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Abstract
Shale cuttings and cores recovered from the subsurface and stored for hours to decades tend to dry out and lose moisture and 
hydrocarbons, leading to an increase in the effective matrix permeability. Moisture loss in shale samples is a fundamental 
sample preservation problem which can be solved by applying a standard moisture equilibration procedure to restore lost 
moisture. Our aim was to investigate the relationship between permeability and variable moisture as-received, as-received 
moisture-equilibrated and saturated moisture-equilibrated samples. Samples were crushed to a series of particle sizes (0.6-
2.0) mm and moisture equilibrated at 97% relative humidity. Results show that moisture equilibration in the samples was 
achieved after 72 h. The permeability of the saturated moisture-equilibrated and as-received moisture-equilibrated samples 
decreased exponentially with increase in moisture content. The high correlation coefficient between permeability and particle 
size (r = 0.96 and 0.97) for moisture-equilibrated samples compared to 0.76 for as-received samples indicates that moisture 
equilibration improves permeability measurements in crushed shale samples. Furthermore, permeability measurements are 
repeatable for moisture-equilibrated samples compared to samples that were not equilibrated (as-received). We conclude 
that moisture content affects permeability and moisture equilibration normalizes and improves the repeatability of perme-
ability measurements in crushed shale.
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1  Introduction

Shale is a fissile mudrock composed of clay minerals, car-
bonate, silica, and organic matter (Ingram 1953; Loucks 
et al. 2012). When shale cuttings and cores are recovered 
from the subsurface and stored, they tend to dry out, and 
measurable changes in moisture content may occur in a 
matter of hours and continue for decades (Clarkson et al. 
2011). The loss of moisture and hydrocarbons increases the 
effective permeability of stored shale samples and induces 
capillary artifacts that affect permeability measurements 
(Chenevert et al. 1997). For example, Clarkson et al. 2011 

determined that the fluid saturation of crushed shale samples 
can decrease from 40% to 2% in less than 12 h at 20 °C. 
Clarkson et al. (2011) showed that the rate of dehydration in 
shale is faster in crushed samples and cuttings than in whole 
cores and suggested the need to use preserved samples that 
have not lost moisture (e.g., preserved in polythene bags 
or dipped in wax) to determine petrophysical properties of 
stored samples. Most laboratories store cores in polythene 
bags to minimize dehydration. However, the cores and cut-
tings still dehydrate over time since the temperature and 
sample stress conditions during storage differ from those 
in the subsurface.

Moisture conditioning is a common procedure for the 
proximate analysis of coal (ASTM 1412), which is prone 
to moisture loss following sampling, especially in lignite 
and subbituminous coals. Moisture equilibration or condi-
tioning is the process by which hygroscopic materials reach 
equilibrium with the ambient relative humidity of the air by 
absorbing or desorbing moisture until the material neither 
loses nor gains moisture from the environment. For example, 
coal and shale naturally contain water and are susceptible to 
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moisture loss. Moisture equilibration can be performed rap-
idly on crushed shale samples, but is difficult, if not impos-
sible for core plugs or even cuttings, where conditioning 
would require equilibration times on the order of months to 
years. Even then, the rock may still not reach equilibrium 
moisture at ambient temperature and pressure. According 
to the ASTM (D1412-07) standard method for coal mois-
ture equilibration, samples are to be saturated (wet) before 
equilibration. However, for coal samples that deteriorate 
when treated with water, it is recommended that they are 
equilibrated directly without wetting, provided the samples 
were collected and prepared with minimal loss of moisture 
(ASTM, D1412-07). Chenevert et al. (1997) have shown 
that moisture in shale should be preserved at native or bed 
moisture values to accurately measure physical properties 
(e.g., saturation, porosity, permeability, and bulk volume). 
However, no investigations have been performed to system-
atically determine the relationship between moisture content 
and matrix permeability in shale. Moisture loss in shale is a 
sample preservation problem that calls for a standard proce-
dure to restore moisture in cores and cuttings before perme-
ability measurements are made. If a shale sample contains 
expandable clay, the inherent moisture content will influence 
clay volume, pore volume, and permeability. Expandable 
clays when moisturized increase in volume and will reduce 
pore volume and the size of pore throats, thus decreasing 
porosity and permeability (Morris and Shepperd 1982).

One way to investigate the effect of moisture in preserved 
shale samples is to measure the permeability of the sam-
ples as received and at different moisture contents. Mois-
ture content can be varied by oven-drying a water-saturated 
sample for different time periods. The effect of moisture 
equilibration on permeability can be established by com-
paring the permeability of as-received samples and mois-
ture-equilibrated samples. The objective of this study was 
to perform controlled experiments to evaluate the relation-
ship between moisture content and matrix permeability in 
as-received shale samples and moisture-equilibrated shale 
samples across a range of different crushed particle sizes. 
To accomplish this, we used the standard methods for mois-
ture equilibration of coal (ASTM, D1412-07) and measured 
shale permeability by analyzing the pressure decay curves 
obtained from the Shale Matrix Permeameter (Core Labo-
ratories SMP 200) (Achang et al. 2017).

2 � Materials and methods

2.1 � Workflow for sample analyses

The core that was used for this study is from the Danker 
#1–28 well (API number 350812381700003), which was 
recovered from the Woodford Shale (Devonian) in Lincoln 

County, Oklahoma, USA, and was donated to the Boone 
Pickens School of Geology by Sundown Energy. A descrip-
tion and graphic log of the core are available in Achang et al. 
(2017). The mineralogy consists of quartz and orthoclase 
(potassium feldspar) ranging from 44% to 72%, clay 10% to 
22%, calcite 1% to 3%, dolomite 7% to 24%, and pyrite and 
marcasite 3% to 37% in the 14 ft (4.4 m). Also, the shale 
contains chlorite, illite, and kaolinite which are non-expand-
able, including minimal quantities of expandable clay and is 
thus minimally reactive with water. Samples from the core 
were taken from depths of 4907–4909 ft (1495.7–1496.3 m) 
and 4909–4911 ft (1496.3–1496.9 m) and crushed with a 
hammer on a metal slab and sieved to particles sizes of 2.0, 
1.7, 1.4, 1.2, 1.0, 0.85, 0.71, and 0.60 mm. The as-received 
samples used in this research are the same as those used in 
Achang et al. (2017). The workflow for the procedure used 
in this study is shown in Fig. 1. A Core Laboratories Shale 
Matrix Permeameter (SMP 200) was used for measurement 
of pressure decay curves resulting from helium entering the 
sample. The pressure decay curves were used to estimate 
permeability using the methods described by Cui et  al. 
(2009) and Achang et al. (2017).

2.2 � Moisture equilibration of as‑received samples

The moisture equilibration process is detailed in 
ASTM Standard D1412-07 and begins with vacuum satu-
rating crushed samples with water as shown (Fig. 1a, b) in 
steps 1 and 2. Five duplicate samples weighing 20 g with a 
particle size of 1.4 mm were placed in a conical flask, and 
100 ml of deionized water (18.2 MΩ cm) was added to wet 
the samples. The sample in the conical flask was placed in 
a desiccator for 3 h at a pressure of 1.2 MPa (170 psig) and 
a temperature of 23 °C. Next, the sample was transferred 
into a Büchner-type funnel and the water was drained. A 
balance (Mettler Toledo) was used to determine the weight 
of a 90-mm-diameter Pyrex glass Petri dish. The samples 
were transferred to the Petri dish, and the weights of the 
saturated (wet) sample and the Petri dish were recorded. The 
weight of the sample was estimated to be 15 g by subtract-
ing the mass of the Petri dish from the combined mass of 
the sample and the Petri dish. The 15-g sample in the Petri 
dish was placed in a vacuum desiccator containing saturated 
potassium sulfate to maintain a relative humidity (RH) at 
97% and a pressure of 30 mmHg (0.58 psig or 4 kPa) in 
the vacuum desiccator. The desiccator and its contents were 
placed in an isotherm water bath at a temperature of 30 °C 
(required temperature for moisture equilibration at a relative 
humidity of 97%) for moisture equilibration. One sample 
was withdrawn from the desiccator every 24 h, the weight 
measured, then dried in an oven at 105 °C until constant 
weight. It took about 1.5 h for constant weight to be attained; 
the duration of 1.5 h was established by drying a sample at 
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0.5-h intervals and determining when the weight of the sam-
ple became constant. After drying, the Petri dish containing 
the sample was removed from the oven, cooled for 0.5 h in a 
desiccator, and weighed. The weight was recorded, and the 
percent equilibrium moisture content was calculated.

where A = weight of the Petri dish, B = weight of Petri 
dish and wet shale, and C = weight of the Petri dish and 
dried shale in grams. The moisture equilibration procedure 
described above was used for all the samples saturated with 
water before equilibration (saturated moisture equilibrated), 
and the wetting step was skipped for samples moisture equil-
ibrated without wetting (as-received moisture equilibrated). 
Depths associated with data are for identification purposes 
only

2.2.1 � Length of moisture equilibration

To determine how long as-received samples and wet satu-
rated samples should be moisture equilibrated, three sets 
of five samples of 15 g each and 1.4 mm particles were 
used. Five samples were saturated with water for 3 h and 
another five samples for 24 h, respectively. The remaining 
five samples were kept in the as-received (stored) state. All 
the samples were moisture equilibrated as described above 
by placing them in a desiccator containing saturated potas-
sium sulfate at a pressure of 30 mmHg (0.58 psig or 4 kPa). 
The desiccator was then placed in a water bath regulated at 
30 °C. One sample was withdrawn after 24 h, 48 h, 72 h, 

(1)Equilibriummoisture (%) =
(

B − C

B − A

)

× 100

96 h, and 120 h, weighed and oven-dried to a constant 
weight. The weights were used to determine the moisture 
equilibration behavior for the water-saturated samples and 
for the as-received (unsaturated) moisture-equilibrated 
samples.

2.3 � Variation in moisture content and permeability

To estimate the initial moisture content of the 15 g sample 
of crushed shale (particle size = 1.4 mm) obtained from a 
depth of 4909–4911 ft (1636–1637 m), the sample was oven-
dried at 105 °C for 1.5 h, then cooled in a desiccator, and the 
weight measured. The difference in the weights was equiva-
lent to the mass of the initial moisture content which was 
converted into percent (%) pore volume. To determine the 
relationship between moisture content and permeability, the 
moisture content in the sample was varied by oven-drying 
for 1.4 h at 20-min intervals. Figure 1a shows a flowchart of 
the procedure followed for moisture content–permeability 
experiments.

A mass of 80 g (particle size = 1.4 mm) of crushed shale 
was vacuum saturated with DI water at 23 °C for 3 h. The 
sample was placed in an oven at an initial temperature of 
40 °C for 20 min, then removed and cooled in a desicca-
tor for 0.5 h, and the permeability measured. The moisture 
content of the sample was estimated from the weight differ-
ences. The temperature of the oven was increased by 20 °C, 
and the sample was placed again in the oven for 20 min, 
removed and cooled, and moisture content estimated and 
permeability measured. This drying step was repeated for 
20-min increments to 120 °C. Also, the as-received sample 
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Fig. 1   Schematic of the procedure for a permeability determination at different moisture contents and b moisture equilibration and permeability 
determination. Numbers 1–5 indicate the major steps in the workflow
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was moisture equilibrated and the moisture content and per-
meability measured as described above.

2.4 � Permeability measurements of as‑received 
samples, as‑received moisture‑equilibrated 
samples, and saturated moisture‑equilibrated 
samples

The pressure decay curves of 75–80 g of each particle size 
(0.6 mm, 0.7 mm, 0.85 mm, 1.0 mm, 1.2 mm, 1.4 mm, 
1.7 mm, and 2.0 mm) of the as-received samples, as-received 
moisture-equilibrated samples and saturated moisture-equil-
ibrated samples (steps 1, 2, and 3) were measured with the 
Shale Matrix Permeameter (SMP 200). The pressure decay 
curves for the as-received, as-received moisture-equilibrated 
and saturated moisture-equilibrated samples were assessed 
for matrix permeability as described in Cui et al. (2009) and 
Achang et al. (2017). After the permeability of the moisture-
equilibrated samples was measured, the samples were oven-
dried (Fig. 1a, steps 4 and 5) and the permeability again 
measured and compared with the as-received values.

3 � Results

3.1 � Time required for moisture equilibration 
of as‑received moisture‑equilibrated 
and saturated moisture‑equilibrated samples

The time required for moisture equilibration of 15 g samples 
is 72 h (Fig. 2). The region where the best-fit line for the data 
appears to be more stable, in Fig. 2b, is the region where 

moisture change becomes negligible, indicating that mois-
ture content had reached equilibrium at a relative humidity 
of 97%. Samples actually begin to attain equilibrium after 
48 h; but because 48 h is at the boundary between steep 
moisture change and little moisture change, a value that was 
used for the entire study is 72 h for 15 g masses and 96 h for 
75–80 g mass of crushed shale samples.

The initial moisture content of the as-received samples 
obtained from a depth of 4909 ft (1496.26 m) was estimated 
to be 0.57%. The moisture content in the as-received sam-
ple increased from 0.57% to 1.5% within 24 h of moisture 
equilibration and stayed relatively constant at 1.5% moisture 
content. The sample reached equilibrium by 48 h, and the 
moisture content did not change significantly for the remain-
der of the 120-h equilibration period (Fig. 2a). The mois-
ture content for the saturated moisture-equilibrated samples 
increased to 8–10% within 24 h (Fig. 2a). The moisture con-
tent of the saturated moisture-equilibrated samples, which 
were saturated for 3 h and 24 h, reached equilibrium by 
48 h and moisture content remained effectively constant at 
approximately 2.9% and 1.9% (Fig. 2b), respectively. Over-
all moisture content gained by as-received (unsaturated) 
moisture-equilibrated samples is 1.5% compared to 2.9% and 
1.9% for saturated moisture-equilibrated samples (Fig. 2b).

3.2 � Variation in equilibrium moisture content 
versus permeability

A plot of moisture content expressed as percent pore volume 
versus permeability for saturated moisture-equilibrated sam-
ples (Fig. 3a) and as-received moisture-equilibrated sam-
ples (Fig. 3b) shows a decreasing exponential relationship. 
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Regression analysis indicates a negative correlation coeffi-
cient of − 0.97 for saturated moisture-equilibrated samples 
and − 0.86 for as-received (unsaturated) moisture-equili-
brated samples (Fig. 3b). When the moisture content in the 
pore volume (PV) is approximately 97%, permeability is 
only − 0.01 nD for saturated moisture-equilibrated samples 
and 0.22 nD for as-received moisture-equilibrated samples. 
Permeability increases with decreasing moisture from 0.01 
to 3.2 nD at a moisture content of 70% and increases expo-
nentially to 3.0 nD as equilibrium moisture content falls to 
about 10% of pore volume (Fig. 3a). Also, the permeability 
of the as-received (unsaturated) moisture-equilibrated sam-
ples is greater than that for the saturated moisture-equili-
brated samples.

3.3 � Permeability measurements of as‑received 
moisture‑equilibrated and saturated 
moisture‑equilibrated samples

For as-received, saturated moisture-equilibrated and as-
received (unsaturated) moisture-equilibrated samples, per-
meability correlates positively with particle size (Fig. 4a, 
b). The as-received samples have higher permeability 
than the saturated moisture-equilibrated and as-received 
(unsaturated) moisture-equilibrated samples. For samples 
from a depth of 4907 ft (1495.65 m), permeability ranges 
from 4.47 nD to 171.9 nD for as-received samples (Achang 
et al. 2017) and 0.5 nD to 6.8 nD for saturated moisture-
equilibrated samples. For samples from the depth 4909 ft 
(1496.26 m), as-received permeability ranges from 1.65 to 

13.05 nD, as-received moisture-equilibrated sample perme-
abilities range from 0.15 to 5.3 nD, and the permeability of 
saturated moisture-equilibrated samples from 0.16 to 6.8 nD. 
Correlation coefficients of 0.96 and 0.97 were calculated 
for the saturated moisture-equilibrated samples at depths of 
4907 ft and 4909 ft, respectively, compared to 0.95 and 0.76 
for the as-received samples of same depth in turn. The per-
meability of as-received samples from 4907 ft is greater than 
that of the saturated moisture-equilibrated samples from that 
depth. The correlation coefficient of the as-received sample 
(0.76) is smaller than that of the as-received moisture-equil-
ibrated samples (0.96) and saturated moisture-equilibrated 
samples (0.97) samples from 4909 ft (Fig. 4b). Multiple 
runs to determine the permeability of samples after moisture 
equilibration resulted in greater repeatability than multiple 
runs for the as-received samples (Tables 1 and 2). For dif-
ferent particle sizes, the relative error of the permeability 
for as-received samples from 4907 ft ranged from 3.0% to 
23.0% and from 11% to 38% for saturated moisture-equili-
brated samples (Fig. 5). For the samples taken from 4909 ft. 
depth, the relative error for as-received samples, saturated 
moisture-equilibrated and as-received moisture-equilibrated 
samples ranged from 5.7% to 30%, 3.4% to 24%, and 7.4% to 
18%, respectively. Nevertheless, the results for particle size 
0.71 mm and 1.18 mm have an exceptionally large error of 
39% and 24%

Figure 6 shows a plot of particle size versus permeability 
of as-received, as-received moisture-equilibrated and satu-
rated moisture-equilibrated samples that were subsequently 
oven-dried. The results were plotted and compared with the 
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permeability of the as-received samples. The correlation 
coefficients derived from the regression analysis of the oven-
dried samples are 0.95 (saturated moisture equilibrated) and 
0.96 (as-received moisture equilibrated) in comparison with 
0.76 for the as-received sample.

4 � Discussion

4.1 � Variation in equilibrium moisture content 
expressed as percent pore volume 
and permeability

The dominant clay minerals in the Danker #1–28 core 
include chlorite, kaolinite, and illite which are non-expand-
able, and thus, wetting and drying samples had minimal 
impact on rock fabric. Moisture content is inversely expo-
nentially proportional to permeability (Fig. 3). Thus, as the 
moisture-filled portion of the pore volume decreases, the 
permeability to gas increases exponentially in both saturated 
moisture-equilibrated and as-received moisture-equilibrated 
samples (Fig. 3a, b). The permeability for saturated mois-
ture-equilibrated samples ranges from 0.1 nD in samples, 
where moisture occupies approximately 97% of the pore 
volume, and 14 nD in samples, where moisture occupies 
about 10% of the pore volume. Additional moisture, includ-
ing some clay bound water, would be removed if the sam-
ples were heated to 140 °C and all structural-bound water 
would be removed if the samples were heated beyond 400 °C 
(Handwerger et al. 2011; Sondergeld et al. 2010), potentially 
increasing permeability further. Therefore, the smaller the % 

moisture content in the pore volume, the greater the perme-
ability and vice versa.

4.2 � Moisture equilibration of as‑received 
and saturated samples

The results of as-received samples and saturated moisture-
equilibrated samples show that the Woodford Shale samples 
were moisture equilibrated to moisture contents between 
1.9 and 2.0% (which is similar to values measured for other 
Devonian shale Formations (Chalmers et al. 2010). Satu-
rating samples with water prior to moisture equilibration 
results in higher equilibrium moisture values than equili-
brating from the as-received state (Fig. 2b). A period of 
72 h is required to equilibrate samples of 15 g. However, 
for samples of 50 g or larger, it takes 96 h for equilibrium 
moisturization. The increase in moisture content from 0.6% 
to 10.0% followed by a decrease to 2.9% and 1.9% in satu-
rated moisture-equilibrated samples indicates a reversal of 
the humidity gradient between the samples and water on 
surfaces of the particles and the desiccator. Following wet-
ting (saturation), the shale is effectively saturated with water 
and gradually releases the water to the atmosphere in the 
desiccator until the sample reaches equilibrium with the 
moisture at a relative humidity of 97% atmosphere in the 
desiccator. In the as-received samples, the moisture moves 
from the atmosphere of the desiccator into the sample and so 
the moisture content increases from 0.57% to 1.9% (Fig. 2a). 
The difference in the moisture content between saturated 
moisture-equilibrated and as-received moisture-equilibrated 
samples is because it is easier to remove water from the 
shale samples than by adding water due to capillary forces. 

0.1

1

10

100

1000

0.5 0.9 1.3 1.7

P
er

m
ea

bi
lit

y,
 n

D

Particle size, mm

4907 - as-received
4907 - saturated moisture equilibrated 

r = 0.96

r = 0.95

(a) (b)

0.01

0.1

1

10

100

0.5 1.0 1.5 2.0

P
er

m
ea

bi
lit

y,
 n

D

Particle size, mm

4909 - as-received
4909 - as-received moisture equilibrated
4909 - saturated moisture equilibrated

r = 0.76

r = 0.97

r = 0.96

Fig. 4   Particle size versus permeability for as-received, as-received moisture-equilibrated, and saturated moisture-equilibrated samples from the 
Danker #1-28 core a 4907 ft (1495.65 m) and b 4909 ft (1496.26 m)



498	 Petroleum Science (2019) 16:492–501

1 3

Bigourdan et al. (1997) made similar observations when 
photographic films and library books (organic materials) 
were exposed to different levels of relative humidity and 
moisture.

4.3 � Moisture‑equilibrated samples and matrix 
permeability

The permeability of as-received samples, saturated mois-
ture-equilibrated samples, and as-received moisture-equil-
ibrated samples increases with increasing particle size. 
The positive correlation between permeability and parti-
cle size was first observed by Cui et al. (2009), which they 
explained using a dual-porosity model. In this model, con-
nected macropores and micropores are responsible for the 
increase in permeability with an increase in particle size. 
Achang et al. (2017) have made similar observations and 
suggested that the positive correlation results mainly from 

the presence of macropores, particularly in larger particle 
sizes and microfractures, which were observed in scanning 
electron microscopy images and in many cases appear to 
be a result of crushing the shale samples. The high cor-
relation coefficient between permeability and particle size 
(r = 0.96 and 0.97) for moisture-equilibrated samples com-
pared to 0.76 for as-received samples (Fig. 4a, b) suggests 
that moisture equilibration improves the robustness of pres-
sure decay permeability measurements in crushed shale sam-
ples. Furthermore, permeability measurements are repeat-
able for moisture-equilibrated samples compared to samples 
that were not equilibrated (Tables 1 and 2). The relative 
errors observed for the largest particles sizes > 1.0 mm are 
more consistent compared to those observed for the parti-
cle sizes < 1 mm, where scattering is dominant. Thus, more 
complete moisture equilibration of larger particles. Clarkson 
et al. (2011) showed that crushed particles lose moisture 
faster than core plugs, and so it follows that smaller crushed 

Table 1   Particle size and permeability (exponential decay segment) measurements for as-received samples and saturated moisture-equilibrated 
samples from the Danker #1–28 core at 4907 ft (1495.65 m)

a Means no data available
b Std means standard deviation
c Rel error means relative error

Sample 4907 Permeability (nD)

2.0 mm 1.7 mm 1.4 mm 1.2 mm

Repeats As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

1 248.98 6.11 138.43 4.08 11.93 4.96 11.08 2.33
2 133.37 6.07 192.16 3.38 10.36 3.19 37.09 2.00
3 133.37 5.82 94.92 3.04 7.23 3.50 16.59 1.98
4 /a 6.74 / 3.42 6.70 2.79 / 1.98
5 / 6.16 / 4.13 / 3.27 / 2.18
Mean 171.91 6.18 141.84 3.61 9.06 3.54 21.59 2.09
Std 66.75 0.39 39.77 0.38 2.17 0.747 11.19 0.14
Mean of Std 38.54 0.18 22.96 0.17 1.09 0.334 6.46 0.06
Rel error 22.42% 2.83% 16.19% 4.65% 11.99% 9.43% 29.94% 3.02%

Sample 4907 Permeability

1.0 mm 0.85 mm 0.71 mm 0.60 mm

Repeats As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

As-received Saturated mois-
ture equilibrated

1 7.98 2.88 3.23 0.56 2.59 1.14 2.34 0.55
2 7.58 2.48 13.21 1.30 4.90 1.47 6.60 0.56
3 6.62 2.40 4.18 0.89 / 2.01 / 0.38
4 3.27 / / / 0.47 / /
5 / / / / / 0.57 / /
Mean 7.81 2.58 6.87 0.92 3.75 1.13 4.47 0.50
Stdb 0.57 0.35 4.50 0.31 1.15 0.57 2.13 0.08
Mean of Std 0.28 0.17 2.60 0.18 0.82 0.26 1.51 0.05
Relc error 5.64% 6.75% 37.78% 19.23% 21.77% 22.62% 33.72% 9.55%
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Table 2   Particle size and permeability measurements for as-received, saturated moisture-equilibrated, and as-received moisture-equilibrated 
samples from the Danker #1–28 core at 4909 ft (1496.26 m)

Sample 4909 Permeability (nD)

2.0 mm 1.7 mm

Repeats As-received As-received moisture 
equilibrated

Saturated moisture 
equilibrated

As-received As-received moisture 
equilibrated

Saturated mois-
ture equilibrated

1 7.15 4.47 7.46 11.93 3.59 5.42
2 11.00 6.89 8.48 10.36 3.61 4.64
3 7.86 4.96 5.41 7.23 4.28 5.53
4 4.78 5.85 6.70 3.12 6.95
5 4.55 / / /
Mean 8.67 5.13 6.80 9.06 3.65 5.64
Std 2.048 1.004 1.43 2.17 0.414 0.83
Mean of Std 1.182 0.449 0.71 1.09 0.207 0.42
Rel error 13.64% 8.75% 10.48% 11.99% 5.68% 7.40%

Sample 4909 Permeability (nD)

1.4 mm 1.2 mm

Repeats As-received As-received moisture 
equilibrated

Saturated moisture 
equilibrated

As-received As-received moisture 
equilibrated

Saturated mois-
ture equilibrated

1 12.01 0.59 4.71 4.88 0.20 0.93
2 14.09 0.37 4.40 3.53 0.04 1.14
3 / 0.35 3.26 / 0.17 0.85
4 / 0.38 3.07 / 0.25 0.78
5 / 0.46 3.07 / 0.42
Mean 13.05 0.43 3.70 4.21 0.16 0.82
Std 1.04 0.086 0.71 0.67 0.080 0.24
Mean of Std 0.74 0.038 0.32 0.48 0.040 0.11
Rel error 5.64% 8.93% 8.52% 11.32% 24.34% 12.81%

Sample 4909 Permeability (nD)

1.0 mm 0.85 mm

Repeats As-received As-received moisture 
equilibrated

Saturated moisture 
equilibrated

As-received As-received moisture 
equilibrated

Saturated mois-
ture equilibrated

1 1.08 0.14 1.08 2.56 0.29 0.24
2 2.15 0.15 2.15 2.09 0.29 0.79
3 1.64 0.17 1.64 0.32 0.46
4 0.98 0.15 0.98 0.30 0.41
5 1.64 1.64 0.39
Mean 1.50 0.15 1.50 2.33 0.30 0.46
Std 0.47 0.010 0.42 0.24 0.02 0.18
Mean of Std 0.21 0.005 0.19 0.17 0.01 0.08
Rel error 13.98% 3.37% 12.68% 7.19% 2.57% 17.76%

Sample 4909 Permeability (nD)

0.71 mm 0.60 mm

Repeats As-received As-received moisture 
equilibrated

Saturated moisture 
equilibrated

As-received As-received moisture 
equilibrated

Saturated mois-
ture equilibrated

1 2.16 0.15 0.01 0.28 0.09 /
2 1.09 0.16 0.05 1.00 0.05 /
3 2.21 0.19 0.37 1.41 0.07 /
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particles would lose moisture faster than larger crushed par-
ticles. We propose that the scattering observed in the rela-
tive error (Fig. 5) for particles sizes < 1.0 mm could result 
from lower effectiveness in equilibration of moisture particle 
sizes < 1.0 mm, making them not ideal for moisture equili-
bration and permeability determination. Since the perme-
ability of the equilibrated samples is lower than that of the 
as-received samples (Fig. 6), we suggest that the moisture 
equilibration process homogenizes moisture in pores within 
the shale sample. Additionally, when all the saturated sam-
ples were oven-dried and the estimated permeability com-
pared with those of the as-received samples, the correlation 
coefficient of the moisture-equilibrated and dried samples 
was greater than those of the as-received samples (Fig. 6). 
Higher correlation coefficients between particle size and per-
meability (Fig. 6) of moisture-equilibrated samples and satu-
rated moisture-equilibrated samples that were dried again 
highlight the importance of applying a standard procedure 
(ASTM, D1412-07) for moisture equilibration to improve 
the consistency and predictability of pressure decay perme-
ability determinations.

An important limitation of moisture equilibration is that 
it probably does not restore shale to its native state, particu-
larly in samples where hydrocarbons have volatized. How-
ever, moisture equilibration reduces capillarity and effective 
permeability artifacts related to moisture loss when deter-
mining matrix permeability. Moreover, some moisture is lost 
during the transfer of samples from the desiccator to the 
permeameter (average of 0.068 g of moisture is lost in 3 h 
from samples of particle size 1.4 mm), which is equivalent 
to 0.09% of the moisture content by pore volume. The 0.09% 
error in moisture content is negligible.

5 � Conclusions

Moisture content is inversely related to permeability in shale. 
Equilibrating shale samples to equilibrium moisture con-
tent results in more accurate and repeatable measurements 

Table 2   (continued)

Sample 4909 Permeability (nD)

0.71 mm 0.60 mm

Repeats As-received As-received moisture 
equilibrated

Saturated moisture 
equilibrated

As-received As-received moisture 
equilibrated

Saturated mois-
ture equilibrated

4 / 0.16 0.08 / 0.06 /
5 / 0.16 0.26 / 0.09 /
Mean 1.65 0.16 0.15 0.89 0.07 /
Std 0.51 0.01 0.14 0.47 0.02 /
Mean of Std 0.30 0.01 0.06 0.27 0.01 /
Rel error 17.98% 3.65% 39.40% 30.13% 11.95% /

0

0.1

0.2

0.3

0.4

0.5

0.5 1.0 1.5 2.0 2.5

R
el

at
iv

e 
er

ro
r

Particle size, mm

4909 - as-received
4909 - as-received moisture equilibrated
4909 - saturated moisture equilibrated

Fig. 5   Relative error in permeability of as-received, as-received 
moisture equilibrated, and saturated moisture-equilibrated samples. 
Most of the scattering in the error is below the 1.4 mm particle size 
range. All samples taken from 4909 ft (1496.3 m)
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and in greater predictability of basic relationships, such as 
the relationship between permeability and particle size. The 
particle size–permeability relationship of moisture-equili-
brated samples increases with increasing particle size, and 
moisture-equilibrated samples have better correlation coef-
ficients compared to as-received samples, indicating that 
moisture equilibration improves pressure decay permeability 
measurements in crushed shale samples. Therefore, moisture 
equilibration is recommended as a standard way for prepar-
ing shale samples for permeability measurements.

Moisture equilibration can be performed to help restore 
moisture lost during sample storage and can be performed on 
unsaturated (as-received) samples or water-saturated sam-
ples. The Woodford Shale samples studied in this research 
have unexpandable clays, and so quantitative results were 
obtained using as-received and saturated samples. The dura-
tion for moisture equilibration in the shale samples studied 
is 72 h for samples equal to or smaller than 15 g and 96 h 
for samples of 75 g to 100 g. All samples gained moisture 
during equilibration, and saturated samples retained more 
moisture at equilibrium than unsaturated (as-received) sam-
ples. Even though moisture equilibration does not restore the 
shale sample to its original moisture content, particularly in 
samples where hydrocarbons had been present, equilibrium 
moisturization helps normalize analyses by compensating 
for moisture loss post-core retrieval, transport, and storage.
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