A visco-€elasto-plastic softening model and it’ s application for solving
static and dynamic stability problems in potash mining

W. Minkley & W. Menzel

Institut fir Gebirgsmechanik GmbH, Leipzig, Germany

H. Konietzky & L. te Kamp
ITASCA Consultants GmbH, Gel senkirchen, Germany

ABSTRACT: To describe the softening-, dilation and creep behavior of salt rock a new visco-elasto-plastic
constitutive model was developed, which is based on a modified Mohr-Coulomb model coupled with a norn
linear Burgers creep model. The material model is available as a DLL-application for the codes FLAC,
FLAC®’, UDEC and 3DEC. The theoretical background as well as practical applications for the solution of
static and dynamic stability problems in potash mines are given.

1 INTRODUCTION

A new and very complex, but relatively easy to use
material model with just a few parameters is pre-
sented. The visco-elasto-plastic constitutive model
contains primary, secondary and tertiary creep and
handles softening including dilation effects.

The paper aso presents the practical application of
the new congtitutive model for the back-analysis of
lab-tests, the pillar design up to the calculation of
dynamic system stability of room and pillar systems
in potash mines. Using this new model, it was possi-
ble for the first time to predict a mining induced
rock burst.

2 VISCO-ELASTIC-PLASTIC MATERIAL
MODEL

A constitutive model for the description of the sof-

tening and dilation behavior of salt rock should have

the following characteristics:

- nonlinear failure envelope depending on the
minimum principle stress,

- deformation and stress depending softening,

- dominant plastic flow without softening under
high confinement,

- dilation depends strongly on the confinement.

A failure criterion which satisfies the above men-
tioned demands on the basis of a modification of the
Mohr-Coulomb model was developed by Minkley
(1997):
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The function for the friction angle is shown in Fig-
ure 1:
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where s3 = minimum principal stress, sig = maxi-
mum principal stress at failure, Seig = S1p-S3 =
maximum effective stress, sp(e”) = uniaxia com
pressive strength, smax(€”) = maximum effective
strength, sg(e”) = curvature parameter for strength
surface, e” = plastic shear deformation.
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Figure 1. Linear and non-linear Mohr-Coulomb failure criteria

Equation 2 can also be written as:

N =1+ 1 1 (3)




where N'¢ is the well-known friction angle relation
of the nonlinear Molr-Coulomb failure criterion,
which do not depend on stresses. For s3=0, it fol-
lows that:
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The nontlinear failure criterion contains only one
additional parameter suax. The physical meaning of
Smax becomes clear, if the failure criterion is plotted
as S1-S3 = f(S3). Smax is the maximum effective
stress the rock can carry and to which the failure cri-
terion moves towards with increasing minimum
principal stressss. For rock salt under mining condi-
tions the nontlinearity of the failure envelope can
not be ignored. It follows from (4):

Svax ® ¥ I N =N, i.e, under the assumption of
an unlimited maximum effective strength, the modi-
fied nontlinear Mohr-Coulomb model passes into
the classical Mohr-Coulomb model. The non-linear
failure criterion describes both, compression as well
as tension. More precisely, the tensile strength is
given by:
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Approximately is valid:

XSt (6)

The compressive strength sp, thetensile strength sz,
the maximum effective strength s uwax and the curva-
ture parameter s are related by:
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From the modified non-linear Mohr-Coulomb failure
criterion (1), the flow rule can be deduced (pressure
with negative sign):

_ Swax "~ Sp XS 4 (9)
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fs= s;-s3+sp

The plastic potential for nonassociated flow is given
by:

S
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If the failure envel Is reached, plastic deforma-
tions occur in addition to the elastic deformations.
Using the flow rule, the plastic incremental deforma-
tion part can be determined:
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Besides the elasto-plastic characteristics most of the
salt rocks show viscous behaviour. Therefore, the
elasto-plastic softening model is combined with the
Burgers creep model. The incremental form of the
Burgers model is given in the FLAC manuas
(ITASCA, 1998). The determination of the multi-
plier | sin(11) is obtained for fs=0:
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Ny isthe dilation function:

N, =1+s, (Suxy - So) (13)
Sy = 53

For volume increase (dilation) is valid:

. oL = (Ny } l) el (14)
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For s3 =0, from the (13) and (14) follows:
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where
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€
is the dope of the volume deformation curve (Fig
ure 4b) €, =f {ef in the dilation area under uniax-
ia load (s3=0). Therefore, the dilation function can
be written as:
2
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where tan(b®) und Sy depend on the plastic deforme:
tion €] . If the curvature parameter of the dilatancy

function moves, so that sy ® ¥, a linear relation
yields:

Ny =1+tan b (17)

with the common description of the dilation with
constant stress-independent dilation angle:

y =arcsinaJe tanb 9 (18)
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The elastic constants (shear modulus G ard in anal-
ogy the bulk modulus K) are given by an empirical
relation:
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where
Go =G- GR

G - shear modulus of intact rock

Gr - shear modulus of rock in the post-failure
region

f - materia parameter.

The new model is able to describe the creep behav-
ior including creep rupture. The primary creep phase
is modeled by the Kelvin-Model with Kelvin shear
modulus G and Kelvin viscosity hk. The secondary
creep phase is controlled by the Maxwell viscosity
hm. The tertiary creep phase is governed by a dila
tion softening mechanism. Under the assumption hX

® ¥ andh™ ® ¥, (12) yields a=—>_ and the mate-
2G

ril model coincides with the time-independent
elasto-plastic model. Within the visco-€elasto-plastic
material model, the stress dependency of the creep
rate is governed by the exponential dependency of
the Maxwell viscosity on the deviatoric stress sy
(Lux, 1984):

h" = h! >e™*v (20)

2 SIMULATION OF UNIAXIAL AND
TRIAXIAL COMPRESSION TESTS

The numerical smulation of lab testsis based on ex-
periments on carnalitic samples (Figure 2 and 3).
Both, the lab and numerical samples have a height to
width ratio of 2 to 1. Between the end platens and
the sample, a friction angle of 15 degree was &
sumed. The axial load was applied under constant
deformation velocity and the confining pressure was
kept constant (servo-controlled test). The calculation
of the volume change starts after isotropic consolida
tion.
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Figure 2. Measured and cal culated failure envelope for Cg.
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Figure 3. Measured and calculated dilatancy behaviour of Cgp.

Until the peak strength is reached a linear stress-
strain relation is assumed (Figure 4a). After the peak
strength has been reached, dilation softening takes
place and the load bearing capacity decreases until
the total loss of the bearing capacity is observed.
The softening modulus, which determines the steep-
ness of the load bearing capacity reduction in the
post-failure region, decreases with increasing con
finement as observed in the lab. First, the calculated
volume change shows a linear compaction deter-
mined by the elastic constants E and n followed by
the plastification with volume increase, which is
caused by micromechanical damage (micro-cracks).
In agreement with the lab tests, the numerical model
shows a strong dependence of the dilatation on the
confining pressure (Figure 4b). Also, the flattening
of the ey = f (e1) —curve in the post-failure region,
caused by macroscopic rupture planes, is reproduced
by the model due to the dilatation function (equation
16).
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Figure 4a. Triaxial stressstrain curvesfor Cgp.
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Figure 4b. Volume change versus axial deformation for Cgp.

Figure 5 shows the results of uniaxial compressive
creep tests (Table 1). After reaching 85% of the
compressive strength, damage caused dilation (vol-
ume increase) is observed (Figure 5). After 150 days
of creep, dilation increases strongly and after app. 1
year of creep failure takes place.

Table 1. Material parameters for the carnallitic rock Cg.
G" K" nY m G
GPa GPa MPa*d MPa® GPa
4 6,7 4710° 017 2

K
h Sp SMAX St

MPad MPa MPa MPa

1*10° 87 86 25%
D failure surface = dilatancy surface

If the initial load is smaller and therefore the initial

damage is reduced, the axial deformation and the
creep time increases until the creep rupture occurs. If
the load is so small, that creep without dilation takes
place, creep rupture does not occur.
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Figure 5. Deformation versus time for G during an uniaxial
compression test.

3 BRITTLE FAILURE OF CARNALLITIC
PILLARS

The deformation and failure behavior of potash
mines depends on the long-term stability of the load
bearing elements (Minkley & Menzel, 1996). The
contour damage due to the nearly uniaxia loading is
of greatest importance for the fracture process of
carndlitic pillars.

The contour damage of carnadlitic pillars was mod-
eled with 3DEC. The pillar models consist of a6 m
thick carnallitic layer embedded in two 6 m thick
salt layers. Within a parameter study, the influence
of the ratio between pillar width and height as well
as different pillar depths were investigated in respect
to the load bearing capacity. The upper and lower
model boundaries were moved against each other
with a resultant velocity of 1 m/s, which is a typical
value for an excitation during mine bursts in carnal-
litic room and pillar systems. For the calculations the
softening parameters given in Table 2 were used.

Table 2. Plastic material properties (failure envelope) for the
pillar model.

Compressive Max. effective  Curvature pa-

strength strength rameter
Layer sp[MPa]  swax [MPa] si (€)
Halite 35 66 4
Carnallite Gy 17,2 86 6,7

The behavior of the pillar models depend on the ra-
tio between pillar width and height, the contact con
ditions between the pillar and the adjacent rock, the
dilation of the pillar rock and on the cross section
geometry of the pillars (quadratic or elongated). For
long pillars with a width to height ratio of 4, the con
tour damage does not reach the pillar core and the
pillar does not loose it's load bearing capacity if di-
lation is taken into account. On the other side, the
guadratic pillars with the same height to width ratio
show complete failure. In both cases the contact
condition was:. friction angle of 15 degree and zero
cohesion. Under static loading, cohesion has been
assumed besides the contact friction. Under dynamic



loads, contact cohesion and the static friction can be
lost completely, otherwise mining bursts in carnal-
litic mines would not have occurred (Minkley,
1989). Long pillars with a width to height ratio of 6
show a penetration of the pillar into the over- and
under-laying strata Only minor softening is ob-
served (Figure 6 and 6a). Under the action of dilata-
tion, even hardening can be observed.
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Figure 6. Pillar bearing capacity of long pillars with and with-
out consideration of dilation.
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Figure 6a. Pillar model with grid structure (coarse mesh).

Using very fine meshes, the damage mechanism in-
cluding localization (shear band development) can
be observed with the new model. The grid for the
calculations performed with UDEC (long pillar with
awidth to height ration of 4), shown in Figure 7, has
agridpoint distance of only 0.2 m. This pillar, which
consists of Cgp, has a maximum load bearing capac-
ity of 48 MPa and wes loaded with 32 MPa (Figure
7). The Figure shows the development of shear
bands and the area of dilation. Within the shear
bands the volume increase reaches 10% and has lead
to significant damage. If one assumes, that areas
with values of dilation greater 1% fall out of the pil-
lar contour, a concave shaped pillar develops (Figure
7, right) as observed in nature (Figure 8).

Doy ()

12

b 4

Figure 7. Dilation development (left) and corresponding fall-
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Figure 8: Typical pillar contour damage.

Another example, modeled with FLAC, demon-
strates the effect of pillar robbing. The width to
height ratio was reduced from 4.2 to finaly 2.9.
During the pillar cross section reduction from 4.2 to
3.3 primary and secondary creep is observed, but
further reduction of the cross section leads finaly to
creep rupture (Figure 9).
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Figure 9. Pillar deformation versus time as a function of cross
section reduction.

4 CALCULATIONS OF MINING BURSTSIN
POTASH MINES

Several geomechanical investigations are available
about the last big potash mining tremor, which has
taken place in Teutschenthal 1996, including a pre-
diction with FLAC one month before the burst oc-
curred (Arge, 1996).
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Figure 10. Calculated surface movement versus time during the
Teutschenthal rock burst.



During that rock burst, 700 long pillars were de-
stroyed in a chain-like reaction, so that a mine field
with an area of 2.5 knf in 620 m to 770 m depth col-
lapsed.

A comparison between the numerical prediction and

the in situ investigations gave the following results

(Minkley & Menzel, 1999):

- the predicted time scale for the source mechanism
of 1.5 s and the vibrations of the overlying strata
after 2 s (Figure 10) are in agreement with the
seismological investigations,

- the fracture process was stopped by the 110 m
wide barrier pillar as predicted by the model,

- the predicted magnitude of 5 agrees well with the
average measured magnitude of 4.8,

- the predicted maximum surface subsidence of 0.5
m was confirmed by the measurements,

- the predicted intensity was one degree above the
intensity value, deduced by the evaluation of the
damage at the surface.
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Figure 11. Measured and cal culated surface subsidences.

After the rock burst visco-edsto-plastic calculations
were performed to understand why the roomand pil-
lar system could have been collapsed without exter-
nal dynamic input, like observed during the
Teutschenthal rock burst in 1996. The visco-elasto-
plastic back-analysis included the gradual creation
of rooms over 14 years. The measured surface sub-
sidences were used for the model calibration (Figure
11). Within preliminary elasto-plastic calculations, a
dynamic excitation was created by a sudden reduc-
tion of the pillar width of two pillars by 4 m each.
This dynamic excitation leads to pillar collapse and
subsequent collapse of the whole system. During
this short dynamic phase, the viscous behavior of the
sat rocks is inactive and the material behaves brittle.
Only afew years after the rock burst with decreasing
creep rates, the material reaches the stationary creep
phase.

Instead of using an external dynamic input to model
the burst, the new visco-elasto-plastic approach d-
lows to moded the burst by creep rupture (time-
dependent softening). If due to the time-dependent
pillar contour strength reduction the bearing capacity
of the pillar is reached, accelerating creep and finally

system instability is observed. The calculated subsi-
dence development at the surface (Figure 12a) and
the 2" stoping level (Figure 12b) is in excellent
agreement with the measurments.
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Figure 12a: Measured and cal cul ated surface subsidences.
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Figure 12b. Measured and calculated subsidences at the 2
stoping level.

On the basis of the new visco-elasto-plastic constitu-
tive law a self-contained model about the mecha
nism of the Teutschentha mine burst was estab-
lished, which contains the following elements:
initialization of brittle fallure by creep rupture,
chain-reaction of pillar collapses, corresponding en
ergy radiation and subsequent damage of the su-
rounding rock mass.

5 CONCLUSIONS

The rew visco-elasto-plastic constitutive law which
includes stress- and deformation dependent soften-
ing and dilation considers the nonlinear behavior of
salt rocks and allows a much more precise modeling
of the deformation depending damage up to the brit-
tle failure.

The combination of the developed softening law
with the modified Burgers-creep law alows to arme-
lyze time-depending softening processes with tran
sent, stationary and tertiary creep up to the final
creep rupture.

The developed law can by used by FLAC, FLAC®®,
UDEC and 3DEC viathe DLL-technique.

The development of the congtitutive law was gov-
erned by the interaction between theory, experiment
and practical application. Although the constitutive
law inhibits a quite complex materia behavior, the



law is characterised by only afew parameters, which
can be determined by conventionel servo-controlled
uniaxial and triaxial lab tests with measuring the
volume change.

For the verification of the congtitutive law severa
lab tests were back-analyzed, which include the
phenomena of localization, reduction of the soften
ing and dilation with increasing confinement, time-
dependent softening and creep rupture.

The back-analysis of the mine burst in Teutschenthal
in 1996 can be considered as a comprehensive \ali-
dation.
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