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Despite significant advances in micro-scale measurement techniques for investigations in subsurface
energy-bearing geomaterials, they have been unable to incorporate subsurface geomechanical conditions
such as in-situ stresses in their applications. To overcome such lacking, we designed a novel high-
pressure shear cell capable of measuring chemo-thermo-mechanical behaviour of actual (not synthetic)
geomaterials by allowing application of critical stresses while simultaneously being exposed to different
fluids.
For assessment of the novel setup, a set of measurements for shale surface and micro-structural alter-

ation due to ionic solution under different states of stress (isotropic/anisotropic) were performed. The
system generated accurate results showing that surface swelling on shales is not uniform but rather
localized and the cause of fluid-induced microstructural alteration is associated with reduction in rock’s
shear strength. Such results highlight the importance of performing rock-related measurements under in-
situ stresses which paves way for more application areas that can be potentially benefitted through this
setup.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Energy-bearing subsurface porous geomaterials (e.g. sandstone,
carbonate, shale rocks) play a pivotal role in fulfilling the global
energy demand and have therefore demanded significant research
attention over the past few decades. More recently, the research
has been focused on measurement of geomechanical- or
geochemical-induced processes at micro-scale to identify the
micro-scale processes controlling macro-scale observations in geo-
materials. This has pushed scientists to fervidly observe, character-
ize, model, and investigate such processes through new and
innovative measurement designs, techniques, and procedures
[1,2].

Micro-scale measurement techniques have been in practice for
more than fifty years [3,4]. Micro-scale measurements are often
complemented by high-performance visualization equipment
(e.g. microscopes) allowing for in-situ observation, quantification,
and analysis of surface alteration processes e.g. fluid flow through
porous surfaces and various fluid-geomaterials interactions [5].
Recent efforts to simulate subsurface conditions in micro-scale
measurements include pore geometry employment based on
Voronoi tessellations [6], new forms of etching [7,8], or use of true
granular material [9,10]. More recently, measurement systems
capable of withstanding high flowing pressures and system
temperatures have been developed [11,12]. However, despite such
advancements these measurement systems are limited to
decoupled surface alteration investigations e.g. chemical (e.g.
dissolution) and hydraulic (e.g. flow) phenomena [7,8,12,13].

Our recent micro-scale investigations [14–17] have identified
another critical parameter missing in previous micro-scale mea-
surements: the in-situ stress state acting on subsurface geomateri-
als. To the best of our knowledge, there seems to be no
measurement design that integrates in its operation the simultane-
ous multi-physics coupling effect of mechanical, chemical, and
thermal loading at high spatial/vertical resolution. Therefore, we
designed a novel shear cell measurement setup coupled with
interferometry that allows for observing actual geomaterials under
in-situ isotropic or anisotropic (shearing) stress conditions while
simultaneously being exposed to different fluids (gases and
liquids) at different pressures and temperatures i.e. a coupled
multi-physics measurement system. It can also be used for materi-
als other than geomaterials such as metals, fibres or chemical
catalysts. This novel design allows measuring coupled chemo-
mechanical surface alteration phenomena. Examples of such phe-
nomena include effects of fluid flow over a geomaterial, crystalline
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or osmotic swelling due to geomaterial-fluid reaction, capillary
imbibition of fluids into the geomaterial and its consequence on
micro-structure. The setup can be used to measure and visualise
surface alteration (e.g. reaction kinetics) experiments under any
type of microscopes depending on the application. For the purpose
of this study, we chose to visualise (with high spatial and vertical
resolution using light interferometry) some critical chemo-
mechanical surface alteration processes that occur in one of the
most complex energy-bearing geomaterials i.e. shales.

Specifically, we focused on identifying the reasons for low
recovery of injected hydraulic fracturing fluid in shale reservoirs
that has caused both environmental and technical concerns.
Though hydraulic fracturing is a multi-scale phenomenon, the
water loss issue specifically demands a downscaling of the prob-
lem to understand the critical influential coupled processes. In this
regard, previous studies could only study fracture-flow [5,19,19] or
fluid-rock [20–22] interactions without the action of in-situ stres-
ses. Thus, the novelty of our work lies in its ability to perform a
coupled micro-scale study of the simultaneous processes causing
water loss in shales under in-situ stress conditions in a single mea-
surement system.

The article is therefore structured as (i) Section 2 that describes
the materials and methods used in this study (ii) Section 3 that
describes the design of the novel shear cell coupled with interfer-
ometry measurement system design, (iii) Section 4 that presents
results of several example applications performed on the tested
geomaterial (shale). In this section, we present how the novel shear
cell can be used to measure surface swelling of shale on exposure
to varyingly concentrated ionic solutions under no stresses and on
exposure to deionized (DI) water under isotropic and shearing
stresses. Finally, (iv) Sections 5 and 6 present the discussion and
conclusion, respectively. The limitations of the designed shear cell
measurement system have also been pointed out. The capability of
the system to perform at high temperatures has also been sepa-
rately presented (in Appendix D). The applications that have been
highlighted in this study show the versatility and applicability of
the newly designed system.
2. Materials and methods

2.1. Argillaceous geomaterials

Shale rocks are considered very complex argillaceous (clay con-
taining) geomaterials due to their amalgamated minerology, very
tight porous structure, and presence of reactive clay minerals in
high amounts [23,24]. Shale rocks constitute more than 40% of
all sedimentary rocks found in the Earth’s crust [25]. Clay minerals
of varying types are found in shales e.g. illite, montmorillonite
(smectite group), and kaolinite [26–28]. Most clay minerals adsorb
water although varyingly. This leads to swelling-induced alteration
as the clay layers are forced apart on contact with water and/or
associated cations. Swelling can be either crystalline (surface
hydration) or osmotic [29]. Osmotic swelling occurs only in clay
minerals where exchangeable cations are present in the interlayer
space and can lead to significant increase in the geomaterial vol-
ume. Crystalline swelling, on the other hand, is a short-range swel-
ling (occurs due to first few layers of adsorbed water molecules)
and does not cause much increase in volumes although it can
induce high internal stresses [29–34].

The issue of clay mineral swelling is critical in shale rocks due to
its significant geomechanical impacts such as borehole instability,
stuck-pipe, washouts etc. [33,35–38]. The economic losses associ-
ated with mitigating such problems have been known to be very
severe [39]. Another major cause of great environmental concern
with its associated economic and technical reverberations is the
high fracturing fluid loss occurring in organic rich shales during
hydraulic fracturing [40]. The proposed mechanisms for such high
fluid loss in shales are directly or indirectly linked to presence of
clay minerals e.g. clay hydration, osmosis, capillary imbibition,
and micro-fracture creation [41–51]. Most of these phenomena
are related to clay mineral reactivity with different fluids.

2.2. Sample preparation

The geomaterial used in this study was organic rich shale
extracted from a depth of 3012 m from the on-shore Perth Basin,
Western Australia. The organic carbon content was 2.85 wt% as
measured by LECO CN analysis whereas the mean vitrinite reflec-
tance (Ro) was 0.52% with a standard deviation of 0.05%. The major
mineral phases of the sample were obtained through X-ray diffrac-
tion (XRD) analysis. The main clay minerals present in the shale
were illite (28.2 wt%), kaolinite (9.6 wt%), and chlorite (9.6 wt%).
Other minerals included quartz (27.1 wt%), muscovite (14.3 wt%),
albite (9.3 wt%), and pyrite (1.9 wt%). Pore size distribution
(PSD), measured by mercury intrusion and nitrogen adsorption,
along with other properties for this sample, have been also
reported previously [52].

In this study, the shale samples were exposed to deionized (DI)
water and ionic (salt) solutions (NaCl and CaCl2 at 0.1 and 0.5 M
concentrations) at different stress states. Deionized (DI) water
(18.2 MX�cm resistivity at 25 �C) was collected from the Millipore
Milli-Q water purification system. The salts used to prepare the
ionic solutions (NaCl, CaCl2,) were procured in powder form from
Chem-Supply Pty Ltd Australia (purity = 99.7 wt%). All ionic solu-
tions were prepared by adding known amounts of respective salts
in one litre of de-aired DI water and magnetically stirring it for sev-
eral hours.

The sample to be tested must exactly fit in the designed cell so
that the hydraulic rams and platens are uniformly engaged against
the sample edges and end surface effects can be minimised. The
designed cell can accommodate samples with dimensions of
10 mm � 10 mm (length � breadth) and up to 5 mm thickness.
The sample was cut into proper dimensions using the Gemini
Apollo Ring Saw. The edges and surfaces were polished down to
precise dimensions using a 3D printed mould. Polishing was per-
formed stepwise up to 1200 grit sandpaper with polishing time
kept constant (3 min) for all samples to ensure surface roughness
consistency. After preparation, the sample was vacuumed and
oven-dried at 105 �C for 24 h. It was then allowed to reach to room
temperature (25 �C) in a desiccator prior to placement in the cell.

2.3. Interferometry

2.3.1. Sampling area and fluid exposure
A 2� lens was used in the interferometry microscope which

allowed scanning of a 2.4 � 1.8 mm2 area lying in an x-y plane.
The measured heights (z (x, y)) at each pixel hence produce a 3D
representation of the scanned surface. The vertical resolution was
0.05 lm which allowed identifying the surface changes precisely
e.g. due to swelling at submicron level. The on-plane (x-y) resolu-
tion with the 2x lens was ~1.5 lm i.e. 20� lens is available for
higher resolution. The measurement protocols have been
explained further in Appendix A.

Initial surface profile measurements were performed before
fluid exposure. Here, the shale sample was exposed to deionized
(DI) water and different ionic solutions (NaCl and CaCl2 at 0.1
and 0.5 M concentrations). After exposing the sample to the fluid
for a desired period, the difference in surface profiles before and
after exposure to fluids were analysed. The same procedure was
followed for measurement at both unconfined and confined states.
Although our experiments were designed to measure static fluid-
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sample interactions, dynamic measurements can also be per-
formed (at higher pressures) by allowing continuous flow of fluid
over the sample through the back-pressure regulator.

2.3.2. Surface profile parameters and data filtering
The three-dimensional surface profile measurements give

enhanced understanding of the in-situ surface profile changes
which is not possible with 2D measurements (as in simple optical
microscopes). Different areal parameters can be used, depending
on the application, to characterise the changes occurring in the sur-
face texture. Based on the focus of this study, we used the profile
amplitude parameters Sa and Sz which were calculated after each
measurement using the Bruker Vision64 software. Both are dimen-
sionally equivalent to length. Sz on a sampling area (A) is the sum
of the absolute values of the largest peak (maxfzðx; yÞg) and the
lowest pit (minfzðx; yÞg) heights measured from the mean plane.
Sa on the sampling area is the arithmetic mean of the absolute
value of the measured height and is given by:

Sa ¼ 1
A

ZZ
jzðx; yÞjdxdy ð1Þ

For appropriate analyses of surface profiles, it was necessary to
remove any noise or outliers, if any, from the measured height data
using appropriate mathematical filters. Visual inspection of the
raw data was done for unrealistic spikes or for intolerable percent-
age of missing data. Caution was taken before applying any filter as
unnecessary application of filters on measured data posed a risk of
losing sensitive data related to the submicron changes in surface
texture e.g. surface swelling due to clay.

In order to assess the performance of the system, the geochem-
ical and coupled geo-chemo-mechanical surface alteration beha-
viour of the shale rock were investigated. For the geochemical
aspect, the surface swelling of shale rock due to exposure to low
(0.1 M) and high (0.5 M) concentration monovalent (NaCl) and
divalent (CaCl2) ionic solutions under unconfined conditions (i.e.
no external stress) was analysed. The coupled geo-chemo-
mechanical shale response was studied by exposure of shale rock
to deionized (DI) water under isotropic and shearing stresses.
3. Shear cell system

3.1. Design of the system

The shear-cell was fabricated from stainless-steel grade 316
(Fig. 1 (top)). The stainless-steel body ensured that the cell could
withstand high-pressure required for extreme testing conditions.
The cell is essentially a cube shape box having a space in the mid-
dle to host the sample. The cell has two hydraulic rams that pass
through the side wall of the cell into the cell body and push the
respective steel platens against the in-place geomaterial using
hydro-electric pumps. The opposite sides of the rams are fixed
boundaries thus maintaining constant stress on the sample in the
respective direction. Miniature-Viton O-rings are installed
between each of the hydraulic ram head and steel platen to pre-
vent the leak from the side of the rams’ heads to outside the cell.
To prevent corrosion and wearing of fittings, hydraulic oil was used
as the confining fluid although other fluids can also be used.
Hydraulic oil was pushed into the two hydraulic rams using two
high-pressure pumps (Teledyne ISCO Series D) allowing for both
isotropic and anisotropic (shearing) stress conditions on the sam-
ple. The in-place geomaterial was sheared by maintaining different
stresses in each direction through each of the two pumps. In other
words, the sample was sheared in a particular direction by apply-
ing a higher pumping rate or pressure on one of the two hydraulic
rams. It is noted that the pump can control the pressure rate mean-
ing that constant load boundaries can be imposed on the sample.
The connections between the pumps and the cell were made up
of polyether ether ketone (PEEK) tubes (0.6 mm ID, 1.6 mm OD)
for easy flexibility and corrosion resistance. Accessorial valves
and fittings were made up of high-pressure stainless steel (Swage-
lok). High-precision Keller digital pressure transducers were used
to monitor the applied stresses which were connected to a com-
puter for data recording purposes. Once the geomaterial was in
place, a scratch-proof sapphire glass with a flat O-ring was screwed
against the sample top for visual observations by the optical mea-
surement device through this window. Two other ports were fab-
ricated in the body of the cell for fluid circulation i.e. injection
and drainage. A third Teledyne ISCO Series D pump was used to
pressurise and circulate the fluid over the geomaterial in place. If
low pressure circulation is required; the downstream port can be
open to atmosphere and fluid can be injected from the upstream
port into the sample. Otherwise for high pressure applications,
the downstream valve is closed or if fluid circulation under high
pressure is required, a back-pressure regulator (BPR) can be
installed on the downstream port to control the required pressure
under circulating flow with constant rate. Thus, the fluid can be
kept exposed to the sample under applied isotropic or anisotropic
stresses for a desired period. If corrosive fluid injection is of inter-
est, a floating piston chamber (transfer cell) can be placed in the
injection line where corrosive fluid can be hosted and injected to
the sample. All such details are highlighted in Fig. 1. Spatial, verti-
cal, or micro-structural changes to the geomaterial due to fluid
exposure can then be analysed using any desired visualization
equipment. In this study, a green light interferometer was used
the details of which are discussed in the next section.
3.2. Shear cell coupled with interferometry

The surface alteration measurement technique used in this
study, interferometry, is a combination (interference) of two
same-frequency waves (e.g. light or sound). In such measurements,
the paths of two waves are interfered to create interference fringes.
In the Bruker Contour GT-K VSI setup used in this study, the recom-
bination of two light beams (which are generated from a single
light source using a beam-splitter) is detected and interference
patterns are created. Scanning vertically down, elevated points
on the sample surface cause interference first. Hence, using these
measurements, a surface map can be constructed.

The combination of such height sensitive interferometry tech-
nique with our novel shear cell allowed measuring even the
submicron-level surface changes e.g. clay mineral swelling on
exposure to different fluids, or micro-structural alteration under
different confining conditions and fluid exposure. In fact, this study
investigates and presents the results of such submicron process in
clay rich geomaterials like shale rocks. Moreover, it is emphasized
here that any other submicron reactive phenomena especially in
geomaterials can be studied under different confining conditions
and high fluid pressures using this shear cell with interferometry
technique. The complete design setup is shown in Fig. 2.

For effective measurements of the surface topology through any
transmissive medium covering the sample surface such as glass, a
Through Transmissive Media (TTM) module is required. Measure-
ments through a transmissive medium without the TTM module
installed are inaccurate, dispersed, and aberrated. It is also highly
challenging, without it, to find the location of best focus (high
intensity fringes) which serves as the starting point of surface
height measurements. TTM module thus facilitates the insertion
of a compensation glass of the same thickness and material as that
covering the sample (Fig. 3) which allows additional illumination
on the sample surface.



Fig. 1. Schematic of the shear cell (top-left and top-right) and the complete measurement setup with interferometer (bottom).
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Fig. 2. Shear cell placed under the interferometer.
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Fig. 3. (i), (ii) TTM module for light compensation and (iii) schematic of the compensation glass functioning.
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4. System assessments

4.1. Calibration and quality-check tests

The interferometer was calibrated with Bruker’s provided
atomic force microscopy (AFM) mirror chips which are highly
reflective, smooth, and flat materials for which the location of
fringes can be readily identified. The measurement on the AFM
chip confirmed the accuracy and reliability of the interferometer
as the measured step heights matched well with the factory-
configured heights (Appendix B).

In order to ensure that the interferometry measurements of the
shale samples were also precise, the roughness parameter Sa values
calculated from interferometry and from atomic force microscopy
(Bruker BioScope CatalystTM AFM) of the same shale sample sub-
strate (polished up to 4000 grit for AFM compatibility) were com-
pared. Bruker BioScope CatalystTM AFM can scan a maximum area of
90 � 90 mm2 with a maximum Sz of ~7.5 mm. The shale sample sub-
strate was first scanned at seven different 90 � 90 mm2 regions
under the AFM followed by several scans under the interferometer
for an area of 2.4 � 1.8 mm2 which contained the seven AFM
regions. An example of an AFM image and the shale sample inter-
ferometry image is shown in Fig. 4 i.e. the other six AFM scans have
been presented in Appendix C.

Due to difference in measurement scales, surface roughness (Sa)
from these techniques must be compared cautiously. It has been
noted as the vertical scan length increases (which gives the mea-
sure of Sz), the average surface roughness (Sa) increases [53]. This
was also observed for the shale substrate (Fig. 5). The seven smaller
regions scanned by AFM gave varying Sz within those regions. The
vertical scan length of the substrate under the interferometer was
varied from 4 mm to 10 mm. As seen from Fig. 5, within the vertical
scanning range of the AFM (<7.5 mm), the cluster of AFM Sa values
(black squares) lay very close to the Sa values from the interferom-
eter (red dots). The difference was obviously due to the different
spatial scanning areas of the two techniques. Nonetheless, the
accuracy of the non-contact interferometer technique to measure
surface roughness was confidently affirmed.

4.2. Example of geochemical effects

The designed shear cell was used to measure surface swelling of
shale on exposure to low and high concentrations of monovalent
and divalent ionic solutions i.e. NaCl and CaCl2. Since the only min-
erals in the shale sample with a tendency to swell are clay miner-
als, the observed surface topology changes of the shale surface can
be considerably assumed to be an effect of clay-fluid geochemical
interaction. Different clay minerals exhibit different swelling char-
acteristics. Illite, which is the dominant clay mineral in our shale,
swells more than kaolinite, the second dominant clay mineral in
this specific shale. Such clay swelling behaviour is of fundamental
importance in many disciplines particularly petroleum engineering
where the impairment of shale permeability exposed to external
fluid is of particular interest. An example of 2D surface topology
projections is shown in Fig. 6 for before and after exposure to
0.1 M NaCl. Different colours (see colour bar) show the height vari-
ation of the sample surface at each pixel. However, such 2D projec-
tions provide vague qualitative assessment and are inadequate for
vertical surface swelling quantification although they can be useful
for realization of spatial micro-structural alteration. Thus, quanti-
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Fig. 4. (i) 3D surface profile of 4000 grit polished shale sample measured with
interferometer, (ii) 3D surface projection of a 90 � 90 mm2 region on the same
sample with AFM.

Fig. 5. Sa vs. Sz for AFM and interferometry scans.
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tative statistical analysis of the measured surface height data was
performed. As explained earlier, two important profile amplitude
parameters Sa and Sz are used. Their definitions were discussed
in Section 2.3.2. Sa is used in conjunction with Sz to comprehen-
sively describe the changes in surface topography before, after,
and during exposure to different fluids.

The average surface roughness (Sa) changed after fluid exposure
due to the swelling at certain places (which relate to the presence
of clay minerals). It was already seen that exposure to 0.1 M NaCl
caused significant alteration to the surface topology i.e. swollen
regions were easily seen in the after-exposure image through
increased heights of those regions (e.g. Fig. 6 right column).
Depending on the location of clay minerals, swelling can occur in
pits or at peaks (at a nanometre level). Surface swelling causes
an increase in height at the clay mineral regions relative to other
non-swollen regions (no increase in heights) thus altering the aver-
age roughness (schematically explained in Fig. 7). The change in
average surface roughness corresponds to the average swelling of
the surface (plotted in Fig. 8(i)). For instance, the difference in
before (11.56 lm) and after (6.46 lm) Sa values for 0.1 M NaCl
exposure resulted in an average surface swelling of 5.1 lm. This
is also affirmed by the increase in Sz value (Fig. 8(ii)) from
123.93 lm to 134.62 lmwhich shows that distance between max-
imum peak and pit increased by 10.69 lm.

The miniscule change in Sa (from 1.92 lm to 1.76 lm) did not
imply any significant changes to surface topology after exposure
to 0.5 M NaCl solution. However, despite insignificant change in
Sa, a 14.2 lm increase in Sz (from 119.74 lm to 133.94 lm) was
observed. This signifies that some region on the surface have expe-
rienced swelling increasing the pixel height at that region. How-
ever, when complimented by overall roughness, Sa, it was
concluded that no significant swelling of the overall surface
occurred. Similarly, on exposure to 0.1 M CaCl2, Sa decreased by
only 0.92 lm (from 10.78 lm to 9.86 lm). Also, there was no sig-
nificant increase in Sz (from 126.66 lm to 126.92 lm) which
implies that no significant swelling of the surface occurred. On
exposure to 0.5 M CaCl2, however, a slight increase in Sa (from
16.04 lm to 17.27 lm) was observed. With negligible increase in
Sz (from 126.78 lm to 127.9 lm) it was implied that change in
Sa was due to both peak and pit height changes that increased
the average roughness of the surface but caused no net change in
the distance between the deepest pit and highest peak i.e. Sz.

The observed surface topology changes of the shale surface are
an effect of clay-fluid geochemical reactions. Clay minerals pos-
sessing a net negative charge adsorb Na+ and Ca2+ cations giving
rise to an electrical diffuse double layer (DDL) [54]. The DDL thick-
ness is lower for divalent cations than for monovalent cations [34].
Also, a higher ionic concentration causes reduction in DDL thick-
ness due to abating of the osmotic process [34]. Thus, the observed
changes in surface topology were the highest for 0.1 M NaCl expo-
sure since it exhibits the highest DDL thickness as well as induces
the highest osmotic uptake of hydrated Na+ ions. This effect was
reduced leading to lower swelling (due to reduction of DDL thick-
ness) at higher concentration (i.e. 0.5 M NaCl) and almost negligi-
ble for divalent ionic solution (0.1 M and 0.5 M CaCl2) exposure.
Such adsorption along with ion-exchange (with the clay inter-
layer cations) phenomenon contributed to swelling. In addition
to adsorption, ion-exchange processes are simultaneously preva-
lent both at the surface-exposed clay minerals as well as those pre-
sent in the pores. The cations along with the associated water
diffuse into the pores with time due to capillarity forces and react
with the pore-coating clay minerals. Compared to Ca2+, lower
hydration of Na+ implies less associated water molecules are trans-
ported with the ion [55,56]. In non-smectite shales, such as in this
study (illite dominant), surface alteration due to associated water
is less prevalent as compared to that caused by the specific
cation-clay behaviour. Hence, in general higher surface alteration
was seen for Na+ than Ca2+.

4.3. Example of geo-chemo-mechanical effects

The coupled effect of chemo-mechanical processes in clay-rich
geomaterials under stresses was studied by exposing the shale
samples to DI water under unconfined and different stress condi-
tions. Two stress scenarios were investigated i.e. isotropic confine-
ment of 600 � 600 psi and shearing stress of 600 � 900 psi. These
stress conditions were not arbitrary but rather based on previous
experiments with micro X-ray computed tomography [17] where
such magnitude of stresses prevented swelling in the direction of
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Fig. 6. Example of surface profile (2D) of shale before (left) and after (right) exposure to 0.1 M NaCl solution.

Fig. 7. Conceptual schematic explaining change in average surface roughness (Sa) due to swelling of clay rich regions.

Fig. 8. (i) Sa and (ii) Sz values before and after exposure to 0.1, 0.5 M NaCl and CaCl2 solutions.
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the applied stresses allowing for surface alteration to be promi-
nent. DI water exposure time was six hours for each of the tests.
Micro-structural alteration due to fluid exposure is a spatial phe-
nomenon rather than vertical and hence 2D-3D projections of the
sample surface aids in identifying such alteration.

For unconfined DI water exposure, dynamic measurements con-
ducted every 1.5 h showed that average surface swelling was
insignificant until after five hours of exposure (Fig. 9). Slightly
decreasing Sa values (and slightly increasing Sz values) implied
very little average swelling of the overall surface until approxi-
mately 5 h of exposure.

Under isotropic confinement (600 � 600 psi), it was observed
that DI water caused no micro-structural alteration to the shale
sample even after 6 h i.e. the acquired surface was identical before
(left column, Fig. 10(i)) and after exposure (right column, Fig. 10
(ii)). However, on exposure to DI water under shearing stress
(900 � 600 psi), significant micro-structural alteration was evident
in the shale within 6 h i.e. the acquired surface before DI water
exposure (left column, Fig. 11(i)) changed significantly after expo-
sure (right column, Fig. 11(ii)) due to the combined effect of shear-
ing and DI water-shale interaction. The exposure time of six hours
was sufficient under shearing conditions for DI water to cause
rapid micro-structural changes of the clay-rich rocks [57].

Clay minerals’ hydration (adsorption of water) causes genera-
tion of repulsive stresses that act against the applied (in-situ)
Fig. 9. Dynamic Sa and Sz measurements for DI water exposure.

i) 

Before Exposure 

Fig. 10. Surface profiles before (left) and after (right) e
stresses [5,58]. These repulsive hydration stresses are easily able
to create new micro-fractures under unconfined conditions with
the caveat of prolonged exposure [17]. However, at confined condi-
tions the hydration stresses must be strong enough to overcome
the counter-acting external stresses in order to cause significant
micro-structural alteration i.e. an additional caveat of overcoming
external stresses is necessary for creation of micro-fractures. In
addition, the external stresses cause the pre-existing micro-
fractures (if any) to close thus reducing the water infiltration into
the sample. The observed negligible alteration of the shale under
isotropic confinement implies that the generated hydration stres-
ses are less in magnitude than the applied 600 psi confinement.
Our recent study [17] further confirmed this hypothesis by solving
the linearized Poisson-Boltzmann equation [59] to give the repul-
sive stresses generated due to hydration of negatively charged sur-
faces like those of clay minerals.

The observed microstructural alteration of shale due to DI water
exposure under shearing is explained with the help of the linear
Mohr-Coulomb failure envelope [60–62] (Fig. 12). The Mohr-
Coulomb failure criterion is given by s ¼ c þ r tan/, where s is
the shear stress, c is cohesion (rock’s inherent shear strength), r
is the normal stress, and / is the angle of internal friction [63].
According to the criterion, rock failure occurs when the semicircle
connecting the minimum (r3) and maximum (r1) stresses inter-
sects the failure envelope (black line in Fig. 12). However, the
active minimum and maximum stresses before and after fluid
exposure are not expected to change significantly due to hydration
swelling. Hence, the only way the rock can fail (causing
microstructural alteration) is due to the reduction in the rock’s
shear strength due to water adsorption [37]. This strength decrease
is exhibited by the lowering of the failure envelope (red line in
Fig. 12) with reduced cohesion (c0) where it intersects with the
semicircle causing failure. This emphasises that reduction in rock
strength by water is likely to be predominant process in
microstructural alteration under shearing and water exposure. As
explained before, the hydration induced stresses are significantly
smaller than in-situ stresses and therefore will not contribute to
failure by modifying the local stresses. Reduction of strength, on
the other hand, can readily cause the failure [64,65]. It is also noted
that the effect of water uptake on internal friction is considered
negligible [63,66].

The measurement setup can be also used for high temperature
applications; however, since it was not the focus of the study
regarding the example application related to hydraulic fracturing,
a thermal example application was independently discussed in
Appendix D. There, we presented the thermal capabilities of the
ii) 

After Exposure 

xposure to DI water under isotropic confinement.



Before Exposure After Exposure 

ii) i) 

Fig. 11. Surface profiles before (left) and after (right) exposure to DI water under shearing confinement.

Fig. 12. Schematic of a representative Mohr-Coulomb failure envelope.
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system extended to study chemo-thermo-mechanical phenomena
by utilizing available heating plates (or thermal silicone rubbers)
to perform more complex high-pressure and high-temperature
studies on geomaterials at sub-micron scale. Specifically, an exam-
ple of CO2 adsorption and consequent swelling of the shale surface
at different temperatures was presented (Appendix D).
5. Discussion

The designed shear cell measurement system can be used for
several applications including but not limited to subsurface phe-
nomena, mechanical studies, and chemical reaction studies, all
under applied stress conditions. However, this study investigated
subsurface fluid-rock interactions for one of the most complex geo-
materials i.e. shale. The link between micro-level investigations
using the shear cell was realised in the applied realm to under-
stand its significance as explained below.

Hydrocarbons in shale reservoirs are produced through hori-
zontal wells with hydraulic fracturing stimulation (Fig. 13(i))
[67]. Significant amount of water is pumped to create the fractures
e.g. a shale gas production well in Barnett shale formation con-
sumes on average 10,600 m3 of water for hydraulic fracturing
[68]. The recovery of such water in the flowback operation is, how-
ever, severely low i.e. in Barnett shale for example, an average of
7500 m3 of fracturing fluid (~70% of the injected fluid) remains
unrecovered during well flowback operations [68]. Numerous
studies have attributed the fluid loss to the wettability of shale
rocks [68,69]. Such studies, however, report contradictory conclu-
sions keeping the controversy around shale gas ignited. A recent
review critically compiled and discussed such contradictory con-
clusions [23]. More recently, it was realised that such contradic-
tions arise due to the failure to incorporate actual subsurface
conditions in laboratory investigations – most notably the in-situ
underground stresses [17].

In brief, the subsurface shale reservoir is under the action of in-
situ horizontal and vertical stresses (Fig. 13) [70,71]. The horizon-
tal stresses are often different in magnitudes (referred to as the
maximum (rH) and minimum (rh) stresses). The stimulated
hydraulic fracture opens in the direction of minimum horizontal
stress meaning that the fracture face is under influence of the ver-
tical and maximum horizontal stresses along each direction (nor-
mal and strike-slip faulting regimes are considered). At the
matrix-fracture interface (Fig. 13(ii)–(iii)) under the action of in-
situ stresses, different chemo-mechanical phenomena occur such
as water or ion-exchange reactions, clay swelling, and micro-
cracking of the matrix, all of which contribute to the fracturing
fluid loss problem [17,72]. Simulating active in-situ stresses on
the sample is critical to understand the extent of such subsurface
phenomena in the laboratory – which is achieved using our
designed shear cell coupled with interferometry measurement sys-
tem (Fig. 13(iv)–(vi)). To reiterate, such a measurement design is
specifically needed to investigate water loss in shales under actual
subsurface conditions – especially the in-situ stresses.

Though the intriguing results signify the advantage of our shear
cell coupled with interferometry in incorporating multi-physics
processes, there are still some drawbacks. Firstly, for the acquisi-
tion of accurate interference images, fringes (interference patterns)
become challenging to detect as the thickness of the cover glass or
the liquid under it increases. There exists an optimum water thick-
ness and cover glass thickness that generates strongly contrasting
fringes making the data very accurate. This is inherently because
no liquid compensation can be inserted into the TTM module.
The thickness of the compensation optic inside the TTM module
needs to be optimally chosen to compensate for both the cover
glass and the liquid under it. In this study, best fringes were
observed for a 0.25 mm thickness sapphire cover glass. This thick-
ness hinders the capability of the shear cell to operate at very high
internal fluid pressures for injecting fluids. As mentioned, however,
if the right combination of glass thickness and the fluid is chosen,
then thicker glasses can be used for any specific system. Secondly,
such a shear cell is not designed for measurements; for which the
conventional micro-fluidic devices are designed. This is an ongoing
research to further incorporate the flow measurement in our
designed cell in the near future.



Fig. 13. Schematic depicting (i) hydraulic fracturing in a shale reservoir under active in-situ stresses, (ii)–(iii) zoomed versions of the phenomena occurring at shale-fluid
interface, (iv)–(v) simulation of subsurface phenomena in the shear cell, and (vi) capturing the phenomena with interferometer.
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6. Conclusions

The focal objective of this study was to present the measure-
ment design and application of our novel shear cell coupled with
interferometry. The results were only presented as an example
application of the novel measurement system. As discussed, this
measurement setup allowed for measuring surface alteration at
sub-micron scale due to various geochemical and geo-chemo-
mechanical phenomena. We have explained through appropriate
examples and explanations each of these phenomena on one of
the most complex geomaterial i.e. shale. Also, our design and setup
exempt the use of artificial materials by allowing real geomaterials
to be studied without any alteration. Limitations of the technique
are also discussed which can be overcome by further
improvisation.

Specifically, using the designed shear cell coupled with interfer-
ometry measurements, we have demonstrated how clay-rich shale
swell on exposure to different ionic fluids. This demonstration was
related to the applied realm of hydraulic fracturing operations for
mitigating fluid loss problem in shale reservoirs. We also demon-
strated a coupled chemo-mechanical study on the shale by mea-
suring surface micro-structural alteration under different stress
states while being exposed to fluids. Specifically, the measure-
ments showed how shearing caused evolution of micro-fracture
network due to reduction in rock’s shear strength brought about
by water uptake – thus leading to water loss in shales. This gave
insights into what exactly happens subsurface at the shale-fluid
interface where in-situ stresses are acting. We also showed the
example application of the system at elevated temperature sepa-
rately in Appendix D.

Moreover, the measurement setup presented here can poten-
tially be extended towards various other research directions.
Specifically, the setup may be utilized to study adsorptive beha-
viour of geomaterials such as shales and coals on exposure to gases
such as carbon dioxide (CO2) and methane (CH4). Surface alteration
and amount of gas adsorption may be studied under varying stress
conditions. The shear-induced microfractures can affect the
adsorption rate and gas diffusion into the sample. The insights
from such studies can thus strengthen the coupled
CO2-suqestration and CO2-enhanced hydrocarbon recovery from
gas or coal reservoirs.
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Appendix A

Measurement protocol

To prevent vibration induced noises in the measurement, the
interferometer was placed on a thick cement anti-vibration slab.
Once the shear cell is placed under the interferometer lens and
focus adjusted to locate the fringes, measurements are taken as
required. Tip and tilt of the interferometer stage was adjusted
to make the sample surface as parallel as possible to the objec-
tive lens which helps to easily locate the fringes. Each measure-
ment started with a back-scan of 20 lm from the first-appeared
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fringes and then continued downward for 120 lm until all
fringes have passed out of the field of view. Each measurement
was the average of at least two scans. For best results, the light
intensity was set just below the saturation limit of the detector
giving the highest signal to noise ratio. The details regarding the
interferometry measurements and their analyses are presented
in Section 2.3.
i) 

iii) 

X 

X profile 

Y 

Fig. B1. (i) Projected 2D profile of AFM chip with its (ii) respective 3D profile, and (iii)
references to colour in this figure legend, the reader is referred to the web version of th
Appendix B

For illustration purposes, the step heights on the AFM chip are
presented across two yellow lines drawn on Fig. B1(i) and (ii); each
in x- and y- directions, respectively. The measured height profiles
are shown in Fig. B1(iii). The measured step heights matched well
the factory-calibrated values providing confidence in the interfer-
ometry measurements.
ii) 

Y profile 

x- and y- profiles of yellow lines showing step-heights. (For interpretation of the
is article.)
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Appendix C

See Fig. C1.
90μm 

90
μm

 

Fig. C1. 3D AFM surface projections of other six 90x90 mm2 regions on the same sample.
Appendix D

Shale samples were exposed to CO2 at ~85 psi for 24 h at 26 �C
and 60 �C respectively. Surface interferometry images were taken
before and after exposure. Temperature was monitored using a
digital thermometer and a FLIR thermal imaging camera. A thermal
image is presented below for illustration purposes which clearly
shows the higher temperatures prevalent in the stainless-steel
body and the CO2-shale chamber (see Fig. D1).

Surface interferometry images (Figs. D2 and D3) showed that
surface swelling (due to CO2 adsorption) was higher at 26 �C than
at 60 �C. The change in average surface roughness after 24 h was
~10 mm for CO2 exposure at 26 �C compared to just ~3 mm for
CO2 exposure at 60 �C. The observed results are in line with previ-



Fig. D2. Before-after surface images of CO2 exposure at 26 �C.

Fig. D3. Before-after surface images of CO2 exposure at 60 �C.

CO2-shale 
chamber 

Fig. D1. Thermal image of the shear cell (placed on a heating jacket) captured using FLIR ResearchIR Max-4 thermal analysis software.
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ous adsorption studies on shales where an increase in temperature
caused reduction in CO2 adsorption [73–75]. This is because since
adsorption is an exothermic reaction, an increase in temperature
opposes the adsorption reaction leading to lower adsorption for
not just CO2, buy for any adsorptive gases [76]. More in-depth
CO2-shale studies at higher temperatures are currently in progress
especially considering the fact that underground hydrocarbon
reservoirs are potential CO2 storage sinks [77]. Only a brief illustra-
tion was presented here to highlight the thermal application of the
shear cell. CO2 was used instead of the ionic solutions herein to
present additionally the gas applications with temperature.
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