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The mechanical behavior of rocksalt has been investigated extensively over the past four decades or st.
Many constitutive models have been formulated to describe some of its main features, such as time and histor%
dependency. One of these has been proposed by the authors and collaborators about 10 years ago, and since
then it has been refined to better describe important aspects of rocksalt inelastic response to complex loading
paths. This model. called SUVIC, is based on the unified theory of inelastic flow where a single set of
equations (and material parameters) is used for different loading conditions. It makes use of internal state
variables (ISV) to define hardening and recovery of the material microstructural state during inelastic flow In
this paper, it is shown how the latest version of SUVIC can describe fairly complex mechanical responses
Then, using a 2D/3D object oriented finite element code in which the SUVIC equations have been
implemented, the authors illustrate its application for actual underground structures.

1. INTRODUCTION phenomenon, which is a true material property, must
be distinguished from the transient deformation

Modeling of the inelastic behavior of salt is a behavior of a structure which is caused, in part b,
critical issue in the design of hyperstatic structures the stress redistribution due to non linear material
such as underground openings in rocksalt deposits. response during inelastic flow 131.
Until fairly recently, such analysis were frequently A widely used approach to describe both the
carried out using steady-state creep laws assuming transient and steady-state flow of polycrystalline
inelastic flow without memory effects. The most materials, including rocksalt. is based on a
often used models to assess the creep (time partitioned formulation defining the creep (inelastic)
dependent) behavior of rocksalt are based on a strain rate as:
power law equation ofthe following type: E, _ e, + es (2a)
cs A4 af(T) (1) where E, , the transient component. is often given by
where e, is the steady-state deviatoric strain rate, ais a strain-hardening expression ofthe following type
the deviatoric stress, Aj and n are experimentally g = n2 a b (ci) (2b)
determined parameters, and f(T) is a temperature A2  and h also represent material constants.

function which is usually assumed to be the Sometimes a third component is added to Equation
Arrhenius law. With this equation however, the 2a) for tertiary creep, a phenomenon related to
values of material parameters are not constant and microcracking and material damage. This aspect will
usually vary with the loading state {1-2]. Another noreconiand i t his apect will

I i not be considered in this paper which only deals
limitation of this formulation is that it does not take with ductile (fully plastic isovolumetric) flow:
into account the transient nature of inelastic behavior information on damage modeling ofrocksalt is given
of rockalt. or its sitmin-hardening This elsewhere [4]



Tle partitioned approach further requires that sine ]aw is used to describe the relationship between
othcr termis be added to describe short term c' and - at steady-state [83].
straining, usually through an elasto-plastic Within the unifled theory framework, ateria
component with yield criteria, a flow rule and a hardening and the resulting mechanical state arc
plastic potential Unfortunately, with such.
plartii proiach, Unfrth ely, equatonsuan entirely described at a given time by the current
partitioned approach, the model equations and value of the external (observable) state variable,
corresponding parameters can only be valid under
the conditions used for their determination (but (o. c, T )and of the appropriately selected internal
which may not correspond to the actual in situ (hidden) state variables (here B,. R and K). This
conditions). To alleviate this limitation and approach allows a good representation of inelastic
hopefully generalize the model applicability. various responses associated to different types of behavior
strategies have been elaborated. For instance, it has including plasticity, creep and relaxation
been proposed that a creep law be combined to a so-
called relaxation law, two limiting cases that, in 2.1. Basic concepts
principle, encompass a wide range of loading The proposed constitutive equations, developed
conditions [5}. The inconsistency and limitations of within the unified inelasticity theory framework,
this and of other similar partitioned expressions have consider that only elastic and viscopiastic straining
been discussed at length by the authors in previous occurs. The model presented here, referred to as
publications [3.6]. SUVIC, (an acronym for SUVIC with an

An alternative approach, initially developed for hyperbolic sine law), is an extension of the model
metallic materials, is to rely on a unified formulation proposed initially by Aubertin and coworkers [7].
and to introduce evolutionary internal state variables With this ISV modeling approach. the material
(ISV) in the model to represent a broader range of structural state is described using the so-called
material responses, including transient and steady- internal stress a,. The concept of a macroscopic
state flow. (mean) internal stress has been proposed decades

ago for inelastic models to better describe material
response to external loadings [10]. It has been found

2. UNIFIED MODELING especially useful when the common power-law
exponent of the stationary (steady-state, secondary)

Constitutive modeling of rocksalt behavior creep function n (see Equation (1)) increases
requires a proper representation ofthe viscous nature substantially with the stress level. This internal
and of memory effects in the constitutive equations.
An interesting approach is to rely on internal state sly opposes the action ofthe applied

variables associated to specific mechanical deviatoric stress a . Its value can be estimated by
characteristics of the material. For each ISV, an appropriate measurement techniques usually
evolution law can be developed to describe the involving a sudden stress decrease. When introduced
competitive action of hardening and recovery in the constitutive equations, the internal stress
processes. The ISV model presented below is an appears explicitly in the basic kinetic law, so that
updated version of SUVIC (Strain rate history one can write for uniaxial monotonous loading [6-8]:
dependent Unified Viscoplastic model with Internal _
tate variables for Crystalline materials), a model .= K (3)

developed for rocksalt behavior in the context of
rate-dependent plasticity [7]. It uses three types of where gi is the inelastic strain rate, and a, is the
ISV to describe mixed (kinematic and isotropic) internal stress that opposes the applied stress a.
hardening : a tensorial back stress (B,,). an isotropic The normalizing parameter K has already been
yield strength (R) and a normalizing scalar drag defined as the drag stress, while A and N are material
stress (K). During transient inelastic flow, the constants < > are the MacAuley brackets
internal state variables evolve and reach saturation
before or at steady-state, where all rate variables
(internal and external) become constant and The existence of a macroscopic internal stress
oji.e.t6(...a fin the folloing. a new pcrboil , acting within a represcnative volume clement of



crystalline materials has been rationalized using the B = 3, B 13" (6
heterogeneous nature of dislocations distribution, B - B
w~hich produces 'hard' and 'soft' regions with Tosc opnnsaecmol sdt
different local stresses and different dislocations Two such components are commonly used to

represent the kinematic backstress in unified models

trThe nel eu ationtas ae be is considered here that the shor range back stress.

three distinct internal stale variables with updated than gros muc fascuterpdarates muhBe
evolution laws. Two variables, R and K (the scalar than ong rang each V is assumed to
yield strength and the drag stress respectively). ev ove nhrolgiaecompetitive isesse toaccount for isotropic effects, while B (the tensorial vletruhacmeiiepoeso h
back stress) accounts for kinematic (or flow induced following type, given for a generic internal state
anisotropic) effects. The combination of B and R variable Y(e B, , B, R. K):

constitute the internal stress cr, . Each of the three Y- 4 - id - As (7

ISV evolves according to phenomenological where fi,. fi and f, are respectively the hardening
expressions with competing components for strain term that accounts for strengthening (hardening)
hardening. strain induced dynamic recovery, and mechanisms, and the dynamic and static recovery
time/thermally induced static recovery. terms that account for softening (recover')

mechanisms. The hardening and dynamic recover%
2.2. Set ofequations terms both evolve with inelastic strain. The static

For small perturbations under isothermal loading, recovery term. on the other hand, evolves with time
and cumulated value of Y'. The functional fonrms

the total strain rate tensor s is the sum of elastic givin . te vlu of each atcterm depend
Y ~givmgi the evolution of each particular term depenld

and inelastic strain rate tensors: on the type of internal state variable. They are ,i'en

= i + ' (4) with full details in references [8.9].
V +Within the adopted modeling framework. it is
The elastic strain rate tensor is given by the considered that steady-state flow is independent of

generalized I looke's law for isotropic materials. The previous mechanical events, or memorv effects
inelastic component ofthe strain rate tensor is given Therefore, it can be formulated using only external
by a single kinetic law obtained from a multiaxial variables. Because steady-state flow is associated, it

generalization ofequation (3): the microscopic level, to dislocations climb. glide

Sx-R arid/or cross slip mechanisms, the relationship
. a ) Y (5a) between se and a' can be represented by an

with hyperbolic sine function, so that one can write:

x =3 - B (5b) c- csinh Co (81
Xae - -B f (5b) a3)

3 SY -- B where a, , c, and n are material constants lor

2 -B, (5c) steady-state
In the preceding equations, the well-knoi 'on

1;= 1 - Siam (5d) Mises equivalencies are used:

where c-, is the stress tensor: S, is the deviatoric
stress tensor; ;., is the mean stress, o, is the =F [3s
Kronecker delta; n, is a unit directional tensor that 2
gives the inelastic strain rate the same orientation as
the active stress tensor. In these equations. the . 2 .
kinematic internal variable B is the sum of L 3
separately evolving constituents, B, (for short range The vood correlation between equation (8) and
efect) and B, (for longratinge effect): measured values obtained on Avery Island salt

submintted to creep and CSR tests at dilffrent
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temperatures has been confirmed by results
presented by Julien [9J. 30 -

25
3. APPLICATION TO VARIOUS TESTING
CONDITIONS 20

To illustrate some of the SUVICh model 15
capabilities for a variety of loading conditions, the
above equations are applied to experimental test 10 - Model
results on Avery Island (AI) salt. The results include 5 _ 8.7E-06 s-I
constant strain rate (CSR) tests and creep tests A E'p :8.3&X8s-I
performed at a confining pressure of 15 MPa and 0
published by Senseny et al. [12] with full details.
The parameter values were first estimated using a 0 0,01 0,02 0,03
physical approach based on test results that
emphasize specific aspects of the material response Axial strain
[6]. The preliminary values are then refined with an
identification code based on the least-square method
with a combination of several minimization Figure 1. Measured and calculated response of Al
techniques [8,9]. The ensuing parameters values are rocksalt samples during CSR loading, showing the
given in Table 1. effect of strain rate; data from Senseny et al. [12].

Figure I shows stress-strain curves at different
strain rates: the ones calculated from the model
compare well to experimental results. These CSR
test results show that the effect of strain rate on 0,08
material hardening is very important. This aspect is
well reproduced by the model. This demonstrates 0.07 - 16 MPa
that short term transient behavior of rocksalt is well - 0.06 -
represented by the evolution laws of the internal 0,05
stale variables. o e 15 MPa

In many cases, tests with long durations and low - 0,04 -
strain rates are of interest, especially in mining and 0,03 = 5 MPa
civil engineering applications.

For Avery Island rocksalt, creep tests with rapid 0,02 - -Model
changes in the strain rate due to quick increases or 0,01 0 Exp
decreases in the stress state (Figure 2) have also 0been performed. As can be seen on this figure, the
model equations are equally able to represent this OE 0 lE+7 2E+7 3E+7 4E+7
type of response using the same set of material Time (s)
parameters given in Table 1. Other applications for
CSR tests and creep tests with complex loading path,
and even for relaxation tests are also presented in Figure 2. Measured and calculated response of Al
Julien [9]. rocksalt sample during creep test with varying

Since the same set of material constants is used applied deviatoric stress; data from Senseny et al.
to reproduce the various experimental results, it can 112].
be said that the SUVICS model equations
adequately reflect how the Al salt respond to these
diffrernt loadinw conditions
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behavior, loading sequences and niesh refinement
Table 1. Parameter values obtained for Avery Island upon localization if necessary.
rocksalt; the full set of equations is given in For illustration purposes, the evolution of the
references [8,9]. stress distribution for two parallel galleries at 200 m

level in a salt mine has been simulated. The two

Parameters Values galleries are considered to be long compared to the

E 31000 MPa square cross section (8mx8n). The pillar between

0.38 them is 13 m wide. The overburden pressure is about

A | 0176 10- s 4.5 MPa. The calculation time period was limited to
A |03 Ma 2 millions seconds (23 days). The gallery on the eh-

- 23side has smooth corners while the second gallery has
A 1218 MPa sharp ones. Modeling of the excavation was carried
A2, 0.104 10f MPa s out on a vertical cross section normal to the axis of
A 0.458 10- MPa s the galleries. The whole structure comprises 1707
A 95 MPa nodal points with 524 8-node elements. The model
A | 0456 10-' MPa s- parameters identified for Avery Island rocksalt were
A, 27 MPa used for the calculations.
A | 0.54310 -MPa s' Figure 3 shows the distribution of Mises
B,, | 1.47 MPa equivalent stress at the end. It can be seen that the

B",, 3.37 MPa asymmetry of the results arises from the difference
Re 3.04 MPa in smoothness ofthe corners.

ol 9.15 MPa The results shown here just illustrate some ol the

e 0135 10- s- constitutive and numerical capabilities of the model
Other structural calculations are presented in Julien

N 4 [9] and in related (unpublished) reports.
n | 3

Initial values of ISV (ate' = 0) : B,=B, =R =0 5. CONCLUSION

K I MPa. A modeling framework. based on the unified
theory of inelastic flow using intemal state variables

4. APPLICATION TO UNDERGROUND (ISV), is presented. The SUVICsh model, developed
STRUCTURES in such context, is then introduced. The model is

applied to different laboratory test results on .Aver,
The equations presented above can be used also Island salt. A single set of parameters is able to

for calculations on man-made excavations. For that describe different types of test results. including
purpose. the finite element program ZeBuLoN was CSR and creep tests. It is shown that the inelastic
selected for the numerical implementation of the behavior of rocksalt, like that of other crystalline
model. This code has been developed at the Ecole materials, exhibits a unique (unified) inelastic
des Mines de Paris, France [13.14]. Until recently, it behavior that can be expressed by a single kinematic
had mostly been used for research purposes on law with accompanying evolution laws for the ISV.
thermo-mechanical problems for metallic materials. The authors have implemented SUVICsh model into

The current version of ZeBuLoN used here, a 2D/3D finite element code. which can no" be
written in C++, has been developed with modular applied for structural calculations pertaining to
programming to provide better control of data, and a underground structures. A sample calculation tis

high modularity to allow quick implementation of shown.
new algorithms using predefined structures. This
version provides a suitable computational
framework for geomechanical problems with
inclusion of non-linearities arising from material



0.4 3 5 8 10 13

Mises equivalent stress (MPa) time: 2.OE+06 seconds

Figure 3. I he stress distribution around two parallel galleries at 200-m level in a salt (the gallery on the left-

side has rounded corners and the second one on the right-side has sharp edges).
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