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Abstract 
Abandoned Cavern 4 on the Bayou Choctaw dome (BC-4) sits within the U.S. Strategic Petroleum Reserve 
property and requires monitoring and periodic assessments of stability. The cavern was originally drilled for 
brine production in 1935 and abandoned in 1954 following the collapse of the nearby Cavern 7. The 
abandoned cavern presents several present-day problems that the U.S. Department of Energy must 
contend with: (i) its roof currently extends into caprock (ii) it has never held pressure at the wellhead, (iii) it 
is centrally located at the Bayou Choctaw dome adjacent to surface infrastructure, (iv) it exhibits a number 
of similarities to cavern 7 prior to its collapse in 1954 to form current-day Cavern Lake, and (v) state 
regulations require a monitoring plan (even though it is abandoned) given its proximity to edge of salt. This 
paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical 
model capturing realistic geometries of the site. The results from the analysis indicate that the cavern roof 
in the caprock layer has no predicted risk of structural stability in the form of tensile failure through 2047. 
However, the compressive stressed area surrounding BC-4 does gradually decrease with time. This trend 
is likely to continue over the years as the BC caverns close and resulting subsidence accumulates. The 
computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty 
will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a 
roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity. In addition, 
the salt surrounding BC-4 is predicted to have experienced tensile and dilatant damage from the simulation. 
The potential for salt falls is important for the overall integrity of the cavern. Because these salt falls will 
likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate 
the transition from compressive to tensile stresses in the caprock roof. In conclusion, the model indicates 
that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls and their 
effects illustrates the importance of continued monitoring of the area around BC-4 for behavior such as 
subsidence and tilt which may indicate a change in the cavern’s integrity status.    
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BACKGROUND 
The U.S. Strategic Petroleum Reserve (SPR) stores crude oil in 60 caverns at four sites located along the 
Gulf Coast. Most of the caverns were solution mined by the U.S. Department of Energy (DOE) and are 
typified as cylindrical in shape. In reality, the geometry, spacing, and depths of the caverns are irregular. 
Sandia National Laboratories (hereafter ‘Sandia’), on behalf of DOE, is evaluating the mechanical integrity 
of the salt surrounding existing petroleum storage caverns in the Bayou Choctaw (BC) salt dome in 
Louisiana.  

The SPR has expressed an interest in upgraded monitoring of BC abandoned Cavern 4 (BC-4) in light of 
the issues raised with the 2012 failure of the Oxy 3 salt cavern and related sinkhole formation near Grand 
Bayou, LA. Moreover, the State of Louisiana requires that operators-of-record for any salt cavern closer 
than 300 ft. from the edge of the salt stock provide plans for ongoing monitoring to confirm structural stability 
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	Abstract
	Abandoned Cavern 4 on the Bayou Choctaw dome (BC-4) sits within the U.S. Strategic Petroleum Reserve property and requires monitoring and periodic assessments of stability. The cavern was originally drilled for brine production in 1935 and abandoned in 1954 following the collapse of the nearby Cavern 7. The abandoned cavern presents several present-day problems that the U.S. Department of Energy must contend with: (i) its roof currently extends into caprock (ii) it has never held pressure at the wellhead, (iii) it is centrally located at the Bayou Choctaw dome adjacent to surface infrastructure, (iv) it exhibits a number of similarities to cavern 7 prior to its collapse in 1954 to form current-day Cavern Lake, and (v) state regulations require a monitoring plan (even though it is abandoned) given its proximity to edge of salt. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of the site. The results from the analysis indicate that the cavern roof in the caprock layer has no predicted risk of structural stability in the form of tensile failure through 2047. However, the compressive stressed area surrounding BC-4 does gradually decrease with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates. The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity. In addition, the salt surrounding BC-4 is predicted to have experienced tensile and dilatant damage from the simulation. The potential for salt falls is important for the overall integrity of the cavern. Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof. In conclusion, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls and their effects illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status.   
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	Background
	The U.S. Strategic Petroleum Reserve (SPR) stores crude oil in 60 caverns at four sites located along the Gulf Coast. Most of the caverns were solution mined by the U.S. Department of Energy (DOE) and are typified as cylindrical in shape. In reality, the geometry, spacing, and depths of the caverns are irregular. Sandia National Laboratories (hereafter ‘Sandia’), on behalf of DOE, is evaluating the mechanical integrity of the salt surrounding existing petroleum storage caverns in the Bayou Choctaw (BC) salt dome in Louisiana. 
	The SPR has expressed an interest in upgraded monitoring of BC abandoned Cavern 4 (BC-4) in light of the issues raised with the 2012 failure of the Oxy 3 salt cavern and related sinkhole formation near Grand Bayou, LA. Moreover, the State of Louisiana requires that operators-of-record for any salt cavern closer than 300 ft. from the edge of the salt stock provide plans for ongoing monitoring to confirm structural stability [LADNR, 2013]. BC-4 is currently filled with brine and will not hold pressure at the wellhead. The cavern extends upward into the caprock and has no effective salt roof. A series of geotechnical reports [Hogan, 1980; Todd and Smith, 1988; Neal et al., 1992; Ehgartner 2007; Lord et al., 2015] have discussed the potential for roof collapse and possible outcomes. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of BC site [Park et al., 2017; Park et al., 2018].
	SITE DESCRIPTIONS
	The BC salt dome, located in south-central Louisiana near Baton Rouge (Fig. 1), was discovered in 1926. Since then over three hundred oil and gas wells have been drilled on and around the dome, as well as numerous shallow holes drilled into the caprock. Since 1937, Allied Chemical Corporation has drilled over twenty brine wells on the dome. In 1976, DOE purchased eleven of these leached caverns and was storing approximately twenty-two million barrels of crude oil in three of the caverns (numbered 15, 18, and 19), forming part of the SPR Program [Hogan, 1980]. 
	Since 1980, SPR caverns 18, 19, and 20 have been enlarged substantially; Union Texas Petroleum (UTP) Caverns 6 and 26 have been constructed, and Caverns 101 and 102 have been leached by DOE. Cavern 102 was traded to UTP in a swap for Cavern 17, now used for SPR oil storage. In 1992, UTP converted its brine Cavern 24 to natural gas storage. UTP had leached in 1993 along the northeast dome edge [Neal et al., 1993]. The UTP caverns have gone through several changes in ownership - first UTP, then Petrologistics, and now Boardwalk Pipeline Partners (hereafter call “Boardwalk”). The DOE re-purchased Cavern 102 from Boardwalk to use for the SPR in 2012. 
	Data from the 300 oil and gas wells were used to construct contour maps and cross sections of the salt dome and the overlying caprock. Fig. 2 shows a plan view of the BC site with salt contour lines defining the approximate location of the salt dome edge. The locations of the six SPR caverns, nine Boardwalk caverns, one inactive cavern, and seven abandoned caverns are included. BC-4 is located at the center of the dome. The blue area indicates the sinkhole lake due to BC-7 collapse.
	/
	Fig. 1.  Bayou Choctaw SPR site location map
	/
	Fig. 2. Locations of BC-4 and BC-7 in Bayou Choctaw salt dome (top view)
	MODEL DESCRIPTION
	Finite Element Model
	A three-dimensional finite element (FE) model capturing realistic geometries of BC site has been constructed using sonar and seismic survey data obtained from field investigations [Park and Roberts, 2015; Park et al., 2017]. The model contains the interbed between the caprock and salt top; and the interface between the dome and surrounding in situ rock to examine the interbed behavior in the most realistic manner available. Fig. 3 shows an overview of the hexahedral finite element mesh of the stratigraphy and cavern field at BC. The caverns in grey, blue, and green indicate abandoned, SPR-operated, and commercially-operated caverns, respectively. The element blocks in Fig. 3 are combined into a single FE mesh as shown Fig. 4, which includes the boundary conditions for numerical analysis. The salt dome is modeled as being subject to a uniform regional far-field stress state acting from an infinite distance away. The surrounding rock block encircles the caprock and salt dome blocks. The lengths of the model’s boundaries are 3353 m (11,000 ft) (more than two times the dome’s minor diameter) in the N-S direction and 3658 m (12,000 ft) (more than two times the dome’s major diameter) in the E-W direction. The sizes of the caverns are much smaller than the dome size. Therefore, the model boundary distances (surrounding rock) are enough to be regarded as being at infinite distance away from the caverns (i.e. fixed boundaries are applied) [Park et al., 2018].
	BC-4 sits within the U.S. Strategic Petroleum Reserve property and requires monitoring and periodic assessments of stability. The cavern was originally drilled for brine production in 1935 and was abandoned in 1954 following the collapse of the nearby Cavern 7. BC-4 is an abnormally shaped cavern. The cavern is leached through the caprock and salt layers. BC-4 stability has been the object of continuing concern because of its geologic similarity to collapsed BC-7 (now Cavern Lake). Sonar results in 1991 show minimal change since 1980, suggesting that additional significant caprock dissolution has not occurred and that overburden collapse is unlikely. However, continuing surveillance is prudent [Neal et al., 1993]. The sonar surveys were performed in 1977, 1980, 1991, 1997, 2003, 2013, 2018, and 2019. Fig. 5 shows the BC-4 cavern cavity with caprock roof, that are based on the sonar data surveyed in 2003, along with a surrounding interbed skin and salt skin layer used in the geomechanical model for detailed stress analysis. The salt skin layer is constructed to check the analysis results at the cavern wall and floor. These geometries are used to create the finite element mesh for the calculations. The cavern height and volume are approximately 317 m and 994,442 m3, respectively. The updated sonar data will be applied to the future simulation.
	BC-7 was drilled in 1942 to a total depth of 595 m (1951 ft) and developed into a cavern to produce brine and then collapsed in 1954. The depth to the original top of the cavern is not known. The cavern is assumed to be cylinder shape with 37 m (120 ft) diameter. The cavern roof in the caprock layer is assumed to be a conical frustum with 12 m (40 ft) top diameter. A 12 m diameter cylinder extends through the overburden layer from the ground surface to the top of the caprock. The cavern slice blocks in the caprock and interbed layers are separated from the cavern body in salt due to different material properties. The cavern height is calculated to be 445 m (1460 ft). The frustum shape with 37 m and 12 m diameters is used for the cavern roof and floor, so the amount of the cavern volume is close to 461,000 m3 which was calculated from the field data. Fig. 6 shows BC-7 cavern cavity with overburden, caprock, interbed and salt extra skins.
	/
	Fig. 3. Images of salt dome and caverns obtained from seismic and sonar surveys, respectively (left) and an overview of the hexahedral finite element meshes of the stratigraphy and cavern field at Bayou Choctaw. The U.S. Strategic Petroleum Reserve stores crude oil in the seven blue caverns. Green shows Boardwalk caverns, and grey depicts abandoned caverns. The cavern ID numbers are also shown [Park et al., 2017 & 2018; US PATENT NUMBER: 10657301].
	/
	Fig. 4. Entire finite element model and boundary conditions at Bayou Choctaw [Park et al., 2018]
	/
	Fig. 5. BC-4 cavern cavity with cavern roof, interbed skin and salt skin layers
	/
	Fig. 6. BC-7 cavern cavity with overburden, caprock, interbed and salt skin layers
	Internal Pressure
	The modeling simulates the cavern responses forward in time from the initial cavern creation. The actual wellhead pressure histories of SPR caverns BC-15, 17, 18, 19, 20, 101, and 102 have been recorded since 1/1/1990 as shown Fig. 7. Pressure drops occurred during workovers and fluid transfers. For the purposes of the present simulation, it is assumed that initial leaches of the caverns started on 1/1/1989 and the caverns were leached to full size over a one-year period. 
	The previous five-year (7/18/2010-7/17/2015) wellhead pressure history of each cavern as shown in Fig. 7 is replicated to simulate the next five years (7/18/2017 - 7/17/2022), during which no drawdowns are assumed to take place, and the next five-year drawdown cycles thereafter (7/18/2022-7/17/2047). The first simulated drawdown leach is assumed to start at 7/18/2022. 
	The analysis simulates caverns that were leached to full size over a one-year period by means of gradually switching from salt to fresh water in the caverns. It is assumed that the SPR caverns were filled with petroleum and non-SPR caverns are filled with either a liquid or gaseous petroleum product or brine after the initial leaching. Creep is permitted to occur over the entire simulation period (1/1/1990-7/17/2047). On 7/18/2022 and subsequently every 5 years thereafter, the SPR caverns except BC-20 are instantaneously leached to produce an increased volume of 15% during each leach cycle to simulate drawdowns. (The cavern BC-20 was recently decommissioned, with its oil removed and replaced with saturated brine; it will continue to be pressurized and monitored for the foreseeable future.) The 5-year period between each drawdown allows the stress state in the salt to return to a steady-state condition, as will be evidenced in the predicted closure rates. The simulation was run to the time 7/17/2047 to investigate the structural behavior of the dome for 57 years, as the process of salt creep continues to reduce the cavern volumes through five drawdowns which DOE agreed.
	In actuality, the caverns were not always fully filled with oil. Brine fills the bottom of the caverns, and the proportion changes with time depending on cavern operations. The difference between pressure gradients of oil (8370 Pa/m (0.37 psi/ft of) depth) and brine (11,768 Pa/m (0.52 psi/ft) of depth) cannot be ignored [Park, 2017]. Therefore, the amount of oil and brine in a cavern over time needs to be considered. The oil-brine interface (OBI) depth history data (1/1/1990–7/17/2017) were obtained from the BC field office. It is assumed that the OBI depth of each cavern does not change after 7/17/2017 for the rest of the simulation. Fig. 8 shows the OBI depth history recorded until 2017 and assumed for future for BC-18 used in the analysis as an example. 
	/
	Fig. 7. Wellhead pressure histories for the seven Bayou Choctaw SPR caverns
	/
	Fig. 8 Oil-Brine interface depths history of BC-18 used in the analysis.
	BC-4 still has a wellhead and is actively monitored with sonars and well logging runs. In addition, the area around BC-4 is monitored with GPS, tiltmeters, and subsidence surveys to detect any changes at the surface which may reflect degrading conditions underground.  It cannot hold fluid due to communication with the caprock, so zero wellhead pressure is applied in the analysis conservatively.
	Cavern BC-7’s collapse began at the well-head and the void filled with overburden [Hogan, 1980; Neal et al., 1993]. In this model, it is assumed that the cavern volume no longer decreases due to salt creep because the overburden material in the cavern void has been sufficiently compacted to counteract the salt’s movement. Therefore, the cavern internal is regarded as a solid made of overburden material in this model.
	BC-6, 16, 24, 25, 26, 27, 28, J1, N1, and UTP1 are owned by Boardwalk. The wellhead pressure history data has not yet been provided by Boardwalk because of ongoing litigation between the government and Boardwalk. In this simulation, it is assumed that the initial leaches of the caverns started on 1/1/1989 and they were leached to full size over a one-year period. The wellhead pressure is assumed to be a constant 6.2 MPa over time [Park et al., 2018, Park, 2019].
	Other abandoned caverns were filled fully with brine before plugging. The brine volume does not decrease over time because there are no leaks, while the cavern volume decreases due to creep until an equilibrium state is reached. The hydrostatic pressure in the cavern increases until pressure equilibrium, i.e. the pressure head increases for some time after the plugging. The pressure heads, which are an additional hydrostatic pressure due to the cavern volumetric closure, are calculated as listed Table 1. 
	Table 1. Calculated pressure heads for the abandoned caverns at equilibrium state [Park et al., 2018, Park 2019]
	Pressure head at equilibrium
	Depth of cavern bottom
	Depth of cavern top
	Cavern ID
	psi
	MPa
	ft
	m
	ft
	m
	578
	4.0
	-1780
	-543
	-1040
	-317
	BC-1
	454
	3.1
	-1520
	-463
	-780
	-238
	BC-2
	587
	4.0
	-1840
	-561
	-1020
	-311
	BC-3
	683
	4.7
	-1960
	-597
	-1300
	-396
	BC-8
	616
	4.2
	-1980
	-604
	-1000
	-305
	BC-10
	578
	4.0
	-1740
	-530
	-1080
	-329
	BC-11
	616
	4.2
	-1860
	-567
	-1120
	-341
	BC-13
	DAMAGE CRITERIA
	Potential damage to or around the caverns was evaluated based on two failure criteria: dilatant damage and tensile failure. 
	Dilatancy is attributed to micro-fracturing or changes in the pore structure of the salt, resulting in an increase in permeability. Dilatancy is considered as the onset of damage to rock salt. A dilatant damage criterion is used to delineate potential zones of damage in the salt formation surrounding the caverns. In this study, the following dilatancy criterion [Park, 2018; Park, 2019] is used:
	𝐽2=𝑎∙𝑒𝑛∙𝐼1+𝑐
	(1)
	The values of the parameters are as follows:
	   a = -118.8 MPa
	 n = -1.574 x 10-3 (1/MPa)
	 c = 119.8 MPa
	where,
	(2)
	𝐼1=𝜎1+𝜎2+𝜎3
	𝐽2= (𝜎1−𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)26
	(3)
	(1, (2, and (3 are the maximum, intermediate, and minimum principal stresses, respectively. 
	A dilatant damage factor (DF) for the BC salt is then defined by:
	𝐷𝐹=𝑎∙𝑒𝑛∙𝐼1+𝑐𝐽2
	(4)
	If , the shear stresses in the salt () are large compared to the mean stress () and dilatant behavior is expected. If , the shear stresses are small compared to the mean stress and dilatancy is not expected. 
	For purpose of these analyses, the tensile strength of the salt is conservatively assumed to be zero in order to check for tensile failure. Tensile cracking in rock salt initiates perpendicular to the largest tensile stress direction. The potential for tensile failure exists if the maximum principal stress (σ1) is numerically zero or tensile (positive value of σ1). To calculate the dilatancy damage and tensile failure potential in salt, the Sandia developed post-processing code ALGEBRA is used with the output of the FE code ADAGIO to determine spatial locations of dilatant damage.
	ANALYSIS RESULTS
	Caprock Roof of BC-4
	Fig. 9 shows the predicted maximum σ1 over time in the caprock roof of BC-4. Note that the 1st, 2nd, etc., in the plots identify the drawdown leach start dates for the SPR caverns, but not for BC-4. In the numerical analysis, σ1 is calculated in every element at each time step. The maximum σ1 means the maximum value among all σ1 values calculated in all elements in a specific volume (in this case the caprock roof) at a specific time. In the plot, a positive value (+) indicates a tensile stress. The caprock roof is predicted to be in compression states (σ1 < 0) until the simulation ends (7/17/2047). However, the σ1 tends to increase toward zero. This implies that the roof could be structurally unstable in the future, but the potential for tensile failure is not predicted before 2047. Fig. 10 shows the predicted contour plots of σ1 in 1990, 2012, 2017, and 2047. The structurally weakest area is located at the middle of the M shape of the south side of the roof. The weakest area remains in a compressive stress state until 2047. Therefore, the model indicates that the caprock roof will not collapse until 2047.
	/
	Fig. 9. Predicted maximum σ1 over time in the caprock roof of BC-4
	Fig. 10. Contour plots of σ1 in the caprock roof as shown Fig. 5 (look up view) on specific dates. Areas in tensile stress state must be shown in red (σ1>0), but the red area does not appear until 2047.54 years
	Comparison of BC-4 with BC-7
	Fig. 11 shows the contour plots of σ1 on the base of the caprock predicted for 1990, 2009, 2028, and 2047. The caprock overlying BC-4 is predicted to be in a compressive stress state (σ1 < 0) until the simulation ends (7/17/2047), while the caprock surrounding BC-7 is predicted to be in tensile stress state (σ1 > 0) from the beginning of the simulation (1/1/1990). The stress state in the cavern roof of BC-7 is predicted to be larger than 4.14 MPa (600 psi), i.e. large tensile stresses distribute around the perimeter of BC-7. This tensile stress in the caprock, in combination with the roof of BC-7 extending into the caprock and the absence of pressurization of the cavern’s brine, probably induced the tensile failure on the roof of BC-7 that caused the cavern collapse in 1954. Other caverns within the perimeter of the caprock where tensile stresses are predicted have not suffered the same fate due to a combination of the existence of salt back above the caverns, preferable cavern geometries, and active pressurization of the caverns. 
	The compressive stressed area (σ1 < 0) surrounding BC-4 in dark blue gradually decreases with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates.  The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity.  (This need is particularly true when including the potential for salt falls, as the next section will discuss.)
	/
	Fig. 11. Contour plots of σ1 on the caprock bottom on specific dates (view looking up). Areas in compressive stress state are shown in dark blue (σ1 < 0). The compressive stressed area surrounding BC-4 decreases with time. The area surrounding BC-7 is in a tensile stress state at the start of simulation.
	Salt Body of BC-4
	Fig. 12 show the predicted volumetric decrease in storage volume in BC-4 over 57 years of time. The initial cavern cavity volume (meshed volume in the model) was 973,479 m3 (6.123 MMB) on 1/1/1990 and is predicted to be 971,889 m3 (6.113 MMB) on 7/17/2047. The cavern volume decreases by 0.16% over 57 years. 
	/
	Fig. 12. Predicted volumetric change of BC-4 due to salt creep closure over time
	As mentioned in the previous section, there are two ways in which the salt surrounding the caverns can be damaged: by dilatant damage resulting from micro-fracturing that increases permeability and the potential for crack propagation; and by tensile stresses that produces open fractures in the salt. A quick way to evaluate the potential for damage is using history plots of the extreme values of dilatant damage factor (DF) and maximum principal stress (σ1) in the salt surrounding the cavern.
	Fig. 13 shows the predicted maximum σ1, and minimum DF over time in the salt skin layers as shown in Fig. 5. In the numerical analysis, σ1 is calculated in every element in the salt dome at each time step. The maximum σ1 means the maximum value among all σ1 values calculated in all elements in a specific volume (the salt skin layers in this case) at a specific time. In the plot, a positive value (+) indicates a tensile stress. In the similar manner, DF is calculated in every element in the salt dome at each time step. The minimum DF means the minimum value among all DF values calculated in all elements in a specific volume at a specific time. When DF ≤ 1, dilatant damage occurs. Note again that the 1st, 2nd, etc., in the plots means six SPR cavern’s assumed drawdown leach start dates, but not for BC-4.
	Fig. 13 (top) shows the predicted maximum (1 with time in the salt skins. The salt skin is predicted to have experienced tensile stresses following leaching. The predicted tensile-stressed areas shown in red in Fig. 14 were created in the upper cavern in 1990. The locations of the predicted tensile-stressed regions change with each specific date. The potential of tensile failure exists in these areas, i.e., the salt fall may occur at these locations. 
	Fig. 13 (bottom) shows the predicted minimum DF with time in the salt skin layers. The salt skin layers are predicted to have experienced dilatant damage during the entire simulation period except 9/1/2011 ̶ 6/4/2013. The predicted dilatant areas, red contours shown in Fig. 15, were created in the upper cavern in 1990 and disappear in 2012 before reappearing again in 2017. The locations of the damaged areas change with each specific date similar to the tensile stressed areas. The potential of creation for micro-fracturing and increase in porosity/permeability exists in the areas. 
	The areas of overlapping tensile stresses (Fig. 14) and dilatant damaged (Figure 15) are under the condition of both tensile failure and micro-fracturing. The possibility of a salt fall highly exists in these areas. The potential for salt falls is important for the overall integrity of the cavern.  Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof.  The computational model does not include the effects of salt falls in the evolution of stress around the cavern.  Therefore, it is difficult to predict with certainty how and when the salt falls may eventually hasten cavern roof instability. Again, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status. 
	/
	/
	Fig. 13. Predicted maximum σ1 (top) and minimum dilatant damage factor (DF) over time in the salt surrounding BC-4. 
	/
	Fig. 14. Contour plots of σ1 on the skin of BC-4 on specific dates. Areas in tensile stress state are shown in red (σ1>0)
	Fig. 15. Contour plots of dilatant damage factor (DF) on the skin of BC-4 on specific dates. Areas in dilatant damaged state are shown in red (DF < 1)
	CONCLUSIONS
	BC-4 is currently filled with brine and will not hold pressure at the wellhead. The cavern extends upward into the caprock and has no effective salt roof. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of BC site.
	The results from the analysis indicate that the cavern roof in the caprock layer has no predicted risk of structural stability in the form of tensile failure through 2047 which is the simulation end. However, the compressive stressed area surrounding BC-4 gradually decreases with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates. The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity because the salt surrounding BC-4 is predicted to have experienced tensile and dilatant damaged from the simulation starts. The potential for salt falls is important for the overall integrity of the cavern.  Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof.  The computational model does not include the effects of salt falls in the evolution of stress around the cavern. Therefore, it is difficult to predict with certainty how and when the salt falls may eventually hasten cavern roof instability. In conclusion, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status.
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Abstract

Abandoned Cavern 4 on the Bayou Choctaw dome (BC-4) sits within the U.S. Strategic Petroleum Reserve property and requires monitoring and periodic assessments of stability. The cavern was originally drilled for brine production in 1935 and abandoned in 1954 following the collapse of the nearby Cavern 7. The abandoned cavern presents several present-day problems that the U.S. Department of Energy must contend with: (i) its roof currently extends into caprock (ii) it has never held pressure at the wellhead, (iii) it is centrally located at the Bayou Choctaw dome adjacent to surface infrastructure, (iv) it exhibits a number of similarities to cavern 7 prior to its collapse in 1954 to form current-day Cavern Lake, and (v) state regulations require a monitoring plan (even though it is abandoned) given its proximity to edge of salt. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of the site. The results from the analysis indicate that the cavern roof in the caprock layer has no predicted risk of structural stability in the form of tensile failure through 2047. However, the compressive stressed area surrounding BC-4 does gradually decrease with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates. The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity. In addition, the salt surrounding BC-4 is predicted to have experienced tensile and dilatant damage from the simulation. The potential for salt falls is important for the overall integrity of the cavern. Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof. In conclusion, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls and their effects illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status.   

Key words: Numerical Modeling, Salt Behavior, Caprock Roof, Cavern Stability

BACKGROUND

The U.S. Strategic Petroleum Reserve (SPR) stores crude oil in 60 caverns at four sites located along the Gulf Coast. Most of the caverns were solution mined by the U.S. Department of Energy (DOE) and are typified as cylindrical in shape. In reality, the geometry, spacing, and depths of the caverns are irregular. Sandia National Laboratories (hereafter ‘Sandia’), on behalf of DOE, is evaluating the mechanical integrity of the salt surrounding existing petroleum storage caverns in the Bayou Choctaw (BC) salt dome in Louisiana. 

The SPR has expressed an interest in upgraded monitoring of BC abandoned Cavern 4 (BC-4) in light of the issues raised with the 2012 failure of the Oxy 3 salt cavern and related sinkhole formation near Grand Bayou, LA. Moreover, the State of Louisiana requires that operators-of-record for any salt cavern closer than 300 ft. from the edge of the salt stock provide plans for ongoing monitoring to confirm structural stability [LADNR, 2013]. BC-4 is currently filled with brine and will not hold pressure at the wellhead. The cavern extends upward into the caprock and has no effective salt roof. A series of geotechnical reports [Hogan, 1980; Todd and Smith, 1988; Neal et al., 1992; Ehgartner 2007; Lord et al., 2015] have discussed the potential for roof collapse and possible outcomes. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of BC site [Park et al., 2017; Park et al., 2018].



SITE DESCRIPTIONS

The BC salt dome, located in south-central Louisiana near Baton Rouge (Fig. 1), was discovered in 1926. Since then over three hundred oil and gas wells have been drilled on and around the dome, as well as numerous shallow holes drilled into the caprock. Since 1937, Allied Chemical Corporation has drilled over twenty brine wells on the dome. In 1976, DOE purchased eleven of these leached caverns and was storing approximately twenty-two million barrels of crude oil in three of the caverns (numbered 15, 18, and 19), forming part of the SPR Program [Hogan, 1980]. 

Since 1980, SPR caverns 18, 19, and 20 have been enlarged substantially; Union Texas Petroleum (UTP) Caverns 6 and 26 have been constructed, and Caverns 101 and 102 have been leached by DOE. Cavern 102 was traded to UTP in a swap for Cavern 17, now used for SPR oil storage. In 1992, UTP converted its brine Cavern 24 to natural gas storage. UTP had leached in 1993 along the northeast dome edge [Neal et al., 1993]. The UTP caverns have gone through several changes in ownership - first UTP, then Petrologistics, and now Boardwalk Pipeline Partners (hereafter call “Boardwalk”). The DOE re-purchased Cavern 102 from Boardwalk to use for the SPR in 2012. 

Data from the 300 oil and gas wells were used to construct contour maps and cross sections of the salt dome and the overlying caprock. Fig. 2 shows a plan view of the BC site with salt contour lines defining the approximate location of the salt dome edge. The locations of the six SPR caverns, nine Boardwalk caverns, one inactive cavern, and seven abandoned caverns are included. BC-4 is located at the center of the dome. The blue area indicates the sinkhole lake due to BC-7 collapse.

[image: ]

[bookmark: _Ref414369800][bookmark: _Toc418606778][bookmark: _Toc475447962][bookmark: _Toc536005503]Fig. 1.  Bayou Choctaw SPR site location map
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[bookmark: _Ref536452399]Fig. 2. Locations of BC-4 and BC-7 in Bayou Choctaw salt dome (top view)



MODEL DESCRIPTION

Finite Element Model

A three-dimensional finite element (FE) model capturing realistic geometries of BC site has been constructed using sonar and seismic survey data obtained from field investigations [Park and Roberts, 2015; Park et al., 2017]. The model contains the interbed between the caprock and salt top; and the interface between the dome and surrounding in situ rock to examine the interbed behavior in the most realistic manner available. Fig. 3 shows an overview of the hexahedral finite element mesh of the stratigraphy and cavern field at BC. The caverns in grey, blue, and green indicate abandoned, SPR-operated, and commercially-operated caverns, respectively. The element blocks in Fig. 3 are combined into a single FE mesh as shown Fig. 4, which includes the boundary conditions for numerical analysis. The salt dome is modeled as being subject to a uniform regional far-field stress state acting from an infinite distance away. The surrounding rock block encircles the caprock and salt dome blocks. The lengths of the model’s boundaries are 3353 m (11,000 ft) (more than two times the dome’s minor diameter) in the N-S direction and 3658 m (12,000 ft) (more than two times the dome’s major diameter) in the E-W direction. The sizes of the caverns are much smaller than the dome size. Therefore, the model boundary distances (surrounding rock) are enough to be regarded as being at infinite distance away from the caverns (i.e. fixed boundaries are applied) [Park et al., 2018].

[bookmark: _Hlk32393787][bookmark: _Hlk32396896][bookmark: _Hlk32398428]BC-4 sits within the U.S. Strategic Petroleum Reserve property and requires monitoring and periodic assessments of stability. The cavern was originally drilled for brine production in 1935 and was abandoned in 1954 following the collapse of the nearby Cavern 7. BC-4 is an abnormally shaped cavern. The cavern is leached through the caprock and salt layers. BC-4 stability has been the object of continuing concern because of its geologic similarity to collapsed BC-7 (now Cavern Lake). Sonar results in 1991 show minimal change since 1980, suggesting that additional significant caprock dissolution has not occurred and that overburden collapse is unlikely. However, continuing surveillance is prudent [Neal et al., 1993]. The sonar surveys were performed in 1977, 1980, 1991, 1997, 2003, 2013, 2018, and 2019. Fig. 5 shows the BC-4 cavern cavity with caprock roof, that are based on the sonar data surveyed in 2003, along with a surrounding interbed skin and salt skin layer used in the geomechanical model for detailed stress analysis. The salt skin layer is constructed to check the analysis results at the cavern wall and floor. These geometries are used to create the finite element mesh for the calculations. The cavern height and volume are approximately 317 m and 994,442 m3, respectively. The updated sonar data will be applied to the future simulation.

BC-7 was drilled in 1942 to a total depth of 595 m (1951 ft) and developed into a cavern to produce brine and then collapsed in 1954. The depth to the original top of the cavern is not known. The cavern is assumed to be cylinder shape with 37 m (120 ft) diameter. The cavern roof in the caprock layer is assumed to be a conical frustum with 12 m (40 ft) top diameter. A 12 m diameter cylinder extends through the overburden layer from the ground surface to the top of the caprock. The cavern slice blocks in the caprock and interbed layers are separated from the cavern body in salt due to different material properties. The cavern height is calculated to be 445 m (1460 ft). The frustum shape with 37 m and 12 m diameters is used for the cavern roof and floor, so the amount of the cavern volume is close to 461,000 m3 which was calculated from the field data. Fig. 6 shows BC-7 cavern cavity with overburden, caprock, interbed and salt extra skins.
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[bookmark: _Ref425859485][bookmark: _GoBack]Fig. 3. Images of salt dome and caverns obtained from seismic and sonar surveys, respectively (left) and an overview of the hexahedral finite element meshes of the stratigraphy and cavern field at Bayou Choctaw. The U.S. Strategic Petroleum Reserve stores crude oil in the seven blue caverns. Green shows Boardwalk caverns, and grey depicts abandoned caverns. The cavern ID numbers are also shown [Park et al., 2017 & 2018; US PATENT NUMBER: 10657301].
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[bookmark: _Ref419295107][bookmark: _Toc419296495][bookmark: _Toc425766984]Fig. 4. Entire finite element model and boundary conditions at Bayou Choctaw [Park et al., 2018]
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[bookmark: _Ref465860691][bookmark: _Toc475447973]Fig. 5. BC-4 cavern cavity with cavern roof, interbed skin and salt skin layers
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[bookmark: _Ref465861026][bookmark: _Toc475447974]Fig. 6. BC-7 cavern cavity with overburden, caprock, interbed and salt skin layers



Internal Pressure

The modeling simulates the cavern responses forward in time from the initial cavern creation. The actual wellhead pressure histories of SPR caverns BC-15, 17, 18, 19, 20, 101, and 102 have been recorded since 1/1/1990 as shown Fig. 7. Pressure drops occurred during workovers[footnoteRef:1] and fluid transfers. For the purposes of the present simulation, it is assumed that initial leaches of the caverns started on 1/1/1989 and the caverns were leached to full size over a one-year period.  [1:  “Workover” is when the wellhead pressure of the cavern is dropped to atmospheric pressure for maintenance.] 


The previous five-year (7/18/2010-7/17/2015) wellhead pressure history of each cavern as shown in Fig. 7 is replicated to simulate the next five years (7/18/2017 - 7/17/2022), during which no drawdowns are assumed to take place, and the next five-year drawdown[footnoteRef:2] cycles thereafter (7/18/2022-7/17/2047). The first simulated drawdown leach is assumed to start at 7/18/2022.  [2:  “Drawdown” is when the crude oil is withdrawn from the cavern. Fresh water injection is used to withdraw the crude oil. Because the cavern enlarges due to salt dissolving from the cavern walls, it is called a “drawdown leach”.] 


The analysis simulates caverns that were leached to full size over a one-year period by means of gradually switching from salt to fresh water in the caverns. It is assumed that the SPR caverns were filled with petroleum and non-SPR caverns are filled with either a liquid or gaseous petroleum product or brine after the initial leaching. Creep is permitted to occur over the entire simulation period (1/1/1990-7/17/2047). On 7/18/2022 and subsequently every 5 years thereafter, the SPR caverns except BC-20 are instantaneously leached to produce an increased volume of 15% during each leach cycle to simulate drawdowns. (The cavern BC-20 was recently decommissioned, with its oil removed and replaced with saturated brine; it will continue to be pressurized and monitored for the foreseeable future.) The 5-year period between each drawdown allows the stress state in the salt to return to a steady-state condition, as will be evidenced in the predicted closure rates. The simulation was run to the time 7/17/2047 to investigate the structural behavior of the dome for 57 years, as the process of salt creep continues to reduce the cavern volumes through five drawdowns which DOE agreed.

In actuality, the caverns were not always fully filled with oil. Brine fills the bottom of the caverns, and the proportion changes with time depending on cavern operations. The difference between pressure gradients of oil (8370 Pa/m (0.37 psi/ft of) depth) and brine (11,768 Pa/m (0.52 psi/ft) of depth) cannot be ignored [Park, 2017]. Therefore, the amount of oil and brine in a cavern over time needs to be considered. The oil-brine interface (OBI) depth history data (1/1/1990–7/17/2017) were obtained from the BC field office. It is assumed that the OBI depth of each cavern does not change after 7/17/2017 for the rest of the simulation. Fig. 8 shows the OBI depth history recorded until 2017 and assumed for future for BC-18 used in the analysis as an example. 
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[bookmark: _Ref477787603]Fig. 7. Wellhead pressure histories for the seven Bayou Choctaw SPR caverns
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[bookmark: _Ref536457764]Fig. 8 Oil-Brine interface depths history of BC-18 used in the analysis.



BC-4 still has a wellhead and is actively monitored with sonars and well logging runs. In addition, the area around BC-4 is monitored with GPS, tiltmeters, and subsidence surveys to detect any changes at the surface which may reflect degrading conditions underground.  It cannot hold fluid due to communication with the caprock, so zero wellhead pressure is applied in the analysis conservatively.

Cavern BC-7’s collapse began at the well-head and the void filled with overburden [Hogan, 1980; Neal et al., 1993]. In this model, it is assumed that the cavern volume no longer decreases due to salt creep because the overburden material in the cavern void has been sufficiently compacted to counteract the salt’s movement. Therefore, the cavern internal is regarded as a solid made of overburden material in this model.

BC-6, 16, 24, 25, 26, 27, 28, J1, N1, and UTP1 are owned by Boardwalk. The wellhead pressure history data has not yet been provided by Boardwalk because of ongoing litigation between the government and Boardwalk. In this simulation, it is assumed that the initial leaches of the caverns started on 1/1/1989 and they were leached to full size over a one-year period. The wellhead pressure is assumed to be a constant 6.2 MPa over time [Park et al., 2018, Park, 2019].

Other abandoned caverns were filled fully with brine before plugging. The brine volume does not decrease over time because there are no leaks, while the cavern volume decreases due to creep until an equilibrium state is reached. The hydrostatic pressure in the cavern increases until pressure equilibrium, i.e. the pressure head increases for some time after the plugging. The pressure heads, which are an additional hydrostatic pressure due to the cavern volumetric closure, are calculated as listed Table 1. 



[bookmark: _Ref536525572]Table 1. Calculated pressure heads for the abandoned caverns at equilibrium state [Park et al., 2018, Park 2019]

		Cavern ID

		Depth of cavern top

		Depth of cavern bottom

		Pressure head at equilibrium



		

		m

		ft

		m

		ft

		MPa

		psi



		BC-1

		-317

		-1040

		-543

		-1780

		4.0

		578



		BC-2

		-238

		-780

		-463

		-1520

		3.1

		454



		BC-3

		-311

		-1020

		-561

		-1840

		4.0

		587



		BC-8

		-396

		-1300

		-597

		-1960

		4.7

		683



		BC-10

		-305

		-1000

		-604

		-1980

		4.2

		616



		BC-11

		-329

		-1080

		-530

		-1740

		4.0

		578



		BC-13

		-341

		-1120

		-567

		-1860

		4.2

		616







 

[bookmark: _Ref536520207]DAMAGE CRITERIA

Potential damage to or around the caverns was evaluated based on two failure criteria: dilatant damage and tensile failure. 

Dilatancy is attributed to micro-fracturing or changes in the pore structure of the salt, resulting in an increase in permeability. Dilatancy is considered as the onset of damage to rock salt. A dilatant damage criterion is used to delineate potential zones of damage in the salt formation surrounding the caverns. In this study, the following dilatancy criterion [Park, 2018; Park, 2019] is used:

		

		

		(1)





The values of the parameters are as follows:

  	a = -118.8 MPa

	n = -1.574 x 10-3 (1/MPa)

	c = 119.8 MPa

where,

		

		

		[bookmark: _Ref477945355][bookmark: _Ref477945361](2)



		

		

		(3)





1, 2, and 3 are the maximum, intermediate, and minimum principal stresses, respectively. 

A dilatant damage factor (DF) for the BC salt is then defined by:

		

		

		(4)













If , the shear stresses in the salt () are large compared to the mean stress () and dilatant behavior is expected. If , the shear stresses are small compared to the mean stress and dilatancy is not expected. 

For purpose of these analyses, the tensile strength of the salt is conservatively assumed to be zero in order to check for tensile failure. Tensile cracking in rock salt initiates perpendicular to the largest tensile stress direction. The potential for tensile failure exists if the maximum principal stress (σ1) is numerically zero or tensile (positive value of σ1). To calculate the dilatancy damage and tensile failure potential in salt, the Sandia developed post-processing code ALGEBRA is used with the output of the FE code ADAGIO[footnoteRef:3] to determine spatial locations of dilatant damage. [3:  ADAGIO is the most recently Sandia-developed 3D solid mechanics code. It is written for parallel computing environments, and its solvers allow for scalable solutions of very large problems. ADAGIO uses the SIERRA Framework, which allows for coupling with other SIERRA mechanics codes.] 




ANALYSIS RESULTS

Caprock Roof of BC-4

Fig. 9 shows the predicted maximum σ1 over time in the caprock roof of BC-4. Note that the 1st, 2nd, etc., in the plots identify the drawdown leach start dates for the SPR caverns, but not for BC-4. In the numerical analysis, σ1 is calculated in every element at each time step. The maximum σ1 means the maximum value among all σ1 values calculated in all elements in a specific volume (in this case the caprock roof) at a specific time. In the plot, a positive value (+) indicates a tensile stress. The caprock roof is predicted to be in compression states (σ1 < 0) until the simulation ends (7/17/2047). However, the σ1 tends to increase toward zero. This implies that the roof could be structurally unstable in the future, but the potential for tensile failure is not predicted before 2047. Fig. 10 shows the predicted contour plots of σ1 in 1990, 2012, 2017, and 2047. The structurally weakest area is located at the middle of the M shape of the south side of the roof. The weakest area remains in a compressive stress state until 2047. Therefore, the model indicates that the caprock roof will not collapse until 2047.
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[bookmark: _Ref509840331]Fig. 9. Predicted maximum σ1 over time in the caprock roof of BC-4
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[bookmark: _Ref509841655]Fig. 10. Contour plots of σ1 in the caprock roof as shown Fig. 5 (look up view) on specific dates. Areas in tensile stress state must be shown in red (σ1>0), but the red area does not appear until 2047.54 years



[bookmark: _Hlk536437586]Comparison of BC-4 with BC-7

Fig. 11 shows the contour plots of σ1 on the base of the caprock predicted for 1990, 2009, 2028, and 2047. The caprock overlying BC-4 is predicted to be in a compressive stress state (σ1 < 0) until the simulation ends (7/17/2047), while the caprock surrounding BC-7 is predicted to be in tensile stress state (σ1 > 0) from the beginning of the simulation (1/1/1990). The stress state in the cavern roof of BC-7 is predicted to be larger than 4.14 MPa (600 psi), i.e. large tensile stresses distribute around the perimeter of BC-7. This tensile stress in the caprock, in combination with the roof of BC-7 extending into the caprock and the absence of pressurization of the cavern’s brine, probably induced the tensile failure on the roof of BC-7 that caused the cavern collapse in 1954. Other caverns within the perimeter of the caprock where tensile stresses are predicted have not suffered the same fate due to a combination of the existence of salt back above the caverns, preferable cavern geometries, and active pressurization of the caverns. 

The compressive stressed area (σ1 < 0) surrounding BC-4 in dark blue gradually decreases with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates.  The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity.  (This need is particularly true when including the potential for salt falls, as the next section will discuss.)

[bookmark: _Ref536448758][image: ]

Fig. 11. Contour plots of σ1 on the caprock bottom on specific dates (view looking up). Areas in compressive stress state are shown in dark blue (σ1 < 0). The compressive stressed area surrounding BC-4 decreases with time. The area surrounding BC-7 is in a tensile stress state at the start of simulation.



Salt Body of BC-4

Fig. 12 show the predicted volumetric decrease in storage volume in BC-4 over 57 years of time. The initial cavern cavity volume (meshed volume in the model) was 973,479 m3 (6.123 MMB) on 1/1/1990 and is predicted to be 971,889 m3 (6.113 MMB) on 7/17/2047. The cavern volume decreases by 0.16% over 57 years. 

[image: ]

[bookmark: _Ref498914065]Fig. 12. Predicted volumetric change of BC-4 due to salt creep closure over time

As mentioned in the previous section, there are two ways in which the salt surrounding the caverns can be damaged: by dilatant damage resulting from micro-fracturing that increases permeability and the potential for crack propagation; and by tensile stresses that produces open fractures in the salt. A quick way to evaluate the potential for damage is using history plots of the extreme values of dilatant damage factor (DF) and maximum principal stress (σ1) in the salt surrounding the cavern.

Fig. 13 shows the predicted maximum σ1, and minimum DF over time in the salt skin layers as shown in Fig. 5. In the numerical analysis, σ1 is calculated in every element in the salt dome at each time step. The maximum σ1 means the maximum value among all σ1 values calculated in all elements in a specific volume (the salt skin layers in this case) at a specific time. In the plot, a positive value (+) indicates a tensile stress. In the similar manner, DF is calculated in every element in the salt dome at each time step. The minimum DF means the minimum value among all DF values calculated in all elements in a specific volume at a specific time. When DF ≤ 1, dilatant damage occurs. Note again that the 1st, 2nd, etc., in the plots means six SPR cavern’s assumed drawdown leach start dates, but not for BC-4.

Fig. 13 (top) shows the predicted maximum 1 with time in the salt skins. The salt skin is predicted to have experienced tensile stresses following leaching. The predicted tensile-stressed areas shown in red in Fig. 14 were created in the upper cavern in 1990. The locations of the predicted tensile-stressed regions change with each specific date. The potential of tensile failure exists in these areas, i.e., the salt fall may occur at these locations. 

Fig. 13 (bottom) shows the predicted minimum DF with time in the salt skin layers. The salt skin layers are predicted to have experienced dilatant damage during the entire simulation period except 9/1/2011 ̶ 6/4/2013. The predicted dilatant areas, red contours shown in Fig. 15, were created in the upper cavern in 1990 and disappear in 2012 before reappearing again in 2017. The locations of the damaged areas change with each specific date similar to the tensile stressed areas. The potential of creation for micro-fracturing and increase in porosity/permeability exists in the areas. 

The areas of overlapping tensile stresses (Fig. 14) and dilatant damaged (Figure 15) are under the condition of both tensile failure and micro-fracturing. The possibility of a salt fall highly exists in these areas. The potential for salt falls is important for the overall integrity of the cavern.  Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof.  The computational model does not include the effects of salt falls in the evolution of stress around the cavern.  Therefore, it is difficult to predict with certainty how and when the salt falls may eventually hasten cavern roof instability. Again, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status. 
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[bookmark: _Ref497916282]Fig. 13. Predicted maximum σ1 (top) and minimum dilatant damage factor (DF) over time in the salt surrounding BC-4. 



[bookmark: _Ref497920828][image: ]

Fig. 14. Contour plots of σ1 on the skin of BC-4 on specific dates. Areas in tensile stress state are shown in red (σ1>0)
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[bookmark: _Ref509847103]Fig. 15. Contour plots of dilatant damage factor (DF) on the skin of BC-4 on specific dates. Areas in dilatant damaged state are shown in red (DF < 1)



CONCLUSIONS

BC-4 is currently filled with brine and will not hold pressure at the wellhead. The cavern extends upward into the caprock and has no effective salt roof. This paper evaluates the structural stability in BC-4 through the geomechanical analyses using a numerical model capturing realistic geometries of BC site.

[bookmark: _Hlk32397674]The results from the analysis indicate that the cavern roof in the caprock layer has no predicted risk of structural stability in the form of tensile failure through 2047 which is the simulation end. However, the compressive stressed area surrounding BC-4 gradually decreases with time. This trend is likely to continue over the years as the BC caverns close and resulting subsidence accumulates. The computational model somewhat idealizes the condition of the caprock in the roof of BC-4, so uncertainty will always exist in its condition. Therefore, even as the model provides justifiable reason to believe that a roof collapse of BC-4 is not imminent, we need to continue monitoring the cavern roof integrity because the salt surrounding BC-4 is predicted to have experienced tensile and dilatant damaged from the simulation starts. The potential for salt falls is important for the overall integrity of the cavern.  Because these salt falls will likely occur from the near-roof portions of the cavern, they may over time degrade the roof and accelerate the transition from compressive to tensile stresses in the caprock roof.  The computational model does not include the effects of salt falls in the evolution of stress around the cavern. Therefore, it is difficult to predict with certainty how and when the salt falls may eventually hasten cavern roof instability. In conclusion, the model indicates that any sort of roof collapse for BC-4 is not imminent; however, the uncertainty due to salt falls illustrates the importance of continued monitoring of the area around BC-4 for behavior such as subsidence and tilt which may indicate a change in the cavern’s integrity status.
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