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A B S T R A C T

The presence of water in mudrocks has a largely negative impact on production of gas stored in these rocks, due to the fact that water causes swelling of the rock.
Removing the water from the mudrock could potentially shrink the rock and increase the overall permeability of the rock. Investigation of the swelling/shrinkage
behaviour of the rock during exposure to water vapour is of key importance in designing and optimizing unconventional production strategies. We have used outcrop
samples of the Whitby Mudstone and the Posidonia shale, potential unconventional sources for gas in North-western Europe, to measure the swelling and shrinkage
behaviour. Swelling and shrinkage of the rocks when exposed to water vapour was measured directly using 1mm sample cubes in two different setups. The mm cubes
were exposed to different levels of relative humidity either in an Environmental Scanning Electron Microscope (ESEM) or in a 3D dilatometer. Swelling of Whitby
Mudstone and Posidonia shale is heterogeneous with 2–3 times more measured swelling strain perpendicular to the bedding. Volumetric swelling strains showed
values between 0.6 and 2.2% for the Whitby mudstone and the Posidonia shale, respectively. The results suggest that it might be possible to increase permeability in
the reservoir by decreasing the in-situ water activity due to shrinkage of the matrix.

1. Introduction

Due to their affinity for water clay minerals play an important role
in the safety and economics of many industrial applications. For in-
stance, shrinkage and swelling of clays determine the stability of soils
and building foundations (e.g.: Abdullah et al., 1999; Das et al., 2010;
Carrier et al., 2013; Erzin and Gunes, 2013), swelling of clays has im-
portant implications for drilling operations as it can cause wellbore
instability (e.g.: Anderson et al., 2010). Contrastingly, clay swelling
could be beneficial to seal off radioactive waste from the environment
(e.g.: Delage et al., 2010). The impact of the swelling clays varies and
depends on the mineralogy and the texture of the rock, hence the type
of clay minerals present and their distribution within the rock
(Abdullah et al., 1999; Aksu et al., 2015). The composition of the fluids
present also plays a role, where the clay-water-electrolyte system is the
main parameter affecting swelling (Abdullah et al., 1999; Aksu et al.,
2015). During the drilling of oil and gas wells fluids are used. When
water based drilling fluids are employed clay swelling can have a lar-
gely negative impact (e.g.: hole closure, casing problems, accumulation
of drilled cuttings) on the drilling process significantly increasing well
construction costs (Anderson et al., 2010). Due to the presence of
swelling clays in the rock texture and/or due to the presence of mobi-
lized clay particles in water-saturated rocks permeability of the re-
servoir is reduced (Aksu et al., 2015). The sorption induced swelling

effects directly influence the opening and closure of pores and fractures
in the rocks and influence the permeability, hence the productivity of
reservoirs. Investigating the swelling/shrinkage behavior of the rock
during exposure to water is of key importance in designing and opti-
mizing unconventional production strategies. Removing the water from
the mudrock could potentially shrink the rock and increase the matrix
permeability (e.g. for coal: Fry et al., 2009; Liu et al., 2016a). Most
studies of clay swelling have been focused on smectites due to their
large swelling potential, where techniques have either investigated
macroscopic properties such as the bulk volume change (de Jong et al.,
2014) or the microscopic properties such as interlayer spacing (using
for instance X-ray diffraction; Anderson et al., 2010; Carrier et al.,
2013).

We are interested in the swelling and shrinkage of the naturally
occurring mudstones the Posidonia shale and Whitby Mudstone
(Houben et al., 2016a, 2016b). The Posidonia shale is a possible un-
conventional source for gas in the Netherlands (e.g.: Herber and de
Jager, 2010; Van Bergen et al., 2013; Ter Heege et al., 2015) and the
Whitby Mudstone is its time equivalent deposited in the UK in the same
basin at the same time (e.g.: Powell, 2010). The Posidonia Shale and
Whitby Mudstone are Toarcian age black shales occurring in the UK,
France, the Netherlands, Germany and Luxemburg (e.g.: Littke et al.,
1991; Hesselbo et al., 2000), and were deposited in an epicontinental
sea at variable energetic conditions and periodic benthic oxygen
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depletions (Trabucho-Alexandre et al., 2012; French et al., 2014). Mi-
neral composition of the Posidonia Shale/Whitby Mudstone differs with
location and height of the sample within the section (Houben et al.,
2016a, 2016b). Organic matter content averges between 8 and 17%,
Silicate content ranges between 15 and 25%, Carbonate content varies
between 3 and 70% and sheetsilicate content varies between 25 and
85% (Chesapeake, 2010; Powell, 2010; Hilger, 2003; Klaver et al.,
2012, 2016; Kanitpanyacharoen et al., 2012; Gasparik et al., 2014;
Ghanizadeh et al., 2014; Rexer et al., 2014; Mathia et al., 2016; Houben
et al., 2016a, 2016b; Douma et al., 2017). The carbonate and sheetsi-
licate content are highly variable per sample, whereas the silicate
content is more constant and about 20% on average. The sheetsilicates
seem to be mostly illite and interlayered illite/smectite, some kaolinite
and minor amounts of chlorite (Houben et al., 2016b). The smectite is
interlayered with illite in a ratio 80/20, meaning that smectite accounts
for approximately 3% of the total mineralogy (Houben et al., 2016b) in
the rocks. In the research presented here we have measured the amount
of swelling and shrinkage of the Whitby Mudstone when exposed to
different levels of relative humidity in 2D using an Environmental
Scanning Electron Microscope (ESEM), in combination with measuring
the volumetric change of a 1mm cube of Whitby mudstone and Posi-
donia shale when exposed to different levels of relative humidity using
a 3D dilatometer (Liu et al., 2016a).

2. Materials

2.1. Posidonia shale and Whitby mudstone samples

Samples used were Posidonia shale (Dotternhausen; PSFD) and
Whitby Mudstone (Jet rock section; WMF) samples (Houben et al.,
2016b). All investigated samples were outcrop samples collected during
fieldwork (Posidonia shale - Dotternhausen, Germany; Whitby mud-
stone - Runswick Bay/Port Mulgrave, United Kingdom). Subsamples of
1mm sized cubes were prepared in the Glass Workshop at Utrecht
University, using a high precision digitally controlled diamond wa-
fering saw, cooled by air. Many cubes were prepared simultaneously by
first sawing a 1mm thick wafer of clay which was afterwards sawed
into cubes. The wafer was prepared parallel to the bedding meaning
that the cubes were prepared from the same sample bed. The 1mm
cubes were dried at 50 °C in an oven prior to the experiments for at least
24 h, so that all samples investigated had a similar starting humidity.

3. Methods

3.1. ESEM

Ten 1mm cubes were glued onto a Scanning Electron Microscope
(SEM) stub using a carbon sticker so that the top sides of the cubes were

oriented perpendicular to the bedding. The top side of all cubes were
polished simultaneously using a Precision Ion Polishing System (PIPS;
Fischione, SEM mill, model 1060). After polishing, a grid of 16 squares
was deposited on some of the polished surface using the Pt target in the
SEM (Nova Nanolab 600 FIB-SEM; De Winter et al., 2009; Liu et al.,
2016b). The deposited squares were about 20× 20 μm in size and
spaced about 200 μm apart. Five polished cube surfaces were prepared
with a grid, and five cube surfaces were polished while no grid was
deposited on these surfaces. For all 10 polished top surfaces an SEM
mosaic was made using a JEOL Neoscope II JCM-600 SEM. Based on the
quality of the final polish three cubes were selected for investigation
with an Environmental SEM (ESEM; Philips XL30 ESEM). All samples
originated from the WMF4 sample block featuring a mineralogy of;
51.3% of sheetsilicates, 13.1% of silicates, 26.1% of carbonates, 0.8% of
oxides, 7.7% of sulphides and 0.9% of sulfates (Houben et al., 2016a).
The single sample cubes were exposed to different saturated vapour
pressures at 0.5 °C inside the ESEM chamber so that the samples were
exposed to a relative humidity varying between 0% and 100% de-
pending on the pressure in the chamber (e.g.: Stokes, 2006). Fig. 1a
shows for the experimental setup. By changing the vapour pressure in
the ESEM chamber the relative humidity in the chamber changed. As
soon as the pressure was stable the relative humidity in the chamber
was stabilized as well. Pictures of the sample were always taken after
the relative humidity in the ESEM chamber stabilized. Two of the
sample cubes investigated (WMF4 Block 1 and WMF4 Block 2) had a Pt
grid deposited on the top surface. Both sample cubes were firstly ex-
posed to a relative humidity of 0% and after a calibration time of circa
1 h a picture of the whole polished surface was taken using a Back
Scattered Electron (BSE) detector at a magnification of 100× (pixel
size= 0.9 μm). Where after the pressure was increased enabling the
relative humidity of the ESEM chamber to rise to 50%. After a cali-
bration time of about 10min exposing the sample to the new relative
humid atmosphere the sample was imaged again with the BSE detector
using a magnification of 100×. Next step was to increase the pressure
in the ESEM chamber even more so that the relative humidity of the
atmosphere in the ESEM chamber rose to 100%, and the sample was
equilibrated for about 10min in this atmosphere where after the sample
was imaged again using the BSE detector at a magnification of 100×.
After the relative humidity of the atmosphere had been increased to
100% it was decreased for WMF4 Block 1 to 0% and the samples was
imaged again to compare the before and after dimensions of the sample.
For WMF 4 Block 2 the relative humidity of the chamber was only in-
creased from 0 to 100% and not decreased after. One other sample
without Pt deposited grid (WMF Block 3) was used for swelling/
shrinkage experiments, this samples was firstly exposed to a relative
humidity of 0% in the ESEM chamber where after the relative humidity
of the ESEM chamber was stepwise increased to 50% and to 100%.
After the relative humidity had been up to 100% the humidity of the

Fig. 1. a. Schematic drawing of a 1mm cube sample in the ESEM chamber, where the area imaged was polished with a PIPS, and the area was imaged perpendicular
to the bedding. b. Schematic drawing of the 3D dilatometer experimental set-up.
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ESEM chamber was decreased stepwise back to 50% and 0%.
The images taken at different relative humidities were used to di-

gitally compare the dimensions of the samples, where both the Pt
markers and the naturally occurring pyrite minerals were used as
markers. Since both the Pt and the pyrite were white in the BSE images
they could easily be segmented out of the image using thresholding in
Matlab (Houben et al., 2013). The original images and the thresholded
images where loaded into ArcGIS to convert the markers into polygons
and to find the middle point of each of these polygons. The images
covered a 2D surface perpendicular to the bedding meaning that the
swelling and shrinkage parallel and perpendicular to the bedding could
be measured in the same image.

3.2. 3D dilatometer

The swelling and shrinkage of the clay was measured directly using
the 3D eddy-current dilatometer at Utrecht University (Liu et al.,
2016a). The dimensions of a 1mm cube were measured directly and
continuously in three orthogonal directions inside the 3D dilatometer
when the sample was exposed to different relative humid atmospheres.
The 3D dilatometer uses three independent Lion Precision type ECL202
U3B eddy current sensors mounted in a stainless steel frame housing a
sample stage at the center. The full scale of each eddy current sensor is
250 μm ± 12.5 nm at constant relative humidity (Liu et al., 2016a).
We used 1mm cubic samples that were fixed in position by the sample
stage at three sides and could move freely in the other three directions.
The experiments were performed on three 1mm cubes, two samples of
Whitby Mudstone (WMF4) and one sample of Posidonia Shale Dot-
ternhausen (PSFD). The experimental set-up is shown in Fig. 1b, where
the 3D dilatometer is situated inside a sealed glass chamber that is part
of an air circulation circuit where the relative humidity is controlled by
different solid salts in equilibrium with water vapour and aqueous salt
solutions (Houben et al., 2014; Liu et al., 2016a). The whole set-up is
enclosed in a temperature controlled box, where the temperature was
set to 35 °C. For details on the working of the 3D dilatometer see Liu
et al. (2016a). The samples were exposed to relative humidity values
ranging from<1% up to 95%, where the salts used were; Magnesium
Chloride (32% RH), Magnesium Nitrate (50% RH), Sodium Chloride
(75% RH), and Potassium Sulphate (95% RH). To get a low relative
humidity phosphorus pentoxide powder (< 1% RH) has been used. For
the stability of the relative humidity in the circuit, the stability of the
temperature was controlled by a temperature controlled box around the
circuit. A calibration of the relative humidity effect on the sensor sig-
nals can be found in appendix A in Liu et al. (2016a). The temperature
of the sample and the three eddy current sensor signals were logged
using a National Instruments logger at a sampling rate of 1 Hz. Relative
humidity signals were also digitally logged using an independent
system (EKH4views) at a sample rate of 0.1 Hz. Swelling displacement
obtained from the eddy current sensors signals were measured as po-
sitive.

4. Results

4.1. ESEM

Sample Block 1 (WMF4) showed swelling and shrinkage when ex-
posed to different humid atmospheres in the ESEM chamber (Table 1),
main swelling and shrinkage happened perpendicular to the bedding.
Block 1 showed a swelling strain of 0.3% perpendicular to the bedding
and a swelling strain of −0.2% parallel to the bedding increasing the
relative humidity in the ESEM chamber from 0 to 50%. Going from 0 to
100% relative humidity in the ESEM chamber resulted in a swelling
strain of 1.4% perpendicular to the bedding and a swelling strain of
0.3% parallel to the bedding. Bringing the relative humidity within the
ESEM chamber back to 0% after the 100% relative humidity was
reached resulted in a swelling strain of −0.1% parallel to the bedding

and 1.0% perpendicular to the bedding. Assuming that parallel to the
bedding the sample shows an isotropic swelling strain the total volu-
metric swelling strain measured for this sample is 0.7%.

Sample WMF4 Block 2 showed more swelling than Block 1 when the
relative humidity of the atmosphere in the ESEM was increased from 0
up to 100% (Table 1). For the whole sample we found an average of
1.4% swelling parallel to the bedding when the relative humidity in the
ESEM chamber was increased from 0 to 50%, and a total of 1.6%
swelling parallel to the bedding when increasing the relative humidity
in the ESEM chamber from 0 to 100% (Fig. 2). Perpendicular to the
bedding the average sample swelling was 2.2% increasing the relative
humidity in the ESEM chamber from 0 to 50%, and 3.3% when relative
humidity in the ESEM chamber was increased from 0 to 100%. Re-
sulting in a volumetric swelling strain of 1.7% at a relative humidity
increase from 0 to 50%. When the relative humidity in the ESEM
chamber was increased from 0 to 100% the total volumetric swelling
strain was 2.2%. Average strain varies throughout the sample and is
measured only parallel and perpendicular to the bedding based on the
markers deposited on the sample surface and the pyrite minerals
naturally occurring in the samples microstructures. To illustrate the
heterogeneity in the swelling and shrinkage a color code was used in
Fig. 3. Bands that were swelling and shrinking more than average were
indicated in red, yellow bands showed average swelling and shrinkage
and green bands showed less than average swelling and shrinkage.
These results show that parallel to the bedding the left half of the
samples showed a higher amount of swelling strain than the right half
of the samples. Perpendicular to the bedding the upper half of the
sample showed less than average swelling strain when compared to the
lower half of the sample. This demonstrates the heterogeneous swelling
behavior of the sample and shows that in this orientation the sample
block displayed most swelling in the lower left corner and least swelling
in the upper right corner.

The last WMF4 sample investigated (Block 3) displayed perpendi-
cular to the bedding 0.5% swelling strain when the relative was in-
creased from 0 to 50%, and 0.8% swelling strain perpendicular to the
bedding when the relative humidity was increased from 0 to 100% both
measured on the sample overview (Table 1). Parallel to the bedding
swelling strains measured were 0.3% (increasing the relative humidity
from 0 up to 50% in the ESEM chamber) and 0.5% (increasing the re-
lative humidity from 0 up to 100% in the ESEM chamber), when
averaged over the whole sample. After the relative humidity in the
ESEM was increased to 100% the relative humidity in the ESEM
chamber was decreased stepwise back to 50% and to 0% relative hu-
midity resulting in measured swelling strains of 0.6% and 0.4% parallel
to the bedding and swelling strains of 1.3% and 0.9% perpendicular to
the bedding. For sample WMF4 Block 3 images were not only taken at a
magnification of 100×, imaging the whole 1mm polished surface of
the sample, but a magnification of 300× has also been used imaging a
smaller area in the middle of the polished surface. Measured swelling
strain was slightly higher when only considering the middle of the
sample block (Table 1). Parallel to the bedding the measured swelling
strains were 0.6 and 0.7% when the relative humidity in the ESEM was
increased from 0% to 50% and from 0% to 100% respectively, per-
pendicular to the bedding this was 0.8% and 1.6% of swelling strain.
Decreasing the relative humidity in the ESEM chamber back down to
50% the swelling strain parallel to the bedding was 0.8% and perpen-
dicular to the bedding 1.3%. Reducing the humidity than caused
shrinkages of the sample compared to the maximum volume at max-
imum relative humidity, but the volume was still increased when
compared to the initial starting volume, hence there was still a positive
swelling strain measured. Bringing the relative humidity down from
100% to 0% caused a swelling strain of 0.7% parallel to the bedding
and 1.0% perpendicular to the bedding. The sample overview pictures
(100× magnification) showed a volumetric swelling strain of 0.6%,
whereas the 300× magnification pictures of the middle of the cube
showed a volumetric swelling strain of 1% when was assumed that
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Table 1
Swelling strain results for blocks 1 to 3 of sample WMF4 when exposed to different relative humid atmospheres in the ESEM.

RH (%) Block 1 - overview Block 2 -overview

// Bedding + Bedding volumetric strain // Bedding + Bedding Volumetric strain

0 0.0 0.0 0.0 0.0 0.0 0.0
50 −0.2 0.3 0.0 1.4 2.2 1.7
100 0.3 1.4 0.7 1.6 3.3 2.2
50 – – – – – –
0 −0.1 1.0 0.3 – – –

RH (%) Block 3 - overview Block 3 - 300× Magnification
// Bedding + Bedding Volumetric strain // Bedding + Bedding Volumetric strain

0 0.0 0.0 0.0 0.0 0.0 0.0
50 0.3 0.5 0.4 0.6 0.8 0.7
100 0.5 0.8 0.6 0.7 1.6 1.0
50 0.6 1.3 0.8 0.8 1.3 1.0
0 0.4 0.9 0.5 0.7 1.0 0.8

Fig. 2. a.-c. ESEM image of WMF4 Block 2 when exposed to different humid atmospheres in the ESEM chamber. d. The black circles (RH=0%), dark grey circles
(RH=50%) and light grey circles (RH=100%) show how the markers changed location during the experiment increasing the relative humidity in the ESEM
chamber.
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parallel to the bedding the swelling strain behaved comparable in both
directions.

4.2. 3D dilatometer

We have used the 3D dilatometer at Utrecht University (Liu et al.,
2016a) to measure the swelling and shrinkage of two 1mm WMF4
cubes (A and C) and one 1mm PSFD cube (B) in 3D. The Whitby
Mudstone sample contains on average of 66% matrix (all grains with
diameter smaller than 2 μm), 3% silicates, 20% carbonates, 4% of sul-
phates and 7% of organic matter (Houben et al., 2016b), where this
mineralogy is based on SEM BSE images. The Posidonia shale (Dot-
ternhausen) is mineralogically similar except that the organic matter
content is higher and the matrix content is lower (56% matrix, 4% si-
licates, 22% carbonates, 2% sulphates and 16% organic matter; Houben
et al., 2016b). The full set of results for all samples investigated here is
presented in Table 2. Presented swelling strains were corrected in all
directions (x, y and z) as specified by Liu et al. (2016a).

All samples show a roughly similar behavior when exposed to

different levels of humidity. The swelling and shrinkage measured
perpendicular to the bedding was larger (max. 1.1%) than parallel to
the bedding (max. 0.4%) (Table 2, Fig. 4, Fig. 5), demonstrating het-
erogeneous swelling and shrinkage behavior with respect to the bed-
ding. Also a slight difference can be observed between swelling and
shrinkage in x and y directions (Fig. 4, Fig. 5), where sample WMF4-
CubeA and WMF4-CubeC show slightly larger swelling and shrinkage in
the y-direction and PSFD-CubeB displayed some more swelling and
shrinkage in the x-direction. All the samples slowly expanded or shrank
with time when relative humidity of the atmosphere around the sam-
ples was respectively increased or decreased (Fig. 5). Depending on the
relative humidity of the atmosphere the samples changed their size and
equilibrated in the current humid atmosphere in days up to weeks,
where the humidity of the atmosphere changed within minutes. Some
exceptions to this observation were visible. For example the first run
with sample WMF4-cubeA where the y-direction sensor showed
shrinkage when the relative humidity of the atmosphere was increased
from 75% up to 95% whereas both sensors tracking swelling and
shrinkage in the x and z directions showed swelling (Fig. 5). A second

Fig. 3. Swelling strain as measured for samples Block 2 measured parallel and perpendicular to the bedding with respect to the average swelling strain.

Table 2
Corrected swelling strain in percent per sample per step. Relative humid atmosphere in the sample container was varied throughout the experiment and sample strain
was measured in X, Y, and Z directions.

PSFD - Cube A PSFD - Cube B PSFD - Cube C

Corrected swelling strain (%) Corrected swelling strain (%) Corrected swelling strain (%)

RH (%) x y z x y z x y z

0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.03 0.06 0.13 0.04 0.02 0.11 – – –
33 0.06 0.11 0.19 0.03 −0.02 0.10 0.03 0.08 0.14
50 0.05 0.13 0.26 0.06 0.01 0.16 0.06 0.13 0.19
75 0.10 0.18 0.29 0.10 0.03 0.20 0.14 0.29 0.47
95 0.37 0.07 0.93 0.28 0.07 0.56 0.14 0.39 1.22
95 0.41 0.49 1.13 0.33 0.16 0.43 0.34 0.41 0.85
75 0.23 0.33 0.59 0.24 0.12 0.32 0.25 0.31 0.53
50 – – – 0.17 0.09 0.25 0.18 0.20 0.29
33 0.10 0.17 0.23 0.12 0.07 0.17 0.14 0.12 0.15
30 0.10 0.15 0.23 – – – – – –
0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
33 0.02 0.09 0.15 0.07 0.05 0.14 – – –
50 0.07 0.20 0.33 0.09 0.07 0.18 0.07 0.16 0.34
75 0.13 0.30 0.56 0.19 0.12 0.33 0.05 0.16 0.45
95 0.32 0.42 1.17 0.23 0.11 0.38 0.16 0.31 0.74
95 0.36 0.44 1.04 0.23 0.06 0.32 0.29 0.47 0.98
75 0.24 0.33 0.64 0.21 0.08 0.29 0.23 0.37 0.68
50 – – – 0.15 0.07 0.22 0.11 0.17 0.30
33 0.09 0.15 0.19 0.11 0.05 0.16 0.09 0.16 0.29
0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Fig. 4. Results of the swelling experiments in the 3D dilatometer showing swelling strain versus relative humidity in the sample container for 1st and 2nd run for all
three samples.

Fig. 5. Graph of the displacement in micrometer versus time in days for two samples (Cube A and Cube B). The experiments lasted for a little bit under 100 days in
total and show two runs of increasing the relative humid atmosphere and decreasing it again.
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run with sample WMF4-cubeA of increasing and decreasing the relative
humidity in the sample cell was performed and during that run when
the relative humidity of the atmosphere was increased from 75% up to
95% all sensors showed swelling. For all samples the relative humidity
in the atmosphere was increased from 0.5% up to 95% and back down
to 0% twice resulting in not exactly the same but comparable results in
total swelling and shrinkage per sample. Hysteresis was mostly ob-
served in the experiments during the first cycle. Volumetric swelling
strain was in the order of 1.8% in the case of WMF4-CubeA, 0.8% in the
case of PSFD-CubeB and 1.0% in the case of WMF4-CubeC, so varied
depending on the sample between 0.8 and 1.8%. Before and after pic-
tures of one side of the 1mm cube perpendicular to the bedding did not
show obvious differences like the formation of new cracks visible in the
picture taken after the experiments (Fig. 6) at the magnification used
(200–270×).

5. Discussion

ESEM results are 2D and can be extrapolated to 3D when is assumed
that perpendicular to the bedding the samples behave similar in both
directions. That this is true for most cases on average is confirmed by
the 3D dilatometer results showing similar swelling and shrinkage va-
lues perpendicular to the bedding in both x and y directions. During the
ESEM experiments the time taken to equilibrate the sample within the
humid atmosphere was a lot less than in the case of the 3D dilatometer
experiments. The ESEM experiments took a couple of hours in total,
whereas using the 3D dilatometer the experiments lasted for
1–3months. This was due to the fact that for the 3D dilatometer ex-
periments we had the opportunity to wait until the sample was in
equilibrium with the humid atmosphere (up to 2 weeks) and we
changed the humidity of the atmosphere only after the samples did not
show swelling/shrinkage anymore (Fig. 5), whereas during the ESEM
experiments we let the sample equilibrate with the current atmosphere
for 10–60min inside the ESEM chamber where after the pictures were
taken and the humidity of the atmosphere in the ESEM chamber was
changed. The 3D dilatometer results show that most of the irreversible
deformation took place during the first cycle of increasing and de-
creasing the atmospheres humidity, whereas the 2nd cycle showed
mostly reversible swelling and shrinkage. The ESEM results showed less
reversible swelling and shrinkage, which we assumed is mainly due to
the fact that we exposed the sample a shorter amount of time to the
different levels of relative humidity, which is especially visible when
decreasing the humidity in the ESEM after it reached its maximum. The
ESEM samples do not shrink back entirely and do not fully recover to
the sample size with which they started out. This leads to the conclu-
sion that initial swelling is faster than initial shrinkage. The hetero-
geneity in swelling within the 1mm cube investigated using the ESEM
(Fig. 3) is most likely due to microstructural differences in the different

layers. Certain layers having a mineralogy/porosity that swell/shrink
easier than others. Since the representative elementary area (REA) for
microstructures is 150 by 150 μm (Houben et al., 2016a), the overall
swelling should not be measured on area's smaller than that. Fig. 3
shows that swelling is a heterogeneous process on the sub-mm scale and
that there are areas that react faster to a humidity change in the at-
mosphere than others.

Average volumetric swelling strains measured using the ESEM
method when the relative humidity of the atmosphere was increased
from 0% to 100% ranged between 0.7% and 2.2%, whereas volumetric
swelling strains using the 3D dilatometer method when increasing the
relative humidity of the atmosphere from 0.5% to 95% ranged between
0.4% and 0.7% for the WMF and between the 0.2% and 0.3% for the
PSFD. Hence the swelling/shrinkage results of the 3D dilatometer are
slightly lower than the ESEM results for the WMF, which could be due
to; the different equilibration times, the difference in the relative hu-
midity being slightly lower at maximum for the 3D dilatometer ex-
periments, or naturally occurring mineralogical differences within the
samples. In addition, the 3D dilatometer results were corrected for the
effect of the relative humidity whereas for the ESEM results the data
was not corrected for a potential effect of imaging at different humidity
values in the atmosphere of the ESEM. The PSFD shows less swelling
and shrinkage overall than the WMF samples when measurements were
performed using the 3D dilatometer, which could be due to micro-
structural differences. Porosity is slightly lower for the PSFD samples as
well as that the clay matrix content is lower and the organic matter
content is higher for the PSFD (Houben et al., 2016a, 2016b). Both
methods showed that swelling strain is anisotropic and that 2–3 times
more swelling strain was measured perpendicular to the bedding than
parallel to the bedding on average (Fig. 7). The swelling anisotropy
ratio is the equilibrium swelling strain in Z-direction compared to the
average equilibrium swelling strains in X and Y directions (Liu et al.,
2016a). During the 1st experimental cycle (upward pointing triangles in
Fig. 7) it looks like slightly more swelling anisotropy was measured
than when the relative humidity was decreased (downwards pointing
triangles in Fig. 7), this is due to the fact that the 1st cycle of the ex-
periment was less reversible than the 2nd cycle. The ESEM method
shows that not only there is a difference in swelling strain measured
parallel and perpendicular to the bedding. Swelling strain also varies
when measured in the same direction depending on location within the
sample (Fig. 3). The differential swelling within the samples can cause
extra stress build-up and closure of pores and cracks in parts of the
sample when the sample is under confined conditions, but also extra
pore and crack opening in the areas that experience less swelling.

The swelling anisotropy ratio is on average slightly larger than the
one found for coal (Liu et al., 2016a), indicating more anisotropic be-
havior for the investigated shales. The anisotropic swelling behavior of
the Whitby mudstone is proposed to be due to the sheetsilicates, pores

Fig. 6. Microstructural SEM images before and after the swelling experiment in the 3D dilatometer.
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and cracks present oriented parallel to the layering/ bedding plane in
the rocks (e.g.: Zhang et al., 2010). Zhubayev et al. (2015) showed that
the attenuation anisotropy in the Whitby Mudstone could be as large as
70% for dried samples and that the closure/opening of microcracks is a
dominant mechanism changing the attenuation anisotropy. Attenuation
anisotropy was generally largest perpendicular to the bedding
(Zhubayev et al., 2015). Things like anisotropic distribution of micro-
fractures, non-linear elastic swelling behavior of the sheetsilicates, an-
isotropic water vapour access in the matrix, pore network and pore
orientation, preferred orientation of adsorption sites, multiple layer
adsorption, all play a role (see also Liu et al., 2016a for coal). For in-
stance, more microfractures in an area could mean that the particular
area is easier accessible for water, hence could swell/shrink more ea-
sily, and the same goes for a better developed pore network in a certain
area. When more clay minerals are present in an area that is easy ac-
cessible for water cause swelling/shrinkage anisotropy, as well as the
tendency of clay minerals to swell/shrink more in a certain direction.

Ewy (2015) showed that shales easily change their water contents
when exposed to air with a lower or higher than the current relative
humidity. Loss of water could be damaging to the shales due to the
development of drying cracks (e.g.: Soe et al., 2009; Houben et al.,
2014; Ewy, 2015). The 1mm cubes used in the experiments show
drying cracks prior to the swelling and shrinkage experiments, but do
not reveal visual change in terms of damage due to the swelling and
shrinkage cycling when investigated with an SEM (JEOL Neoscope II
JCM-600) at low resolution (200–270×) before and after the

experiment (Fig. 6). The cubes investigated using the ESEM method do
show an increase in width of certain cracks with an increase in relative
humidity, Fig. 8 shows an increase of one pixel (0.9 μm) in crack width
when relative humidity went up from 0 to 100%. Ewy (2015) showed
that the average swelling strain decreases with increasing effective
confining stress for all samples and fluids investigated. Since the ex-
periments described in this paper were performed under unconfined
conditions and the fluid used was water vapour the average swelling of
the investigated samples can be compared to the DI H2O data of Ewy
(2015) showing an average swelling strain of ca. 1.2% for sample
ShaleG which has a higher porosity but a similar mineralogy as the
early Jurassic shales investigated here. Zhang et al. (2010) found higher
volumetric swelling strains of about 8–10% for the Opalinus clay and
the Callovio Oxfordian clay after wetting of unconstrained samples for
2months at 23% RH and 8months at 100% RH. Minardi et al. (2016)
found more similar swelling strain results to ours and the results of Ewy
(2015) for the Shaly facies of Opalinus clay. Minardi et al. (2016) show
one wetting and one drying curve for an Opalinus clay sample and the
corresponding changing volumetric swelling strain when changing the
relative humidity of the atmosphere from 50% up to about 95% and
back down to about 40%. The swelling strain for the Shaly facies of
Opalinus Clay is in the order of 1.5% and the swelling strain perpen-
dicular to the bedding is about three times as large as the swelling strain
parallel to the bedding (Minardi et al., 2016). This is comparable to the
Whitby Mudstone and Posidonia Shale (Dotternhausen) results for
which the swelling strain parallel to the bedding is 2–3 times less than

Fig. 7. Swelling anisotropy ration versus relative humidity plotted for all samples. Upward facing triangles mean that the points refer to measurements when the
relative humidity in the cell was increased, whereas the downward facing triangles where measured during relative humidity decrease.

Fig. 8. ESEM pictures taken at different relative room humidity illustrating the increase in crack width when increasing relative humidity.
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the swelling strain perpendicular to the bedding. In addition, Zhang
et al. (2010) state that a higher clay content resulted in more shrinkage,
which was confirmed by the data published in this paper. Furthermore,
Ewy (2014) observed that the higher the compaction of the clay the less
amount of swelling strain it displays. This implies that the fact that the
Posidonia shale (Dotternhausen) shows less swelling strain than the
Whitby Mudstone could be due to mineralogical differences, but a
difference in compaction rate should also be considered, or a combi-
nation of both. Compaction rates depend on local stress state, but also
on initial porosity and amount of clay minerals present (Dewhurst and
Aplin, 1998; Broichasen et al., 2005), next to the presences and dis-
tribution of large resistant minerals (Houben et al., 2014).

6. Theory versus experiments: relationship between equilibrium
swelling strain and RH

Volumetric swelling strain measured for the Whitby Mudstone is
about half of the swelling strain measured for coal by Liu et al. (2016a).
Liu et al. (2016a) came up with a number of models to compare the
volumetric swelling strains versus activity of water vapour. One could
use these models to see whether they can explain our results for
claystones as well, the models are:

1. The HS model (Hol and Spiers, 2012; Liu et al., 2016a):
= +e ρVv

eq C Ka
Ka1 0

s g

g
, where eveq is the equilibrium volumetric swelling strain,

Cs is the total number of localized adsorption sites available for water
present in one kilogram of rock, K is the equilibrium constant for ad-
sorption, ag is the water vapour activity, ρ is the density of the rock and
V0 is the bulk volume change of the matrix due to adsorption of one
mole of water molecules;

2. The Dent-based case (Liu et al., 2016a): =ev
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3. The DW based case (Liu et al., 2016a): =ev
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, where Cs1 and Cs2 are the concentrations of

water molecules associated with primary and secondary adsorption
respectively.

Measuring values like the number of localized adsorption sites, the
equilibrium constant for adsorption and the bulk volume change of the
matrix due to adsorption of one mole of water was beyond the scope of
this paper. Assuming that the organic matter is rate controlling by
swelling though validates the use of the same values as used for coal for
the number of localized adsorption sites, the equilibrium constant for
adsorption, and the bulk volume change of the matrix due to adsorption
of one mole of water. Using the ‘coal’ values though generates higher
modeled values for the equilibrium volumetric swelling strain than the
ones measured experimentally. Assuming a mudstone rock density of
2400 kg/m3 (Douma et al., 2017) the models (Liu et al., 2016a; Hol and
Spiers, 2012) predict a volumetric swelling strain of 1.8–1.9%. Only
about 6–9% of the matrix of WMF4 (Houben et al., 2016b) is made out
of organic matter, meaning that about 0.1% of swelling strain can be
caused by swelling of the organic matter. The measured volumetric
swelling strain for sample WMF4 is in the range of 0.2–0.7% (Fig. 9),
meaning that the organic matter swelling can account for some of the
volumetric swelling strain we have measured, but the clay minerals
contribute to the total volumetric swelling of the sample as well. Most
likely would be that not only the equilibrium constant for adsorption is
different in claystones, but also the total number of localized adsorption
sites is different. Seemann et al. (2017) investigated the water vapour
sorption on a number of different claystones. They have measured the
monolayer capacity for water on different claystones to be between
0.11 and 0.73mol/kg. This range of monolayer sorption values can be
used in the models (Liu et al., 2016a; Hol and Spiers, 2012) to exchange
the number of localized adsorption sites for water present in one

kilogram of coal (Cs) to the values for claystones. Keeping all the other
values similar to the coal values than generates two end-member results
for the three different models. The HS model shows volumetric swelling
strains between 0.02 and 0.1% which are lower than the ones measured
in the experiments (Fig. 9b), the Dent-based model yields values be-
tween 0.2 and 1.2%, and the DW-based model shows values between
0.3 and 1.8%. Again experimental data is best explained by the Dent-
based and DW-based models and with a Cs value that are similar the
lower end values of the ones measured by Seemann et al. (2017). In-
stead of using the Seemann et al. (2017) values one could also use the
values for volume swelling per gram of dry shale as measured by Ewy
(2014) on different shales to substitute the values for Cs times V0 in the
models. Ewy (2014) reported values between 0.000001 and
0.00006m3/kg, with most of the clays showing values between
0.000001 and 0.000015m3/kg. Keeping the constant for the clay ma-
trix adsorption the same as for coal generates two end member results
that envelope the data in the case of the HS model. The Dent-based and
the DW-based models fit the experimental data best when the lowest
values for Cs times V0 were used (Fig. 9c). Best fits for all models are
presented in Fig. 9d. One can predict the amount of swelling of the
shales until a certain extent, where the DW-based and Dent-based
models can better explain the experimental data than the HS model.
This indicates that the swelling of clay is not well explained when it is
assumed that the swelling solely depends on the adsorption of the first
layer of water molecules or solely depends on monolayer adsorption
with strong binding energy (Liu et al., 2016a).

7. Implications

The results show swelling of the Whitby Mudstone and Posidonia
Shale when the sample is exposed to a more humid atmosphere than
before and shrinkage of the sample when the relative humidity of the
atmosphere is decreased. This result suggests that one will be creating
space (about 1–2%) by drying due to shrinkage of the shales. We did not
see the formation of cracks during the swelling and shrinkage experi-
ments at the scale used for investigation, we did see that earlier formed
cracks were becoming wider when the relative humidity of the atmo-
sphere increased (at unconfined conditions). Assuming that the Youngs
modulus of these samples is comparable to what Douma et al. (2017)
measured for the Whitby Mudstone (10–15 GPa), the stress needed to
get 1–2% of strain is in the order of 100–300MPa, these values are
quite high when you compare it to experimental values. Uniaxial
compression experiments show that you need 40–50MPa axial stress to
generate 1% strain and 50–70MPa axial stress to generate 2% strain
(Barnhoorn et al., 2018), indicating that 1–2% of strain will generate
cracks, hence will improve the permeability of the rock depending on
the local stress state. Additionally, one has to keep in mind that when
the material shrinks you are decreasing the permeability of the un-
damaged matrix due to the fact that pores will become smaller and pore
pathways might close off due to the fact that pore throats can close.
Creating cracks spaced relatively close together due to shrinkage of the
rock though would increase the permeability of the overall rock more
than the permeability will be reduced by matrix shrinkage. Main con-
trols will be the crack width of the open cracks, whether or not there is
a fluid present in the cracks, and whether or not an open fracture
network is created that connects fractures together or that connects
fractures to the existing percolating pore network. By how much the
permeability of the rocks improves will depend on the rock and the
geological setting the rock is in. Even though pretty similar in compo-
sition, Posidonia shale and Whitby Mudstone, already showed different
amounts of volumetric swelling strains, where the two Whitby Mud-
stone samples yielded comparable results. In situ the clays could show
more swelling and shrinkage effects, since the samples before the ex-
periments were already dried and could have suffered from some per-
manent changes to the microstructure before the experiments started.

Although the smectite component in the clays investigated here is
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low (circa 3%), the samples still show considerable amounts of swel-
ling, where the main swelling/shrinkage component seems to be the
clay matrix (all minerals with diameters< 2 μm, where the clay mi-
nerals present are mainly illiet, interlayered illit/smectite and kaolinite
(Houben et al., 2016a)) since the PSFD sample with lower contents of
clay minerals showed less swelling. Hence, although small, there is a
potential for desorption-induced matrix shrinkage and crack opening to
enhance permeability. In this case, the matrix shrinkage could be en-
hanced by exposure to liquid nitrogen at cryogenic temperatures since
samples that are freeze-dried lose more water than samples exposed
only to vacuum or elevated temperatures up to 105 °C (Houben et al.,
2013; Desbois et al., 2014; Liu et al., 2016a).

8. Conclusions

We have investigated the swelling and shrinkage behaviour of the
Whitby mudstone and Posidonia shale. Although the gas shales com-
prise little swelling clays (< 3% of smectite), the swelling and
shrinkage of the rocks was measurable when the rocks were exposed to
different relative humidity. The relative volumetric change was in the
order of 0.4–2.2 vol% for the Whitby mudstone. The swelling and
shrinkage depended on the measuring direction with respect to the
bedding, where maximum swelling/shrinkage occurred perpendicular
to the bedding. Anisotropy in swelling/shrinkage orientation is due to
preferred alignment of the sheetsilicates, which were found to be the
main cause found for swelling/shrinkage. Parallel to the bedding the
swelling/shrinkage measured was less, but a similar values was mea-
sured in both directions parallel to the bedding. ESEM results showed
that swelling was microstructure dependent with areas that showed
more swelling and shrinkage and areas that were less affected. The

swelling/shrinkage potential of the rock is mostly dependent on the
amount of clay minerals present in the rock, since the rock with less
clay minerals and more organic matter (PSFD) showed less volumetric
swelling. Exposing the rocks to less and more relative humidity caused
the matrix to expand and shrink, hence caused micro-crack opening and
closing with potential permeability enhancement. The swelling/
shrinkage of the rocks can be modeled where the more general case that
swelling is caused by both primary and secondary adsorption does ex-
plain the experimental data best.
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