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One of the challenges of storing hydrogen in saline aquifers is the possible geochemical reactions between host
rock, formation solution, and hydrogen. This study investigated the effect of hydrogen treatment on the me-
chanical properties of sandstone samples from Hulett member of Sundance Formation, a potential underground
hydrogen storage host in Wyoming, USA. Cylindrical specimens were treated with brine, brine+50%H,, and
brine+100%H> for two weeks at a pressure of 15 MPa and a temperature of 83 °C. X-ray diffraction (XRD),
scanning electron microscope (SEM), Brunauer-Emmett-Teller (BET), uniaxial compression, and triaxial
compression tests were conducted on specimens. Results showed that specimens treated with brine+50%H; and
brine+100%H,, on average, exhibited 24 and 41% lower peak strength, respectively, compared to that of

specimens treated with the brine. XRD results showed a decrease in dolomite and clay content of specimens after
exposure to hydrogen, causing degradation of the mechanical and elastic properties of the specimens.

1. Introduction

The increase in world population, industrialization, and individual
income have contributed to the rising energy demand and consumption.
It is estimated that there will be a 25% increase in energy demand by
2050 [1]. Although fossil fuels have had the largest share of the global
energy mix for decades (presently about 80%), the depletion of nonre-
newable resources, the impact of geopolitical uncertainties, and nega-
tive environmental consequences due to fossil-fuel utilization have
inevitably demanded more sources of clean and renewable energy. One
solution to this problem is to increase the use of renewable energies,
such as geothermal, hydro, wind, and solar. Renewable energies are
predicted to provide 45% of all the needed energy by 2050 [2], in
accordance with the goal set by the International Energy Agency (IEA) to
reach net zero emissions [3]. However, a potential challenge with these
sources of energy is that seasonal changes and geographical constraints
can disrupt their production and usage [4]. Energy from hydrogen, on
the other hand, can be produced and used all year round.

Hydrogen is the lightest and most abundant element, and its high
energy density makes it a desirable alternative to fossil fuels. Hydrogen
can be produced from low carbon energy (green hydrogen), iron-rich
rock formation (orange hydrogen), carbon fuel (brown hydrogen),
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natural gas without CO; capture (grey hydrogen), and natural gas with
CO; capture and storage (blue hydrogen) [5]. In 2020, hydrogen and
hydrogen-based fuels were less than 0.1% of the total final energy
consumption. However, hydrogen could provide 10% of the total fine
energy consumption by 2050 according to the IEA [6]. As an important
surplus energy, hydrogen needs to be stored for later use. Tanks and
cylinders are the short-term storage options. However, their low storage
volume and high energy demands require a long-term storage solution
[71.

Geological storage is an efficient and low-cost option for storing large
volumes of hydrogen. Depleted oil and gas reservoirs, salt caverns, coal
seams, and saline aquifers can be used for storing hydrogen since they
provide large volumes of space [8]. Among the geological storage op-
tions, saline aquifers are considered the most cost-effective for under-
ground hydrogen storage (UHS) [9]. One potential benefit of using
saline aquifers is that the salt decreases hydrogen solubility in water,
thus limiting hydrogen dissolution which would be considered a net
resource loss [7]. Since small molecules of hydrogen can easily diffuse
into different parts of the formation rock [4], it is necessary to study the
heterogeneity inherent to natural underground reservoirs in order to
mitigate gas loss during UHS. Previous studies that simulated UHS
conditions showed that lower injection rates and the presence of a
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caprock both improved hydrogen recovery rates from a heterogenous
sandstone reservoir [10]. For an injection rate of 360 kg/h, the recovery
rates increased from 29.9% to 36% through the addition of a caprock. A
higher injection rate of 18,000 kg/h drastically reduced recovery rates
both with (7%) and without (4.9%) a caprock. Simulations of hydrogen
injection into the depleted Haynesville shale-gas formation were con-
ducted by Singh [11] for three durations: short-term (6 h of injection
followed by 6 h of production, total 60 cycles), intermediate-term (15
days of injection followed by 15 days of production, total 18 cycles), and
long-term (60 days of injection followed by 60 days of production, total
10 cycles). Results showed that increasing the duration of cycles from
short-term to long-term improved hydrogen recovery from 44.7% to
71%; longer cycles, however, did reduce produced hydrogen purity.
Further, decreasing the permeability (K) of the formation from 0.01 mD
to 0.001 mD improved hydrogen recovery by 14.7%, but also decreased
purity by 50%. These studies illustrate how important understanding the
interactions between hydrogen, rock, and the formation water is
because those interactions can significantly impact the mineral
composition, matrix, elastic, and mechanical properties of the rock.

Some studies have been conducted to investigate the geochemical
reactions between rocks and hydrogen. Truche et al. [12] reported rapid
sulfide production (2.5 mM) in the first 48 h when hydrogen (10%
content), with a relative pressure of 0.6 MPa at a temperature of 250 °C,
was introduced into an autoclave containing sieved claystone samples.
Batch experiments on 30-50 mm plugs of Permian Sandstone under
reservoir conditions (20 MPa, 120 °C, 35% salinity) did not show any
reactions with hydrogen except that the host brine turned brown after
the batch experiments [13]. In another study, batch experiments on
sandstone and siltstone samples showed the dissolution of anhydrite and
carbonate cement after only six weeks of hydrogen treatment at 10-20
MPa and 40-130 °C [14]. Despite the dissolution of these minerals in all
sample types, there was no clear relationship with the development of
porosity (¢), even though there was a recorded increase in sample sur-
face area. In another series of batch experiments on sandstone samples,
Pudlo et al. [15] observed the dissolution of sulfate and calcite, but no
change in the volume of the silicate phase after exposure to hydrogen at
40-120 °C and 4-20 MPa. In all experiments, if anhydrite, barite, or
calcite were absent, then no significant geochemical reaction was
observed. These minerals acted as cementation and pore-filling mate-
rials, and their dissolution led to an increase in ¢ and K. Buntsandstein
sandstone samples showed an increase in recrystallized muscovite
content after treatment with pure hydrogen at dry conditions; under 10
MPa and 100 °C for six months [16]. In another set of batch experiments,
Hassanpouryouzband et al. [17] reported the disaggregation of different
sandstone samples with particle sizes between 0.355 and 4 mm, and an
increase in both calcium (43 ppm) and potassium (19 ppm) contents
after 1-8 weeks of hydrogen treatment at 1-20 MPa and 60-80 °C. To
determine the effect of chemical reactions between calcite, hydrogen,
and water, Gelencsér et al. [18] conducted batch experiments on
powdered natural pure calcite (Iceland spar) under a cell pressure of
hydrogen or nitrogen at 10 MPa, 105 °C and reaction times of 3, 24, and
72 h. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) results showed almost no difference in the amount of dis-
solved calcite after either hydrogen or nitrogen injection. Our review of
the current literature shows that the reactions between hydrogen and
rock depend on other factors like temperature, pressure, duration of the
experiment, and rock minerals.

Although previous studies investigated the effect of hydrogen in-
jection on the mineral content of rocks, experimental studies are rarely
conducted to understand the effect of hydrogen-rock interactions on the
mechanical and elastic behaviors of rocks. This paper investigates the
effect of rock-brine-hydrogen interactions on the mineralogy, pore
structure, and elastic and mechanical properties of Hulett Sandstone
samples collected in the Powder River Basin, Wyoming, USA. This study
is potentially the first of its kind to present changes in the mechanical
and elastic properties of the rock after hydrogen treatment through a
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series of uniaxial and triaxial compression tests, microstructural anal-
ysis, and mineral characterization. The practicality and safety of UHS
require knowing the implications of hydrogen injection on underground
geologic formations.

2. Geological description of Hulett sandstone

This study focuses on subarkosic sandstone samples from the Jurassic
Hulett member of the Sundance Formation collected from Wyoming
CarbonSAFE PRB#1 well in the Powder River Basin, Wyoming, USA. At
the location of the well, the top of the Hulett sandstone is 2522 m below
the surface and is 25 m thick. The mean ¢ and K of sidewall cores from
the Upper Sundance Members and the adjacent Morrison Formation are
3.92% and 600 nD under 34.5 MPa net confining pressure, respectively.
Based on the log and seismic data, the studied site is relatively flat and
continuous [19]. The hydrostatic pressure gradient at the studied site
was estimated from the Modular Dynamic Tester (MDT) log to be 0.009
MPa/m, which is considered “under pressured” [20]. The formation
water consists of: NaCl: 82 g/L, KCl: 9.515 g/L, NaySO4: 7.631 g/L,
CaClye2H50: 4.658 g/L, and NaHCOs: 1.09 g/L. The temperature
gradient was estimated to be 0.0328 °C/m. In addition, the total dis-
solved solids (TDS) of brine were analyzed at 104,020 mg/L.

Six samples were obtained from the upper Hulett member at depths
of 2522.5 m, 2522.8 m, 2523.1 m, 2524.4 m, 2525.0 m, and 2525.2 m.
Fig. 1 shows thin-section images [19] of samples proximal to the depths
sampled in this study. Even though all of the samples are within 3 m,
heterogeneity is obvious. Deeper samples (2524.6 and 2525.7 m) show
larger grain sizes, higher ¢, and higher K than those from shallower
depths (2522.4 and 2522.7 m), and previous work by Quillinan et al.
[19] noted some mineral complexity despite structural consistency
throughout the region. The thickness of the Hulett Sandstone, its basal
and overlying caprock seals [21-23], and its under-pressure nature
([201; Y. [24]) all suggest a viable deep saline aquifer that might be
suitable for UHS. Thus, this experimental study is indispensable to un-
derstand the effect of hydrogen storage on the mineralogy and me-
chanical properties of the Hulett sandstone.
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Fig. 1. Thin section images from the Hulett Sandstone. MD stands for median
depth, ¢ stands for porosity, and K stands for gas permeability, after [19]. The
orange scale bar is 500 pm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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3. Experimental methods
3.1. Specimen preparation

Sandstone samples with a 102-mm core diameter were acquired from
the UW-PRB#1 library. Using a wet coring drill, specimens with di-
ameters of 25 and 38 mm were cored out of the original samples.
Specimens were then cut to a length double their diameters using a wet
saw, in accordance with ASTM D5453-19. A surface grinder was then
used to bring both ends of the specimen perpendicular to its sides. Each
specimen was then placed in the Soxhlet extractor, where a mixture
(1:1) of methanol and Toluene was circulated through the specimen for
24 h so that the salt and oil from the original drilling could be extracted.
Finally, the specimens were dried in an oven at 105 °C for 24 h.

3.2. Rock treatments

Three treatment conditions were applied to the rock specimens. The
first treatment condition, “0%H;”, submerged the specimen in the brine
solution (composition discussed in Section 2) using a vacuum incubator
for one week at room temperature. In the second treatment condition,
“50%H,”, rock specimens were submerged in brine for one week (same
as the 0%H; treatment condition). Next, it was transferred to a high
pressure and high temperature (HPHT) autoclave vessel (MTI
HPV10LH) (Fig. 2a) filled with 75-mm height brine (Fig. 2b). The HPHT
vessel has a capacity of 10 L, and can hold up pressure up to 20 MPa, and
heating limit of 200 °C. Using a gas booster (Maximator DLE 75), the
pressure from a gas tank containing 50% hydrogen and 50% argon
(99.999% purity) was increased and transferred to the vessel (Fig. 2a).
The inlet valve was opened, and the gas injection process started until
the pressure inside the vessel reached 15 MPa, as indicated by the ves-
sel’s pressure gauge. Next, the inlet valve was closed so that the pressure
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would be sustained in the vessel. At this point, the vessel’s oven was
turned on to raise the vessel temperature to 83 °C. The treatment pres-
sure and temperature were chosen based on the in-situ formation con-
dition. The specimen was kept in the vessel for 336 h (two weeks). The
third treatment condition known as 100%H, was the same as the 50%H,
treatment condition except 100% hydrogen (99.999% purity) was
injected into the vessel for treatment.

3.3. Rock characterization

X-ray diffraction (XRD) tests were conducted on powdered rock
specimens using the Rigaku SmartLab SE X-ray Diffractometer in the
University of Wyoming’s Materials Characterization Laboratory. All
powdered samples were analyzed using a voltage of 44 kV and a current
of 44 mA, from 5 to 80° 26, at a scan rate of 4°/min. After these analyses,
oriented clay mounts (procedure outlined by Ref. [25]), were analyzed
at 20 ranging from 3° to 32°, at a rate of 3°/min before and after
treatment with ethylene glycol (used to indicate the presence of swelling
clay minerals). Finally, the intensity versus different 20 values were
plotted to determine different minerals. For quantification of the results,
raw XRD data were fed to MDI Jade software (Materials Data Inc., Liv-
erpool, CA), and percentage weights of all the possible phases were
acquired. The Jade software calculates the peak area assigned to each
individual phase to quantify the percentage weights.

Flat chips extracted from the specimens were gold-coated and
analyzed using the FEI Quanta 250 Scanning Electron Microscope.
Accelerating voltages of 5 and 20 kV and a spot size of 3 were used in the
SEM tests. The INCA software was used to perform the Energy dispersive
X-ray spectroscopy (EDS) to detect the different elements and minerals
of each specimen.

Thin sections were prepared from cylindrical specimens. Void spaces
on the specimens’ surfaces were stained with blue epoxy (e.g., Fig. 1).

Fig. 2. Photos show a) the high-pressure and high-temperature vessel for hydrogen treatment, b) rock specimens submerged in the brine inside the vessel before
treatment, ¢) GCTS equipment, d) NER equipment, and e) the picture of a rock specimen setup for the TC test.
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An Epson scanner was used to scan the thin sections and provide the
digital image. The software GeoPixelCounter v. 1.0 by Mock et al. [26]
was used to count the number of pixels of different parts (grains and
voids) that make up the surface of the specimen to determine the ¢.

For the Brunauer-Emmett-Teller (BET) test, small chips (less than 1
cm wide) extracted from the specimens were placed in test tubes and
dried at 105 °C for 24 h while Helium was purged into them. Next, the
test tubes containing the specimens were placed in the Micromeritics
TriStar 3000 equipment in a Nitrogen gas environment for measuring
the surface area and pore size distribution of the specimens.

3.4. Uniaxial and triaxial compression tests

Table 1 summarizes the specimen identification, rock porosity,
treatment condition, confining pressure, pore pressure, and temperature
for mechanical experiments consisting of uniaxial compression (UC) and
triaxial compression (TC) tests. For each treatment condition, three rock
specimens were prepared for one UC test and two TC tests. Two
confining pressures of 43 and 63 MPa and pore pressure of 23 MPa were
used in the TC tests. All experiments were conducted at the in-situ
temperature of 83 °C. Noteworthy to mention that because of the
inherent heterogeneity of the specimens, rock specimens with two ¢
values of 6.4 and 10.5% were considered. Since the specimens treated
with 0%H; at ¢ of 6.4% were different from those specimens treated
with 100%H; at ¢ of 10.5%, three specimens with the ¢ of 10.5% were
prepared using the first treatment condition for UC and TC tests to ac-
count for the effect of ¢. Each specimen ID consists of two parts: 1) the
specimen number (from S1 to S12), and 2) the treatment and test con-
ditions in parenthesis. The treatment conditions are OH for specimens
submerged in brine, 50H for specimens treated with 50%Hs, and 100H
for specimens treated with 100%H>. The mechanical testing conditions
are UC for the uniaxial compression test, TC20 for the triaxial
compression test with an effective confining pressure of 20 MPa, and
TC40 for the triaxial compression test with an effective confining pres-
sure of 40 MPa.

UC tests were conducted on 25-mm diameter specimens using the

Table 1
Summary of the specimen IDs, treatment conditions, and mechanical testing
conditions.

Specimen 9] Treatment Confining Pore Temperature
ID (%) Condition Pressure Pressure (O]
(MPa) (MPa)
S1 (0H- 6.4 Submerged in 0 0 83
uQ) Brine for one
S2 (OH- week 43 23
TC20)
S3 (OH- 63 23
TC40)
S4 (OH- 10.5  Submerged in 0 0
uc) Brine for one
S5 (OH- week 43 23
TC20)
S6 (OH- 63 23
TC40)
S7 (50H- 10.5  Submerged in 0 0
uQC) Brine for one
S8 (50H- week -+ treated 43 23
TC20) with 50%H;
S9 (50H- for two weeks 63 23
TC40)
S10 10.5  Submerged in 0 0
(100H- Brine for one
uc) week + treated
S11 with 100%H 43 23
(100H- for two weeks
TC20)
S12 63 23
(100H-
TC40)
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GCTS RTR-1500 equipment (Fig. 2c) at the University of Wyoming
(UW). Each rock specimen was covered with heat shrink tubing and
instrumented with one radial and two axial LVDTs. A sitting deviatoric
stress of about 0.5 MPa was applied to the specimen so that the loading
process would be smooth and controlled. Next, the deviatoric stress was
increased at a loading rate of 1% axial strain per minute until failure.
Failure was defined by a continuous decrease in the axial stress after
reaching the peak point in the stress-strain plot. TC tests were performed
on 38-mm diameter specimens using the NER AutoLab 3000 equipment
(Fig. 2d) at the UW. The specimen was placed inside a Viton jacket
between two core holders and instrumented with one radial and two
axial LVDTs (Fig. 2e).

Fig. 3 shows an example of a TC test procedure. An initial confining
pressure of 2 MPa was applied to the specimen (stage 1). The oven of the
equipment was connected, and the target temperature was set to 83 °C
(stage 2). After reaching the target temperature, the confining pressure
was increased to 5 MPa (stage 3). At this point, a pore water pressure of
2 MPa was applied to the specimen (stage 4). Next, both the confining
and pore pressures were ramped up to their target values at a rate of 3
MPa/min (stage 5). After that, an initial deviatoric stress of 2 MPa was
applied to the specimen (stage 6). Finally, the deviatoric stress was
increased at a rate of 0.003 mm/s until post-failure was observed (stage
7). It is worth noting that the temperature was kept constant at 83 °C
throughout the tests.

4. Results and discussion
4.1. Characterization

4.1.1. X-ray diffraction (XRD)

Fig. 4 shows the XRD patterns, and Table 2 summarizes the mineral
composition by weight percent for the three different treatment condi-
tions. Quartz is the main phase in all three specimens despite the
different treatment conditions. Results indicate that quartz, anorthite,
albite, and microcline contents are all higher in the specimens treated
with Hj than in the brine-submerged specimen. To be clear, the higher
relative weight percents of these minerals are not due to precipitation,
rather the increase is attributed to the reduction in dolomite, ankerite,
and clay minerals from Hy treatment. Dolomite, ankerite, and clay
mineral content decrease from 50%H; to 100%H> treatment. Although
clay content decreased after hydrogen treatment, illite remained the
main clay-mineral phase in each specimen, and smectite was minor.

The reduction in dolomite most likely resulted from dissolution
described by Eq. (1) [27], where the dolomite, CaMg(COs3),, reacts with
Hj to produce calcite, magnesium hydroxide, methane, and water.

50 200
= + +Confining Pressure
% 45 9| «+eee Pore Pressure == - 180 -
g 40 4| = = Temperature . L 160 E
Deviatoric Stress «

96’ 35 ., L 140 -2
~ e
- <
530 ! 120 %
S £ s ! L 100 S £
$s® verrenenfuens [ 1053
5 20 4 /--_--77--_ L g0 &
5 .l 3
15 / I L 60 B
= / .l &
S 10 A / N F 40 g
g / &=
O 5 1 PR F 20

0 yee®®® 0

Stage 1 Stage 2 Stage 3 Stage4 Stage5 Stage 6 Stage 7

Fig. 3. An example of the steps and timeframe of the TC tests under 43 MPa of
confining pressure and 23 MPa of pore pressure.
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Fig. 4. XRD patterns of specimens with three different treatment conditions (Q
= Quartz; Al = Albite; D = Dolomite; M = Microline; Ca = Calcite).

@

The dissolution of illite explains the reduction in the clay content
after the hydrogen treatment. There is a high interfacial tension (IFT)
between clay and hydrogen that makes a reaction between them un-
likely [4]. However, the reaction between illite and water leads to the
dissolution of illite as described in Eq. (2) [28]:

4H, + CaMg(COs), — CaCOs + Mg(OH), + CH, + H,0

KOﬁMgO_ZSA[Z»}Si}j 010(01‘1)2 + 112H20 - 061{+ + 0251‘4g2+

a . . @
+23AI(0H)* +3.5H,Si04 + 1.2H

After treatment, the pH values of the 0%H,, 50%Ho,, and 100%H>
solutions were measured at 6.5, 6.9, and 7.6, respectively. The increase
in the pH of the solutions containing Hy shows that the intensity of the
chemical reaction increases when the Hy concentration increases from
0% to 100%. The dissolution and precipitation of carbonates are likely
the cause of the increase in pH [29].

Along with monitoring the changes in the minerals of specimens,
future studies can also measure the composition of saturation fluid
before and after treatment with hydrogen to get a more comprehensive
understanding of the chemical changes.

4.1.2. Scanning electron microscopy (SEM)

Fig. 5a—c shows SEM images of the selected specimens treated with
0%Hp, 50%Hj, and 100%H,, respectively. Fig. 5a shows that the quartz
grains are surrounded by dolomite grains, and it can be deduced that
dolomite plays a role in the cementation of the quartz grains. Most of the
pores are smaller than 5 pm. Fig. 5b shows that the dolomite mineral
concentration has reduced due to the moderate dissolution of dolomite
after 50%H, treatment. In addition, the negligible small amount of
calcite (CaCOs3) produced from the moderate dolomite dissolution re-
action could not be determined in Fig. 5b. Furthermore, the minerals in
Fig. 5b are less compacted with most pores smaller than 10 pm. Fig. 5¢
shows that the surface of the specimen is smoother than the two other
specimens, and dolomites are mostly dissolved by the 100%Hj to form
calcite. The pores are smaller than 10 pm, and the precipitated calcites
are widely observed. It is believed that the precipitated calcite grains
might have covered or filled some of the bigger pores. The severe
dolomite dissolution and precipitation of calcite resulting from the re-
action with 100%H; could have changed the original microstructure and
cementation of the sandstone.

Table 2
Relative mineral weight percents at three different treatment conditions.
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4.1.3. Porosity estimates using thin sections

Thin section images of selected specimens treated with 0%H;
(Fig. 6a), 50%H; (Figs. 6b), and 100%H, (Fig. 6¢) are shown with blue-
epoxy-impregnated pore space. GeoPixelCounter [26] shows an increase
in porosity from 14.7% in the specimen treated with 0%Ho, to 19.4% in
the 50%H; treatment, to 37.7% in the 100%H, treatment. This might
suggest that Hy treatment increases relative porosity, but it could also
reflect rock heterogeneity. As discussed in Section 2, previous studies
had a maximum of 10.5% porosity for samples from depths comparable
to those in this study. The higher baseline porosity in the 0%H, spec-
imen could either reflect heterogeneity or the different measuring
methods.

4.1.4. BET

Table 3 summarizes BET measurements of the surface area, cumu-
lative volumes of mesopores (with a diameter of 2-50 nm), macropores
(with a diameter >50 nm), and total pores of the rock specimens with
three treatment conditions, along with the respective changes in pore
volumes from brine treatment to hydrogen treatments. The specimens
treated with 0%H,, 50%H,, and 100%H- have surface areas of 9.31,
9.16, and 10.78 m?/ g, respectively, and 100%Hj treatment increases the
surface area by about 16%, compared to the specimen treated with 0%
Hjy. The cumulative mesopore volumes of specimens treated with 0%Ho,
50%H,, and 100%H; are 0.156, 0.187, and 0.176 cm3/g, respectively.
The cumulative macropore volumes of specimens treated with 0%Ho,
50%H,, and 100%H, are 0.054, 0.046, and 0.055 cms/g, respectively.
This suggests that mesopores constitute the majority of pore volumes in
all samples. The total pore volumes of specimens treated with 0%Ho,
50%H,, and 100%H; are 0.21, 0.233, and 0.231 cmg/g, respectively.
The increase in the total pore volume reveals the effect of Hy on the
microstructure of Hulett sandstone. Pore volumes obtained by BET are
more reliable than the estimates made from thin section images (section
4.1.3) since porosity measured in thin section images is from a two-
dimensional slice and not the representative three-dimensional vol-
ume measured by BET.

4.2. Confinement stage

4.2.1. Volumetric stress-strain responses

Fig. 7a shows the changes in volumetric strain (ey) versus the effec-
tive confining pressure for the four specimens with three treatment
conditions and under a target confining pressure (P.) of 43 MPa and pore
pressure (P,) of 23 MPa. The e, was calculated using the radial strain (e;)
and axial strain (e,), given by Eq. (3)

3)

Effective confining pressure or differential pressure (P4) was calcu-
lated as the difference between P. and P}, given by Eq. (4)

e,=2¢.+¢€,

4

Fig. 7a shows that specimen S11 (100H-TC20) exhibits the lowest &y,
while specimen S5 (OH-TC20) experiences the highest €,. This compar-
ison shows that 100%H> treatment made specimen S11 less compress-
ible, with 80% smaller maximum ¢, than that of specimen S5. We
believe that the relatively higher final porosity of the S11 specimen, as
suggested in Section 4.1.3 based on thin sections and assuming more
connected pores, facilitates the buildup of target P, inside the pore
spaces, accelerates reaching the P4 equilibrium, and hence contributes

P,=P.—P,

Treatment Quartz Dolomite Ankerite Anorthite Albite Microline Clay + Phyllosilicates
0%H, 58.4 13.0 3.5 0.6 11.2 0.0 13.3

50%H; 61.8 10.4 1.3 2.2 13.0 2.8 8.4

100%H 71.7 5.9 2.6 2.7 11.8 3.0 1.9
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Fig. 6. Scanned images of thin sections of specimens treated with a) 0%H,, b) 50%H,, and c¢) 100%H,. Blue indicates pore space. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

to a lower g, during the confining stage. On the other hand, specimen S8 10 MPa. It is believed that the P, begins building up inside the speci-
(50H-TC20) exhibits a higher ¢, than specimen S2 (OH-TC20) until the men’s pores, countering the compression from the P.. At the end of the
Pqreaches 10 MPa, but the difference in the €, begins to diminish at Pq > confining stage, the e, of specimen S8 (50H-TC20) becomes comparable
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Table 3
BET test results of rock specimens subjected to three treatment conditions.
Treatment Surface Area Mesopore volume Macropore volume Total pore
Value (mz/g) Change (%) Value (cms/g) Change (%) Value (cms/g) Change (%) Value (cms/g) Change (%)
0%H, 9.3077 - 0.156 - 0.054 - 0.21 -
50%H, 9.1645 -1.53 0.187 19.87 0.046 -14.81 0.233 10.95
100%H, 10.7765 15.78 0.176 12.82 0.055 1.85 0.231 10
agrees with the P4-¢, responses of specimens subjected to P4 of 20 MPa in
2 (a) Fig. 7a.
Comparing the P4-¢, responses in Fig. 7a and b, both specimens S8
. (50H-TC20) and S9 (50H-TC40) experience unusual Pg4-g, responses
. 7/ with an initial increase in e, with P4 followed by a decrease in ¢, before
ya reaching the target Py4. Increasing the P4 from 20 to 40 MPa increases the
P I maximum ¢, of the specimens S2 (OH-TC20) and S3 (OH-TC40) at the
o initial ¢ of 6.4% from 2.1 me to 5.1 me or 143%. However, the speci-
o~ . — TR mens S5 (OH-TC20) and S6 (OH-TC40) with the higher initial ¢ of 10.5%
- experience a smaller increase in g, from 6.1 to 8.16 me or 34% when the
— - - S5(0H-TC20) Pq increases from 20 to 40 MPa. For treatment with 50%H,, the &, in-
= — =S8 (50H-TC20) creases from 2.2 to 3.5 me or 59% when the P4 increases from 20 to 40
— - =S11 (100H-TC20) MPa. At P4 of 20 MPa, specimen S8 (50H-TC20) has the maximum &,
0 : i i é "t é (IS ; comparable to that of specimen S2 (OH-TC20) but at P4 of 40 MPa, the
&, (me) maximum ¢, of specimen S9 (50H-TC40) has a value 32% lower than
45 that of the specimen S3 (OH-TC40). It is believed that the effect of
(b) hydrogen treatment on the specimens at a higher P4 is more significant,
40 /' compared to a lower P4. Lastly, the specimens S11 (100H-TC20) and S12
35 N (100H-TC40) exhibit an increase in the maximum &, from 1.2 to 1.9 me
30 7/ or 58% with the increase in Pq from 20 to 40 MPa.
§ 25 . -/ 4.2.2. Bulk modulus
=20 X 7 Bulk Modulus (K) as an indicator of the change in the volume of the
& 15 ’ 53 (ORTC0) specimen at the confining stage was calculated using Eq. (5)
10 — - - 86 (OH-TC40) _ApPy )
s - = =59 (50H-TC40) Ag,
0 i i ; —-SB (IIOOH_TCM)) where, AP4 is the changes in effective confining pressure, and Aey is the
0 2 4 6 8 10 changes in volumetric strain.

€, (me)

Fig. 7. The relationship between volumetric strain (e,) and the effective
confining pressure (Py) for four rock specimens under a target effective pressure
of a) 20 MPa and b) 40 MPa.

to that of specimen S2 (OH-TC20). For specimens treated with 0%Hj, the
specimen S5 (OH-TC20) with a higher initial ¢ of 10.5% experiences a
higher ¢, than that of the specimen S2 (OH-TC20) with a lower initial ¢
of 6.4%. We believe that specimen S5 may have more isolated pores that
prevent the buildup of P, in the pore spaces and for this, it experiences
higher compression in the pore spaces than that in specimen S2.

Fig. 7b shows the changes in €, versus the P4 for the four specimens
with different treatment conditions tested under a higher target P, of 63
MPa and P, of 23 MPa. Similar to Fig. 7a, for the same initial ¢ of 10.5%,
the specimen S6 (OH-TC40) exhibits the highest €, while the specimen
S12 (100H-TC40) experiences the smallest maximum &, or 76% smaller
in &y. The treatment with 100%H> increases the final ¢, facilitates the
building up of P}, in pore spaces, and hence, reduces the compressibility
of the specimen. For the same initial ¢ of 6.4%, specimen S9 (50H-TC40)
shows higher ¢, than that of specimen S3 (OH-TC40) until the P4 reaches
about 19 MPa. It is believed that the water reaching the pores of the
specimen and the P, builds up inside the specimen counter the contin-
uous increase in &, from the P, application. At the end of the confining
stage, the specimen S9 (50H-TC40) shows a 31% smaller &, than that of
the specimen S3 (OH-TC40). For treatment with 0%H,, specimen S6 (OH-
TC40) with a higher initial ¢ of 10.5% exhibits a larger ¢, than that of
specimen S3 (OH-TC40) with a lower initial ¢ of 6.4%. This observation
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Fig. 8 shows the increase in K with an increase in P4 for the three
treatment conditions and two initial ¢ values during the confinement
stage. Specifically, the increase in the P4 from 20 to 40 MPa increases the
K of specimens treated with 0%H, with the initial ¢ of 6.4% by 10%. The
specimens treated with 0%H; with a higher initial ¢ of 10.5% exhibit a
much higher increase in K by about 65%. Increasing the P4 from 20 to
40 MPa increases the K values by 36% and 17% of the specimens treated
with 50%H, and 100%H,, respectively. The specimens treated with
100%H; exhibit the highest K values at both P4 values or 4.3 times
higher than those of the specimens treated with 0%Hj, at the same initial

25
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_ 15
o
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)
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—e—0%H2-64%¢ | === .
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5 4
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Fig. 8. Changes in bulk modulus (K) versus the effective confining pressure (Pq)
for all the specimens tested under triaxial conditions.
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@ of 10.5%. On the other hand, the specimens treated with 50%H> have
a K comparable to that of the specimen treated with 0%H, with ¢ of
6.4%. Lastly, the specimens treated with 0%H, with ¢ of 10.5% exhibit
the lowest average K of 3.6 GPa. K depends on the stiffness of mineral
grains, and hence, specimens treated with 100%H; containing the
highest quartz content and lowest clay content exhibit the highest K.
Accordingly, specimens treated with 50%H; and 0%Hj exhibit medium
and lowest K values, respectively.

4.2.3. Relationship between microstructure and mechanical behavior in
confining stage

Under both effective P4 values, specimens treated with 50%H, and
100%H; show smaller maximum ¢, than the specimens treated with 0%
Hp. Past studies have reported contradicting relationships between ¢
and compressibility (changes in the pore volume with respect to the
change in pore pressure under a specific confining pressure) [30]. Hall
[31] and Newman [32] proposed negative relationships between ¢ and
compressibility from experiments on sandstone samples from different
reservoirs. Fatt [33] reported no relationship for sandstone reservoir
samples, collected from 7 different reservoirs. On the other hand, Ceia
et al. [34] showed a positive relationship between ¢ and compressibility
for Berea and Boise sandstone samples. The experimental results
conclude that the lower compressibility of specimens treated with
hydrogen cannot totally be attributed to porosity, but the mineralogy of
the specimens could play an important role. Quartz grains are harder
and brittle, and carbonate and clay minerals are quite weak and ductile
[35]. When Pq is applied to the specimen, the carbonate and clay grains
will experience higher deformation than quart grains. Hence, specimens
treated with hydrogen, containing higher quartz and lower carbonate
and clay minerals as shown in Table 2, experience lower ¢, than speci-
mens treated with 0%Hos.

4.3. Axial loading stage

4.3.1. Axial stress-strain responses

Fig. 9a shows the plots of the deviatoric stress (Acq) versus the axial
strain (right side of the plot) and radial strain (left side of the plot) from
the UC tests for the four rock specimens. Specimen S7 (50H-UC) exhibits
a uniaxial compressive strength (UCS) value of 80 MPa, 27% lower than
the UCS of specimen S4 (OH-UC). Similarly, the UCS value of the spec-
imen S10 (100H-UC) is 72 MPa, 34% lower than that of the specimen S4
(OH-UC). Furthermore, a decreasing trend of UCS values was observed
from 0% Hj to 100% Hj treatment. The specimen S10 (100H-UC) fails at
a higher axial strain of about 10 me, compared to that of all other
specimens. All the specimens have a similar brittle failure behavior with
a sudden drop in axial stress. For quantifying the failure behavior of the
specimens, the brittleness index (BI) suggested by Tarasov & Potvin [36]
given by Eq. (6) was used.

E

BI=—

i ©

where E is the elastic modulus of the pre-peak region and M is the elastic
modulus of the post-peak region in the stress-strain plot, and a higher BI
value indicates a more ductile behavior. Fig. 10 compares the BI values
with the Pq for all specimens. All the UC specimens similarly show brittle
failure behavior with BI values ranging from 0.07 to 0.42.

Fig. 9b shows the deviatoric stress (Acq) versus the axial strain (right
side of the plot) and radial strain (left side of the plot) from the TC tests
under a P. of 43 MPa and a P, of 23 MPa (or Py = 20 MPa). The spec-
imens S2 (OH-TC20) and S5 (OH-TC20) have a maximum compressive
strength of about 164 MPa. Interestingly, specimen S8 (50H-TC20)
shows a slightly higher strength of about 169 MPa. Probably due to the
heterogeneity of the specimen, the effect of 50%Hj-treatment cannot be
realized. However, the specimen S11 (100H-TC20) shows 43% decrease
in the compressive strength than that of the 0%H;-treated specimens.
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Fig. 9. The changes in the deviatoric stress (Acy) versus the axial strain (right
side of the plot) and radial strain (left side of the plot) in the a) UC tests, b) TC
test under an effective confining pressure of 20 MPa, and c¢) TC test under an
effective confining pressure of 40 MPa.

The axial strains at their corresponding maximum strengths are com-
parable. Because of the effect of Py, the axial stress-strain responses of all
four specimens do not exhibit a sudden decrease in axial stress as
observed in the UC tests. Fig. 10 shows that specimen S11 (100H-TC20)
has a higher BI of 1.1 than the BI = 0.7 of specimen S5 (0H-TC20).
However, specimen S8 (50H-TC20) showed 52% lower BI value,
compared to the BI = 1.46 of specimen S5 (OH-TC20). A comparison
between the BI = 1.74 of specimen S2 (OH-TC20) and the BI = 0.7 of
specimen S5 (OH-TC20) indicates that higher porosity increases the
brittleness. The post-failure behaviors are comparable with a gradual
decrease in the axial stresses with an increase in axial strain. The re-
sponses show that the hydrogen treatment probably does not have much
effect on the failure mode of the specimens under the P4 of 20 MPa.
Fig. 9c shows the deviatoric stress (Acq) versus the axial strain (right
side of the plot) and radial strain (left side of the plot) from the TC tests
under a P, of 63 MPa and a P, of 23 MPa (or P4 = 40 MPa). The specimen
S3 (OH-TC40) exhibits a larger maximum strength of 297 MPa than the
maximum strength of 223 MPa of the S6 (OH-TC40). The specimen S9
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Fig. 10. The relationship between the brittleness index (BI) and the P4 for all
the specimens.

(50H-TC40) shows a 3% lower maximum strength of 217 MPa than that
of the S6 (OH-TC40). Further, the specimen S12 (100H-TC40) shows
58% and 56% lower maximum strength of 95 MPa than that of the
specimens S6 (OH-TC40) and S9 (50H-TC40). Therefore, the responses
show that increasing the Hy treatment from 0% to 100% reduces the
maximum compressive strength. The specimens S6 (OH-TC40) and S9
(50H-TC40) fail at an axial strain of 15 me while specimen S12 (100H-
TC40) fails at a lower axial strain of 11 me. The responses show that
increasing the hydrogen concentration reduces the axial strain at the
maximum strength. Fig. 9c shows that specimen S9 treated with 50%H>
and specimen S12 treated with 100%H, fail in a more ductile manner.
Fig. 10 confirms that specimens S9 (50H-TC40) and S12 (100H-TC40)
exhibit higher BI values of 13.4 and 28.5, respectively, than the BI = 0.9
of specimen S6 (OH-TC40).

4.3.2. Relationship between microstructure and mechanical behavior in
axial loading stage

Under all P4 values, the specimens treated with hydrogen show lower
compressive strengths than those of the specimens treated with 0%Hj,
and the compressive strength decreases with the increase in percent
hydrogen. This effect can be attributed to two reasons: 1) effect of
porosity: Fig. 6 shows that the porosity was increased by the hydrogen
treatment and percent of hydrogen. Hence, the Hy-treated specimens
with higher ¢ indicating higher void spaces experience lower
compressive strength under triaxial compression conditions [37], and 2)
effect of mineral composition: Table 3 shows that Hy-treated specimens
have lower carbonate and clay contents, which imply weaker cemen-
tation between quartz particles. Hence, lower stress is needed to

10 ge o — - —e—

—— 0%H2-6.4%¢
5 | w- @ 0%H2-10.5%6
- B =50%H2-10.5%¢
. —& - 100%H2-10.5%¢
0 20 40
P, (MPa)

>03

60

International Journal of Hydrogen Energy 60 (2024) 468-478

generate crack propagation [38], and lower shear resistance is available
during the TC test.

4.3.3. Elastic properties

Fig. 11a-b shows the elastic modulus (E) and Poisson’s ratio (v)
versus the Pg, respectively, for all the specimens. In each stress-strain
curve (Fig. 9a—c), a linear portion was determined between the crack
closure stress threshold and 50% of the peak strength for each specimen,
and the slope of the linear portion was calculated as the E. The crack
closure threshold is defined as the stress level at which the closure of
pre-existing cracks during the initial stage of loading happens, which
was described using the method proposed by Yu et al. [39]. The v was
calculated for the same linear portion of the stress-strain curve.

Fig. 11a shows that the E increases with the increase in P4 for all the
specimens. Under the UC condition (P4 = 0), the two specimens treated
with 0%Hz (S1 and S4) show a comparable E of 15 GPa despite their
slight difference in ¢. A larger difference in E of about 3 GPa is observed
for the specimens treated with 0%H; at P4 = 20 MPa; however, the
difference diminishes at P4 = 40 MPa. For all Pq, the E values decrease
with the increase in Hy from 0% to 100%. Under the UC condition,
compared to the E of specimens treated with 0%Hs, the E values of the
specimens treated with 50%H; and 100%H; decrease by 23% and 37%,
respectively. For P4 of 20 MPa, the E = 14 GPa of the specimen S8 (50H-
TC20) and E = 10 GPa of the specimen S11 (100H-TC20) are 28% and
48% lower than the E = 19 GPa of the specimen S5 (OH-TC20),
respectively. Likewise, For P4 of 40 MPa, the E = 16 GPa of the specimen
S9 (50H-TC40) and E = 13 GPa of the specimen S12 (100H-TC40) are
28% and 43% lower than E = 22.89 GPa of the specimen S6 (OH-TC40),
respectively.

Fig. 11b shows the comparison of v and Pq for all the specimens.
Increasing the Pq from 0 to 20 MPa increases the v for all the treatment
conditions. This could be due to the softening effect from the P4 of 20
MPa. Continuous increase in P4 from 20 to 40 MPa decreases the v for all
the specimens. Higher confinement can provide a higher restraint
against deformations, resulting in lower v values. For the UC condition,
specimens S1 (OH-UC) and S4 (OH-UC) have the lowest v of about 0.05
while specimens S7 (50H-UC) and S10 (100H-UC) have similar v of
about 0.15. The H; treatment tends to soften the rock specimen and
increase the v. However, for P4 of 20 MPa, specimens S2 (0H-TC20) and
S8 (50H-TC20) show a similar v of about 0.4. Specimen S11 (100H-
TC20) shows a higher v of about 0.28 or 67% higher than that of spec-
imen S5 (OH-TC20). For P4 of 40 MPa, specimens S6 (OH-TC40) and S12
(100H-TC40) show a similar v of about 0.1 while specimen S9 (50H-
TC40) has a higher v of about 0.4.

4.3.4. Major effective principal stress or maximum compressive strength
Fig. 12 compares the major effective principal stress (P’,) as the
summation of the peak deviatoric stress (Acq) and P4 given by Eq. (7)

0.6
(b) —— 0%H2-6.4%¢
@ 0%H2-10.5%¢
0.5 1 — B =50%H2-10.5%¢
—& - 100%H2-10.5%¢
0.4 K™~ - -n

0.2

0.1

60
P, (MPa)

Fig. 11. Changes in a) the elastic modulus, and b) Poisson’s ratio versus the effective confining pressure for all the specimens.
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Fig. 12. The comparison of the major effective principal stress (P’,) and minor
effective principal stress (Py) of all the specimens.

P,=P,+ Ao, %)
In all cases, increasing the Py increases the P’, of the specimens. How-
ever, the increment of P’, varies with the treatment conditions. The P’,
of specimens treated with 0%H, with ¢ of 6.4% increases 21% from Pq4
= 0-20 MPa and 121% from 0 to 40 MPa. Likewise, the P’, of specimens
treated with 0%H, with ¢ of 10.5% increases by 73% from P4 = 0-20
MPa and 140% from O to 40 MPa. However, for the same 0%H, treat-
ment condition, the specimens with a lower ¢ of 6.4% indicating lower
pore spaces exhibit higher P, values than those with ¢ of 10.5%. For the
specimens treated with 50%H,, the P’, values at P4 of 20 and 40 MPa are
110 and 120% higher than that of the specimen tested under the UC
condition, respectively. For the specimens treated with 100%Hj,, the P,
values at Pq of 20 and 40 MPa are 28 and 32% higher than that of the
specimen tested under UC condition. Comparing the percent increase in
the P’,, specimens treated with 100%H; experience the smallest increase
in P’, with the Pq.

Fig. 12 also shows that the P’, envelope of specimens treated with 0%
Hj reduces up to 35% when the ¢ increases from 6.4 to 10.5%. The 50%
Hy treatment further reduces the P’, envelope with the reduction
varying between 17 and 35%. The greatest reduction in P’, envelope
ranging from 35 to 49% is realized on specimens treated with 100%Ho.
This comparison of P’, envelopes clearly shows the negative effect of
hydrogen on the P’, of Hulett sandstone specimens.

4.3.5. Shear strength parameters

Table 4 compares the shear strength parameters in terms of the
effective friction angle (¢) and the effective cohesion (c’) of the speci-
mens with different treatment conditions. The ¢’ was calculated using
Eq. (8) in terms of the gradient (a) of the linear P’, envelope line with
respect to P4 (Fig. 12). The ¢’ was calculated using Eq. (9) in terms of ¢
and the y-axis intercept (b) of the linear P’, envelope line.

o 4 fa—1
- _ 8
¢ =sm (a—l—l) ®)
b(1 — sin ¢
_bl—sing) ©
2 cos ¢

Table 4 shows that the specimens treated with 0%H, with ¢ of 6.4%
have the highest ¢’ of about 43°, and the specimens treated with 100%H,
have the lowest ¢’ of 13°. Increasing the ¢ of the specimens treated with
0%H, from 6.4 to 10.5% reduces the ¢’ from 43° to 35°. The 50%H,
treatment reduces the ¢  from 43° to 33° or by 23%. Increasing the
concentration of H, treatment to 100% greatly reduces the ¢’ from 36° to
13° or by 63%. On the other hand, the effect of H, treatment on ¢’ cannot
be distinctly observed as the ¢’ ranges from 23 to 30 MPa for the
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Table 4
The ¢’ and ¢’ for all the specimens.
Parameter  0%H,- 0%H>- 50%H,- 100%H,-
6.4% 10.5%¢ 10.5%¢ 10.5%¢
@ () 43.21 35.82 33.14 13.11
¢’ (MPa) 23.38 27.9 25.51 29.72

different treatment conditions, and minimal differences were observed
due to Hy treatment.

5. Conclusions

The effect of hydrogen treatment on the properties and behavior of
sandstone specimens was investigated in this study. The following
conclusions are drawn:

1) XRD shows a relative increase in the weight percent of quartz and an
associated decrease in dolomite and clay minerals after treatment
with hydrogen. BET results show a slight increase in total pore vol-
ume and surface area of the specimens treated with hydrogen. SEM
images show that specimens treated with hydrogen have larger pores
and smoother surfaces.

The hydrogen treatment decreases the maximum volumetric strain

during the confining stage. For Pq = 40 MPa, the specimens treated

with 50%H; and 100%H, show 31% and 80% smaller maximum
volumetric strains than that of the specimen treated with 0%Ho.

3) At higher Py, the effect of hydrogen on the peak strength of speci-
mens is more pronounced. Compared to the specimens treated with
0%H,, the specimens treated with 100%H, showed 34, 43, and 58%
lower peak strength under the UC, TC (Pq = 20 MPa), and TC (Pq =
40 MPa) conditions, respectively. Specimens treated with 50%H;
experience 35, 0, and 40% lower peak strengths, respectively.

4) Although specimens treated with hydrogen mostly failed at a smaller
axial strain, they failed in a more ductile manner. From the UC to TC
at P4 = 20 MPa test condition, specimens treated with hydrogen
show an increase in ductility. Under the TC at Py = 40 MPa, the
specimens treated with hydrogen show more ductile behavior than
the specimens treated with 0%Ho,.

For P4 = 40 MPa and comparing with the E of the specimen treated

with 0%H,, the 50%H; and 100%H, treatments decrease the E

values of specimens by 28% and 43%, respectively. The effect of

hydron on Poisson’s ratio depends on the Py. For the UC and TC at Py
= 20 MPa conditions, the specimens treated with 100%H; exhibit

200 and 67% higher Poisson’s ratios than that of the specimen

treated with 0%H,. However, for the TC at P4 = 40 MPa, the speci-

mens treated with 100%H; exhibit 24% lower Poisson’s ratio.

Treating the specimens with 50%H; and 100%Hs decreases the

effective friction angles by 23% and 63%, respectively. However, the

effect of hydrogen on the effective cohesion cannot be distinctly
observed.
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