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1.0  INTRODUCTION 

Recent compilation of information about cavern sizes and shapes, together with their 
locations, has revealed that some caverns in Akzo Nobel’s Hengelo brinefield are closer to each 
other than anticipated.  When just two caverns are in close proximity, the concern would be the 
relatively thin salt “wall” that separates the two caverns.  Earlier numerical-modeling analyses 
by the BGR for Akzo Nobel demonstrates the stability for such side-by-side cavern 
arrangements where the oval-shaped caverns are either parallel or perpendicular to each other 
[BGR, 1998].  When three or more caverns are in proximity and the prescribed parallel or 
perpendicular arrangement of caverns is not applicable, the concern is not for the salt “wall,” 
but rather, the salt “pillar” formed between the caverns.  This report presents a methodology 
for assessing the stability of caverns in close proximity. 

 
In dry salt mining, the primary stability concern is to leave enough salt underground in the 

form of pillars to continue to support the weight of the overburden.  Before any mining, the 
weight of the overburden was uniformly borne by the undisturbed salt layer.  After mining, the 
salt layer is interrupted at intervals of intersecting underground openings (think of intersecting 
tunnels).  The salt between three or more intersecting openings forms a salt pillar.  The mined 
openings themselves provide no support to the overburden; the rock-salt pillars must bear the 
weight of both the overburden directly above the pillar and the overburden directly above the 
surrounding openings.  The weight borne by a pillar is proportional to the amount of salt 
removed (the extraction ratio); for greater amounts of extraction, greater amounts of weight 
must be borne by pillars.  

 
This mining engineering method of calculating the weight borne by pillars is called the 

“tributary loading area” method.  The total weight borne by a pillar divided by its cross-
sectional area yields a descriptive rock-mechanics parameter called “stress;” in this case, the 
average vertical stress for the pillar.  The magnitude of the average vertical stress is primarily 
a function of the extraction ratio (as determined in a plan or top view) and only secondarily a 
function of the height of the opening (as determined in a cross-sectional view).  The vertical 
stress in the pillar can also be modified by any brine pressure acting on the mine (or solution-
mining cavern) roof.  The magnitude of the brine pressure depends on the height of the column 
of brine; at Hengelo, the brine column is always to the ground surface, so the brine pressure is 
nominally ½ the lithostatic rock stress.  Thus engineering methods exist so pillars can be 
designed to ensure that the average vertical stresses do not exceed a predetermined magnitude, 
which is indicative of pillar stability. 

 
The vertical stress, however, is not the only stress in pillars.  Horizontal stresses also exist 

in the unmined rock, and some of the horizontal stress is transferred or develops in pillars after 
the pillars are isolated.  The shape of a pillar (as defined by the ratios of its horizontal 
dimensions to height) strongly influences the magnitudes of internal horizontal stresses.  At 
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one extreme, a pillar that is thin and tall will develop virtually no internal horizontal stress; 
whereas, a short, thick (squat) pillar might develop relatively great internal horizontal stresses.  
In contrast to the vertical stress, where a large average vertical stress might suggest 
instability, greater horizontal stresses promote increased pillar stability.  The internal 
horizontal stresses that develop away from the pillar edges provide confinement to the core of 
the pillar and make the entire salt pillar stronger (more resistant to weakening).  The ratio 
between the vertical and horizontal stress magnitudes in a pillar is an indicator of the stability 
of the pillar. 

 
The stresses in pillars, the cavern roof, and the surrounding rock can be determined by 

numerical modeling.  Numerical modeling can be either two-dimensional or three-dimensional 
in space.  Two-dimensional modeling of mining situations is typically either plane strain or 
axisymmetric.  Relative to caverns, plane-strain modeling can be viewed as looking at caverns 
that have specific size, shape, and spacing in a cross-sectional view but are infinitely long in the 
orthogonal direction.  In contrast, axisymmetric modeling represents the cavern as a circular 
opening (in plan view) surrounded by a ring-shaped pillar.  

 
Both types of two-dimensional modeling can represent the stratigraphy (rock layers) and 

site-specific rock properties.  Neither type of two-dimensional modeling can exactly represent 
the geometry of caverns in a brinefield.  The plane-strain model is better for looking at 
interactions between caverns (effect of cavern spacing and extraction ratio) and the influence of 
pillar stresses on the cavern roof stability.  Axisymmetric modeling is better for looking at 
specific stress conditions in a cavern roof (cavern span issues) but is not effective for analyzing 
cavern-spacing issues. 

 
Three-dimensional modeling can accurately represent the geometry of caverns but can be 

expensive, labor- and computer-intensive, and difficult to visualize the results.  Representing 
the stratigraphy and rock properties using advanced material models is often technically 
challenging.  Three-dimensional modeling, therefore, is usually reserved for specific situations 
rather than studies of the generic influence of geometrical factors. 

 
As a companion part of this study, BGR performed a series of analyses using two-

dimensional modeling (plane strain) to determine when certain aspects of the brinefield 
geometry become a concern relative to stability of the pillars or cavern roof.  In the analyses, 
the cavern geometry was varied over ranges in the cavern width and the pillar width between 
caverns for two different cavern heights.  The numerical modeling results were analyzed by 
comparing calculated stresses with a rock failure criterion for rock salt.  To account for the 
long-term strength of rock salt (as compared to salt strength measured in short-term laboratory 
tests) and to interject a degree of conservatism, only a fraction (30 percent) of the criterion-
based rock strength was used to determine the allowable calculated stresses. 
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Conclusions from the plane-strain modeling were 

1. When caverns are considered to be in a row, there is no restriction on the proximity of 
caverns within the row.  In the plane-strain model, the cavern is modeled as infinitely 
long with no intervening pillars “between caverns.” 

2. The required separation between rows (pillar width) depends on the cavern diameter and 
cavern height.  BGR prepared a graph showing the relationship between cavern 
diameter and the required pillar width for cavern heights of 25 and 40 meters. 

Where the conclusions from two-dimensional modeling could not be applied, an alternative 
analysis method was used.  A methodology is described by Van Sambeek [1996; 1998; 1999] for 
examining the stress magnitudes in salt pillars and the stability of pillars.  A modification of 
this methodology (described in the next section) is used to determine the relative stability of 
“pillars” isolated by the Akzo Nobel salt caverns.  The methodology is also examined to develop 
a sense of its conservatism relative to the assumptions made and the geometries involved. 
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2.0  SALT PILLAR EQUATION 

Van Sambeek [1996] presents a simple approach to examining the approximate stress state 
in salt pillars based on numerical modeling results for the limiting cases of axisymmetric and 
plane-strain to represent the shape of the pillars.  For square (or circular) pillars, the ratio of 
the pillar width (or diameter) to pillar height (W:H) defines the pillar shape.  A copy of Van 
Sambeek [1996] is included as Appendix A.  Two later publications [Frayne and Van Sambeek, 
1998; Van Sambeek, 1999] extended the salt pillar equation to rectangular-shaped pillars based 
on three-dimensional numerical modeling results.  Copies of these publications are included for 
reference as Appendix B and Appendix C, respectively. 

 

An important conclusion in the Van Sambeek [1996] paper is that pillar stability can be 
defined in terms of the ratio between average pillar stresses (expressed as the invariant 
stresses σeff  and I1) and a salt-dilation factor (e.g., Van Sambeek et al. [1998]).  The equation 
for calculating the invariant stresses are basically (1) for the average stress in the pillar (sum of 
the vertical loading stress and twice the horizontal radial stress developed because of the shape 
of the pillar) and (2) for the shear stress in the pillar resulting from differences in the 
magnitudes of the principal stresses.  Significant from the analysis is that a critical pillar shape 
exists where stability is indicated, and as the pillar becomes squat, the stability is evermore 
ensured.  Similarly, as a pillar becomes thinner relative to the critical pillar shape, it becomes 
more prone to dilation and eventually could even fail. 

 
Modified salt-pillar equations were developed specific to the geometry of solution-mined 

caverns and the stress induced by brine pressure in the cavern. The next section describes the 
how pillar equations were used to analyze the plane-strain caverns modeled by BGR (the BGR 
modeling is reported in a companion report.) The purpose of comparing the salt-pillar equations 
to the BGR modeling results was to test the pillar equations and stability assessment approach 
as validation for using the equations to assess three-dimensional cavern clusters. 

 
Following the validation of the pillar equations, a methodology was developed that uses the 

pillar equations to assess the stability of pillars formed by clusters of caverns. In this situation 
three factors must be accounted for: (1) the extraction ratio within the cavern cluster, (2) the 
pillar geometry (W:H), and (3) the cavern brine pressure loading that is applied over a portion 
of the pillar. The methodology provides a set of equations used to determine the allowable 
height for the pillar for a particular geometrical arrangement of caverns. An example cavern 
cluster is analyzed and hypothetical conclusions and recommendations given based on those 
results. Twelve cavern clusters in the Hengelo brinefield were then analyzed to determine the 
allowable cavern height. 
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3.0  VALIDATION OF PILLAR-EQUATION APPROACH 

The BGR modeled a series of “plane-strain” caverns with ranges of cavern diameter and 
pillar width.  The results from the BGR modeling are now used to validate the RESPEC pillar-
equation approach by analyzing the “plane-strain” caverns. 

 
For a plane-strain cavern and pillar situation, the average vertical stress in the pillar next 

to a cavern is the combination of the vertical stress concentration because of the cavern 
(geometry effect) and the buoyancy caused by the cavern pressure acting on the cavern roof 
(pressure effect).  The average minor horizontal stress in the pillar, which acts normal to the 
cavern wall, is a combination of the boundary value (cavern pressure) and geometry-controlled 
stress that depends on the pillar width-to-height ratio (W:H).  The major horizontal stress, 
which acts along the length of the pillar, is by plane-strain definition exactly equal to the 
average of the vertical stress and minor horizontal stress; i.e., the deviatoric stress in the 
direction of the major horizontal stress is exactly zero so there is no creep strain (i.e., the plane-
strain stipulation) in that direction.  The vertical and two horizontal stresses, respectively, are 
given by: 

 

( ) ( )
( )

( )

0 1

0.1

2

V

h v

H V h

D W P D W

P W H

σ = σ + −

σ = + σ

σ = σ + σ

 (3-1) 

where: 

 

0 premining vertical stress

cavern diameter

pillar width

cavern brine pressure

cavern height.

D

W

P

H

σ =

=

=

=

=

 

These conditions were used in a spreadsheet to calculate the stresses in six caverns 
involving three cavern diameters at two cavern heights.  In the spreadsheet, the required pillar 
width was calculate to give a stress condition as close as possible to the BGR η  = 30 percent 
criterion.  For η  = 30 percent in the interval 20 < (–I1) < 50 MPa, 2J is approximated by 

= +2 13 0.08J I  so that = +2 1 13 0.08J I I  (se Figure 3-1). 
 

The BGR, however, found the most critical stress states are in the cavern roof, not in the 
pillar.  Therefore, the critical pillar width calculated with the pillar equation for a particular 
cavern height and diameter will likely be smaller than that calculated by BGR.  The reason is 
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that BGR will specify a larger pillar to reduce the critical stress state in the cavern roof.  For 
that reason, a systematic lowering of the BGR η  = 30 percent criterion according to a fixed 
percentage was used.  The RESPEC pillar-equation approach calculated the same size pillars 
as the BGR plane-strain modeling approach when about 85 percent of the BGR η  = 30 percent 
criterion was used.  Simplistically, when the pillar-equation approach is used by applying 
85 percent of the η  = 30 percent criterion in the pillar, the required pillar size will agree with 
BGR plane-strain analyses for the η  = 30 percent criterion in the roof. 

RSI-1477-04-003 

Figure 3-1. Illustration of the Linear Fit Over a Portion of the BGR η  = 30 Percent Criterion 
(for m = +1/3). 

The result of the comparison for three combinations of cavern diameter and cavern height is 
given in Table 3-1. 

 

As suggested above, the pillar equation approach requires the similar-sized pillar as the 
BGR approach for the range of cavern diameters if 85 percent of the η  = 30 percent criterion is 
used to calculate the critical stresses in the pillar equation.  The technical reason for a greater 
pillar width in the BGR plane-strain analyses probably relates to the span of the cavern roof 
relative to a fixed stratigraphy; i.e., thickness of salt in the roof and flexure of the span with its 
resultant stress conditions near the roof/cavern-wall intersection. 
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The conclusion from this comparison is that the pillar equation is validated for determining 
the minimum pillar dimension so long as a somewhat more conservative long-term failure 
criterion is used.  The pillar-equation approach will now be extended to axisymmetric pillars in 
cavern clusters based on the same assumptions. 

Table 3-1. Comparison of Required Pillar Diameter for BGR and Pillar 
Equation Approaches 

Cavern 
Height 

(m) 

Cavern 
Diameter 

(m) 

BGR Required 
Pillar Diameter 

(m) 

Pillar Equation 
Required Diameter 

(m) 

Ratio  
(%) 

25 50 29.7 31.5 94.3 

25 100 51.8 51.2 101.3 

25 150 70.5 68.0 103.7 

40 50 33.2 35.5 93.5 

40 100 58.7 59.3 99.0 

40 150 80.8 80.2 100.7 
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4.0  CAVERN CLUSTER ANALYSIS 

For a cavern cluster, the following methodology was used to determine the adequacy of the 
pillar within the cluster: 

Step 1. Inscribe a circular pillar that has at least three points of tangency with 
surrounding caverns.  Measure the diameter, W. 

Step 2. Draw two rays from the center of the inscribed circular pillar to points of tangency 
on either side of each cavern. 

Step 3. Measure the angle between each pair of rays (where a cavern sits within the pair of 
rays. 

Step 4. Sum the measured angles to determine the total angle, β .  Let 360γ = β . 

Step 5. Over scribe another circle using the same center as in Step 1 where this circle 
passes through as many as possible of the points of tangency between rays and 
caverns.  Measure the diameter, 0W  

Step 6. Calculate the three average principal stresses according to: 

 ( )
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  
 (4-2) 

 θ
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W
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 (4-3) 

where: 

P  = cavern brine pressure = 5.25 MPa  

H  = cavern height 

W  = inscribed circular pillar diameter, AP is the area of the pillar 

0W  = over scribed circular pillar diameter, AT is the area of the over scribed 
pillar including part of the caverns, Acav is only the cavern area in the 
over scribed circular pillar 

γ  = (cumulative angle of cavern exposure)/360  

0σ  = premining stress state 

σV  =  average vertical stress within the inscribed pillar area accounting for 
the caverns and brine pressure 

σr  =  average radial stress developed between the cavern edge ( rσ  = P) and 
the center of the inscribed pillar, subject to r Vσ ≤ σ  

θσ  = average tangential stress developed in the inscribed pillar. 

Step 7. Calculate two stress invariants used to quantify stability: 

 ( ) ( ) ( )θ θ
 = σ − σ + σ − σ + σ − σ 

2 2 2

2

1
6 V r r VJ  (4-4) 

 θ= σ + σ + σ1 V rI  (4-5) 

Step 8. Calculate ξ = 2 1J I . 

Step 9. Compare ξ = 2 1J I  at 85 percent of η  = 30 percent for this I1: 

 
( )η=

 
ξ = + 

 

≤ ≤

30%
1

1

3
0.08 85%

20 40

I

I

 (4-6) 

Step 10. If ξ  from Step 8 is less than η=ξ 30% , then cluster pillar is stable; otherwise unstable. 

Step 11. Calculate the maximum stable cavern height by using a root solver for H to achieve 

η=ξ = ξ 30% . 
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WO = 192 m

W = 100 m

β1 = 75 deg
h1 = 25.7 m

β2 = 64 deg
h2 = 31.8 m

β3 = 73 deg
h3 = 21.0 m

WO = 192 m

W = 100 m

β1 = 75 deg
h1 = 25.7 m

β2 = 64 deg
h2 = 31.8 m

β3 = 73 deg
h3 = 21.0 m

RSI-1477-04-001  

Figure 4-1. Example of Cavern-Cluster Pillar Analysis With Calculated Allowable Pillar 
Height. 

Cavern Brine Pressure P 5.25 MPa
Inscribed Pillar Diameter W 100 m
Overscribed Pillar Diameter Wo 192 m
Cumulative Cavern Angle β 212 degrees
Stability Criterion A 3

√J2 / Ι1 = (Α/Ι1 + Β)∗ C B 0.08
C 85%

Calculated Stresses σV σr σθ √J2 Ι1 √J2 / Ι1
14.45 10.52 5.27 4.61 30.23 0.152

Allowable Pillar Height h max 27.43 m
to Meet Stability Criterion
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This methodology is illustrated in Figure 4-1 for a pillar in a cluster of caverns 237-248-251.  
The inscribed pillar has a diameter (W) of 100 meters and the over scribed pillar has a diameter 
( 0W ) of 192 meters.  The three caverns define the three angles (β β β1 2 3, , and ) with magnitudes 
of 75, 64, and 73 degrees, respectively, for a total angle of 212 degrees.  The principal stresses 
for this situation are calculated in a spreadsheet based on the equations listed above. For the 
stresses shown, a root solver was used to determine the cavern height (h max) that would 
cause = +2 1 13 0.08J I I , including an 85 percent reduction in the allowable stress condition. 

 
For the cavern cluster in the example, the calculated maximum cavern height for the current 

cavern sizes and locations is 27.4 meters.  The current cavern heights (h1, h2, and h3) are 25.7, 
31.8 (inactive), and 21.0 meters, respectively.  The height of cavern 248; therefore, already 
exceeds the allowable height.  Mining should remain stopped in Cavern 248, but mining could 
hypothetically continue in Caverns 237 and 251 until their heights reach the critical height 
(27.4 meters). 

The pillar-equation approach was used to assess cavern clusters identified by Akzo Nobel, State 
Supervision of Mines, or RESPEC, and the results are summarized in Table 4-1. 

Table 4-1. Analysis – Parameter Values and Calculated Maximum Cavern 
Height for 12 Cavern Clusters 

Cavern 
Cluster 

Caverns Involved 
in Cluster 

W 
(m) 

Wo 
(m) 

β 
(deg) 

hmax 
(m) 

1 239 248 270 80 169 236 20.3 

2 201 305 308 124 256 193 34.6 

3 237 248 251 101 204 214 27.2 

4 182 198 352 108 218 196 30.1 

5 314 317 325 124 218 159 37.9 

6 237 248 265 134 254 201 37.7 

7 275 278 287 125 232 179 36.7 

8 275 278 290 146 264 172 43.6 

9 225 314 331 114 240 213 30.4 

10 207 259 261 111 210 189 31.9 

11 393 396 402 126 240 161 37.8 

12 402 405 414 111 218 150 33.7 
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5.0  Reliability of the Method 

The pillar equations are intended for salt pillars in a dry mine.  That is, a mass of salt with 
fully isolated vertical surfaces (pillar ribs), where the mass of salt sits between the exposed roof 
and floor of the mine, and air pressure acts on all exposed surfaces.  By definition, the 
horizontal stress magnitude at the edges of the pillar is zero (neglecting atmospheric pressure). 
All around the pillar, the horizontal stress increases from zero either to a maximum value at 
the center of the pillar or to a maximum value that remains constant across the core of the 
pillar.  For tall, thin pillars the maximum value is low; for short, squat pillars the maximum 
value might be the original (premining) horizontal stress or even be greater for large average 
vertical stress concentrations.  The vertical stress can have vastly different distributions that 
depend on the size and shape of the pillar and can not be easily generalized.  Regardless of the 
distribution, the vertical stress will have an average value for the vertical stress that depends 
on the vicinity extraction ratio and the support provided by surrounding pillars and unmined 
salt. 

 
The situation in a solution-mine field is much different than an underground dry salt mine.  

The prominent differences, however, interject conservatism into the conclusions drawn from 
use of the pillar equations.  Aspects that are different between dry- and solution-mining, and 
why conservatism results, include: 

1. Pillars between caverns are not fully isolated; therefore, the horizontal stress at the edge 
of the imaginary circular pillar is not zero, and in some portions of the pillar “edge” could 
have a magnitude as high as the pre-mining horizontal stress. 

2. Portions of the pillar edge exposed to the cavern brine are subjected to a brine pressure 
loading; hence, the horizontal stress across the pillar does not increase from zero, but 
rather increases from the brine pressure value. 

3. The pillar height is taken from the “tallest” cavern in the cluster.  If the other caverns 
are shorter, the portion of the pillar next to those caverns will be more stable. 

Each of these interjects conservatism (or an incremental factor-of-safety). 
 
Aspects do exist where one can argue that the brine-filled caverns might invalidate the 

pillar-equation approach.  These include: 

1. The brine from the cavern could infiltrate the surrounding salt and weaken it and 
invalidate the basis of the equations. 

2. The edges of the cavern could deteriorate and cause an enlargement of the cavern 
diameter. 
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3. The cavern roof could fail (cavern migration) despite the adequacy of the pillars to 
support the overburden. 

The aspect of brine infiltration is not expected because the brine cavern is not pressurized 
above that of a static brine column to surface.  The brine pressure is never expected to exceed 
50 percent of the lithostatic rock stress (i.e., about 0.012 MPa/m depth for the brine pressure 
compared to 0.025 MPa/m for the rock stress).  Research results reported by the Solution 
Mining Research Institute indicate brine infiltration is not likely until the ratio between the 
brine pressure and the lithostatic stress exceeds at least 90 percent. 

 
Repeated sonar surveys of actual caverns have not detected deterioration of the edges of 

caverns.  For the most part, cavern profiles indicate a constant cavern diameter or systematic 
diameter growth as a consequence of continuing solution mining.  If cavern edge deterioration 
were excessive, it would have been noted in past surveys. 

 
Cavern migration by progressive roof failure has and may still be occurring for several 

caverns.  Cavern migration is believed to relate more to absence of a salt roof above the cavern 
than to the support capability of the surrounding salt “pillar.” 

 
Over and above the reasoning that the pillar design equations are conservative, additional 

conservatism is interjected by the failure criterion for the salt.  In these analyses, only 
30 percent of the measured “short-term” salt strength was used to help ensure that an 
appropriate long-term strength parameter was applied. 
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6.0  CONCLUSIONS AND RECOMMENDATIONS 

A methodology was developed to assess the stability of cavern clusters.  Twelve clusters were 
analyzed and conclusions and recommendations for each cluster are as follows. 

Cluster 1: Each of the three caverns has a height that exceeds the maximum allowable 
height for the pillar inscribed within the cavern cluster.  Before this analysis, two 
caverns were already inactive (Caverns 239 and 248); mining has since been 
stopped in the third (Cavern 270). 

Cluster 2: Two of the caverns may have heights that exceed the allowable height; Cavern 201 
is inactive and Cavern 305 must be stopped.  Cavern 308 can continue to be mined 
until the height reaches the allowable height of 34.6 m. 

Cluster 3: Inactive Cavern 248 exceeds the allowable height.  Caverns 237 and 251 have 
heights less than the allowable.  Cavern 237 is at the intersection of two lines of 
caverns.  Mining in Cavern 237 will be stopped, because of BGR criteria for 
caverns in lines.  Mining can continue in Cavern 251 until its height reaches the 
allowable 27 m. 

Cluster 4: Each of the three caverns is below the allowable height.  Caverns 182 and 198 are 
inactive.  Continue mining in Cavern 352 up to an allowable height of 30 m. 

Cluster 5: Each of the three caverns is below the allowable height.  Mining can continue in 
Caverns 317 and 325 up to the allowable height of 38 m.  Cavern 314 is also in 
Cluster 9 where the allowable height is restricted to 30 m.  

Cluster 6: Each of the three caverns is below the allowable height.  Cavern 248 is already 
inactive.  Mining could continue in Caverns 237 and 265 relative to this 
methodology; however, Cavern 237 is at the intersection of two lines of caverns.  
Mining in Cavern 237 will be stopped because of BGR criteria for caverns in lines.  
Mining can continue in Cavern 265 until its height reaches the allowable 37 m. 

Cluster 7: Each of the three caverns is below the allowable height.  Mining could continue in 
all three caverns relative to this methodology.  Caverns 275 and 287 are poorly 
positioned according to the BGR criteria for lines of caverns, and mining in 
Caverns 275 and 287 will be stopped.  Mining in Cavern 278 can continue up to 
37 m. 

Cluster 8: This cluster contains two of the same caverns as Cluster 7 – Caverns 275 and 278.  
Each of the three caverns is below the allowable height.  Cavern 275 will be shut 
down based on the BGR criteria for caverns in a line.  Mining can continue in 
Cavern 278 up to a height of 37 m (see Cluster 7).  Mining of Cavern 290 can 
continue until it reaches an allowable height of 43.7 m.  
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Cluster 9: Inactive Cavern 225 exceeds the allowable height of 30.4 m.  Caverns 314 and 331 
less than the allowable height, and mining can continue until their heights reach 
30 m. 

Cluster 10: Inactive Cavern 259 is nominally at the allowable height of 31.9 m.  Caverns 207 
and 261 have heights considerably less than the allowable height, and mining can 
continue until their heights reach at least 30 m. 

Cluster 11: Based on the assumed future cavern expansion and remaining pillar diameter, the 
caverns all have heights well below the allowable and mining could conceivably 
continue until their heights exceed 36 m.  Cavern 402 is poorly positioned, 
however, based on the BGR criteria for caverns in a line.  Mining will be stopped 
in Cavern 402. 

Cluster 12: As with Cluster 11, these caverns are poorly positioned.  The future pillar 
diameter is generously estimated to be 111 m, which gives an allowable height for 
the caverns of about 34 m.  Cavern 402 is to be stopped (see Cluster 11).  
Therefore, mining Caverns 405 and 411 can continue to an allowable height of 
34 m.  If the cavern expansion is greater than that illustrated for Cluster 12 in 
Appendix D, then the allowable height should be reassessed. 
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APPENDIX A 
 

PILLAR ANALYSES PARAMETERS FOR THE 12 CAVERN  
CLUSTERS LISTED IN TABLE 4-1 

 

 



 

 A-2 

WO = 169 m

W = 80 m

β1 = 85 deg
h1 = 31.1 m

β2 = 83 deg
h2 = 43.4 m

β3 = 68 deg
h3 = 31.8 m

WO = 169 m

W = 80 m

β1 = 85 deg
h1 = 31.1 m

β2 = 83 deg
h2 = 43.4 m

β3 = 68 deg
h3 = 31.8 m 

Cavern Cluster 1 



 

 A-3 

WO = 256 m

W = 124 m

β1 = 67 deg
h1 = 42.4 m

β2 = 69 deg
h2 = 19.9 m

β3 = 57 deg
h3 = 55.1 m

WO = 256 m

W = 124 m

β1 = 67 deg
h1 = 42.4 m

β2 = 69 deg
h2 = 19.9 m

β3 = 57 deg
h3 = 55.1 m

Cavern Cluster 2 



 

 A-4 

WO = 204 m

W = 101 m

β1 = 77 deg
h1 = 25.7 m

β2 = 66 deg
h2 = 31.8 m

β3 = 71 deg
h3 = 21.0 m

WO = 204 m

W = 101 m

β1 = 77 deg
h1 = 25.7 m

β2 = 66 deg
h2 = 31.8 m

β3 = 71 deg
h3 = 21.0 m

Cavern Cluster 3 



 

 A-5 

WO = 218 m

W = 105 m

β1 = 70 deg
h1 = 27.4 m

β2 = 54 deg
h2 = 10.5 m

β3 = 72 deg
h3 = 22.6 m

WO = 218 m

W = 105 m

β1 = 70 deg
h1 = 27.4 m

β2 = 54 deg
h2 = 10.5 m

β3 = 72 deg
h3 = 22.6 m

 

Cavern Cluster 4 



 

 A-6 

WO = 218 m

W = 124 m

β1 = 55 deg
h1 = 26.0 m

β2 = 49 deg
h2 = 33.1 m

β3 = 55 deg
h3 = 23.0 m

WO = 218 m

W = 124 m

β1 = 55 deg
h1 = 26.0 m

β2 = 49 deg
h2 = 33.1 m

β3 = 55 deg
h3 = 23.0 m

Cavern Cluster 5 



 

 A-7 

WO = 254 m

W = 134 mβ1 = 59 deg
h1 = 29.4 m

β2 = 87 deg
h2 = 31.8 m

β3 = 55 deg
h3 = 25.7 m

WO = 254 m

W = 134 mβ1 = 59 deg
h1 = 29.4 m

β2 = 87 deg
h2 = 31.8 m

β3 = 55 deg
h3 = 25.7 m

Cavern Cluster 6 



 

 A-8 

WO = 232 m

W = 125 m

β1 = 68 deg
h1 = 26.0 m

β2 = 58 deg
h2 = 19.7 m

β3 = 53 deg
h3 = 14.7 m

WO = 232 m

W = 125 m

β1 = 68 deg
h1 = 26.0 m

β2 = 58 deg
h2 = 19.7 m

β3 = 53 deg
h3 = 14.7 m

Cavern Cluster 7 



 

 A-9 

WO = 264 m

W = 146 m

β1 = 50 deg
h1 = 17.7 m

β2 = 67 deg
h2 = 19.7 m

β3 = 55 deg
h3 = 26.0 m

WO = 264 m

W = 146 m

β1 = 50 deg
h1 = 17.7 m

β2 = 67 deg
h2 = 19.7 m

β3 = 55 deg
h3 = 26.0 m

Cavern Cluster 8 



 

 A-10 

WO = 240 m

W = 114 m

β1 = 59 deg
h1 = 22.5 m

β2 = 57 deg
h2 = 12.4 m

β3 = 97 deg
h3 = 44.3 m

WO = 240 m

W = 114 m

β1 = 59 deg
h1 = 22.5 m

β2 = 57 deg
h2 = 12.4 m

β3 = 97 deg
h3 = 44.3 m

Cavern Cluster 9 



 

 A-11 

WO = 210 m
W = 111 m

β1 = 64 deg
h1 = 8.0 m

β2 = 63 deg
h2 = 14.6 m

β3 = 62 deg
h3 = 31.1 m

WO = 210 m
W = 111 m

β1 = 64 deg
h1 = 8.0 m

β2 = 63 deg
h2 = 14.6 m

β3 = 62 deg
h3 = 31.1 m

Cavern Cluster 10 



 

 A-12 

WO = 240 m

W = 126 m

β1 = 54 deg
h1 = 8 m

β2 = 53 deg
h2 = 5.6 m

β3 = 54 deg
h3 = 7 m

WO = 240 m

W = 126 m

β1 = 54 deg
h1 = 8 m

β2 = 53 deg
h2 = 5.6 m

β3 = 54 deg
h3 = 7 m

Cavern Cluster 11 



 

 A-13 

WO = 218 m

W = 111 m

β1 = 45 deg
h1 = N/A

β2 = 50 deg
h2 = 8.5 m

β3 = 55 deg
h3 = 16 m

WO = 218 m

W = 111 m

β1 = 45 deg
h1 = N/A

β2 = 50 deg
h2 = 8.5 m

β3 = 55 deg
h3 = 16 m

Cavern Cluster 12 
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APPENDIX B 
 

SALT PILLAR DESIGN EQUATION 
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APPENDIX C 
 

THREE-DIMENSIONAL VERIFICATION OF 
SALT PILLAR DESIGN EQUATION  
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APPENDIX D 
 

REVISED 3D SALT PILLAR EQUATIONS – POWER LAW FORM 
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