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introduction

› RESPEC was engaged to perform a geomechanical analysis of hypothetical low-pressure conditions in Caverns 6X and 
7B to assess the stability of the caverns assuming several depressurization scenarios. 

› The planned geomechanical study is being executed in a phased approach. 
⁄ Phase 1 – Baseline Assessment (draft results presented herein)

» Adopted material properties from a previous RESPEC geomechanical study [Heiberger, 2015]
» Employed typical modeling methods 
» Focused on the immediate, or near-term stability of Caverns 6X and 7B at low pressures

› Planned future modeling phases will investigate the key assumptions employed in Phase 1 
⁄ Primary objectives will focus on, 

» Salt strength in the web between Cavern 7B and the dome flank
» Characteristics of the contact between the salt stock and the adjacent formations
» Characteristics and influence of the nonsalt formations next to the salt dome
» Long-term stability of all caverns in the dome
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Technical approach Overview

› Large-domain three-dimensional (3D) numerical model 
to predict the geomechanical response of the caverns to 
various hypothetical low-pressure operating conditions.

› Included Westlake Caverns 6X and 7B and the 
surrounding caverns within the area of influence. 

› Approximated the historical cavern development and 
operations to estimate the stress state in the salt.

› Simulated several hypothetical low-pressure conditions 
and two depressurization rates. 

› The model-predicted stresses were post-analyzed to 
determine factor-of-safety (FS) values for salt dilation (or 
damage).
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3D numerical Model Overview  
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Key Assumptions in Phase 1 Modeling
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› The salt dome flank is approximately 150 feet from the perimeter of Cavern PPG 7.

› The web between Cavern PPG 7 and the dome flank consists entirely of rock salt, with 
homogenous strength and deformation properties.

› The rock salt between Cavern PPG 7 and the dome flank is perfectly bonded to the 
adjacent nonsalt rock formations.

› Mechanical properties of the salt surrounding Caverns PPG 6 & 7 can be accurately 
characterized by the RESPEC testing of salt core recovered from Well No. 22 [Arnold, 
2015]. 

› The potential leak path from Cavern PPG 7 is undefined, and therefore, it is omitted from 
the model.

› The potential hydraulic connection between Caverns PPG 6 & 7 is undefined, and 
therefore, it is omitted from the model. 

› Adjacent formation pressures are neglected in the model; therefore, they do not affect the 
stresses within the salt stock.

› Extensive sulphur mining in the caprock has significantly degraded the caprock stiffness 
and strength, therefore it is omitted from the model.

› Cavern PPG 6 will maintain a +100 psi pressure differential compared to the pressure in 
PPG 7



Salt creep Properties

› The Sulphur Mines salt creep behavior was 
modeled based on RESPEC testing of salt 
core recovered from Well 22 (S/N 974245) 
[Arnold, 2015]

› Good agreement is shown between the 
creep model fit (i.e., predicted strain) and 
the measured strain from the creep tests
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[Heiberger, 2015]

Example of Creep Deformation



Salt Dilation Strength
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› Unlike brittle rock types that fail suddenly, rock salt around a solution-mined cavern will typically begin to fail through 
microfracturing along the grain boundaries, which is a process referred to as dilation (or damage). If damaging states of stress
are maintained, the microfractures will increase and coalesce. 

› Salt damage is a progressive process that can lead to the salt spalling from the roof and walls of the cavern and may lead to salt-
web failure or roof collapse. 

Example of Salt Dilation (Damage)



Salt dilation strength

› The salt dilation strength was estimated based on RESPEC 
testing of salt core recovered from Well 22 (S/N 974245) 
[Arnold, 2015] 

› The potential for salt damage was assessed using the 
RESPEC Dilation (RD) Criterion [DeVries et al., 2005]

› The dilation factor of safety (FS) is the ratio of the salt’s 
dilation strength (√𝐽𝐽2,𝑑𝑑𝑑𝑑𝑑𝑑) to the model-predicted shear 
stress (√𝐽𝐽2) 

› Salt dilation (or damage) is predicted when FS ≤ 1.0
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[Heiberger, 2015]
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Historical cavern operations

› Historical cavern operations were approximated in the model by simulating each cavern at a constant brine pressure gradient 
with minimal wellhead pressure. 

› The P&A caverns were modeled as plugged wells beginning at the P&A date for each well. 
⁄ The pressure was gradually increased in each P&A cavern, based on the model-predicted creep closure.

› The caverns were modeled at static pressure conditions up until Jan 2021, at which time the pressures in PPG 6X and PPG 7B 
were adjusted to more closely approximate the recent pressure histories in these caverns up until March 2023. 
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End of Historical Operations 
Simulation in March 2023



Hypothetical low-pressure conditions

› The low-pressure conditions were specified for caverns PPG 7B and 
PPG 6X as a pressure gradient at a depth of 3,085 ft. 

⁄ The approximate depth of the minimum salt web thickness 
⁄ Possible depth of the hydraulic connection between the two caverns

› Three hypothetical low-pressure conditions were evaluated in Phase 1
⁄ Scenario 1 : 0.46 psi/ft at 3,085 ft depth
⁄ Scenario 2 : 0.35 psi/ft at 3,085 ft depth
⁄ Scenario 3 : 0.25 psi/ft at 3,085 ft depth

› It was assumed that PPG 6X will maintain a +100 psi pressure 
differential compared to the pressure in PPG 7B.
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Casing Shoe 
Depths

Pressure in 
Mar 2023

Scenario 1
0.46 psi/ft @ 3,085’

Scenario 2
0.35 psi/ft @ 3,085’

Scenario 3
0.25 psi/ft @ 3,085’

76



Hypothetical low-pressure conditions

› The depressurization rate of the caverns was simulated for two different scenarios
⁄ Controlled pressure reduction rate at 25 psi/day
⁄ Uncontrolled pressure reduction rate at 211 psi/day
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Salt Dilation factors of safety for three 
hypothetical low-pressure conditions and two 
depressurization rates

Baseline modeling results
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March 2023 : 0.55 psi/ft at 3,085 ft
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› Dilation FS contours surrounding PPG 6X and 
PPG 7B prior to simulating the hypothetical low-
pressure scenarios

› Min. FS values of 3.0-3.5 at perimeter of PPG 7B 
roof

› Dilation FS values greater than 5.0 for much of 
the salt stock surrounding the caverns



Low-Pressure Scenario 1 :  
0.46 psi/ft at 3,085 ft
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Scenario 1 : 0.46 psi/ft at 3,085 ft

› Min. FS values of 1.5-2.0 at perimeter of PPG 7B 
roof

› Uncontrolled depressurization results in slightly 
lower FS values near the caverns
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Scenario 1 : 0.46 psi/ft at 3,085 ft

› Min. FS values of 1.5-2.0 at perimeter of 
PPG 7B roof

› Uncontrolled depressurization results in 
slightly lower FS values near the 
caverns
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Scenario 1 : 0.46 psi/ft at 3,085 ft

› FS values in salt webs surrounding PPG 
6X & 7B range from 4.0 to 5.0+, 
suggesting low-potential for salt web 
instability
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Low-Pressure Scenario 2 :  
0.35 psi/ft at 3,085 ft
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Scenario 2 : 0.35 psi/ft at 3,085 ft
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› Significant areas of low FS values between 1.0-
1.5 around the caverns suggest the loading 
conditions are near the dilation strength of the 
salt

› Greater extent of low FS values (1.0-1.5) 
predicted for uncontrolled depressurization 
scenario



Scenario 2 : 0.35 psi/ft at 3,085 ft
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› Significant areas of low FS values 
between 1.0-1.5 around the caverns 
suggest the loading conditions are near 
the dilation strength of the salt

› FS < 2.0 through the salt web suggest 
risk for salt web instability



Scenario 2 : 0.35 psi/ft at 3,085 ft
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› FS values in salt webs surrounding PPG 
6X & 7B ranging from 3.0 to 4.5 suggest 
low potential for salt web instability



Low-Pressure Scenario 3 :  
0.25 psi/ft at 3,085 ft
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Scenario 3 : 0.25 psi/ft at 3,085 ft

Aug 10, 2023 RSI(RAP)-M0170.23004 – CONFIDENTIAL 24

› Large extent of low FS values (1.0-1.5) 
suggests the loading conditions are 
very near the dilation strength of the 
salt

› Areas of dilating salt (FS<1.0) around 
PPG 7B predicted for uncontrolled 
scenario may result in spalling and 
instability



Scenario 3 : 0.25 psi/ft at 3,085 ft
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› Large extent of low FS values (1.0-1.5) 
suggests the loading conditions are very 
near the dilation strength of the salt

› Areas of dilating salt (FS<1.0) around 
PPG 7B predicted for uncontrolled 
scenario may result in spalling

› Consistent low FS values (1.0-1.5) 
through the salt web suggest potential 
for salt web instability



Scenario 3 : 0.25 psi/ft at 3,085 ft
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› Large extent of low FS values (1.0-1.5) 
suggests the loading conditions are 
near the dilation strength of the salt

› Dilation FS values in cores of the salt 
webs surrounding PPG 6X & 7B are 
significantly reduced to values ranging 
from 2.5 to 3.5



Near Term Future Evaluation

› Assuming the cavern pressures stabilize at one of the hypothetical low-pressure conditions, the 
salt will continue to creep at a relatively high rate and redistribute the stress through the 
surrounding salt stock, changing the dilation FS values over time

› Two cases are presented to assess dilation FS values after 1 year of future creep deformation at 
constant low-pressure conditions to illustrate how the FS values may evolve over time

1. Controlled Low-Pressure Scenario 1 – “Best Case”
2. Uncontrolled Low-Pressure Scenario 3 – “Worst Case”
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Scenario 1 : after 1 year of future creep

› FS values near the caverns’ surfaces 
improve slightly

› FS values further away from the 
caverns decrease over time
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Scenario 1 : after 1 year of future creep

› FS values near the caverns’ surfaces 
improve slightly

› FS values further away from the 
caverns decrease over time
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Scenario 3 : after 1 year of future creep

› FS values near the caverns’ surfaces 
improve slightly

› FS values further away from the 
caverns decrease over time
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Scenario 3 : after 1 year of future creep

› FS values near the caverns’ surfaces 
improve slightly

› FS values further away from the 
caverns decrease over time
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Summary of Results & Conclusions

› Scenario 1 : 0.46 psi/ft @ 3,085 ft 
⁄ Salt dilation FS values suggest the caverns and salt webs should remain stable (near-term). 

› Scenario 2 : 0.35 psi/ft @ 3,085 ft – Not Recommended
⁄ Significant areas of low FS values (1.0-1.5) suggest the loading conditions are near the dilation strength of the salt. Low FS values 

(1.5-2.0) in the core of the salt web between 6X & 7B are less than the minimum 2.0 typically recommended for salt web stability.

› Scenario 3 : 0.25 psi/ft @ 3,085 ft – Not Recommended
⁄ Large areas of dilatant stress states were predicted near PPG 7B for the uncontrolled depressurization scenario. Large extents of 

low FS values (1.0-1.5) predicted near the caverns suggest the loading conditions are very near the dilation strength of the salt. 
Low FS values (1.0-1.5) across the thickness of the salt web between 6X & 7B suggest the potential for salt web instability. 

› The depressurization rate of the caverns should be controlled as much as possible to reduce the impact on the salt webs. 

› The simulated future salt creep deformation with the caverns at constant low-pressure conditions causes a 
redistribution of the stresses, resulting in an evolution of the model-predicted salt damage FS values

⁄ The potential for damage generally decreases near the caverns – an increase in FS values

⁄ The potential for damage generally increases at distances further away from the caverns – a decrease in FS values
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Conclusions – continued 

› The baseline modeling results and conclusions presented above were based on assuming that the salt properties in 
the webs can be accurately characterized by the salt from Well No. 22 [Arnold, 2015]. If the properties of the salt 
forming the webs differ significantly from the salt in Well No. 22 , the conclusions presented here may be impacted. 
Furthermore, if the contact between the salt web and the nonsalt formations outside of the dome is not perfectly 
bonded as assumed in this study, the conclusions presented here may be impacted.

› Because salt variability or the presence of anomalous features in the salt webs is not possible to determine, an 
appropriate factor of safety should be considered. The relatively recent sidewall spalling in PPG 7B evidenced by 
sonar surveys may indicate that the salt in the web between PPG 7B and the dome flank exhibits lower strength than 
what was assumed in this Phase 1 of the study. It may also indicate that the salt web contact with the adjacent nonsalt 
formations is weaker than assumed, or that the distance from the dome flank is less than what was assumed in this 
Phase 1 of the study. 

› Subsequent modeling efforts will investigate these assumptions and the sensitivity of the modeling results to a 
reasonable range of strength characteristics for the dome flank and adjacent rock formations. An attempt to history 
match the observed rock falls in PPG 7B could assist in determining an appropriate minimum pressure that precludes 
instability of the caverns or the salt web between PPG 7B and the dome flank.
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Path Forward

› Phase 2 – History Matching to Estimate the In Situ Salt Dilation Strength
⁄ Attempt to history-match the recent rock falls evidenced in PPG 7 sonar surveys through adjustment of the salt 

dilation strength
» Estimate an in situ salt strength for the web between PPG 7 and the dome flank

⁄ Assess effects of adjacent formation pressures and a weak contact at the dome flank
⁄ Re-establish baseline conditions for current cavern and web stability (prior to low-pressure scenarios)

› Phase 3 – Assess Near-Term Impact of Hypothetical Low-Pressure Conditions
⁄ Use the estimated in situ salt strength for the web between PPG 7 and the dome flank
⁄ Simulate pressure drawdown scenarios and assess near-term impacts

› Phase 4 – Potential Web Failure Risk Analysis
⁄ Model hypothetical web failure scenarios

» Web between PPG 7 and dome flank
» Web between PPG 6 & 7

⁄ Assess potential impacts on surrounding wells, caverns, and surface structure

› Phase 5 – Long-Term Stability Evaluation of All Caverns
⁄ Simulate long-term sustained low-pressure conditions in PPG 6 & 7
⁄ Assess potential impacts on surrounding wells, caverns, and surface structure
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