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Abstract

Drilling into presalt formations has been a long-standing issue due to the rapid changes in the
diameter of the borehole during drilling operations either because of creep or wash-out
dissolution. There have been many studies on characterization of salts, with many mathematical
models being presented to estimate the pressure induced due to the squeezing salt sheets.
However, the results of none of these models have been fully validated against real field data
and some recommendations have been made based on numerical simulations. In this study,
attempts were made to introduce a methodology based on damage mechanics for wellbore
stability analysis of a wells drilled in the southern part of Iran. The results obtained indicated that
the presence of a thick salt layer in the well has resulted in significant wellbore closure in the
intervals above the reservoir section. It was also found that the salt exhibits viscoelastic
behaviour during drilling due to the homogeneous temperature which has not reached the
threshold limit of viscoplastic boundary. A complicated change in the stress regime was also
observed which could be linked to the existence of the thick salt layer or presences of a fault
crossing the well. Therefore, it is recommended to further validate this model in other wells using
the methodology presented.

1. Introduction

In the past few years, due to the limited conventional reservoirs left undiscovered, the oil and
gas industry has targeted deep reservoirs under large, thick salt formations which are known as
presalt reservoirs (Greenhalgh et al. 2012; Chitale et al. 2014). Unlike subsalt reservoirs, to reach
the presalt reservoirs, the well has to drill through the whole section of salt (Garland et al. 2012;
Thompson et al. 2015) which is not often easily achieved due to the complex behaviour of salt.
Salt formations are recognized as evaporate rocks composed primarily of halite, creeping as a
viscous or power-law fluid over geologic time when pressure and temperature prevail (Hudec
and Jackson, 2009). As a result, drilling operations in the regions dominated by massive salt
bodies face many challenges including rapid wellbore closure, stuck pipe, casing collapse and
cement disintegration (Willson, 2005). The rate of closure, however, may vary from days and
weeks to months and years, depending on the mud pressure and temperature as well as creep
behaviour, which is a function of grain size, mineralogy, water content, depth and strain rate.



There are often two assumptions included in the studies carried out for stability analysis of
wellbores drilled into salt formations, which may need reconsiderations. The first assumption is
that stress anisotropy does not exist around a salt layer (Cheatham and McEver, 1964), due to its
viscous behaviour, which makes salt incapable of sustaining shear stress (Carcione et al., 2006).
It should be noted that salt is at least 15 times stiffer than water and as a result it would need
stress differential for creeping and squeezing the wellbore wall. The second assumption is that
the pore pressure in the salt formation is equal to the overburden stress (Willson and Fredrich,
2005; Zhang et al., 2008). This assumption is mainly based on the fact that salt does not have any
porosity and permeability (Dusseault et al., 2004), which makes it hard to run any formation
tester to determine salt’s pore pressure. As a result, the pressure of the pore fluid in salt is
estimated by a linear interpolation of the pore pressure at the top and bottom of salt layers,
which cannot be correct due to the poor communication capability of salt rocks (Rios and
Roegiers, 2012).

Therefore, presalt drilling operations are very challenging because: 1) the mud pressure cannot
be balanced due to the pore pressure of zero in impermeable salts (Zhang et al. 2008; Weijermars
et al., 2014a), 2) geological formations trapped by salt bodies may generate an overpressure zone
(Schoenherr et al. 2007; Israel et al. 2008), 3) uncased (open) wells drilled in salt are closed by
ductile creep at different rates, depending on the moisture and heat conduction along the
wellbore (Dusseault et al. 2004), 4) additional forces are applied to the horizontal flow inside the
mobile low-viscosity layers of salt, which may cause shear deformation of wellbores (Weijermars
and Jackson 2013). As a result, there have been several strategies developed to mitigate wellbore
closure while drilling through salt. For instance, the conventional approach is to drill quickly
through salt layers and keep the mud cool to retard creep (Dusseault et al. 2004). Reaming and
jarring might also be required, on these occasions (Chatar et al. 2010). Oil-based mud (OBM)
prevents wellbore dissolution but cannot slow down the wellbore closure unless it can be kept
cooled during circulation (Dusseault et al. 2004). Undersaturated water-based muds (WBMs) is a
good option in thin salt intervals to mitigate the creep and wellbore closure. For thicker salt
intervals, however, the rate of creep increases with depth and, thus, it would be hard to balance
closure with dissolution. Overbalanced drilling and applying a higher pressure than the one posed
by the creeping salt can also slow down the wellbore closure, but the margin of the Maximum
Allowable Annulus Pressure (MAASP) can be easily reached, causing a significant mud loss and
catastrophic blow-out. It should also be noted that salt causes significant perturbations to the
stress magnitude and may rotate the direction of principal stresses within formations, which
further complicates the wellbore stability analysis in salts (Weijermars et al., 2014b).

Therefore, a careful drilling optimization approach must be practiced to increase the success and
mitigate the risk of drilling through creeping salt sheets. Conventionally, wellbore stability
analysis is done by considering elastic-rock stresses (Kirsch 1898; Zoback 2008), where stresses
around the wellbore drilled through salts are obtained by the Kirsch equations (Weijermars et al.



2013; 2014a). In viscoelastic salt sheets, stresses applied due to the salt-creep can be evaluated
by determination of closure rate of open wellbores (Fossum and Fredrich 2002; Willson et al.
2005; Carcione et al. 2006; Zhang et al. 2008; Liu et al. 2011; Weijermars et al. 2013). However,
none of these models have been completely validated against real field data and only few
recommendations have been made based on numerical simulations. In this study, a methodology
is proposed based on damage mechanics for stability analysis of wells drilled through presalt
formations. A real case study from a well drilled in the southern part of Iran is also brought to
show the application of the methodology proposed for prediction of the strain rate induced by
salt during drilling.

2. Field of Study

2.1. Geological Settings

The study field is located in the Zagros folded Belt of Iran, which has one of the largest petroleum
reservoirs in the world (Molnar, 2006). This belt is recognized by its NW-SE trend orientation as
the south-westerly boundary of the Zagros orogen near the Persian Gulf. The reservoir, Asmari
limestone, in this field, is capped by the Gachsaran formations which are basically evaporate
formations consisting mainly of anhydrite and salt (Alavi 2004; Bahroudi and Koyi, 2003).
Gachsaran formations have shown to have complex physical and geomechanical behaviours in
this field, based on the issues experienced during drilling and production such as lost circulation,
kicks, stuck pipe, and casing collapse. It seems that these issues manifest at the interfaces of the
rigid and ductile members, e.g. anhydrite and salt (Rolf et al., 2006; Gorjian et al., 2013). As a
result, geomechanical characterization of the Gachsaran formations has been the subject of
many studies in order to either evaluate their integrity during and after enhanced oil recovery
(EOR) (Zoveidavianpoor et al., 2012) or finding solutions to prevent further issues during drilling
or production stages (Dusseault et al., 2001; Rolf et al., 2006; Gorjian et al., 2013).

2.2. Drilling

The well of this study, which is referred to as Well A, was planned to go through Gachsaran
formations and reach a total depth of 4115 m to produce from Asmari limestone reservoir. The
completion design and the formations crossed during drilling this well are shown in Figure 1. The
properties of the water based mud used during drilling are summarised in Table 1.
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Figure 1: Schematic presentation of the completion and stratigraphy in Well A
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Table 1: Water based mud characteristics used to drill through different formations

. Formation Plastic Yield Point Mud Weight
Formations . . pH
Type Viscosity (CP) (Ib/100 ft?) (PPG)
Aghajari Marl and Sand 5 30 10.5 8.6
Mishan Marl 10 10 10.5 11.3
Gachsaran 7 Anhydrite 30 12 9.5 13.3
Gachsaran 6 Halite 75 25 9.5 194

As it is seen from Table 1, the mud weight at the interval of Gachsaran 6 formation, which is
basically a halite formation with a viscosity of 10> to 10%° Pa s, was increased to 19.4 PPG in order
to prevent the wellbore closure during drilling. Figure 2 shows the formation types, conventional
logs, mud weight, borehole condition and completion design of the well after drilling.
Looking at this Figure, it seems that the high mud weight of 19.4 PPG used to drilling through
Gachsaran 6 formation was not capable of preventing wellbore closure induced by the salt creep.
This might be due to the elastoplastic behaviour of salt formations in a short time scale (4 to 40
days). In fact, wells drilled through salts are subject to both elastic and creep stresses, where the
elastic stress may relax in less than 100 days if the viscosity of salts is less than 10 Pa s
(Weijermars et al., 2013). However, the deviatoric stress applied on the wellbore due to the
viscous-creep characteristics of salts does not relax as long as the salt is flowing.
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Figure 2: Formations type, conventional logs, mud weight, borehole condition and completion
design of Well A

3. Salt-Creep Modelling

3.1. Creep

Creeping salt is a potential drilling risk, and stability analysis of wellbores must consider both
elastic stress (Kirsch, 1898; Zoback, 2008) and superposed salt-creep stresses. Shear stresses
caused by the ductile creep in salt bodies may reach 100 MPa (14,504 psi). As a result, the design
of structures, specially casing, against a complicated phenomenon such as creep requires a deep
understanding of salt behaviour. The situation becomes more complex when the effect of
temperature is included into the analysis due to its significant impact on the salt creep.

Creep is assumed to develop in three stages: 1) primary or reduced creep, which is also known
as the strain hardening stage, 2) secondary or stationary creep, where softening processes such



as recovery and recrystallization takes place and 3) tertiary or accelerated creep, where salt
rupture may take place (Andrade, 1910). Figure 3 shows these three stages in the strain-time
plot. It should be noted that salt does exhibit elastic behaviour at the early stage of loading, but
creep dominates when pressure and temperature reach certain values.
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Figure 3: Conventional strain-time curve of creep behaviour observed in salt formations

3.2. Creep Formulation
According to the creep behaviour presented in Figure 3, the strain induced by salt can be divided
into three parts, addressed as:

g =g 4 &7 4 Pl (1)

where €, € and € are the elastic, creep and plastic strains, respectively. The creep strain,
according to damage mechanics, can then be further divided into primary (relaxation, €P),
secondary (steady state, €°), and tertiary (damage, &') strains, where the tertiary strain is only
observed in cavern storage sites due to the severe cyclic loading (Wang et al., 2014). Thus, the
general strain deformations posed by a salt formation during drilling can be written as:

=gl + &P + ¢S (2)
Assuming that salt is an isotropic formation with a linear viscoelastic response to the applied
stresses, for the purpose of this study, the Voigt—Kelvin model (Meyers and Chawla, 1999) was
used to explain the salt behaviour under the elastic and primary creep stage. This is mainly
because the classical Kelvin-Voigt viscoelastic solid could be viewed as a mixture of a linearized
elastic solid and a linearly viscous fluid. This model consists of a linear spring element and a linear
dashpot element which are connected in parallel as shown in Figure 4.
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Figure 4: Voigt—Kelvin model: a mechanical scheme (linear viscous fluid) (left); and the creep
strain at a constant stress input (linear elastic solid) (right)

The original version of the Voigt—Kelvin, after integration is written as (Meyers and Chawla,
1999):

gl = %[1 — exp (—%t)], (3)

where G is the (maximum hoop) stress applied on salt, E is the Young’s modulus of salt, 7 is the
viscosity of salt and t is the time.

It should be noted, however, that salt is a solid and unsaturated rock, where shear modulus (G)
can be a better representative of viscosity than Young’s’ modulus. Hence, the Voigt—Kelvin model
was modified by replacing the Young’s modulus with the shear modulus in the exponential part
as:

gl = %[1 — exp (—%t)] (4)

To determine the steady state (secondary) creep, it is important to determine the type of creep
exhibited by salt. it should be recalled that salt may show plastic deformation under normal
conditions and exhibits diffusional flow or power-law creep if temperature prevails. To determine
the type of creep, the deformation-mechanism map developed by Graham and Walles, (1961)
and Frost and Ashby (1982) can be used. This map is schematically shown in Figure 5, where types
of creep is determined based on the normalized equivalent (von-Mises) stress (oeq/G) and the
homologous temperature (T/Tm), where G is the shear modulus and Tm is the melting
temperature.
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Figure 5: Schematic presentation of the deformation-mechanisms map (modified after Gorash, 2008)

Table 2 gives the deformation mechanisms and the corresponding response functions under
different conditions shown in the deformation-mechanism map. Therefore, by plotting the stress
applied against the temperature of the bottomhole, one can recognize the creep strain
dominated at the strain softening stage.

Table 2: Deformation mechanisms and their corresponding response functions

Deformation Mechanism

Response Function

Reference

Power-Law

Q
cr _
£ —Aexp( o7

)J”t

Frost and Ashby, (1982)

Diffusional Flow

e = Aexp (— %) ot

Lifshitz, (1963)

Linear + Power Law

e = exp (——) sinh A

ot Dyson and McLean, (2001)

Power-Law Breakdown

Q
RT
Q
cr — _
£ —exp( RT

—) exp Cot

Sherby and Burke, (1967)




4. Mechanical Earth Modelling (MEM)

A Mechanical Earth Model (MEM) is built to represent the mechanical properties of rocks
together with in-situ stress, pore pressure and temperature of the subsurface layers. It is often
used to understand rock’s behaviours during drilling and completion stages, and to determine
the casing setting depth, mud weight windows for safe drilling, fluid flow detection, and many
other operational parameters (Barton et al.,, 1998). A MEM provides details of rock
characteristics, their deformation mechanisms and borehole conditions based on wireline logs,
mud logs, cuttings, laboratory tests and in-situ measurements such as Leak-Off Tests (LOT),
minifrac tests and repeat formation tests (RFT).

MEM is often initiated by determination of elastic properties from physics equations, followed
by characterization of strength and pore pressure from existing correlations and estimation of in-
situ stress from developed correlations/equations. The results obtained are then calibrated
against representative core and field data to ensure that the MEM has sufficient accuracy.
Further details of a MEM and geomechanical parameters determined for wellbore stability
analysis of vertical and deviated wellbores drilled in isotropic and anisotropic formations are
comprehensively discussed in the studies carried out by Gholami et al., (2014, 2015a, 2015b,
2017).

4.1. MEM for Salt

4.1. Elastic properties

Sonic logs (P-wave and S-wave slowness) together with the density log are often used to
determine the elastic parameters of rocks (Fjaer et al., 2008). The parameters obtained are,
however, at least three to four times bigger than the real values and must be converted to their
corresponding static values using different correlation proposed based on rock types and
geological settings (Zoback, 2007). The results must then be calibrated against the laboratory or
field measurements to ensure their accuracy.

For the purpose of this study, dynamic elastic parameters were converted to static ones using
correlations proposed by Wang, (2000). However, there was no core samples available to
perform any mechanical tests and calibrate the results. Nevertheless, the static elastic
parameters of halite have been reported frequently in recent studies, where it is highlighted that
the Young’s modulus of salt reaches the peak value of ~11 GPa at a confining pressure of 40 MPa
and elevated temperature of 85°C (Du et al. 2012). The third track of Figure 6 shows the static
Young’s modulus calculated in this study. From this figure, it is seen that the static values of the
Young’s modulus are within the expected range of common salt rocks at the existing temperature
and pressure of the Well. The temperature profile is shown in the last track of Figure 6 and the
confining pressure (in-situ stress) profile is shown in Figure 7. It should be noted that the
temperate profile was calibrated against the data obtained from the quartz gauge sensor of the
Modular Dynamic Formation Tester, depicted in Figure 8.



4.2. Compressive Strength

Uniaxial compressive strength (UCS) of rocks can be estimated in correlation with the velocity,
density, porosity or elastic characteristics. The results should be calibrated against lab
measurements for validation purposes.
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Figure 6: Elastic, strength and temperature variations of formations in Well A

In this study, the UCS of formations in Well A were estimated using different well-known
correlations such as those presented by Bradford (1998), Horsrud (2001), Golubev and
Rabinovich (1976). The predictions provided by these correlations were then calibrated against
the lab mechanical tests conducted by Mehrgini et al., (2016) on Gachsaran samples. According
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to Mehrgini et al., (2016), the UCS of salt varies from 30 to 40 MPa, depending on the depth from
which they were taken. These values had a good match with the strength estimated by Bradford
(1998) correlation for Gachsaran 6 and Gachsaran 7 formations.

4.3. Pore pressure

Estimation of pore pressure is important as it is the main parameter used to design the mud
weight such that no kick or blow-out will be experienced during drilling. This parameter may have
a normal hydrostatic or an extremely abnormal magnitude, depending on the type of formations
or geological settings. As a result, an accurate prediction of pore pressure would be critical before
and during drilling to reduce the chance of any catastrophic incidents (Zhang, 2011).

There are two ways to estimate the pore pressure of formations: 1) direct measurements using
formation testers or drill stem tools, which, apart from their cost, are not capable of providing
any results in tight formations, 2) indirect methods which are based on mathematical equations
or empirical correlations (Gutierrez et al., 2006), but must be calibrated once selected.

Among different approaches developed to indirectly estimate the pore pressure, Eaton’s
equation (Eaton, 1975) was used for the purpose of this study, which is basically an equation
developed for shale rocks. This equation was used because like shale, Aghajari (marl), Mishan
(marl), Gachsaran 7 (anhydrate) and Gachsaran 6 (halite) have a very low permeability. The
procedure of using Eaton’s equation is extensively presented by Gholami et al., (2017). The third
track of Figure 7 displays the pore pressure profile, estimated using the Eaton’s equation after
fitting the Normal Compaction Trend (NCT) curve to the sonic log.

To calibrate the results, the pore pressure measurements made by the formation tester (i.e.,
MDT tester of Schlumberger) at the reservoir (Asmari) interval, shown in Figure 8, were used. It
should be noted that due to the low permeability of other formations, there was not any other
record of pore pressure measurements in the Well at any other intervals. However, the MDT data
could still be useful. In fact, as it is seen in the top section of Figure 8 before 3450 m, the pore
pressure is still hydrostat which is the same pressure estimated by the Eaton equation at the top
formations in Well A. This leads to an interesting conclusion that unlike what was expected, there
is a fluid communication between the formations at the top and bottom of the Gachsaran salt
layer as otherwise the pore pressure could not be hydrostatic.

It was also observed from Figures 7 that the estimated pore pressure is very well constrained
within the range of the mud used for drilling. Considering the fact that there was no report of
any kick incidents in the well, the estimated pore pressure seems reasonably correct as it is less
than the mud weight used in the well (see the third track of Figure 7). It should also be recalled
that the pore pressure inside the salt (Gachsaran 6) formations should be close to zero because
it is a very tight formation (Aadnoy et al., 2009).

4.4, In-situ Stresses

The in-situ stress plays a crucial role in the drilling and production stages where well design and
planning, wellbore stability, hydraulic fracturing design, risk assessment for fault reactivation and
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subsidence prevention are done (Bratton et al., 2004; Gholami et al., 2017. Rasouli et al., 2011).
At field scale, it is assumed that the in-situ stresses have three principal components known as
vertical, maximum horizontal and minimum horizontal stresses. The vertical stress can be
estimated by integration of bulk density, gravitational acceleration and depth, with an average
gradient of 1psi/ft. Estimation of the horizontal stresses, on the other hand, is not very straight
forward. The common approach is to use different equations/correlations developed in the past
decades to estimate the magnitudes of horizontal stress (e.g., Hubbert and Willis, 1957;
Matthews and Kelly, 1967; Aadnoy and Loyeh, 2011). Regardless of the method used, without
calibration against the field scale measurements such as minifrac or leak-off test (LOT), significant
uncertainty will be involved in the calculations of in-situ stress magnitudes (Zoback et al., 2003).
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Figure 7: Pore and mud pressure as well as the vertical and two horizontal stresses and the
creep strain values in Well A

Poro-elastic equations are perhaps the most commonly used models for estimation of the
magnitude of horizontal stresses based on their proven applications in vertical and directional
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wells (Gholami et al., 2015a, Gholami et al., 2015b, Gholami et al., 2017; Rasouli et al., 2011),
although the stress polygon approach has also shown its application under many circumstances
(Gholami et al., 2015b). However, stress polygon can only be used in the intervals where the
magnitude of the minimum horizontal stress is known from LOT, minifrac or hydraulic frac tests.
For the purpose of this study, the poro-elastic equations were used to estimate the magnitude
of the horizontal stresses A and the results were presented in the fourth track of Figure 7. To
calibrate, the XLOT test carried out at the casing shoe of 3800 m was used, as shown in Figure 9.
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Figure 8: The pore pressure and the temperature variation of the Asmari formation located
underneath of Gachsaran formations

According to the studies carried out on the pressure-volume/time curves of LOT tests, the
pressure corresponds to the fracture closure would represent the magnitude of the minimum
horizontal stress, if the test is done with a fast flow rate and a viscous fluid (Zoback, 2007; Aadnoy
and Loyeh, 2011). Considering the duration of the tests shown in Figure 9, it is clear that the LOT
test was done very fast and as such the fracture closure pressure with a value of 10200 psi (72
MPa) was considered for the estimation of the minimum horizontal stress. Comparing this value
with the magnitude of vertical stress at 3800m (i.e., “84MPa), it seems that stress regime would
be either normal or strike slip at the bottom of Gachsaran formation which is aligned with the
results obtained from the poroelastic equations.
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To further calibrate the magnitude of stresses, the stress polygon method was used together
with the LOT test data to constrain the magnitude of maximum horizontal stress at 3800m. The
details of the stress polygon method can be found in Zoback, (2007). Figure 10 shows the results
obtained for two break-out widths and two strength values according to the break-out failure
captured by image logs at the depth of 3800m.
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Figure 9: Extended Leak-Off Test (XLOT) carried out at the casing shoe of 3800m in Well A
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Figure 10: Stress polygon used for the casing shoe of 3800 m to evaluate the magnitude of maximum
horizontal stress at the break-out width of 30 degree (left) and 45 degree (right). Red, green and blue
lines respectively represent the boundary of reverse, strike slip and normal faulting regimes. The yellow
line shows the magnitude of minimum horizontal stress obtained from the LOT test
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As it is seen in Figure 10, the results obtained from the stress polygon method indicated that the
maximum horizontal stress at the depth of 3800m would be between 2-2.2 SG (74-82 MPa) which
indicates the presence of a normal stress regime at the bottom of Gachsaran formation. This
indicates the fact that there is a shift of the stress regime from strike slip (ou> ov> on) to normal
stress (ov> ow> on) in Well A, as shown in Figure 7 and 10, which might be due to the presence of
salt. This is also aligned with the stress map of Iran, shown in Figure 11, where fields in the south-
west close to the Persian Gulf are marked with strike slip faulting regimes. As mentioned earlier,
salt can cause local perturbation of in-situ stress magnitudes and rotate their directions. This
change in the stress regime may also be linked to the presence of a fault crossed by the Well in
the area (Salehi et al., 2009). Therefore, further studies are required to understand the cause of
sudden change in the stress regime in this Well.

4.5. Creep Strain

To determine the elastic and the initial transient creep responses of anhydrate and halite, Eq. (4)
was used by considering the viscosity of different salt types summarised in Table 3. To evaluate
whether or not the steady state (strain softening) deformation of salt rocks had taken place
during drilling, the deformation map shown in Figure 5 was used assuming that the melting point
of evaporites are 800 °C and 1400 °C for halite and anhydrate, respectively (Munson and Dawson,
1979).

Plotting the ratio of equivalent (von-Mises) stress over shear stress against the homologous
temperature in the deformation map indicated that the creep stops at the relaxation
(elastic/viscoelastic) stage due to the insufficient bottomhole temperature and the short time
scale (i.e., less than 5 days) of drilling the salt formation (Gachsaran 6). The primary strain creep
obtained from Eq. (4) is plotted for evaporites intervals (Gachsaran 7 and Gachsaran 6) in the 5t
and 6% tracks of Figure 7.

Table 3: Viscosity of common evaporated rocks (after Weijermars and Jackson, (2014b))

Evaporate Chemical Formula Viscosity (Pa s) Reference
Halite NaCl ~1x 108 van Keken et al. (1993)
Anhydrite CaS0, 2.7 x 10%° Zulauf et al. (2009)
Carnallite (Wet) KMgCl; - 6H,0 ~1x10° Warren (2006)
Gypsum (wet) CaS0; - 2H,0 ~1x10% Griggs (1940)

As it is seen from Figure 7, there is a good agreement between the synthesis model of the
borehole geometry created by the estimated strain creep with the deformations and closure of
the wellbore wall captured by the calliper logs. To further validate the results, numerical
simulation was run to model the behaviour of salt in the wellbore under the given pressure and
temperature conditions. This will be discussed in the next section.
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Figure 11: Stress map of Iran indicating the stress regimes and direction of maximum horizontal
stress (Heidbach et al., 2008). As depicted, fields located in the south-wet part close to the
Persian Gulf are marked with the strike slip regime

5. Numerical Modelling

The numerical modelling of this study was done using ANSYS workbench, which is a commercial
finite element software. Considering the fact that salt creep was taking place during drilling and
before completion, four formations without completions were modelled as part of this study.
The formation elements contain an additional degree of freedom to accommodate pore pressure
during simulation. It was assumed that the drilling process imposes different wellbore pressure
(mud weight pressure) on the inner surface of each formation to prevent any instability. In this
case, the mud weight reported in Table 1 was considered and applied to each formation. Figure
12 shows the geometry of the reference model generated in ANSYS.

16



Contact Region 3
21/6/2017 1:45 PM

[ Contact Region 3

L:.

Figure 12: The geometry of the reference numerical model containing four different formations
with different geomechanical properties built for the purpose of this study

A rough contact interaction was considered between formations to assess their effect on each
other. Aghajari and Mishan formations were considered as poro-elastic formations with Drucker-
Prager hardening response whereas Gachsaran formations were assumed to show a full creep
behaviour, including strain hardening, strain softening and ultimate failure. This was done to
examine if the pressure and temperature of the well fulfil a complete creep behaviour or the salt
flow would stop before the ultimate failure point. This may also verify the results obtained from
the analytical approach presented earlier. To have a more representative result, the elastic and
mechanical parameters of each formation were assumed to be temperature dependent based
on Figure 6. Last but not least, the in-situ stresses shown in the 4" track of Figure 7 were applied
to the outer boundary of the model.

Six degrees of freedom (i.e. no rotation and no displacement at any directions) were considered
for the bottom of the model. In order to ensure that the model is large enough to eliminate the
boundary effects, a larger model size than the original model was considered. The elements
within the range of the original model remained identical for the larger model. The lateral
displacements of the models were used for comparison and it was observed that there are
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negligible differences between the accuracy of the bigger and smaller models. In addition, the
effect of the mesh sizes on the accuracy of results was evaluated and it was found that current
meshes (i.e. tetragonal shape) are the best choices in terms of accuracy and computational time.

5.1. Creep Induced Stress Analysis

In this section, the thermo-mechanical analysis involved in the numerical modelling is presented
together with their corresponding mathematical equations. The heat transfer was modelled
based on the energy-balance equation, expressed as (Carslaw and Jaeger 1959):

pCI+V.(-AVT) = q (5)
where [Jis the density, C is the heat capacity, A is the thermal conductivity, T is the temperature,

q is the heat source, and V. is the divergence operator.
The stress equilibrium, on the other hand, was written based on the principle of virtual work for
the volume under consideration as (Zienkiewicz and Taylor 2005):

J, 0:6edV = [, y.vdS+ [, f.6vadV (6)

where &V is the virtual velocity field, 6/ is the virtual rate of deformation, o is the surface
traction per unit area, and f is the body force per unit volume. This equation can be discretized
using a Lagrangian formulation with displacements to give the nodal variable.

The constitutive equation of the solid, under these circumstances, is written as (Hashiguchi,
2014):

do =E de+ fot(t — ‘r)%d‘r (7)

where *¢is the stress, ¢is the strain, E is the material stiffness, and 7is the relaxation time. The
constitutive equation corresponding to the salt behaviour is solved by considering the following
stages.

1) Reaching the initial geostatic equilibrium, the displacement £2 and stress ¢ are solved, as the
initial values based on the following equations:

K&, =F (8)
ag; = DBSL (9)

where K is the stiffness matrix, F is the equivalent nodal force, D is the elasticity matrix, and B is
the geometric stiffness matrix.

2) Assuming that the stress stays the same during each increment, t+At, the creep-strain
increment, Aef, during each time interval, At, is calculated using Eq.(10).

(Aef)ae = At(ey) (10)

where &; is the creep rate at the time t, expressed as €, = (&, &,, €3) and obtained by using the
following equations:

— [0, — (0, +03)] (12)

a1 Oeff
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&
Oeff
&

Oeff

[0 =5 (01 + 03)] (12)

[03 =5 (01 + 03)] (13)

In these equations, the effective stress is obtained as (Irgens, 2008):

Ocff = % [(0y — 02)% + (03 — 03)2 4 (0 — 03)% + 6(1{, + 155 + T123]% (14)
The nodal force, AF,(t), in each time interval can then be obtained as:

AF.(t) = f,, (BT (D)(Aef)de (15)
which is applied to the entire salt-formation and gives the following equilibrium:

K(AS€), = AF.(t) (16)

The creep-induced displacement, A§¢, during each increment At, is then determined and the
corresponding stress increment is calculated using the following equation:

(Ac€) = D[(B)(A8)¢-(Ag)]. (17)

Adding Ad€and Ac€ to the initial displacement, and the stress calculated at the geostress stage,
the variation of stress and the displacement can be calculated over time as:

Ot+at = Ot + (AUC)t (18)
Otpnr = O0r + (A5C)t (19)

This coupled system of equations can be resolved using Newton-Raphson technique (Ypma,
1995) and a linear solver, which can consider all the possible solutions, where the variables are
updated at the end of each time increment.

5.2. Results
Considering the fact that the analytical method presented earlier provided a good match with

the wellbore closure captured by the calliper log, numerical simulations were run to examine the
accuracy of the result. Figures 13 and 14 display the iso-surface of the normal and minimum
principal stresses obtained after modelling while Figure 15 depicts the strain rate-time curve of
the finite element model.

As it is seen from Figures 13 and 14, in the formations without creep behaviour, the maximum
stress is distributed within the contact surfaces between two adjacent formations due to the
applied stresses (reaction force) but there is not any sign of deformation. In the last formation,
which is the Gachsaran salt formation, though, significant changes and deformations due to the
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applied stress were observed. Looking at Figures 13 and 14, one can conclude that the maximum
deformation is induced around the borehole in the salt (halite) formation with a pattern similar
to what has been captured by the calliper log. Considering the plot of the strain-time shown in
Figure 15, it seems that the creep strain will not reach the steady state (strain softening) stage
during the first five days of drilling due to insufficient pressure and temperature. According to
these results, the viscoelastic behaviour of salt appears to be the trigger for the borehole failure
during five days of drilling in the salt formation. This was the very same conclusion made by the
analytical model. Figure 16 shows the variation of the equivalent elastic strain in the model,
particularly in the salt formation.

A: Salt Creep

Morrmal Stress

Type: Morrmal Stress( &xis)
Unit: Pa

Global Coordinate System
Time: 1

21672017 2:04 PM

1.4652e8 Max
6.97297
-T.0603e6
-8.385e7
-Lal6ded
-2.3743e8
-3.1422e8
-3.9101e8
-4.678ed
-5.445%e8 Min

Figure 13: Changes in the variation of the normal stress in the model
Looking at the variation of the elastic strain in the model, the strain rate predicted by the
numerical analysis and the one provided earlier from the analytical solutions show a close
agreement.

6. Discussions
Salt may exhibit different behaviours depending on the differential pressure and temperature of

the bottom hole conditions. It is known that the tertiary creep (rupture) often occurs in the
cavern sites, where cyclic loading is applied due to the fluid injection. Thus, according to the
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studies carried out so far, primary (strain hardening) and secondary (strain softening) creep may
be experienced in salt during drilling, depending on the pressure, temperature, type of salt and
moisture of formations drilled. In this study, following the concept of the damage mechanics, an
approach was presented to determine the strain induced by salt creep during drilling. The Kelvin-
Voigt viscoelastic solid was modified by adding the shear modulus to its original equation for
giving a more representative result. The results were compared with a numerical model built to
simulate the creep behaviour of the salt formation by applying the pressure and temperature of
the subsurface layers. Figure 15 compares the strain rate estimated by the analytical and
numerical models.

A: Salt Creep

Minimurn Principal Stress
Type: Minimurm Principal Stress
Unit: Pa

Tirne: 1

062017 11:33 Ak

6.08471e7 Max
-2.01472e7
-L01141ed
-L82136e8
-2.6313e8
-3.44124e8
-4,25119e8
-5.06113e8
-5.87107e8
-6.68101e8 Min

Figure 14: Changes in the variation of the minimum principal stress in the model
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Figure 15: Comparison of the strain rate obtained from the analytical and numerical modelling
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Figure 16: Variations of the equivalent elastic strain in the model
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Salt Behaviour Under Different Stress Anisotropy Conditions
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Figure 17: Salt behaviour under different stress anisotropy (SH/Sh) conditions and a same
temperature

As it is seen from figure 15, salt mainly exhibits viscoelastic behaviour during five days of drilling
due to the low temperature condition and fast drilling operations. The strain rate predicted using
both methods are within the same range but some differences are observed in the values due to
the nature of these two methods. Having said that, one may conclude that the approach
presented has sufficient accuracy in the modelling of the strain rate induced by the presalt sheet
in the well.

There was, however, another important conclusion drawn by the numerical modelling for the
effect of stress anisotropy on the salt behaviours. As mentioned earlier, the assumption often
made for the salt is that the stress anisotropy does not exist in the salt intervals. On the country,
the results obtained from the numerical modelling indicated that salt can sustain shear stress
posed by differential stress to some extent and changes in the stress anisotropy will severely
affect the salt behaviour as shown in Figure 17. As a matter of fact, the larger the stress
anisotropy is, the faster the salt creep would be and the higher the chance of wellbore closure in
a very short period of time.

7. Conclusions
In this paper, an approach was presented based on damage mechanics to determine the strain

rate induced at different stages of creep. The results obtained, which were based on a real case
study from the Southern part of Iran, indicated that the presented analytical model can
determine the stage and the rate of creep as it is developing during drilling. The results were
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calibrated against a finite element model, where it was found that viscoelastic behaviour is
observed from the salt under the existing pressure and temperature of the wellbore. It could also
be due to the fast drilling of the salt section which took only 5 days in the presented case study.
Although the results seem promising, more studies are required to further validate the
application of the proposed method.
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