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Abstract

An analytical method has been developed to predict the location, depth and size of
caverns created at the interface between salt and overlying formations. A governing hyperbolic
equation is used in a statistical analysis of the ground survey data to determine the cavern location,
maximum subsidence, maximum surface slope and surface curvature under the sub-critical and
critical conditions. A computer program is developed to perform the regression and produce a set
of subsidence components and a representative profile of the surface subsidence undér sub-critical
and critical conditions. Finite difference analyses using FLAC code correlate the subsidence
components with the cavern size and depth under a variety of strengths and deformation moduli of
the overburden. Set of empirical equations correlates these subsidence components with the cavern
configurations and overburden properties, For the super-critical condition a discrete element
method (using UDEC code) is used to demonstrate the uncertainties of the ground movement and
sinkhole development resulting from the complexity of the post-failure deformation and joint
movements in the overburden. The correlations of the subsidence components with the overburden
mechanical properties and cavern geometry are applicable to the range of site conditions
specifically imposed here (e.g., half oval-shaped cavern created at the overburden-salt interface,
horizontal rock units, flat ground surface, and saturated condition). These relations may not be
applicable to subsidence induced under different rock characteristics or different configurations of
the caverns. The proposed method is not applicable under super-critical conditions where post-
failure behavior of the overburden rock mass is not only unpredictable but also complicated by the
system of joints, as demonstrated by the results of the discrete element analyses. ”Qhe proposed
method is useful as a predictive tool to identify the configurations of a solution cavern and the
corresponding subsidence components induced by the brine pumping practices. Subsequently,
remediai measure can be implemented to minimize the impact from the cavern development before

severe subsidence or sinkhole oceurs,
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TH59BIVOVIUANTITNIARD (Angle of draw, ) T382N1TUIUITEUIY (x) arbitrary constant (c)

| s y 1 ! Qs 1 ] o o a  a
Anad (b) unziadiaagavoaiud Inse (B) U7 2.6 tansdutlshimuatumsnadivesindu

AIAIUIUNITNTAF Profile function

S(x) =8 z—tanh(ﬂ} @.1)
2 max B
ATRIUIUADINTY
1 c cx
Gx)=8'(X)=——8 —sech?| = 2.2)
( ) ( ) 2 max B (BJ :

ERITRLTGR RIMER

2
p(x) = §"(x) =S %;[sechz[%}anh(%ﬂ (2.3)

o A a
MIAUINATTABIUAI L INDY

max

u(x) = — 1 S be sech? (Ei] (2.4)
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Code Names Methods References
BEFE BEM (3D) | Beddoes (1994)
VELMINA | DDM(3D) | Frayne (1998)
VNFOLD DDM (3D) Beddoes (1994)
FLAC FDM (2D) | Itasca (1992)
FLAC FDM (3D) | Frayne (1996, 1998)
ADI' | FEM (2D) | Pudewills and Homberger (1996)
ANSALT _FEM (2D) | Heusermann et al. (1998)
ANSPRE FEM (2D) | Honecker and Wulf (1988)
ANTEMP, ANSPP FEM (2D) Honecker and Wulf (1988)
ASTHER FEM (2D) | Rolnik (1988)
CODE-BRIGHT TEM QD) | Olivella v al. (1996, 1998, 1998b)
COY | FEM (2D) | Gartling (1981a)
DAPROK FEM (2D) | Harrington et al. (1991)
FAST-BEST FEM (2D) | Pudewills (1998)
GEO/REM FEM (2D) Serata (1991), and Serta and Fuenkajorn (‘1993)
GEOMEC FEM (2D) Nguyen-Minh and Menezes (1996)
JAC FEM (2D) | Biffle (1984)
LUBBY-1 FEM (2D} | Rokahr and Staudtmeister (1996)
LUBBY-2 FEM (2D) Lux and Schmidt (1996)
MA FEM (2D) Van Eekelen (1988)
MERLIN FEM (2D) Gartling (1981b)
SANCHO FEM (2D} | Stone et al. (1985)
SPECTROM-32 FEM (2D) | de Vries and Callahan (1998)
VIPLEF FEM (2D) | Vouille et al. (1996)
VISCOT FEM (2D) | INTERA (1982), and Frayne (1996)
SUVIC-D FEM (2D/3D) | Julien et al. (1998)

Notes: FEM is finite element method, FDM is finite difference method, DDM is digplacement
discontinuity method, BEM is boundary element method, 2D is two-dimension,and 3D is

three-dimension.
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40 5%10° 0.0294
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B 1 dwe=-0.002E, + 0797 ¢
- g - o 40°
i CL - 60
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t ‘\'\ (b = 2(°
] Ry/Smax ori = -0.0053E,,, + 2.44

ﬁ \\ 40°

: Ry/Smax, eri = ~0.005E,, + 1.22

.\'\'\- 60°

| T S |

0 10 20 30 40 50 60 70 80 90 100
En (MPa)
Re/Smax.eri = Az’ Em + By, where; Az = 400 + az; By = opod + Bpo
¢ (Degrees) Ay OlAz Baz B, 52 B
20 0.0055 3.30
40 0.0053 | -107 | 0.0058 | 2.44 | -0.0519 | 4.393
60 0.0050 1.22

4 ) W '

A HANNTURUT TS as1duveImsnddou U 1avoanden Tnsaenn
mIngafiigegangainga RS, . fumdulszdninnulaniuniaiiy

@ 1 o o ! il
(E,) fuudls anguidvaniy @) Taed A, B, o, B,,, oy, #0% By, Wunined

(empirical constants)



{ S I T I I 2 |

S T T T DV |

JoL ot

64
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i xi(m) [ yi(m) | z(m) i xi(m) | yi(m) | z(m)
1 25 0.0 | -0.400 17 0.0 | 200 | -0.270
3 25 | 2.5 | -0.400 I8 25.0 0.0 | -0.270
3 5.0 0.0 | -0.400 19 15.0 20.0 | -0.270
i 730 40 | -0.450 20 | 250 | 0.0 | 0270
5 5.0 | 5.0 | -0.450 21 00 | 300 | -0270
6 10.0 0.0 | -0.450 22 35.0 0.0 | -0.250
7 60 | 8.0 | 0470 23 0.0 | 350 | -0.250
5 100 | 0.0 | -0470 24 40.0 0.0 | -0.250
9 60 | 8.0 | -0.390 25 | 45.0 00 | -0.150
10 0.0 | 10.0 | -0.390 26 0.0 | 450 | -0.150
11 9.0 | 12.0 | -0.390 27 | -30.0 | 40.0 | -0.150
12 00 | 15.0 | -0.390 28 | 547 | 0.0 | -0.050
3 | -12.0 | 9.0 | -0.390 29 0.0 | 547 | -0.050
14 20.0 0.0 | -0.420 30 480 | 64.0 | -0.015
i3 120 | 160 | -0.420 31 0.0 | 80.0 | -0.015
16 | -12.0 | 160 | -0.270 32| 480 | 640 | -0.015
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8.3 miﬁmamﬁ’w Discrete element method
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SOURCE CODE




#ifndef HYPERBOLIC_TANGENT SURFACE_FITTING
#define HYPERBOLIC_TANGENT SURFACE_FITTING

#include "scattered data.h"
#include <windows.h>

class ctanh

{
puplic:
ctanh ();
~ctanh ();
public:
void init (Cscattereddata *pdata),
void fittanh (void);

int isready (void) { return m_isready; }
void interp (double mu [2], double mf [3], double mn [3]);
void interp (double r, double *s, double *n, double *¢);

void drawRGBplot (HDC hde, int scale);
void exportcoefficient (const char *Ipszpath);

public:
void gettanh (double a [6]);
public:
double E (double p [
double dE (double p [1);
double dEO (double p [1);
double dE1 (double p [1);
double dE2 (double p [1);
double dE3 (double p [D;
double dE4 (double p []);
double dES (double p {]);
proteécted:
double estimatedtanh (double p [], double 1);
void locatedatacentroid (void);
public:
Cscattereddata *m_pdata;
protected:
double m_ct [6]; // hyperbolic tangent coefficients
double m_cg [2];  //data centroid
int m_isready;
13
#endif

#include <stdio.h>
#include <float.h>



#include <math.h>
#include "tanh.h"
#include "goptimal.h"

static ctanh *localtanh ~ =NULL;
double localE (double p []);
double localdE (int i, double p {1):

// BEGIN of local objective functions
double localE (double p [])

{ return localtanh->E (p);
;
double localdE (int i, double p [])
{ double ret = 0.0;
s;witch (i)

case 0 : ret = localtanh->dE0 (p);
break;

case 1 : ret = localtanh->dE1 (p),
break;

case 2 :ret = localtanh->dE2 (p);
break;

“case 3 : ret = localtanh->dE3 (p);
break;

case 4 :ret= localtanh->dE4 (p);
break;

case 5 :ret = localtanh->dES5 (p);
break;

}

return ret;
// END of local objective functions

ctanh::ctanh ()
{

}
ctanh::~ctanh ()

init (NULL);



{
}

inline double ctanh::estimatedtanh (double p [], double r)
{

}

double ctanh::E (double p [})
{
double ui [ 2], fi [3];
double error, delta, rx, ry, r;
long i, ncount;

return p {0]*tanh (p [13*10.0%r - p [2]) + p [3];

ncount = m_pdata->getcount ();
for (i = 0, error = 0.0; 1 < ncount; i ++)

{
m_pdata->getdata (i, ui, i),
X =ui[0]-p4];
ry  =ui[l]-p[S];
r = gqrt (rx*rx -+ ry*ry);

delta = fi[2] - estimatedtanh (p, r);
error = error + delta*\delta;

}

return error;

}

// derivative wrt. the amplitude
double ctanh::dE0 (double p [])

double ui [ 2], fi[3);
double error, delta, r, rx, ry;
long i, ncount;

ncount = m_pdata->getcount ();

for (1= 0, error = 0.0; 1 <ncount; i ++)

{
m_pdata->getdata (i, ui, fi);
rx =ui [0] - p [4];
ry =ui[l]-p[5];
r = sqrt {rx*rx + ry*ry);

delta =tanh (p [1]*10.0%r - p [2])*(fi [2] - estimatedtanh (p, 1));
error = error - delta;



}

return error;

}

!/ derivative wrt. the radian coefficient
double ctanh::dE1 (double p [])

{
double ui [ 2], fi [3];

double error, delta, r, rx, ry, sech2;
long i, ncount;

ncount = m_pdata->getcount ();

for (i = 0, error = 0.0; { < ncount; i ++)

{
m_pdata->getdata (i, vi, fi);
X =ui [0] - p [4];
ry =ui [1]-p[5];
r = sqrt (rx*rx + ry*ry);

sech2 = 1.0 - pow (tanh (p [1]*10.0%r - p [2]), 2.0);

delta = (p [0]*10.0*r*sech2)*(fi [2] - estimatedtanh (p, 1));
error = error - delfa;

}

return error;

}

// derivative wrt. the radian offset
double ctanh::dE2 (double p [])

{
double ui [ 2], 1 [3];
double error, delta, r, rx, ry, sech2;
long i, ncount,

neount = m_pdata->getcount (),

for i=0, error = 0.0; i < ncount; i ++)

{
m_pdata->getdata (i, ui, fi);
X =i [0] - p [4);
ry =ui[1]-p[5];
r = sqrt (rx*rx +ry*ry);

sech2 = 1.0 - pow {tanh {p [1]*10.0%r - p [2]), 2.0);
delta = (p [0]*(-1.0)*sech2)*(fi [2] - estimatedtanh (p, r));



error = error - delta;

}

return error;

}

/{ derivative wrt. the function offset
double ctanh::dE3 (double p [])

double ui [ 2], i [3];
double error, delta, r, rx, ry;
long 1, ncount;

neount = m_pdata->geteount ()

for (i =0, error = 0.0; i <ncount; i ++)

{
m_pdata->getdata (i, ui, fi);
X =ui [0] - p [4];
ry =ui[1]-p[5];
r = sqrt (1x*rx + ry*ry);

delta =(1.0)*(fi[2] - estimatedtanh (p, 1))
error = error - delta;

}

return error;

}

// derivative wrt. the x-centriod
double ctanh::dE4 (double p [])

{
double wi [ 2], fi [3];
double error, delta, 1, rx, ry, sech2;
long 1, ncount;

ncount = m_pdata->getcount ();

for (i =0, error = 0.0; 1 < ncount; 1 ++)

{
m_pdata->getdata (i, ui, fi};
% =i {0} - p [4];
1y =ui[l]-p[5];
r = sqrt (rX*rx + ry*ry),;
if (r>0.0)

{



sech2 = 1.0 - pow (tanh (p [1]*10.0%r - p [2]), 2.0);
delta = (p [0]*10.0%p [1]*sech2*(-rx/r))*(fi [2] - estimatedtanh
(p, D)

error = error - delta;

}

return errot;

}

/f derivative wrt. the x-centriod
double ctanh::dES (double p [])

double ui [ 2], fi [3]z
double error, delta, r, rx, ry, sech2;
long i, ncount;

ncount = m_pdata->getcount ();

for (=0, error = (.0; 1 < ncount; 1 ++)

{
m_pdata->getdata (i, ui, f1);
X =ui [0] - p [4];
ry =ui [1]-p[5];
r = gqrt (rx*rx + ry*ry);
if (r > 0.0)
{

sech? = 1.0 - pow (tanh (p [1]#10.0%r - p [2]), 2.0);
delta = (p [0]*10.0%p [1]*sech2*(-ry/r))*(fi [2] - estimatedtanh

(B, D)
error = error - delta;
}

}

return error;
}
void ctanh::locatedatacentroid (void)
{

long i, ncount;
double ui [2], fi [3];

ncount = m_pdata->getcount ();
for1=0,m_cg [0] =m_cg[1]=0.0; 1 <ncount; { ++)
{

m_pdata->getdata (i, ui, fi);



m_cg [0] +=ui [0];
m_cg [1]+=ui [1];

m_cg [0] /= (double) ncount;
m_cg {1] /= (doubie) ncount;

}
void ctanh::init (Cscattereddata *pdata)
{
m_pdata = pdata;
! initialise the tanh constants to unity
for(inti=0;i<6;i++)
m_ct [i] = 1.0;
I locate centroid (DC offset) of the data
if (pdata)
locatedatacentroid ();
m_isready = (h
}
void ctanh::fittanh (void)
{
long i, ncount = m_pdata->getcount ();
double maxs, ct [6], scoef;

CGradientOptimiser thegrad (localE, localdE, 6);

i initialise the tanh constants to unity
for(1i=0;1i<4;i++)
ct [i] =1.0;

¢t [4] =m_cg [0];
ct[5]=m_cg[1];

localtanh = this;
maxs =0.25;

// run the steepest descent to get the estimate
thegrad.setminmax (-10.0, 10.0);
thegrad.init (ct);
thegrad.setoptparams (maxs, 1.0E-4*maxs, 1.0E-6*maxs);
thegrad.setmaxit (5000);
thegrad.runconjugategradient ();
i thegrad.runsteepestdescent ();
thegrad.optimum (ct);

// run the conjugate gradient to get the accurate results



for (scoef = 1.0; scoef >= 0.125; scoef = 0.5*scoef)

{
thegrad.init (ct);
thegrad.setoptparams (scoef * maxs, 1.0E-6*scoef*maxs, 1.0E-
8*scoef*maxs);
thegrad.setmaxit (1000);
thegrad.runconjugategradient ();
thegrad.optimum (ct);
}

fori=0;i<6;1+t)
m_ct [i] = ¢t [i];

m_cg [0]=m_ct [4];.

m_cg[i]=m ct[5];

m_isready = 1;

/*
FILE *1b;
double X, 1y, I3
double ui [2], fi [3);

fp = fopen ("c:\test80.txt", "wt");

fprintf (fp, "%8.41\t%8.41\1%8.41\t%8.41\t%8.41\t%8.4f\n", ct [0], ct [1], ¢t [2],
ct [3], ct [4], ct [S]);
for (i=0; 1 < ncount; i ++)

{
m_pdata->getdata (i, ui, fi);
X =ui [0] - m_cg [0];
ry =ui{l]-m_cg[l];
r = sqrt (rx*1x + ry*ry);

fprintf (fp, "%8.41\t%8.41\t%8.40\n", r, fi [2], estimatedtanh (ct, (float)

).
}
felose (fp);
*/
}
void ctanh::interp (double r, double *s, double *n, double *c)
{

double arg, htan, sech2;

if (m_isready)

{
arg = m_ct[11*10.0%r - m_ct [2];
htan = tanh (arg);



}

sech2 = 1.0 - htan*htan;

sg = m_ct [0}*htan + m_ct [3];
% = m_ct [0]*m_ct [1]*10.0*sech2;
ko =-m_ct[0]*m_ct [1]*m_ct {1]*100.0*htan/cosh (arg);

voidictanh;:gettanh (double a [6])

{

for (inti=0;1<6;1++)

}

af[il=m_ct[i];

void ctanh::interp (double mu [2], double mf [3], double mn [3])

{

double va [3], vb [3], rx, ry, r, sech2, delbr;

if (m_isready)

{
mf[0] =mu(0];
mf[l] =mu[l];
X =mu [0k~ m_cg [0];
ry =mu[l]-m_cg{l];
r = sqrt (rx*rx + ry*ry);
mf [2] = estimatedtanh (m_ct, (float) r);
sech2 =1.0 - pow (tanh (m_ct [1]*10.0%*r - m_ct [2]), 2.0);
delbr =m_ct [0}*m_ct [1]*10.0*sech2;
val[0]=1.0;
va[l]=0.0;
va 2] =1>0.0 ? delbr*rx/r : 0.0;
vb [0] = 0.0;
vb [1] = 1.0;

vb [2] =r> 0.0 ? delbr*ry/r : 0.0;

mn [0]=va[l] * vb[2] -va[2] * vb[1];
mn [1]=va [2] * vb [0] - va [0] * vb [2];
mn [2] =va [0] * vb [1] - va[l] * vb [0];
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