%/min. This would in
turn correspond to less pronounced Au, dissipation with increasing eqy
despite the shear band is developing throughout the specimen.

The accumulation of permanent strains during cyclic loading yields
to the development of the rupture surface (Fig. 6) and, in turn, the
progressive reduction of the specimen strength. The test keeps going on
as far as the resistance is still larger than the maximum applied deviator,
namely gmax = 13 MPa. When the load approaches the strength of the
specimen (reduced from its initial, peak, value) failure occurs under
loading control. Cyclic failure therefore takes place as a result of the
degradation of the material structure.
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Fig. 8. Effective stress paths of monotonic and cyclic triaxial tests performed at
a consistent éqy. The shaded area represents the qualitative failure envelopes for
€4 ranging from 0.01 to 0.5%/min.
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Such interpretation is also confirmed by the cyclic stress path rep-
resented in Fig. 8. The stress path is below the shaded area qualitatively
identified as the failure zone for ¢, between 0.01% and 0.5%/min. As it
can be observed, the cyclic failure (represented by the empty circle)
takes place well-below the peak resistance identified by the corre-
sponding monotonic test. The cyclic stress ratio q/p' at failure is thus
somewhere between the initial peak strength and the residual value
equal to about 1.

The results of the test can be analyzed in light of synthetic cyclic
parameters, defined in Fig. 9 for a typical stress-strain loop. Specifically,
the mean axial strain e,y i is defined as the ¢, at the end of each loading
cycle, while the cyclic axial strain e, is equal to half-amplitude of the
strain loop. The evolution of the material stiffness is analyzed with
reference to the secant loading Young’s modulus measured during the
first quarter of the cycle E; and to the unloading modulus E,. Equiva-
lently, it is possible to define the correspondent secant shear moduli G;
and G, assuming null volumetric strains (as usual under undrained
conditions). Note that these parameters do not necessarily refer to
elastic properties, but to secant values averaged over the specimen size.

The variation of the abovementioned parameters with the corre-
sponding loading cycle N is presented in Fig. 10a-c. In addition, Fig. 10d
presents the total strain energy Wy, supplied to the specimen for a given
number of loading cycles N, computed as:

es(N)
Wi = /

0

q‘de's (4)

where ¢g is the deviatoric strain, equal to e, under the hypothesis of null
volumetric strains.

The e,xm —N evolution (Fig. 10a) exhibits an initial, faster, increase
during the first loading cycles followed by a progressive stabilization
characterized by an almost constant rising trend until the 13th cycle.
The onset of the brittle failure causes afterwards a sudden accumulation
of permanent strains. Consistently, the cyclic axial strain e, is practi-
cally constant, and equal to 0.001, from the 2nd to the 13th cycle, while
it shows an almost twenty-fold increase (up to about 0.017) in the last
cycles (Fig. 10b). Such a behaviour can be explained by observing the G;
and G, trends depicted in Fig. 10c. G; initially increases up to about
670 MPa due to the progressive stabilization of the material response
which leads also to a slow accumulation of permanent strains during the
first 13 cycles. After the 13th cycle, the progressive development of the
failure surface within the specimen induces a dramatic decrease of G;.
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Fig. 9. Definition of the parameters adopted to describe the undrained stress-
strain loops.
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On the other side, the unloading modulus G, is not substantially influ-
enced by the cyclic loading, slightly decreasing from 950 to 850 MPa.

In a cyclic triaxial test performed under stress control, part of the
strain energy supplied to the specimen is recovered during the unloading
phase. As a consequence, the Wy, usually oscillates within a loading
cycle (Fig. 10d). The remaining part of the energy is dissipated by the
specimen due to the viscosity of the material (represented by the area
enclosed within a stress-strain loop) and permanent strain accumula-
tion. In the test here presented, the latter is particularly relevant for the
1st cycle and after the 13th one. As a result, a substantial increase of Wy,
is observed during the last part of the test. In other words, this means
that during the last cycles, when approaching failure, a much larger
amount of energy has to be supplied to the specimen to apply the same
cyclic stress history.

6. Analysis of elastic wave velocities

The degradation of the material structure with cyclic loadings leads
to a progressive reduction of the secant shear moduli, as observed in
Fig. 10. At the same time, it is reasonable to assume that such destruc-
turation would also imply a decrease in the small-strain properties of the
material, namely the shear (S) and compressional (P) wave propagation
velocities Vs and Vp. As suggested by previous studies (e.g., ®/), these
parameters may represent useful indicators for monitoring the response
of materials subjected to fatigue loading. The Vs and Vp values were thus
tracked during the cyclic triaxial test to define a reliable proxy for
identifying the onset of the cyclic failure.

The propagation velocities were monitored during the cyclic test
through acoustic velocity transducers. The first-arrival time t, for the
reference scan X, (acquired at the end of the consolidation stage) was
obtained by manually picking the received signals. Fig. 11 shows the
reference signals for both P- and S-waves along with the identified first-
arrival times.

A cross-correlation procedure was then implemented to define the
variations in the arrival time At(N) for the subsequent scans xy ac-
quired at the end of each N-th cycle. Specifically, the signal xy is shifted
according to several tentative time lags to identify the one which pro-
duces the best match with xy. The selection criterion is based on the
normalized cross-correlation coefficient p(xo, xy), computed as:

RXO XN (At)

/)(XO7 Xn) = Ry, x (O) Ry xy (0) N

where R,5(m) denotes the generic cross-correlation function between
signals a and b, the latter being shifted by the tentative lag m. It is worth
noting that the procedure is applied only to a portion of the signals,
approximately centred on the first arrival time, in order to determine the
time delay associated only with the direct wave propagating through the
specimen.

The actual time lag At(N) is defined as the value associated with the
maximum normalized cross-correlation coefficient p(xo, xy). When
considering two signals totally equivalent in terms of shape and ampli-
tude but shifted in time, p(xo, xy) approaches 1 (as in the case of the
autocorrelation function). However, generally speaking, xo and xy differ
due to experimental uncertainties and variations in the mechanical
properties of the specimen. The coefficient p(xo, xy) represents thus a
measure of the similarity between scans taken at different instants of the
test.

The arrival time is obtained as:

t(N) = to + At(N) (6)

Egs. (5) and (6) are applied for either P- or S-wave signals, resulting
in the corresponding maximum normalized cross-correlation co-
efficients pp,g(xo, Xy) and arrival times tps. Finally, Vp, and Vs are
computed as:
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@)
where H(N) is the current height of the sample.

Fig. 12 presents the comparison between the reference signals ac-
quired before the shearing (black lines) and at the end of the 10th and
the 19th cycle, the latter after being shifted in time through the cross-
correlation procedure (Fig. 12a-b and Fig. 12c-d, respectively). In the
plots, the dashed lines identify the time interval in which the cross-
correlation procedure is applied.

The comparison shows the effectiveness of the processing technique,
but also the differences between scans taken before and after the failure.
The amplitude and the shape of the P-wave signals do not differ
significantly from cycle to cycle (Fig. 12a-c). Conversely, larger differ-
ences are observed between S-wave scans taken at different stages
(Fig. 12b-d). Such differences can be attributed to the development of

the shear band within the sample.

The variation of Vp and Vs during the test is reported in Fig. 13a-b.
An initial decrease of Vp and Vs can be observed in the first three cycles
as a result of the initial pore pressure build-up (Fig. 7b). During the
following cycles, however, both velocities tend to stabilize, showing just
a slightly decreasing trend, in compliance with the evolution of the
secant shear moduli shown in Fig. 10c. The failure surface starts to
develop after the 13th cycle, leading to a decrease in the propagation
velocities. Such a reduction is however less marked than the one
observed in G; and G, (Fig. 10c). This can be explained by considering
that the development of the shear band takes place in a quite narrow
zone (Fig. 6). The thickness of the material layer interested by the me-
chanical degradation is indeed relatively small if compared to the whole
size of the specimen. The influence of material destructuration on Vp and
Vs is thus limited since the parameters reflect the propagation charac-
teristics averaged over the specimen height.
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Fig. 13c-d shows the variation of pp(xo, xn) and pg(xo, xn) with
increasing loading cycles. In the plot, the points corresponding to the
scans presented in Fig. 12 are highlighted. The results confirm the
qualitative evidence of degradation previously discussed based on the
visual inspection of the recorded signals. Indeed pp(xo, xy) assumes
values approaching 1 (i.e., strong similarities among the signals) up to
the 13th cycle. Conversely, ps(xo, Xn) is on average equal to about 0.9,
reflecting the larger aleatory variability which affects the estimation of
Vs with respect to Vp. The development of the shear band significantly
modifies the waves propagation phenomena within the specimen,
leading to the generation of reflected and refracted waves which inter-
fere with the direct wave. As a consequence, both pp(xo, xn) and pg(xo,
xy) decrease, the latter being dramatically reduced down to about 0.5.

7. Discussion and conclusions

Depleted oil and gas reservoirs are expected to offer an effective
long-term solution for underground hydrogen storage due to: (i) the
large storage volumes available; (ii) the proven sealing ability of caprock
formations to prevent gas migration; and (iii) the extensive information
on caprock and reservoir materials already collected from hydrocarbon
production operations. However, the use of hydrogen as an energy
carrier still poses several scientific challenges related to the
geochemical-mechanical interaction between the gas and the geological
formations. From a strictly hydro-mechanical point of view, the
injection-production operations lead to cyclic variations in the effective
stress state of both the reservoir and the caprock material. From a
theoretical point of view, such fatigue loading can cause progressive
degradation of the caprock material, resulting in a reduction in shear
strength and eventually the development of shear bands, the actual
onset of which will depend on the material properties, in situ stress
conditions, and production/injection rates specific to the case being
analysed.

In this paper, the mechanical response of a stiff Italian clay has been
preliminary investigated with the aim of highlighting peculiarities in the
behaviour of caprock-like materials that may be relevant in the context
of underground hydrogen storage. Laboratory tests were carried out on
undisturbed samples taken from a deep caprock formation sealing a
hydrocarbon reservoir. A preliminary material characterisation was
carried out to assess the quality of the cored samples. Comparison of the
water retention curve with the initial material suction suggests that no
significant change in the sample fabric has occurred during coring and
storage. This observation is further supported by the comparison of
laboratory measured elastic wave velocities with borehole sonic logs,
which showed a high degree of sample representativeness.

The monotonic and cyclic behaviour of the caprock material was
analysed by means of undrained triaxial tests carried out on specimens
consolidated to large confining pressures (namely: py’ = 8.1 MPa and g
= 6.3 MPa), consistent with measured field values. The strain-controlled
monotonic tests have shown that the mechanical response of the caprock
is influenced by two peculiar aspects: (i) the material structure and (ii)
the strain rate dependence. The stress-strain curves are characterised by
a large undrained peak shear strength and marked post-peak softening.
Such a fragile response is thought to be a consequence of the micro-
structure of the material, both in terms of the arrangement of the soil
particles and the inter-particle bonding.** In addition, the mechanical
behaviour of the material is significantly influenced by the strain rate
during shearing. An increase in the strain rate implies indeed a larger
peak shear strength. However, in agreement with previous experimental
results obtained on clay specimens at lower confining pressures,’®”" the
residual strength does not appear to be affected by strain rate.

These two aspects observed under monotonic conditions, have also
strong implications in the context of hydrogen storage operations. As
shown by the stress controlled cyclic triaxial test, the application of fa-
tigue loads induces an axial strain accumulation which results in a
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progressive degradation of the material structure. Eventually, a fragile
cyclic failure occurs as the reduced material strength approaches the
maximum applied deviator, as indicated by the comparison between the
monotonic and cyclic responses. This result is consistent with previous
experimental studies carried out mainly on rocks (e.g., ’"”>*%7%), which
noted that the monotonic curve somehow envelops the cyclic
stress-strain response of the specimen. For a clayey material charac-
terised by a viscous response, this observation holds, provided that the
monotonic behaviour is obtained at a strain rate corresponding to the
average cyclic one. Something similar was observed experimentally by
Lefebvre & LeBoeuf °® based on the results of cyclic triaxial tests carried
out on sensitive clays from shallow depths. However, to our knowledge
there are no reported experimental results on the strain rate dependence
of the cyclic behaviour of structured stiff clays tested under such high
confining pressures.

The dependence of the material response on the axial strain rate is
likely to indicate a significant influence of the loading frequency in
stress-controlled fatigue tests. This would suggest that the cyclic
behaviour of caprock materials should be studied experimentally using
loading frequencies consistent with those expected in the field. How-
ever, hydrogen injection-production operations are characterised by
very low frequencies, characteristic of the seasonality of renewable
energy sources. Such frequencies are not compatible with feasible test
times in the laboratory. Cyclic tests will therefore have to be performed
at higher strain rates, but the results will necessarily have to be inter-
preted in the light of strain rate effects.

A potential approach to overcome the limitations associated with
time constraints in fatigue life testing could be the explicit introduction
of viscous effects in constitutive modelling. For this purpose, various
approaches have already been shown to be effective in reproducing the
experimentally observed response of geomaterials (e.g., /*’”). These
approaches should be coupled with modelling of the debonding mech-
anism to properly reproduce the observed fragile response of the
caprock material (e.g., ”®””). The constitutive parameters could then be
calibrated against the results of tests conducted at different “affordable”
strain rates, such as those presented in this research.

Another interesting emerging aspect is the observed variation of
elastic wave velocities with progressive cyclic destructuration. As the
material structure degrades, the P- and especially the S-wave velocities
tend to decrease, dropping rapidly when cyclic failure occurs. At the
same time, the failure of the specimen also induces a strong reduction in
the maximum normalised cross correlation coefficient, which is prob-
ably related to the development of the shear band. It will be worthwhile
in future research to evaluate whether monitoring the evolution of the
elastic wave propagation characteristics can be a promising option for
assessing in situ the progress of the destructuration process of the
caprock formation in the vicinity of injection wells.
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