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a b s t r a c t

When the pore pressure in a porous rock changes, stress arching will occur within the rock and the
surrounding region. Stress arching ratio is defined as the total stress changes in the porous rock to the
pore pressure change in the region. The region may have the same or different elastic moduli with the
surrounding rock, which is usually referred to as inclusion or inhomogeneity. Stress arching is respon-
sible for many geomechanical problems encountered during production or injection; in addition, it is a
crucial parameter in stress estimation during field development. This paper aims to present laboratory
measurements of vertical stress arching ratio in a material surrounding the inclusion (inhomogeneity).
To the authors’ knowledge, few laboratory experiments have been reported on direct measurement of
stress arching. The inclusion is a cylindrical sandstone (44 mm in diameter and 50 mm in height)
embedded in a larger cylindrical sandstone (150 mm in diameter and 154 mm in height), both of which
are made synthetically. These two parts are separated and sealed by a internal polyurethane sleeve.
Vertical stress changes are recorded by a mini hydraulic sensor embedded in surrounding rock. Labo-
ratory results are compared to those obtained by numerical models. These models are checked with
analytical formulations. The results of numerical models show a good agreement with laboratory data.
The numerical results also indicate that the sensor response is affected by elastic properties of the in-
ternal sleeve. According to the sensitivity analysis performed, in the absence of the internal sleeve,
properties of the inclusion have significant effects on the surrounding stress arching induced.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Pore pressure changes in a porous medium promote changes in
stresses due to effective stress law and stress arching. The effective
stress law introduced by Terzaghi (1925) and Biot (1941) indicate
that stress in rock skeleton is determined by subtracting a per-
centage of pore pressure from total stress, while the total stress
remains unchanged. Stress arching causes change in the total stress
within and around a reservoir. Repeated stress measurements in a
number of oil fields have revealed that there is a reduction in the
total minimum horizontal stress during reservoir depletion, as
shown in Fig. 1 schematically. According to Fig. 1, depletion of
reservoir causes decrease in reservoir’s total horizontal stress in
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addition to reservoir pressure. The total stress change that
accompanies the reservoir pressure change is known as the “stress
arching”. When the stress arching is generated due to reservoir
depletion, partial amount of total stress is supported by the sur-
rounding formations. The total stress changes induced by fluid
production or injection (stress arching) can have negative conse-
quences such as cap rock failure, fault reactivation, and wellbore
and casing damage (Hillis, 2003; Sayers, 2006; Soltanzadeh et al.,
2007; Wang et al., 2015).

Ignoring stress arching can cause considerable errors in engi-
neering design, as shown in Fig. 2. In Mohr circle representation of
stresses, when the pore pressure changes with constant total stress
(no stress arching), a shift in Mohr circle location is induced
without diameter change (Fig. 2a). When the stress arching is
considered, the diameter of Mohr circle changes due to pore
pressure changes. In other words, the stress arching of total stresses
causes development of deviatoric stresses and change of Mohr
circle diameter (Fig. 2b). This fact is the reason for unexpected rock
behavior in depletion or injection scenarios (Segura et al., 2011;
Lynch et al., 2013).
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Fig. 1. Horizontal stress arching within and around a reservoir. Dashed lines are the
initial stress and reservoir pressure profiles before depletion. Solid lines denote the
horizontal stress and reservoir pressure profiles after depletion.
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Generally, stress arching in porous media occurs within and
around a region that has different conditions from surrounding
materials (such as differences in pore pressure, temperature and
mechanical properties). In this paper, the effects of pore pressure
Fig. 2. Significance of stress arching in porous rock behavior. Blue circles represent the
initial stress conditions. (a) In the case of ignoring stress arching, the diameters of
Mohr circles are constant in reservoir injection or depletion; and (b) In the case of
considering stress arching, the diameters of Mohr circles change due to injection or
depletion.
change in the region and the mechanical properties of materials
within and around the region are discussed. According to Eshelby’s
theories of inclusion and inhomogeneity, when the elastic moduli
of materials within and around the region are the same, it is called
“inclusion”, otherwise, it is referred to as “inhomogeneity”
(Eshelby, 1957, 1959; Rudnicki, 1999, 2011; Soltanzadeh and
Hawkes, 2007; Mura, 2013). The same definitions are used in this
paper. However, the “inclusion” is used as a general term unless
“inhomogeneity” is specifically discussed.

Stress arching, also referred to as reservoir stress path (Goulty,
2003; Segura et al., 2011; Lynch et al., 2013), pore pressure-stress
coupling (Hillis, 2003; Tingay et al., 2003; Altmann et al., 2014),
or depletion/injection induced stress changes (Segall, 1992; Holt
et al., 2004), is the ratio of total stress changes to the pore pres-
sure change. According to Hettema et al. (2000), stress arching
ratios are defined as follows:

gH ¼ DsH
Dpp

;gh ¼ Dsh
Dpp

;gv ¼ Dsv
Dpp

(1)

where gH and gh are the horizontal stress arching ratios (in two
perpendicular directions); gv is the vertical stress arching ratio;
DsH, Dsh, and Dsv are the corresponding horizontal and vertical
stress changes, respectively; and DPp is the reservoir or inclusion
pore pressure change. In the literature, deviatoric stress path (K) is
defined as the ratio of horizontal effective stress change to the
vertical effective stress change during pore pressure drawdown
(Teufel et al., 1991; Khan and Teufel, 2000; Segura et al., 2011):

K ¼ Ds0h
Ds0v

(2)

where K is a representative parameter for stress anisotropy. The
relationship between Eqs. (1) and (2) is presented as (Segura et al.,
2011):

K ¼ 1� gh=a

1� gv=a
¼ a� gh

a� gv
(3)

where a is the Biot coefficient. According to the theory of poroe-
lastisity, with assumptions of uniaxial strain boundary condition
and no vertical stress arching, the horizontal stress arching is
defined as follows (Segura et al., 2011):

gh ¼ 1� 2n
1� n

(4)

where n is the Poisson’s ratio of rock. Eq. (4) is valid in ideal con-
dition such as deep laterally extended reservoirs without natural
complexity. In these reservoirs, the uniaxial strain boundary con-
dition can be assumed with minimum error (Settari, 2002). In
addition, overburden weight is fully transferred to the reservoirs
without vertical stress arching because of their great width and
small thickness (Goulty, 2003). It is clear that this assumption is not
valid for many natural reservoirs because they do not have such
ideal conditions. This has been confirmed by field measurements,
and analytical and numerical analyses (Addis, 1997; Segall and
Fitzgerald, 1998; Gambolati et al., 1999; Ruistuen et al., 1999;
Hettema et al., 2000, 2009; Zoback and Zinke, 2002; Alassi et al.,
2006; Sayers and Schutjens, 2007; Schutjens and Kuvshinov, 2010).

Analytical solutions show that, for particular geometries in an
infinite medium such as sphere, cylinder and infinite layer, the
following relationship holds among poroelastic stress arching ra-
tios (Fjar et al., 2008):



Table 1
Properties and mineral compositions of inclusion and inhomogeneity for three tests.

Properties

Tests Cement content (%) Mean grain size (mm) Compaction stress (MPa) Young’s modulus (MPa) Poisson’s ratio Biot coefficient

Inclusion 35 0.21 3 700 0.29 0.85
Soft inhomogeneity 15 0.38 3 450 0.35 0.9
Stiff inhomogeneity 35 1.28 3 1500 0.2 0.85

Mineral composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O

97.6% 0.48 0.12 0.13 0.08 0.63 0.14

Note: Properties of the surrounding rocks are identical to those of the inclusion for all the tests.
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gv þ gH þ gh ¼ a
2ð1� 2nÞ
1� n

(5)

Stress arching has been studied in the literature from different
points of view. The minimum horizontal stress arching has been
measured and reported using hydraulic fracturing tests (Addis,
1997; Khan and Teufel, 2000; Soltanzadeh and Hawkes, 2009a;
Altmann et al., 2010; Segura et al., 2011). The results showed that
stress arching is a time-dependent parameter and even variable in
different regions of reservoirs. The reported values range from 0.24
to 0.84 (Soltanzadeh and Hawkes, 2009a). Hydraulic fracturing
tests are the most reliable method for evaluation of stress arching
induced by production or injection, however, they are expensive.

Analytical studies for stress arching are limited to theories
introduced by Geertsma (1973) (theory of strain nuclei) and
Eshelby (1957, 1959) (theory of inclusion and inhomogeneity). The
theory of strain nuclei solves field equations in an elastic medium
under point loading conditions, such as point forces, concentrated
moments, and centers of dilatation (or compression). Eshelby
theory evaluates stress inside and around inclusions with different
geometries by applying eigenvalue strain to the inclusions using
continuum elastic formulation. These analytical methods have been
developed and applied in poroelastisity and reservoir geo-
mechanics (Segall, 1985; Segall et al., 1994; Segall and Fitzgerald,
1998; Rudnicki, 1999, 2002; Soltanzadeh and Hawkes, 2007,
2008). All the models are based on simplified geometrical and
fluid flow assumptions. The limitation of the analytical methods is
infinite or semi-infinite surrounding medium. Therefore, they are
not applicable to finite media except some models limited to very
simple geometry (Li et al., 2006a, b).

Numerical analyses and models are developed and used for
evaluation of production/injection induced stress changes in res-
ervoirs and surrounding area. These studies are applied to geo-
mechanical design of fields, such as fault reactivation (Soltanzadeh
and Hawkes, 2008, 2009b; Orlic and Wassing, 2013; Altmann et al.,
2014), in-fill drilling and wellbore stability (Addis et al., 2001;
Rutqvist et al., 2012), production induced permeability reduction
and compaction (Ruistuen et al., 1999; Khan and Teufel, 2000;
Schutjens et al., 2008; Wang et al., 2015), hydraulic fracturing and
stress reversal (Wright et al., 1995; Aghighi and Rahman, 2010),
spatial- and time-dependent stress distribution (coupled model)
(Rudnicki,1986), hysteresis behavior of reservoir (Lynch et al., 2013;
Holt et al., 2016), and gas injection (Orlic, 2009; Lynch et al., 2013;
Kim and Hosseini, 2017). Simple numerical models show that stress
arching is dependent on the elastic moduli of materials within and
around the reservoir, Biot coefficient and model geometry (Khan
and Teufel, 2000; Segura et al., 2011).

In this paper, surrounding vertical stress arching is measured
directly by a miniature pressure cell (called “sensor” in this paper)
in the laboratory. For the tests, large-scale cylindrical samples of
154 mm in height and 150 mm in diameter are used. The samples
are made of sand particles and have two parts separated by an
internal polyurethane sleeve. The inclusion and the surrounding
parts are both constructed synthetically in a determined process. To
study the effect of inclusion mechanical properties on the stress
arching in the surrounding materials, three main tests including
inclusion test, soft inhomogeneity and stiff inhomogeneity tests are
performed on the samples. Vertical stress arching is determined
from the slope of the obtained curves. The results show that the
surrounding vertical stress arching ratios obtained from inclusion
test, soft inhomogeneity and stiff inhomogeneity tests are 0.13, 0.14
and 0.1, respectively.

Furthermore, laboratory test results are checked by numerical
models. Numerical results show that the presence of internal sleeve
with mechanical properties different from those of the porous rock
decreases the stress arching ratio by approximately 100%. This
suggests that the mechanical properties of intermediate layers
between the reservoir and the surrounding materials have signifi-
cant effects on the surrounding stress arching. The linear part of the
curves, which represents the compressive stresses transferred
through the surrounding materials during stress arching, is of in-
terest in comparison to the nonlinear parts which constitute
tensional and transitional stresses in the materials. The linear parts
obtained from the laboratory tests and numerical models are in
good agreement with each other. Sensitivity analysis of poroelastic
coefficients shows that inclusion (inhomogeneity) properties have
more effects on the vertical stress arching in the surrounding ma-
terials than those of the surrounding material itself.

2. Laboratory measurement of stress arching

This section explains the experimental methods used in this
study to measure stress changes induced by depletion/injection.
Experimental tests are carried out on the large-scale synthetic
sandstone samples with two separated parts under conditions that
the mechanical properties of the internal region are either identical
to (inclusion test) or different from those of the surrounding rock
(inhomogeneity test). In the following sections, synthetic sand-
stone production procedure, laboratory system, sensor calibration
test and main test procedures are explained briefly.

2.1. Synthetic sample production

The samples are 154mm in height and 150mm in diameter with
a cylindrical inclusion at the top and inside the surrounding part.
The inclusion with the height of 50 mm and diameter of 40 mm is
separated by an internal polyurethane sleeve of 2 mm thick to
enable independent pore pressure change from the surrounding
part. Three synthetic samples are made for one inclusion test and
two inhomogeneity tests. Properties of the synthetic samples and
their mineral compositions are shown in Table 1. The properties of
the surrounding material for all samples are identical to those of
the inclusion, as listed in Table 1. Note that many NX-size samples



Fig. 3. Production procedures of synthetic sample: (a) Sand mixture is compacted until the sensor is placed using the compaction tool; (b) The sensor is placed in the surrounding
material; (c) After the sensor’s embedment, the internal sleeve is placed above the sensor at the distance of 2 mm; and (d) The inclusion and the surrounding material are
compacted using the compaction tool simultaneously.
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are made synthetically and are tested to choose intended material
properties for main tests.

Synthetic samples are prepared using the procedures described
in Asaei and Moosavi (2013). A mixture of sand, cement and water
undergoes a staged compaction in a cylindrical cast until the cast is
full. In Fig. 3, a schematic view of synthetic sample production is
shown in four stages. At first, the mixture is compacted until a
sensor is placed using a compaction tool. Then the sensor is moved
to the center and the sand mixture is fully compacted. The thick-
ness of the compacted sand above the sensor is 2 mm. After the
sensor is embedded in the surroundingmaterial, the internal sleeve
is placed at the center. At the final stage, the inclusion and the
surrounding material are compacted using the compaction tool. As
shown in Fig. 4, the compaction tool is designed to compact the
inclusion and the surrounding sand simultaneously; in addition, it
helps to centralize the sensor and the internal sleeve during sample
production. Fig. 5 presents some stages of sample production in the
laboratory. It is noted that compaction tests for different sand
mixtures are performed to determine the volume of poured sand
Fig. 4. Compaction tool for sample production inside and outside the internal sleeve.
mixture in the cast at each stage of sample production. After filling
the cast, it is kept in the ambient condition for 24 h. Then, it is put in
an air bath inside water at 80 �C for 24 h for cement curing. Sub-
sequently, the sample is separated from the cast and dried in an
Fig. 5. Sample production: (a) Mixture of cement, sand and water after compaction till
the sensor placement; (b) Embedment of the sensor with its hydraulic tube in the
surrounding material; (c) Compaction of inclusion and surrounding material; and (d)
Final view of synthetic sandstone sample in the cast.



Fig. 6. Sample prepared for the main tests (note that the sample is compacted ho-
mogeneously and some lines on the sample are traces of marker from interior wall of
cast).
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oven at 80 �C for 24 h. Finally, it is taken out and cooled down for
the main tests (Fig. 6). Note that the sample is compacted homo-
geneously and some lines on the exterior sample wall (as shown in
Fig. 6) are traces of marker from interior cast wall.
Fig. 7. Schematic view of main bod
2.2. Laboratory system

A schematic view of the laboratory setup is shown in Fig. 7. The
main body of the system is a large-scale Hoek cell with a pressure
capacity of 450 bar (1 bar ¼ 0.1 MPa). The sample is placed in the
cell, and the axial stress, confining stress and pore pressure are
applied to the inclusion and the surrounding material. The main
body of the system has five hydraulic outputs to measure and
control the axial stress, confining stress, pore pressure, inclusion
pressure and sensor pressure, respectively. These outputs are
shown in Fig. 7 with gray boxes. They are electrically connected to a
data acquisition system and a computer to monitor and record data
continuously during tests (Fig. 8). Inclusion pressure increases and
decreases at a constant rate using a screw pump during the tests
simulating injection and depletion. The entire setup is shown in
Fig. 9.

2.3. Sensor specifications and calibration test

To measure stress changes in laboratory tests, a small sensor is
required. The sensor must be applicable in highly pressurized and
stressed porous materials. For this, a hydraulic sensor with the
diameter of 40 mm and 1 mm thick diaphragm is designed. The
sensor is connected to a small hydraulic tube before being
embedded in the sample. They are full of hydraulic oil during the
tests. Pressure change is recorded by a pressure transducer con-
nected at the end of the tube.
y for laboratory testing system.



Fig. 8. Hydraulic and electrical circuits for five outputs of the main body of laboratory testing system.

Fig. 9. Laboratory system and its accessories.
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Fig. 10. Results of calibration test on the sensor.

Fig. 11. The sample is cut after tests to ensure that there is no source of error.
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Before performing the main tests, calibration test is carried out
on a sensor embedded in a calibration synthetic sandstone sample
to determine the sensor behavior. The sample is produced as per the
procedures mentioned above, without internal sleeve and inclusion.
Obviously, the mechanical properties of the calibration sample are
identical to those of the surrounding material, as shown in Table 1.
Results of calibration test are shown in Fig. 10, where the sensor
pressure change is drawn versus the axial stress on the calibration
sample. The pore pressure is kept constant at 1 bar during the test.
According to Fig. 10, the sensor behavior is nonlinear. The results of
calibration test are used to identify the magnitude of stress changes
on the sensor’s diaphragm during the main tests. Note that arching
effect due to the presence of the sensor in the sample is ignored in
calibration analysis for the main tests. The calibration test also
shows that the sensor is not sensitive to loading speed and its
response is reasonably repeatable. This is proved by applying
loading and unloading conditions on the sensor at different rates.

After sample preparation, it is placed in a rubber sleeve with its
accessories. Then the sensor and its tube are vacuumed to remove
any captured air bubble and an initial setting pressure is applied
(nearly 10 bar). The sample is placed in the Hoek cell and an initial
hydrostatic stress is applied. After that, the inclusion and sur-
rounding material are saturated with pore fluid, i.e. hydraulic oil in
this project. All tests are conducted at four hydrostatic stress levels:
50 bar, 100 bar, 150 bar and 200 bar. At each level of hydrostatic
stress, surrounding pore pressure is set, and then all valves are
closed. Subsequently, using the screw pump, inclusion fluid pres-
sure increases first and then decreases at a constant rate, simulating
injection and depletion in a reservoir. Surrounding pressure is kept
constant during injection or depletion of the inclusion. Changes in
the sensor pressure are recorded by data acquisition system
continuously during tests. Three tests are performed on three
synthetic sandstone samples as mentioned previously, i.e. inclusion
test, soft inhomogeneity and stiff inhomogeneity tests. After per-
forming each test, the sample is taken out of the cell and cut by a
cutting tool as shown in Fig. 11. This is to ensure that the sample has
retained homogeneous elastic state after tests and the sensor is
placed in its proper position.
2.4. Experimental results

Recorded data by the sensor are calibrated using the results of
calibration test on the sensor (Fig. 10). According to the calibration
test results, the sensor is stress-dependent. Since there is no in-
formation about the initial stress on the sensor, a value is assumed.
This value is compared to that obtained by numerical models for
simulating experimental tests.

Results from the inclusion test, soft inhomogeneity and stiff
inhomogeneity tests are shown in Figs. 12e14, respectively. Stress
changes recorded by the calibrated sensor are plotted versus the
difference between the inclusion pressure and the surrounding
pressure (Pi � Ps). Inclusion test results are shown in Fig. 12 at four
hydrostatic stress levels: 50 bar, 100 bar, 150 bar and 200 bar. At
each hydrostatic stress level, two or three tests are conducted at
different surrounding pressures. The actual amount of hydrostatic
confining stress (C.S) and surrounding pressure (S.P) are shown in
the legend of figures. All tests start at nearly 1 bar of inclusion
pressure. Therefore, the first and second routes represent injec-
tion and depletion, respectively. The results show that the injec-
tion and depletion curves are nearly the same at each test. The
slope of the curves represents the surrounding vertical stress
arching ratio, i.e. the coefficient of equations labeled on the curves
in colored boxes. According to the results, some curves have a
constant slope, while the other curves are nonlinear. For example,
in Fig. 12a, the vertical stress change has nearly linear behavior,
while in Fig. 12bed, the curves tend to be nonlinear, especially at
higher surrounding pressures. The reason is the nature of stress
below the inclusion being either compressive or tensile. The initial
vertical stress on the sensor may be of a tensile nature before
injection starts due to primary loading and surrounding pore
pressure in the sample. The presence of the soft internal sleeve
also contributes to this effect. When the rock particle is in tensile
mode, the sensor does not record data and only the surrounding
pressure is applied on the sensor’s diaphragm. On the other hand,
when the sensor records data with a constant rate, it is in
compressive loading mode induced by solid particles besides the
surrounding fluid pressure. Obviously, at each hydrostatic
confining stress level, tensile stress on the sensor is more likely to
occur at higher surrounding pressures. During injection of the
inclusion, the vertical stress on the sensor increases and changes
from tensile to compressive. This causes a transitional part in the
nonlinear curves when the vertical stress changes from tension to
compression. Therefore, the obtained nonlinear curve has three
parts: horizontal part representing the tensile stress (in the pri-
mary stage of injection), intermediate part representing stress
transition (with the progress of injection), and linear part repre-
senting the compressive stress on the sensor (in the last stage of
injection). These parts of curves are shown in Fig. 14c. Transitional
response of the sensor, when the vertical stress changes from
tensile to compressive, is produced because the sensor surface
(the sensor’s diaphragm) is gradually subjected to stress changes.



Fig. 12. Inclusion test results. Solid lines with markers are laboratory curves under different hydrostatic stresses. Stress arching ratio is the coefficient of each equation labeled
beside the curve with the same color box. Dashed lines with markers are corresponding numerical results obtained from finite element models.
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In other words, the sensor measures an average stress condition
on its surface. For the nonlinear curves, the first and second parts
are of no use for this research and only the value of stress arching
ratio is obtained from the slope of the curves in the third part
when the compressive stress acts on the sensor surface. According
to Figs. 12e14, the slope (stress arching ratio) is nearly constant in
the compressive part of the curves. It should be noted that the
labeled equations on the curves correspond to the compressive
parts. Dashed lines in the figures are related to numerical analysis,
as discussed in the next section.



Fig. 13. Soft inhomogeneity test results. Solid lines with markers are laboratory curves under different hydrostatic stresses. Stress arching ratio is the coefficient of each equation
labeled beside the curve with the same color box. Dashed lines with markers are corresponding numerical results obtained from finite element models.
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According to Figs. 12e14, stress arching is nearly the same at
any level of hydrostatic confining stress in each test. The values of
vertical stress arching ratio are 0.11, 0.13 and 0.09 for inclusion
test, soft and stiff inhomogeneity tests, respectively. These values
are too small and close to each other. However, according to the
literature, higher values of stress arching ratio with greater dif-
ference are expected. The reason is the existence of internal
sleeve and the contrast of its mechanical property with that of



Fig. 14. Stiff inhomogeneity test results. Solid lines with markers are laboratory curves under different hydrostatic stresses. Stress arching ratio is the coefficient of the equation
labeled beside each curve with the same color box. Dashed lines with markers are corresponding numerical experiment results obtained from finite element models.
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the porous rock, as discussed in the following section, where the
values of stress arching will be evaluated using numerical anal-
ysis of laboratory experiments and will be compared to the test
results.
3. Numerical modeling of laboratory experiments

As mentioned in the previous section, analytical models cannot
validate the test results because of their limitations for infinite



Fig. 15. Numerical models. Blue and gray domains have linear poroelastic and linear elastic model behaviors, respectively. (a) Numerical model for laboratory experiment with the
same conditions as that in laboratory tests; and (b) Numerical model for sensitivity analysis of geomechanical parameters on stress arching ratio.
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surrounding media. Therefore, the test results are checked by nu-
merical models. A finite element poroelastic code is used for nu-
merical modeling of laboratory experiments. The model geometry,
domain behavior, and boundary conditions are shown in Fig. 15a.
The model is axisymmetric and all test parts including steel spacer,
internal sleeve, and the sensor are simulated. Blue and gray domains
in the model have linear poroelastic and linear elastic behaviors,
respectively. The thick blue line represents the pressure boundary of
inclusion. Axial and confining loads are applied to the model in
hydrostatic condition as the same as laboratory tests. Displacement
and load boundary conditions are shown in the figure. All other
boundaries (without pressure and load boundary conditions) have
no-flow, free and continuity (variables across them are continuous)
conditions. Mechanical properties for all parts of the model are
shown in Tables 1 and 2. Uniaxial compression tests are carried out
on cylindrical polyurethane samples which have the same proper-
ties as the internal sleeve to obtain the Young’s modulus and Pois-
son’s ratio (Table 2). The sensor diaphragm and hydraulic oil are
simulated as an equivalent solid medium that has the mechanical
properties of hydraulic oil. Normal stress on the sensor surface is
obtained using average method. The model runs in a stationary
mode in which time is excluded, thus fluid flow and mechanical
equations are solved simultaneously. After primary stress and pore
pressure are applied, injection and depletion are modeled through
Table 2
Mechanical properties of linear elastic parts (gray color) of model.

Model part Young’s modulus (MPa) Poisson’s ratio

Internal sleeve 22.2 0.3
Steel 200,000 0.4
Diaphragm and hydraulic oil 2000 0.45
inclusion pressure boundary in a stepwise manner using step
functions. Note that the actual stress on the sensor obtained from
the numericalmodel is nearly compatiblewith the assumed value of
stress for calibration analysis.

Numerical results obtained from the model shown in Fig. 15a
are denoted with the dashed lines in Figs. 12e14 versus the
laboratory results with the same color and marker. According to
Figs. 12e14, the numerical results have constant slopes, almost
the same as those of the laboratory data in the compressive parts.
As mentioned in the previous section, some of the curves ob-
tained from laboratory tests are not linear, especially at higher
surrounding pressures, due to the existence of soft internal
sleeve and the limitations of the sensor in recording tensile
stresses. Therefore, there is a transitional part in the curves
which represents the change of stress from tensile to compres-
sive. These limitations cause incompatibility between laboratory
results and numerical models in the nonlinear parts. While the
valid values of the vertical stress arching ratio are the data
recorded in the last stage of injection and they compare well with
numerical results. In other words, the compatibility between
laboratory and numerical results are proved by the comparison
between the slope of the compressive parts (in the last stage of
injection) and the constant slope obtained from numerical
Table 3
Stress arching ratio obtained from numerical models.

Tests With sensor and
internal sleeve

Without sensor and
internal sleeve

Inclusion 0.13 0.23
Soft inhomogeneity 0.14 0.27
Stiff inhomogeneity 0.1 0.17



Fig. 16. Effect of internal sleeve’s properties on stress arching for inclusion test.
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models. It should be mentioned that in some of the tests that
produce linear curves, numerical models fit reasonably well in all
parts. Obviously, some errors are inevitable because of the
nonlinear behavior of rock, limitations of the laboratory system
and operator errors.

The stress arching ratios for the three tests at any hydrostatic
confining stress level are shown in Table 3. According to the ta-
ble, stress arching ratio values are nearly compatible with those
obtained from laboratory experiment. As is mentioned in the
previous section, higher values of stress arching ratio are ex-
pected. The numerical model without internal sleeve and sensor
is established to understand their effects on the surrounding
vertical stress arching. As shown in Fig. 15b, the model has the
same conditions with the pervious one except that the former
has no internal sleeve and sensor. The boundary conditions be-
tween the inclusion and the surrounding material are defined to
be no-flow, free and continuous. Stress changes in the sur-
rounding material are recorded on the line below the inclusion
using the average method mentioned above. The results of stress
Fig. 17. Effects of Young’s moduli on stress arching ratio. Ei is the Young’s modulus of inclu
coefficient for both regions are identical (Poisson’s ratio ¼ 0.3, and Biot coefficient ¼ 0.85)
arching ratio for the inclusion and inhomogeneity tests are also
shown in Table 3.

Table 3 shows that the presence of internal sleeve and sensor
has a significant effect on the values of stress arching ratio for
three tests. Numerical analysis shows that the presence of sensor
has a minor effect on the surrounding vertical stress arching;
while the stress arching is affected by themechanical properties of
internal sleeve considerably. As shown in Fig. 16, the higher the
Young’s modulus (E.IS) and Poisson’s ratio of internal sleeve are,
the higher the vertical stress arching is. The presence of internal
sleeve decreases the amount of stress arching and the effect of
difference in the mechanical properties of inclusion and sur-
rounding materials. This can be helpful in some reservoirs when
intermediate layers have effects on the stress arching in the cap
rock or adjacent formations. The mechanical properties of these
layers reduce the effects of difference in the mechanical properties
of reservoir and adjacent layers on the stress arching. This occurs
in some complicated geological structures as is reported by
Schutjens et al. (2012).
sion, and Es is the Young’s modulus of surrounding material. Poisson’s ratio and Biot
.



Fig. 18. Effects of Poisson’s ratios on stress arching ratio. ni is the Poisson’s ratio of inclusion, and ns is the Poisson’s ratio of surrounding material. Young’s modulus and Biot
coefficient for both regions are identical (Young’s modulus ¼ 1 GPa, and Biot coefficient ¼ 0.85).

H. Asaei et al. / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 678e693690
4. Sensitivity analysis

Sensitivity analysis is conducted for the model without sensor
and internal sleeve (Fig.15b) to evaluate the influence of poroelastic
properties on the surrounding vertical stress arching ratio. Results
are shown in Figs. 17e19, where the surrounding vertical stress
arching ratio is plotted versus the poroelastic properties of inclu-
sion (inhomogeneity) and surrounding materials in three-
dimensional (3D) graphs. Generally, as reported in the literature,
the mechanical properties of inclusion have more effects on the
stress arching than those of the surrounding materials. According
to Fig. 17, the Young’s modulus of inclusion (inhomogeneity) has
more effect on the surrounding stress arching than that of the
surrounding material, while the other properties (Poisson’s ratio
Fig. 19. Effects of Biot coefficients on stress arching ratio. Bi is the Biot coefficient of inclusio
ratio for both regions are identical (Young’s modulus ¼ 1 GPa, and Poisson’s ratio ¼ 0.3).
and Biot coefficient) are the same for the inclusion and surrounding
material. This is valid for Poisson’s ratio and Biot coefficient (Figs.18
and 19). The Biot coefficient of surrounding material has almost no
effect on the surrounding vertical stress arching. The Poisson’s ratio
of the surrounding material has minor effect than the inclusion
(inhomogeneity) Poisson’s ratio on the surrounding stress arching.

Eq. (5) can be checked by numerical model when the inclusion is
placed at the center of the surrounding medium. Since the equation
is valid for infinite surrounding media, stress arching ratio within
the inclusion is plotted versus several scale factors of inclusion, as
shown in Fig. 20. The horizontal stress arching ratio is the same
because of symmetry. According to the figure, sum of the stress
arching ratio is nearly equal to the analytical result at lower values
of scale factor, thus it can be assumed that the surroundingmedium
n, and Bs is the Biot coefficient of surrounding material. Young’s modulus and Poisson’s



Fig. 20. Scale effect of inclusion on stress arching ratio within the inclusion and its validation by Eq. (5).
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is infinite compared with the inclusion size. The Young’s modulus,
Poisson’s ratio and Biot coefficient of the model are assumed as
1 GPa, 0.3 and 0.85, respectively.

5. Conclusions

Depletion or injection induced stress arching in porous rocks is a
crucial parameter to estimate stresses and to understand the
behavior of rocks in different conditions. In this paper, laboratory
measurement of vertical stress arching in the surrounding rock is
presented. A laboratory setup is designed for this purpose. Three
tests (inclusion, soft inhomogeneity and stiff inhomogeneity tests)
are conducted on large-scale synthetic sandstone samples. All tests
are performed at different levels of hydrostatic stress and sur-
rounding pressure. Injection and depletion are simulated using
increasing and decreasing inclusion pressures while the confining
stress and surrounding pressure are kept constant. Vertical stress
change in the surrounding rock is recorded using a designed
miniature sensor (pressure cell). Laboratory results show that in
some tests, the vertical stress change in the surrounding medium is
nonlinear, especially when the surrounding pressure is high. This is
because of the presence of tensile stress on the sensor at the
beginning of these tests. During injection, the stress on the sensor
changes from tension to compression. This causes three parts in the
laboratory curves: horizontal, intermediate and linear parts, rep-
resenting the tensile stress, stress transition and compressive stress
on the sensor, respectively. The slopes of the curves in the linear
parts are the same for each test. This is known as the vertical stress
arching ratio. Comparison of the stress arching ratios for three tests
shows that they are small and close to each other, while it is ex-
pected to have higher stress arching ratio with greater difference
among tests. This is caused by the internal sleeve and its me-
chanical property contrast with those of porous rock. Numerical
analysis shows that the presence of internal sleeve can reduce the
effects of mechanical property contrast between the inclusion
(inhomogeneity) and the surrounding material in addition to the
reduction in stress arching ratio values. This can be helpful in
geomechanical analysis of reservoirs that are being surrounded by
thin layers such as salt formations. Due to the limitations of
analytical methods, test results are checked by numerical models.
The results show a good compatibility with the test results. Sensi-
tivity analysis using numerical models shows that the poroelastic
properties of inclusion (inhomogeneity) have more effects on the
surrounding stress arching than those of the surrounding part.
Numerical models are validated by the analytical method using the
assumption of infinite surrounding domain in the models. This is
done as an indirect validation of laboratory tests.
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List of symbols

sv Vertical total stress
sh Minimum horizontal total stress
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sH Maximum horizontal total stress
s0v Vertical effective stress
s0h Minimum horizontal effective stress
Pp Pore pressure
D Differential operator
Ps Surrounding pressure
Pi Inclusion (inhomogeneity) pressure
gv Vertical stress arching ratio
gh Minimum horizontal stress arching ratio
gH Maximum horizontal stress arching ratio
K Deviatoric stress path
a Biot coefficient
v Poisson’s ratio
E Young’s modulus
E.IS Young’s modulus of internal sleeve
i Subscript related to inclusion (inhomogeneity) material
s Subscript related to surrounding material
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