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Abstract Tight gas reservoirs are an important part of the
world gas resources. Such reservoirs have very low per-
meability (usually below 0.1 mD) and show a strong stress
sensitivity to fluid transport properties and a considerable
productivity decline during the production process due to
increasing effective stress. In an experimental study, sev-
eral measurement series were performed on plugs from the
North-German Rotliegend tight gas reservoirs to improve
knowledge and understanding of the effects of changing
stress and pore pressure conditions on reservoir rocks,
during gas production. In addition to the experimental
study, an Interactive Rock Data Catalog (IRDC) has been
developed, which contains a database coupled with a cor-
relation module. The database contains metadata of the
fields and wellbores included in the IRDC, the corre-
sponding log data and petrophysical data. The correlation
module contains correlations derived both from the study
measurements and from literature. The results of this study
will enable reservoir engineers to select specific data from
the database and process it in the correlation module to
generate secondary sets of data, which can then be used for
modeling and simulation of tight gas reservoirs.
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Introduction

With the increase in the world’s energy consumption and
the change in climate, unconventional energy resources
become more and more popular (Gou et al. 2015). An
important part of the unconventional energy resources is
tight gas reservoirs. Tight gas reservoir rocks are defined
by convention as rocks with permeability below 0.1 mD as
regard to USA conditions (Bennion et al. 2000; Byrnes
1997; Davis and Holditch 1998) or below 0.6 mD for the
conditions in the North German Tight gas reservoirs (Pusch
et al. 2005; Haefner 2006). Reservoirs with such a low
permeability normally have to be fractured to obtain eco-
nomical flow rates. The permeability of such fractured
rocks is closely related to the spatial geometric features of
fractures, the deformation and the stress conditions (Wang
et al. 2015). In the North-German Basin, potential tight gas
reservoirs can be found in the Permian Rotliegend and
Upper Carboniferous formations including a potential for a
shade of unconventional shale gas in the Z1 and Z2 cycles
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of the Upper Permian Zechstein formations (Hammes et al.
2013). There are a number of studies published during the
last two decades, which reveal the importance of stress and
saturation conditions in tight gas rocks for technical fea-
sibility and economical viability of gas production from
tight gas reservoirs. Experimental measurements of Jones
and Owens (1980) on a number of tight gas samples
showed, that under an isostatic load (without pore pres-
sure), which corresponds to the reservoir conditions, the
permeability is reduced by up to one tenth compared with
the permeability measured under normal laboratory con-
ditions. The pore space was reduced by 5-10 %. In general,
it can be said that the external load on a rock sample can
cause a reduction in the volume of rock, with a substantial
portion of this volume decrease being due to a decrease in
the pore volume. This is reflected by a decrease in the
porosity and permeability of the rock. The degree of the
permeability reduction is depending on the rock composi-
tion, the degree of solidification and the shaping of the pore
space (Debschiitz 1995). Measurements on medium- and
high-permeability sandstones with increasing loading up to
20 MPa show an approximately exponential decrease in
permeability down to about 60-90 % of the permeability in
the unloaded state (Fatt and Davis 1952).

The fluid transport properties of tight gas reservoirs are
controlled by factors like mineral content (especially clay
minerals, e.g., illite and chlorite), water saturation state and
stress conditions and show a great variability. In general,
minerals increase the amount of bound, immobile water.
Higher amounts of clay minerals and pore-filling mineral ce-
ments, e.g., calcite and anhydrite, result in lower porosity and
permeability (Pudlo et al. 2012). Hereby, different types of
clay minerals have a different impact on the reservoir quality.
Chlorites have a positive impact on the reservoir quality. They
prevent strong dolomite cementation, as both minerals com-
pete for dissolved Mg”". Furthermore, thin chlorite coatings
protect the grain surfaces from further overgrowth. Kaolinites
reduce reservoir quality, but have more impact on the porosity
than on the permeability. Illites have the most negative effect
on permeability and are often the reason why a reservoir is
tight. They can reduce permeability by one to three orders of
magnitude (Gaupp and Okkerman 2011).

According to Byrnes (1997) and Davies and Holditch
(1998), the permeabilities of tight gas sands vary up to 4
orders of magnitude for a given porosity value and thus
cannot be predicted solely as a function of porosity. The
permeability of tight gas sandstones decreases with the
increase of effective stress. Nevertheless, no unique rela-
tionship exists between the permeability measured at am-
bient stress conditions and those measured at reservoir
stress conditions. In this regard, ambient stress conditions
refer to the confining pressure used in the laboratory per-
meability measurements. In this paper, a minimum
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confining pressure of 3 MPa was engaged to avoid flow
between the plug and the Viton-sleeve, in which the plug
was inserted during the measurement. On the other hand,
reservoir stress conditions refer to the actual pressure
conditions in the reservoir.

However, the data sets exhibit a great variability re-
vealing the fact that prediction of permeability at reservoir
conditions from the routine permeability measured at am-
bient stress conditions is not possible. The degree of vari-
ability in the relationship increases with the decreasing
values of permeability.

As production from a tight reservoir depletes the effective
stress increases, leading to compaction of the reservoir and a
reduction of its porosity and permeability. This compaction
process in turn changes the stresses acting on the reservoir,
which significantly deviates from the uniaxial or isostatic
stress conditions often applied to simulate reservoir stress
conditions in SCAL (Special Core Analysis) laboratory
measurements. According to the experimental data obtained
from five reservoirs and 16 sandstone outcrops analyzed by
Hettema et al. (2000) and Schutjens et al. (2004), the pro-
duction-induced compaction behavior of these rocks de-
pends on both the effective stress and the effective stress
path. Here, the stress path K is defined as the ratio of the
change in the minimum effective horizontal stress and the
change in the effective vertical stress (Hettema et al. 2000):

A(Gh_fxp) (1)

k=20 —w)

where o}, and ¢, are the minimum horizontal and vertical
stress, respectively; p is the reservoir pressure and o is
Biot’s coefficient. Qiao et al. (2009) determined Biot co-
efficients for Canadian sandstones by measuring the per-
meability of each individual plugs under different
combinations of confining and pore pressure. The Biot
coefficients determined by Qiao et al. vary over a relatively
large area. The values increase with increasing perme-
ability. The coefficient is not only a specific material
property, but is also related to the permeability. According
to Wang (2000), typical values for the Biot coefficient of
sandstones are in the range of 0.64-0.85. Laboratory
measurements performed by Skomedal and Hettema (2002)
with decreasing pore pressure at constant isotropic con-
fining load on sandstones from a Norwegian deposit
showed a strong dependence of the compressibility of the
rock of the initial porosity. However, the compressibility
depends not only on the porosity, but also on other pa-
rameters such as the chlorite coatings and the degree of
quartz cementation. The Biot coefficients determined in
these measurements varied between 0.69 and 0.84.

In this paper, we assume that Biot’s coefficient is di-
rection independent as the rock material used for our ex-
periment is isotropic and homogenous and only isostatic
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stress conditions are considered. Therefore, in a general
case when K < 1, the increase in mean effective stress per
unit of depletion is less than in the idealized scenario when
K = 1. Whereas, in the elastic domain, the compaction
behavior of the sandstones is dominated by the effective
stress, the effect of the stress path increases with increasing
deviation of the horizontal stress from the vertical stress. In
the experiments on the North-German Rotliegend tight gas
sandstones it has been found that, for an average effective
stress level of 30 MPa, the dilatance boundary, at which
the disintegration of the rock begins, corresponds to the
deviator ratio of vertical and horizontal stresses of 4 (i.e.,
Z—; = 4) (Pusch et al. 2005).

Experimental measurements by Hoppe (2005) on sand-
stone samples from North-German tight gas wells to in-
vestigate the effects deviatoric stresses (dilatancy) on the
permeability showed a link between the mobilization po-
tential for rock fragments (that is the number of potential
mobilization events/mm crack length), clay mineralogical
properties and the mechanical strength of the samples. A
deviatoric loading near the failure line caused in most of the
examined plugs to permeability decrease of up to 30 %.
Studies by Trautwein (2005) on the poroelastic deformation
of Permian sandstones exhibited a linear course of the
stress—strain curve. The observed changes in this study of
petrophysical parameters were largely reversible and no
petrophysical or structural changes were detected. Accord-
ing to Schutjens et al. (2004), in the elastic domain, the
compaction-induced permeability reduction mainly depends
on the increase of the average effective stress and not on the
stress path. Calculations of the pore compressibility from
compaction data of the bulk volume lead to an overestima-
tion of the actual pore compressibility. Compressibilities
measured under uniaxial stress conditions are more than
twice as high as the corresponding values from experiments
under hydrostatic conditions. Stronger cementation of
sandstones causes a reduction in the dependence of the
permeability from the stress path (Ruisten et al. 1999).

For rocks with high effective porosity sensitivity, a
small change in the effective porosity can cause a large
change in permeability (Zhang et al. 2015). For a better
understanding of the stress-dependent behavior of porosity
and permeability of tight gas reservoirs as well as the re-
lationship between the permeability under ambient and
reservoir conditions, measurements under both ambient
and reservoir stress and pressure conditions have been
performed on Rotliegend rock samples from a North-Ger-
man tight gas reservoir. Here, the experiments have been
performed for both uniaxial (isostatic) and deviatoric stress
conditions covering both elastic and inelastic domains. In
the last case, the loading patterns play a significant role. In
the inelastic domain, a hysteresis of relationships porosity

and permeability vs. effective stress indicates permanent
deformations in the rock fabric induced by the loading and
unloading cycles. From the results, correlation functions
were derived which describe the permeability change as a
function of the initial (basic) permeability and effective
stress. The data gained from these experiments and from
some external sources form the basis of the Rock Data
Catalog (RDC). The RDC is a specialized database de-
veloped to support reservoir engineers in the modeling and
simulation of tight gas reservoirs.

A further possible application of the RDC could be the
use of the petrophysical data and correlations implemented
in the RDC for sweet spot identification. The viability of
economic gas production from Tight Gas Reservoirs
strongly depends on reservoir quality. Therefore, identifi-
cation of high-quality reservoir parts or the so-called sweet
spots for determining perforation sections in production
wells and planning hydraulic fracturing stimulation is one
of the key issues for tight gas reservoir characterization and
evaluation. According to investigations by Bennion et al.
(2000), the most crucial control factor for an economically
viable gas production from the North-American tight gas
reservoirs is the prevalence of a water saturation value
below the irreducible water saturation level, the so-called
subnormal water saturation. The data and correlation
functions collected in the Rock Data Catalog could also be
used to identify Sweet Spots in Tight Gas reservoirs by
means of multiple reservoir quality criteria. Several rock
parameters and properties, which affect fluid flow in a
reservoir (including lithology, clay content, water satura-
tion, permeability, pore size distribution, etc.) can be
identified from coupled production and petrophysical ana-
lysis and used to set up a Sweet Spot Index as a measure of
reservoir quality. The aim of this paper is to reveal the
coupled approach to the experimental determination and
correlation of stress-dependent porosity and permeability
of the North-German Rotliegend tight gas sandstones as
well as the application of the correlated experimental data
by means of an interactive Rock Data Catalog.

Effect of stress path and loading patterns
on permeability and porosity of low-permeability
Rotliegend sandstones

The decreasing pore pressure in a reservoir during deple-
tion leads to a higher effective stress. This triggers a
compaction process, which affects reservoir properties
such permeability and porosity. In this study, changes in
these parameters have been measured under varying stress
conditions. For permeability measurements, a triaxial cell
was build and equipped with two Quizix pumps and a
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Fig. 1 Triaxial cell for permeability measurements with peripheral
devices

compressor (Fig. 1). With this experimental setup, per-
meability measurements could be performed while inde-
pendently controlling the axial and radial loading as well as
the pore pressure. The permeabilities were measured on the
Rotliegend sandstone samples from a North-German tight
gas reservoir under isostatic stress conditions using nitro-
gen gas.

Results from the previous experimental series (Albrecht
and Reitenbach 2014; Albrecht et al. 2010; Haefner 2006)
clearly indicate hysteresis effects in the relationship be-
tween permeability and effective stress. Large differences
were observed particularly under moderate stress condi-
tions in the first (compaction) and the second (expansion)
cycles of core plugs that had been stored for a long time
under ambient conditions. In this case, deformations, de-
veloped over a long storage period, cannot be clearly
identified as permanent, but could rather have a different
nature. The new experimental series was intended to in-
vestigate the extent at which the time-dependent defor-
mation behavior could affect the reservoir quality,
especially porosity and permeability, of the Rotliegend
tight gas sandstones.

Figure 2 shows the results of repeated permeability
measurement series on a low permeable Rotliegend sand-
stone sample. The first and second series started with low
effective stress of 3 MPa which was gradually increased to
50 MPa. Between the first and second series, the plug was
extracted from the cell and stored at 45 °C for 4 months in
an oven together with silica gel to keep the humidity in the
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Fig. 2 Permeabilities measured on a Rotliegend sandstone plug with
different loading cycles

oven as low as possible. This temperature was chosen for
storage so as to avoid alterations on clay minerals. The
results show that the plug almost completely recovered and
regained its initial permeability. The third series was
measured directly after the second series without extracting
or unloading the plug in between. In this case, the effective
stress on the plug was gradually decreased to 3 MPa. The
results of the measurements indicate that in the short term
the plug shows a creep-like deformation which results in
smaller permeabilities. In the long term (i.e., given ample
time for recovery), the plug attained its initial permeability
value which proves that restoration of the initial deforma-
tion state could be associated with the viscoelastic behavior
of the sandstone cement. However, this behavior has been
observed in relatively small numbers of experiments per-
formed under isostatic stress conditions.

Correlation functions were derived from the permeability
measurements on several Rotliegend plugs, which describe
the permeability change due to stress as a function of the
initial permeability k,, measured at the minimum confining
pressure of 3 MPa and effective stress o.g. This initial
permeability represents the absolute permeability (or the so-
called routine permeability) measured under laboratory
conditions, but not the actual in situ permeability of a
reservoir. As low-permeability rocks are particularly sensi-
tive to stress, for the purposes of analysis of reservoir pro-
cesses, the permeability measured under reference
conditions must be converted to the representative reservoir
effective stress conditions by means of correlations derived
from the above-mentioned laboratory series. Correlation 1,
corresponding to the red line in Fig. 2, can be used to cal-
culate permeabilities k, for reservoir stress conditions from
initial permeabilities measured at laboratory conditions. In
contrast, correlation 2, corresponding to the blue line in
Fig. 2, depicts how reservoir permeability changes with
changing effective stress conditions. Correlation 1:
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In another series, the porosity of a Rotliegend sandstone
sample was measured under different isostatic confining
stresses. The aim of these experiments was to evaluate to
what extent the compaction process affects the porosity.
Are the deformations, which occur at common effective
reservoir stresses, elastic and reversible or inelastic and
irreversible? Do the time-dependent processes of the de-
formation recovery play as significant a role as in the case
of permeability or not?

The experiments were conducted in the following way.
At first, the initial porosity was measured under ambient
conditions in a pycnometer using the Boyle—-Mariotte law
with helium as measurement gas. The porosity measure-
ment under isostatic stress was performed in the triaxial
cell shown in Fig. 3. The core plug used for these mea-
surements was bigger than the plugs used for the perme-
ability measurements to be able to detect the relatively
small changes in the pore space volume. Therefore, the
triaxial cell shown in Fig. 1 could not be used. The core
plug was built in the cell in fully water saturated state. By
applying stress on the plug, the pore space was compressed
with water being pressed out of the plug. This change in the
pore space volume was then measured with ISCO pumps,
which kept the pore pressure in the sample constant during
loading/unloading by retracting or expanding the pump
cylinder volumes. The measurement was done with water,
as this medium can be regarded as incompressible in
contrast to gas. The porosity of the sample was measured in
the cell during six loading and unloading cycles. The first

(b)
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druckauf-
nehmer

Isco2 Medientrenner | P,

chart in Fig. 4a shows the porosity change as a function of
isostatic confining stress, whereas the second chart Fig. 4b
indicates the time-dependent change of the porosity during
the loading and unloading cycles. Like permeability, the
porosity of the plugs tested, showed irreversible stress
dependence in the time scale of the experiment. Generally,
porosity decreases during loading and increases during
unloading. Each further sequence of loading and unloading
leads to a decrease of porosity compared to the values in
the preceding cycle under the same stress conditions. To
identify and evaluate the time-dependent deformation ef-
fects after the loading cycles had finished, the sample was
extracted from the cell and stored in the air bath under
similar conditions to those used for conditioning the plugs
before compaction experiments. After 14 months of stor-
age, the final porosity was measured under ambient con-
ditions in the same way as the initial porosity (see Fig. 4).
The value of porosity measured was very close to the initial
porosity value of the plug. Thus, the deformation observed
in this experiment is possibly not a permanent deformation
in the inelastic domain, but to a type of deformation, which
can completely recover after sufficient storage time. This is
in complete agreement with the similar permeability re-
laxation effects described above.

The results of the experiments described above show
two distinct effects: a short-term effect and a long-term
effect.

When stress is applied onto the rock, a deformation of &,
(i.e., the elastic amount of the deformation) occurs almost
instantly (this is the short-term effect). Further (viscous)
deformation occurs, after a delay, over time (which is the
long-term effect). After releasing the stress, the elastic part
of the deformation returns almost instantly, while the vis-
cous part of the deformation gradually decreases with a
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Fig. 3 Triaxial cell with ISCO pump used for the porosity measurements (Werunsky 2011)
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time delay until the initial state is reached. This deforma-
tion behavior can be described by a viscoelastic model as
shown in Fig. 5.

The porosity—permeability relationship did not change
due to the applied stress and corresponds very well to the
general porosity—permeability trend for the Rotliegend
sandstones (Fig. 6).

Application of experimental results in modeling
and simulation of tight gas formations

The examples of stress-dependent permeability and por-
osity measurements discussed are representative of the
numerous measurements by authors, related to the low-
permeability Rotliegend sandstones. The results of these
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measurements corroborate unambiguously the findings of
other researchers (Davis and Holditch 1998; Hettema et al.
2000) that no simple prediction of permeability and
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porosity under reservoir conditions from the routine per-
meability and porosity, measured under ambient stress
conditions, is possible. However, this prediction is possible
based on correlations of those reservoir rock properties
derived from the experimental results related to particular
lithotype, effective stress, stress path and loading patterns.
To help a reservoir engineer to select the appropriate cor-
relation function for the prediction of parameters necessary
for modeling and simulation tasks using a software pro-
gram, an Interactive Rock Data Catalog (IRDC) has been

developed. The structure and functions of the IRDC and a
possible application for sweet spot identification have been
described in an earlier publication (Albrecht and Reiten-
bach 2014). However, in this paper, the authors want to
focus on the general idea and concept behind this software
tool.

The analysis and development planning of tight gas
reservoirs requires an integrated application of petro-
physical, reservoir mechanical and production engineering
data as a basis for computer-based reservoir modeling and
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simulation. The petrophysical data required for the mod-
eling and simulation must be task-dependent gathered,
analyzed and sorted from different sources. The prepara-
tion of input data for analysis and simulation studies re-
quires considerable time, effort and expertise. The modules
in commercial simulation software for determining the
petrophysical properties needed for the simulation are often
not able to predict the influence of the facies, cementation
and poro/perm variations in the reservoir rock of gas
bearing formations present in the North-Germany Basin. A
reservoir engineer without profound petrophysical back-
ground might get into difficulties with the selection of the
appropriate data and correlation functions for the modeling
or simulation tasks. The IRDC contains the information
needed for such selections and guides the user through a
simple decision path to get to the most appropriate corre-
lation for his purposes. Figure 7 shows a possible decision
path starting from the simple information available about
the rock properties, e.g., cement type and permeability
range, through the basic input data, e.g., laboratory mea-
sured permeability values, to the desired output data. The
IRDC combines a specialized rock database with interac-
tive data processing modules. On addition to personal ex-
perience, IRDC provides an efficient way to generate data
sets for reservoir simulation. It also serves as an interface
to enable the export of the output data to another reservoir
simulation program, e.g., ECLIPSE or PETREL.

Conclusions

The porosity and permeability of the North-German
Rotliegend tight gas sandstones are strongly stress
dependent.

During the SCAL laboratory experiments, the porosity
and permeability of Rotliegend tight gas core samples
measured in successive loading and unloading cycles
showed a strong hysteresis, which would make it difficult
to predict these properties unambiguously under the
reservoir conditions from the measurements of ambient or
nearly ambient reference stress conditions.

Special long-term measurements have shown that the
test core samples are able to recover from the induced
deformations which indicate the viscoelastic behavior of
the rock fabric over a long-time scale.

The correlations of the stress-dependent porosity and
permeability for different lithotypes of the Rotliegend tight
gas sandstones have been derived from this study and nu-
merous open source experimental data.

The Interactive Rock Data Catalog was developed as
tool for reservoir engineers. The application areas of the
Rock Data Catalog support the characterizing, modeling
and simulation of tight gas reservoirs by predicting the
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reservoir permeability change induced by increasing ef-
fective stress during the production. The IRDC could also
be used prospectively for identifying sweet spots using
petrophysical parameters.
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